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CHAPTER 1

50th Anniversary of Artificial Cells

This first chapter is not a scientific chapter. It is a personal “story” on the
occasion of the 50th Anniversary of the first report on artificial cells,
aimed at answering the following questions. Why artificial cells and
what are they? Where and how were they first prepared? What is the
time line of the new ideas related to artificial cells since they were first
reported 50 years ago?

1.1. Background

Back in the 1950s, Professor F.C. MacIntosh, chairman of Physiology,
and Sir Arnold Burgen started a special “honors physiology” program
in the faculty of medicine at McGill University. The farsighted and
challenging program consisted of advance cell physiology combined
with advance courses in polymer chemistry, physical chemistry and
radiation chemistry. I was one of the four chosen to be the “guinea
pigs” for this new program and it started my interest in applying basic
research to medical treatment. The problem was where to start.

We all feel humble in the face of the ingenuity and complexity of
nature. Yet, it need not prevent us from studying, examining and even
attempting to prepare clinically useful systems having a few of the
simpler properties of their natural counterparts. Indeed, working on
a molecular level, researchers at that time had already synthesized a
number of biological molecules.

However, on the cellular level, despite the basic importance of cells,
no one seemed to be interested in “artificial cells.” Perhaps this was
premature, since our basic knowledge of biological cells was still

1
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incomplete. Yet, organ substitutes like Kolff’s artificial kidneys were
hardly an exact replicas of their biological counterparts. Despite this,
these substitutes were already an accepted method of treatment for
kidney failure patients at that time. Thus, I thought that to prepare
clinically useful artificial cells, one might not have to prepare replicas
of biological cells.

1.2. Starting with Artificial Red Blood Cells

Being an uninitiated beginner, I thought that one can easily prepare
artificial red blood cells for use in patients. After all, red blood cells are
one of the simplest biological cells. Furthermore, there are practical
reasons for doing this. Red blood cells are the best material for use in
transfusion, but as shown in Fig. 1.1, there are a number of problems
involved. Artificial red blood cells would solve many of these problems
(Fig. 1.1).

When I asked around for a method to do this, I was politely told
that I was asking for the impossible task of preparing a water emulsion
suspended in water. Most people were also taken back by this “far-
fetched” idea. Fortunately, my parents have instilled in me the sense
that hard work and determination can turn impossible ideas into
possibilities.They cited my grandfather as an example of someone who
was able to build a manufacturing empire in Swatow (Shantou), starting
with nothing as a poor preacher’s son. Thus, I quietly and stubbornly
started some simple experiments in my dormitory room at McGill’s
Douglas Hall of residence. Beginner’s luck plus the excellent teaching
in advance cell physiology and advance chemistry had allowed me to
prepare some very crude artificial red blood cells.

I showed this preliminary result to Sir Arnold Burgen and he was
most enthusiastic. He helped me persuade the chairman, Professor
MacIntosh, to let me use this research for the required honors
physiology research project. The department assigned me a corner of
the teaching laboratory. By working out a drop method to first prepare
larger artificial red blood cells (Fig. 1.2), I was able to use this principle,
but using emulsification to prepare microscopic artificial red blood
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Fig. 1.1. (A) Characteristics of red blood cell. (B) Characteristics of
artificial red blood cell. (C) Artificial rbc with ultrathin nylon-protein
membrane. Spherical in hypotonic solution, becoming “crenated” in
hypertonic solutions. Reversible when moved from one solution to another.
(D) E/M of nanodimension (80 nanometer) artificial red blood cells containing
Hb & rbc enzymes.
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COLLOIDION

PARAFFIN
OIL

SALINE

Hemoglobin
solution

Collodion
membrane

Hb drops through 
collodion and coated

with membrane

Falls into paraffin
layer where

membrane sets

Remove collodion &
paraffin to suspend

in saline 

DROP METHOD FOR LARGE ARTIFICIAL RBC (Chang 1957)

Add collodion
& emusify

Butyl benzoate
(bb)

saline

hemoglogin

ether

Centrifuge to remove
Collodion & disperse

artificial rbc in butyl benzoate

Centrifuge to remove
Butyl benzoate & disperse 
artificial rbc in saline

Artificial rbc
with collodion membrane

EMULSION METHOD FOR MICROSCOPIC ARTIFICIAL RBC (Chang 1957)

(A)

(B) 

Fig. 1.2. Original (1957) method of preparing artificial cells (see Appendix I
for details). (A) Drop method for preparing large artificial cells. Principle
later extended for use in bioencapsulation of cells, stem cells, genetic
engineered cells. (B) Emulsion phase separation method for preparing
microscopic artificial cells (unlike the above, “collodion” prepared by
removing most of alcohol and replaced with ether — see Appendix I).
Principle extended to method for preparation of microscopic artificial cells
and drug delivery systems and nanodimension artificial cells (Chang, Nature
Rev Drug Discovery ).
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cells (Fig. 1.2). For the grading of this research project, the department
asked for a sample of the artificial red blood cells. It was a relief when
Professor Sekelj’s analysis supported my oxygen dissociation curve and
the research report was approved (Chang, 1957).

The extrusion drop method has become the basis for extension and
modifications of methods for preparing artificial cells to encapsulate
biological cells. The emulsion method has also become the basis for
further extensions and modifications of the methods for the preparation
of artificial cells of microscopic or nano dimension in nanotechnology.
Because of this, the complete report including methods of preparation
is reprinted in Appendix I in this monograph for interest and reference.
The original project report has always been available in the McGill
Medical Library. Part of this report was published in the 30th
Anniversary Symposium volume (Chang 1988c).

1.3. Further Research and the First Routine
Clinical Use of Artificial Cells

Over the next 5 years of my medical school and internship, the
department continued to let me use the teaching laboratory space,
providing me with summer salary support from the Faculty of
Medicine. After this, since no one at McGill was carrying out related
research, a Ph.D. committee was put together. In addition, Professor
MacIntosh wrote a supporting letter for my submission to Science as
the sole author of this work. This was under the condition that I use the
title “semipermeable microcapsules” instead of my original pretentious
title of “Artificial cells.” Science accepted and published the paper
(Chang, 1964). The Ph.D. thesis was also entitled “Semipermeable
aqueous microcapsules” instead of “Artificial cells” (Chang, 1965).
It is interesting to note that no one, including myself, knew precisely
what “semipermeable microcapsules” meant. The outcome was that
very few researchers followed up on this research for many years to
come! The delay of others entering this line of research means that
most of the earlier research in this area has been carried out in my
laboratory.



April 2, 2007 12:5 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch01 FA

6 Artificial Cells

In addition to the operating grant and career investigator award
from the Medical Research Council of Canada (the present Canadian
Institutes of Health Research), I was later awarded a large special
program grant by the council. I took this as a challenge to show that
all my findings about the potential implications of artificial cells can
actually be put into clinical practice. With this, I was able to develop
artificial cells which contain absorbents for use in hemoperfusion for
the treatment of suicidal patients or patients involved in accidental use
of sleeping pills and other medications. However, this being a very new
approach, other physicians were initially concerned about medical
liability. Thus, first worked out a way to scale up the preparation. After
this, I carried out preclinical animal safety and efficacy studies as well
as clinical treatment of patients. This required a lot of work and was
highly time consuming; it was possible because of the unselfish support
of my wife, Lancy, who knew the importance of this work for patients.
Among many other things, she waited for more than 10 years before
our first honeymoon. The result was hemoperfusion based on artificial
cells, being carried out routinely around the world for the treatment
of suicidal and accidental uses of medications in adult and pediatric
patients.

In the meantime, I was completing an invited monograph for
Charles C. Thomas Publisher and it contained a detailed description
of methods. On becoming a tenured full professor in 1972, I
immediately had this published (Chang 1972a). The advantage
of having “tenure” is that it enabled me to safely use the
title “Artificial cells” instead of “Semipermeable microcapsules”
for this monograph! This self explanatory title and the detailed
description of methods, combined with interests in the clinical
use of artificial cells in hemoperfusion, led to a sudden surge of
research activities in this area around the world. However, at that
time the industries were mainly concerned with the development
and use of artificial cells for hemoperfusion and drug delivery
systems.
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1.4. Importance of Progress in Parallel Areas
of Biotechnology, Molecular Biology, and
Regenerative Medicine

Most of my original ideas and basic research were related to
enzyme and gene therapy, cell therapy, blood substitutes, regenerative
medicine, nanomedicine and related areas. Developing these for
actual clinical use required parallel developments in molecular
biology and biotechnology that were not yet available. More recently,
many groups around the world have made exciting progress in
biotechnology, molecular biology, genetic engineering and related
areas. The outcome is a recent new wave of research and development
in artificial cells. Many groups around the world are now working
on extensions and modifications of artificial cells for use in
nanotechnology, nanobiotechnology, blood substitutes, regenerative
medicine, gene therapy, cell/stem cell therapy and other areas (Orive
et al., 2003; Chang, 2005). Later chapters will describe some of these
in more detail. This is now such a broad area that space will only allow
for review of these areas with detailed examples based on research in
my laboratory. Research in the many other centers will be presented
by other authors in subsequent publications under the book series on
“Regenerative Medicine, Artificial Cells and Nanomedicine.”

1.5. Historical Milestones

Table I shows examples of the milestones of the first report of original
ideas in artificial cells. This is not a complete listing and more details
will be given in subsequent chapters.
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Table 1.1 Artificial Cells (AC):Time Line of Ideas Since First Reported (1957)

1957 Chang First artificial cells prepared with a synthetic membrane to
replace RBC membrane and containing hemoglobin and
red blood cell enzymes (emulsion phase separation,
extrusion method or spray coating)

1964 Chang
(Science)

Artificial cells (AC) containing enzymes, hemoglobin and
cells formed by interfacial coacervation or interfacial
polymerization to form membranes of polymer, crosslinked
protein, polymer conjugated with protein, also crosslinked
protein microspheres

1964, 1965 Chang Nanobiotechnology: crosslinked protein (PolyHb) &
conjugated Hb

1964,1965 Chang
1966: Chang et al.

Extrusion drop method for AC to encapsulate intact cells
for immunoisolation in cell therapy

1965 Bangham
et al.

Liquid crystal microspheres of multi-lamellar lipid
(liposomes) as membrane model for basic research

1965, 1972a,
1973b Chang

AC for molecular sieve chromatography and separation

1965 Chang
1966 Chang et al.

AC with intracellular multi-compartments

1966 Chang Silastic AC and microspheres containing protein

1966 Chang AC containing magnetic materials and biological materials

1966, 1969a
Chang

Ultrathin membrane AC containing adsorbents for
hemoperfusion

1966 Clark &
Gollan

Fluorocarbon as oxygen carrier

1967 Chang et al. AC with polysaccharide complexed membrane for
biocompatibility

1968 Chang &
Poznansky (Nature)

Implanted enzyme AC for enzyme therapy in inborn error
of metabolism (shown in congenital catalase-deficient
acatalesemic mice)

1968 Bunn & Jandl Intramolecularly crosslinked single Hb molecule

1968 Geyer et al. Fluorocarbon effective in exchange transfusion in animal
studies

1969d Chang
1972a Chang

AC with lipid-polymeric membrane or lipid-crosslinked
protein membrane containing cyclic transport carrier (AC
contains proteins)

1970–1975 Chang
et al.

First clinical use of artificial cells in patients (in
hemoperfusion)

(Continued )
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Table 1.1 (Continued )

1971a Chang
(Nature)

Implanted enzyme AC for lymphosarcoma suppression in
mice

1971b Chang Nanobiotechnology: glutaraldehyde crosslinked Hb into
PolyHb. Later, others used this method for blood
substitutes in patients

1972a Chang First monograph on Artificial Cells

1972b Chang
(Lancet)

AC hemoperfusion resulted in Grade IV hepatic coma
patient recovering consciousness

1973 Gregoriadis First use of liposomes to entrap enzymes and drugs. Led to
extensive development of liposomes as delivery systems

1975h Chang Paper discussing one shot vaccine using AC

1976a Chang Biodegradable polylactide microcapsules and
microparticles containing proteins and hormones

1976 Tam,
Blumenstein &
Wong

Soluble dextran conjugated hemoglobin

1976 Bonhard
et al.

Develop glutaraldehyde crosslinked PolyHb as blood
substitute

1977–1985 Chang
with Campbell,
Cousineau, Ilan,
Grunwald, Wahl,
Yu etc.

Artificial cells containing multienzyme systems with
co-factor recyclying for multistep enzyme reactions

1978 Naito &
Yokoyama

Developed perfluorodecalin as blood substitute towards
clinical trials

1980 Lim & Sun
(Science)

Alginate-polylysine-alginate AC encapsulated cells

1980 Rosenthal &
Chang

AC membrane of lipid-protein-polymer containing
Na+K+-ATPase

1980
Djordjevich &
Miller

Lipid membrane AC encapsulated hemoglobin

1985 Mitsuno,
Ohyanagi

Clinical trials of perfluorodecalin as red blood cell
substitute

1986 Yuan &
Chang

AC containing microsomes and cytosol

1986 Bourget &
Chang

Oral enzyme AC for inborn error of metabolism
(phenyketonuria rat)

(Continued )
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Table 1.1 (Continued )

1986 Sipehia,
Bannard & Chang

AC membrane that exclude small hydrophilic molecules
but permeable to large lipophilic molecules

1986 Chang,
Bourget & Lister

Novel finding of extensive enterorecirculation of amino
acids leading to the use of oral enzyme AC therapy to
selectively remove specific unwanted systemic amino acid

1988 Tsuchida’s
group
2002 Tsuchida
et al.

Development and in vivo testing of synthetic heme
complex either to liposome or to recombinant albumin as
blood substitute

1989a Chang,
1989 Palmour
et al., Chang

Clinical use of oral enzyme artificial cells in a patient
(patient with inborn error of metabolism: Lesch-Nyhan
disease)

1989 Moss et al. Clinical trials with glutaraldehyde crosslinked PolyHb

1990 Hoffmann
et al.

Recombinant human hemoglobin

1994 Yu & Chang Biodegradable polymeric membrane nanoartificial red
blood cells

1994 Soon-Shiong
et al.

AC encapsulated islet transplantation in a type 1 diabetic
patient. Insulin independence reported

1996 Prakash &
Chang (Nature
Med )

Oral artificial cells containing genetically engineered cells
lower systemic urea in a uremic rat model

1996 Aebischer,
Lysagth et al.
(Nature Med)

Polymeric fiber encapsulation of genetically modified
xenogeneic cells for intrathecal delivery of CNTF in
amyotrophic lateral sclerosis patients

1998 D’Agnillo &
Chang (Nature
Biotech)

Nanobiotechnology of crosslinking of Hb, catalase and
superoxide dismutase to form soluble nanodimension
PolyHb-CAT-SOD

1998 Tsuchida Lipid AC vesicle Hb: developed and tested in animal
towards clinical use

1999 Philips et al. PEG-lipid membrane AC containing Hb increases
circulation time

2000 Liu & Chang AC coencapsulating hepatocytes and adult stem cells

2001 Lörh et al.
(Lancet )

Clinical trial of AC microencapsulated cell-mediated
treatment of inoperable pancreatic carcinoma in patients

2002 Gould et al. The life-sustaining capacity of human polyhemoglobin in
trauma surgery clinical trials

2002 Sprung et al. The use of bovine polyhemoglobin in surgical patients:
results of a multi-center, randomized, single-blinded trial

(Continued)
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Table 1.1 (Continued )

2003 Chang,
Powanda, Yu

PEG-PLA membrane nanodimension AC containing Hb
and rbc enzymes

2004 Bloch et al.,
Aebischer

Phase I clinical study for Huntington’s Disease, using
encapsulated cells engineered to secrete human ciliary
neurotrophic factor

2004 Yu & Chang
(Melanoma Res J )

Nanobiotechnological approach of PolyHb-tyrosinase:
delays the growth of melanoma in a rat model

2006 Liu & Chang
(J Liver Trans)

AC encapsulated bone marrow stem cells regenerate liver
resulting in recovery and survival of rats with 90% of liver
surgically removed

(Updated from Chang 2005, Nature Review Drug Discovery).
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CHAPTER 2

Basic Principles

In this chapter, the basic principles of artificial cells are described and
illustrated by a few of the numerous studies and references in the field.
Specific areas with detailed examples and references will follow in the
later chapters.

2.1. Basic Features of Artificial Cells

The initial research on artificial cells forms the basic principles of
artificial cells, principles that have been extended for use in many
areas by many groups. Indeed, as stated in the first monograph entitled
Artificial Cells (Chang, 1972a): “Artificial cell is not a specific physical
entity. It is an idea involving the preparation of artificial structures
of cellular dimensions for possible replacement or supplement of
deficient cell functions. It is clear that different approaches can be
used to demonstrate this idea.”

Basic features of early artificial cells

Earlier artificial cells have some of the simpler properties of biological
cells (Fig. 2.1). Some examples of the basic features are:

(1) The membrane of an artificial cell separates its content from the
outside. At the same time, the membrane can be prepared such
that it can selectively allow different types of molecules to cross it.
This ranges from membrane that does not allow any molecules to
cross it to those that allow even very large molecules like proteins
to cross it. In between these two extremes, there are artificial cell

12
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Fig. 2.1. Upper : Basic principles of early artificial cells. Middle: Different
types of early artificial cells based on these basic principles. Lower : Present
status of artificial cells with wide variations in contents, membrane material
and dimensions.



April 2, 2007 12:8 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch02 FA

14 Artificial Cells

membranes that restrict the movement of molecules according to
molecular size, lipid solubility, affinity to carrier mechanisms, etc.

(2) Artificial cell membranes can be very thin, yet strong and have a
large surface area. Thus, 10 ml of 20 µm diameter artificial cells
has a total surface area of 2500 cm2. This is the same as the total
membrane surface area of an artificial kidney machine. In addition,
an artificial cell membrane is 100 times thinner than that of an
artificial kidney membrane. This means that smaller molecules can
move across 10 ml of 20 µm diameter artificial cells 100 times
faster than that across an artificial kidney machine (Chang, 1966).
The microscopic size of artificial cells also allows material to diffuse
rapidly inside the artificial cells.

(3) Artificial cells can contain the same biological material as
biological cells. In addition, they are more versatile since
adsorbents, magnetic materials, cells, drugs and other material can
also be included separately or in combination (Fig. 2.1).

Present status of the basic features of artificial cells of macro,
micron, nano and molecular dimensions

The general principles of artificial cells can form the basis of a large
number of artificial systems (Fig. 2.1). In addition to being of cellular
dimensions in the micron range, they can also be in the macro
range, nano range or molecular range. Furthermore, the membrane
material includes polymer, biodegradable polymer, lipid, crosslinked
protein, lipid-polymer complex, lipid-protein complex and membrane
with transport carriers. Artificial cells can contain an unlimited
variety of material individually or in combinations (Fig. 2.1). These
include cells, stem cells, enzymes, multienzyme systems, hemoglobin,
magnetic materials, microorganisms, vaccines, genes for gene therapy,
genetically engineered cells, adsorbents, drugs, hormones, peptides,
proteins and others.

The following is a brief overview of some of examples that illustrate
the basic principles. Later chapters contain detailed references and
descriptions.
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2.2. Nanotechnology and Nanobiotechnology

There is much recent interest in nanotechnology. Nanotechnology is
a large and complex area that embraces many diverse approaches.
One of these is to make the original artificial cells smaller using
the same basic principles and method. This includes biodegradable
nanoparticles, nanospheres and nanocapsules. Examples include nano
artificial red blood cells with lipid membrane (Djordjevich and Miller,
1980) or biodegradable polymeric membranes nano artificial red
blood cells (WP Yu and Chang, 1994) (Fig. 1.1). A later section will
summarize other examples used in drug delivery systems.

Nanobiotechnology and artificial cells

Nanobiotechnology is the assembling of biological molecules into
nanodimension structures, membranes with nanodimension thickness
or nanotubules with nanodimension diameter.

The first nanobiotechnology approach reported is the crosslinking
of hemoglobin into ultrathin polyhemoglobin (PolyHb) membrane
with nanodimension thickness (Chang, 1964, 1965) (Fig. 2.2).
This is used to form the membrane of artificial red blood cells
(Chang, 1964, 1965). If the emulsion is made very small, then the
whole submicron artificial cells can be crosslinked into PolyHb of
nanodimension. Glutaraldehyde can crosslink hemoglobin to form
soluble nanodimension PolyHb, each consisting of an assembly of
4–5 hemoglobin molecules (Chang, 1971b) (Fig. 2.2).

Two groups have independently developed this 1971 basic method
of glutaraldehyde crosslinking for clinical use. One is glutaraldehyde
human PolyHb (PolyHb) (Gould et al., 1998; Gould et al., 2002). Their
phase III clinical trial shows that this PolyHb can replace blood lost
in trauma surgery by keeping the blood hemoglobin at an acceptable
level.The second PolyHb is glutaraldehyde-crosslinked bovine PolyHb
which has been tested in Phase III clinical trials (Pearce and Gawryl,
1998; Sprung et al., 2002). South Africa has approved this PolyHb
for routine clinical use in patients. Unlike red blood cells, there is
no blood group, and thus PolyHb can be given on the spot, without
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Fig. 2.2. Nano artificial cells can be prepared in nanodimensions as
membrane-enclosed nano artificial cells or by the use of nanobiotechnology
to assemble biological molecules together into nanodimension structures.
Upper : An example of assembling of biological molecules to form
polyHb and conjugated Hb. Lower : Examples of different types of
nanobiotechnology-based polyHb-enzymes.
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waiting for typing and crossmatching in the hospital. They are also free
from infective agents such as HIV, hepatitis C, bacteria, parasites and
so on. Furthermore, whereas donor blood has to be stored at 4◦C and
is only good for 42 days, PolyHb can be stored at room temperature for
more than a year. Thus, PolyHb can have important uses in a number
of clinical conditions notably for surgery.

Nanobiotechnology and the assembling of hemoglobin
with enzymes that remove oxygen radicals

As PolyHbs can be kept at room temperature and used immediately
on the spot, they can have potential for use in treating severe
bleeding (hemorrhagic shock). However, the process must be carried
out fast because if delay occurs, the PolyHb alone might result
in the production of oxygen radicals that cause tissue injury
(ischemia-reperfusion injuries). Antioxidant enzymes normally present
in red blood cells are not enough to prevent this problem. We
use glutaraldehyde crosslinking to assemble a nanobiotechnology
complex of PolyHb-SOD-CAT by crosslinking hemoglobin, superoxide
dismutase and catalase (D’Agnillo and Chang, 1998) (Fig. 2.2). In this
way, one can increase the antioxidant enzymes to a much higher level
than those in red blood cells.

Obstruction of arteries due to clots or other causes can result in stroke
or heart attack (myocardial infarction). Being a solution, PolyHb can
more easily perfuse partially obstructed vessels. However, if there is a
prolonged lack of oxygen, reperfusion with PolyHb alone may give rise
to damaging oxygen radicals, resulting in ischemia-reperfusion injuries.
Thus, in a rat stroke model, after 60 min of ischemia, reperfusion
with PolyHb resulted in a significant increase in the breakdown of
the blood-brain barrier and an increase in brain water (brain edema)
(Powanda and Chang, 2002). On the other hand, polyHb-SOD-CAT did
not result in these adverse changes (Powanda and Chang, 2002).

Nanobiotechnology for the assembling of hemoglobin
with other enzymes

Abnormal microcirculation in tumor leads to a decrease in perfusion by
oxygen carrying red blood cells (Pearce and Gawryl, 1998). PolyHb
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can more easily perfuse the abnormal microcirculation of tumors to
supply oxygen needed for chemotherapy or radiation therapy. With a
circulation half-time of 24 h, the effect can be adjusted to the duration
of the chemotherapy or radiation therapy. When used together with
chemotherapy, PolyHb decreases the growth of tumor and increases the
lifespan in a rat model of gliosarcoma brain tumor (Pearce and Gawryl,
1998). We have recently crosslinked tyrosinase with hemoglobin to
form a soluble PolyHb-tyrosinase complex (BL Yu and Chang, 2004)
(Fig. 2.2).This has the dual function of supplying the needed oxygen and
at the same time lowering the systemic levels of tyrosine needed for the
growth of melanoma. Intravenous injections delayed the growth of
the melanoma without causing adverse effects in the treated animals
(BL Yu and Chang, 2004).

Conjugation of polymer with proteins

In the presence of diamine, sebacyl chloride crosslinks hemoglobin
with polyamide to form conjugated hemoglobin (Chang, 1964,1965)
(Fig. 2.2). This can be in the form of nanothickness artificial cell
membranes or conjugated Hb nanospheres. An extension of this is
the crosslinking of single enzyme or single hemoglobin molecule to
soluble polymers (Tam et al., 1976; Duncan, 2003; Li, Zhang & Liu,
2005; Winslow, 2006) (Fig. 2.2). Promising Phase II clinical trials are
ongoing (Winslow, 2006). This extension is not nanobiotechnology
since conjugation of single biological molecule is not the same process
as assembling of biological molecules.

2.3. Cell Homogenate, Organelle, Enzymes
and Multienzyme Systems

Cell homogenate

As discussed in Chapter 1, artificial cells were first prepared by
replacing the membrane of biological cells with artificial membranes
(Chang, 1957). For example, an artificial membrane replaces the red
blood cell membrane, but the content is the same as that in the
original red blood cells. The same principle can also be applied to
other types of biological cells. For example, we have prepared artificial
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cells containing hepatocyte microsomes and cytosol (Yuan and Chang,
1986).

Enzymes and enzyme therapy

A large array of enzyme systems is present in the cell homogenates.
Simpler artificial cells can be made to contain only one enzyme
(Chang, 1964, 1972) (Fig. 2.3). The enclosed enzyme would not leak

Fig. 2.3. Upper left : Problems related to injection of enzymes in free solution.
Upper right : Enzymes inside artificial cells no longer have these problems.
Lower left : Artificial cells can be prepared with multistep enzyme systems
with recyling of cofactors. Lower right : Nano artificial red cells contain all
the enzymes of red blood cells.
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out, but can act on external permeant substrates. This would avoid
protein sensitization, anaphylactic reaction, or antibody production
with repeated injections (Fig. 2.3). Implanted urease artificial cells
convert systemic urea into ammonia (Chang, 1964, 1965). Implanting
artificial cells containing catalase can replace the defective enzyme in
mice with a congenital catalase defect — acatalasemia (Chang and
Poznanski, 1968). The artificial cells protect the enclosed enzyme
from immunological reactions (Poznanski and Chang, 1974). Artificial
cells containing asparaginase implanted into mice delay the onset and
growth of lymphosarcoma (Chang, 1971).

Giving enzyme artificial cells by mouth obviates the need for
repeated injections. For example, artificial cells containing urease and
ammonia adsorbent can lower the systemic urea level (Chang, 1972a).
In Lesch-Nyhan disease, enzyme defect resulted in the elavation
of hypoxanthine to toxic levels. Given by mouth, artificial cells
containing xanthine oxidase lowers the toxic systemic hypoxanthine
levels in an infant with this disease (Chang, 1989; Palmour et al.,
1989). Phenylketonuria is a more common congenital enzyme defect.
Artificial cells containing phenylalanine ammonia lyase, given by
mouth, lower the systemic phenylalanine levels in phenylketonuria
[PKU] in rats (Bourget and Chang, 1986). This leads to investigation
into recombinant sources of this enzyme (Sarkissian et al., 1999; Liu
et al., 2002).

Multienzyme systems with cofactor recycling

Most enzymes in the body function as multienzyme systems with
cofactor recycling. After basic research on artificial cells containing
multienzyme systems (Chang, 1985a), we looked into their possible
use. Thus, artificial cells containing three different enzymes can
convert metabolic wastes like urea and ammonia into essential amino
acids (Gu and Chang, 1988) (Fig.2.3). The needed cofactor, NADH,
can be recycled and retained inside the artificial cells by crosslinking
to dextran or by using a lipid-polymer membrane. All the multienzyme
systems in red blood cells can be included inside nanodimension
artificial red blood cells (Chang et al., 2003) (Fig. 2.3).
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2.4. Artificial Cells Containing Intracelluar
Compartments

Biological cells contain intracellular organelles. This allows separate
compartments inside the cells to carry out specific functions more
effectively. We have prepared artificial cells that also contain
intracellular compartments (Chang 1965, 1972a; Chang et al., 1966)

Fig. 2.4. Upper : Artificial cells can be prepared with intracellular multi-
compartments. Lower : Artificial cells containing biologics can also contain
magnetic material allowing artificial cells to be site directed. Both principles
are being extended by many groups and are being used in different areas of
application and research.
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(Fig. 2.4). Specific enzyme systems or other biologically active systems
can be enclosed separately or in combination in each of these
intracellular compartments to allow for more efficient stepwise
functions.

2.5. Artificial Cells Containing Biologics and
Magnetic Material

When magnetic material is included in artificial cells containing
biological materials, one can use an external magnetic field to direct
the artificial cells (Chang, 1966) (Fig. 2.4). This principle is now being
used very extensively in bioreactors, in removing specific materials
from a mixture as in diagnositcs kits, drug delivery systems and other
areas of application.

2.6. Cells, Islets, Stem Cells, Genetically-engineered
Cells and Microorganisms

Artificial cells containing cells

The first artificial cells containing intact biological cells were reported
in 1964 based on a drop method (Chang, 1964), and it was proposed
that “protected from immunological process, encapsulated endocrine
cells might survive and maintain an effective supply of hormone”
(1965, Chang et al., 1966) (Fig. 2.5).

Chang asked Conaught Laboratory of insulin fame to develop
this for use in islet transplantation for diabetes. Later, Sun and his
collaborator from Conaught Laboratory developed Chang’s original
drop method (Chang, 1964,1965,1972a; Chang et al., 1966), using
alginate-polylysine-alginate (APA) for the artificial cell membranes
(Lim and Sun, 1980). They showed that after implantation, the insulin
secreting islets inside the artificial cells indeed remained viable and
continued to secrete insulin to control the glucose levels of diabetic
rats (Lim and Sun, 1980).

We have been studying the use of artificial cells containing liver
cells (hepatocytes) for liver support. Implanting these increases the
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Fig. 2.5. Upper : Problems related to injection of free cells. Middle:
Cells inside larger artificial cells no longer have these problems when
injected. Lower : Artificial cells containing biological cells. Priniciple has
been extended and used by many groups for bioencapsulation of islets,
cells, genetically-engineered cells and stem cells (Chang, Nature Rev. Drug
Discovery, 2005).
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survival of acute liver failure rats (Wong and Chang 1986); lowers
the high bilirubin level in congenital Gunn rats (Bruni and Chang,
1989); and prevents xenograft rejection (Wong and Chang, 1988).
We developed a two-step cell encapsulation method to improve
the APA method, resulting in improved survival of implanted cells
(Wong and Chang, 1991a). Cell bioencapsulation for cell therapy has
been extensively developed by many other groups especially using
artificial cells containing endocrine tissues, hepatocytes, genetically-
engineered cells and stem cells (Orive et al., 2002; Chang, 2005). This
is a very broad area that will be described in much more detail in the
later chapters. Below is a brief introduction to the use of this principle
for stem cells and genetically-engineered cells.

Stem cells

We used the two-step method and the coencapsulation of stem
cells and hepatocytes into artificial cells (Liu and Chang, 2000)
(Fig. 2.5).This results in further increase in the viability of encapsulated
hepatocytes both in culture and after implantation (Liu and Chang,
2002). An implantation of artificial cells containing both hepatocytes-
stem cells into Gunn rats lowers the systemic bilirubin levels, the low
level being maintained for two months (Liu and Chang, 2003). Without
stem cells, the implanted hepatocytes in artificial cells can only be
maintained at the low level for one month. What is even more exciting
is our recent finding using artificial cells containing only bone marrow
stem cells and no hepatocytes. The control group of rats with 90% of
their liver surgically removed did not survive. Unlike free stem cells,
an intraperitoneal injection of artificial cells containing bone marrow
stem cells alone results in long-term survival (Liu and Chang, 2006).
Along with this, the livers regenerate and return to their normal weights.

Genetically-engineered cells

Many groups have carried out extensive research on artificial cells
containing genetically-engineered cells. This more recent and very
important area will be discussed in detail in a later chapter, including
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potential applications in amyotrophic lateral sclerosis, dwarfism,
pain treatment, IgG1 plasmacytosis, hemophilia B, Parkinsonism and
axotomized septal cholinergic neurons, tumor suppression and other
areas (Basic et al., 1996;Tan et al., 1996; Al-Hendy et al., 1996; Okada
et al., 1997; Dalle et al., 1999; Saitoh et al., 1995; Hagihara et al.,
1997; Winn et al., 1994; Aebischer et al., 1996; Bloch et al., 2004;
Bachoud-Levi et al., 2000; Xu et al., 2002; Cirone et al., 2002). To
avoid the need for implantation, we studied the oral use of artificial
cells containing genetically-engineered nonpathogenic E. coli DH5
cells to lower systemic urea in renal failure rats (Prakash and Chang,
1996; Chang, 1997).

2.7. Artificial Cells Containing Bioadsorbents

As mentioned earlier, the microscopic dimensions of artificial cells
result in a large surface-to-volume relationship. This, together with the
ultrathin membranes, allow artificial cells containing bioadsorbents to
be much more effective when compared to standard hemodialysis in
removing toxins and drugs from the blood of patients (Chang, 1966,
1969a, 1975g).

The most common routine application of this approach is the
use of microscopic polymeric artificial cells encapsulating activated
charcoal (Chang, 1969, 1973a,b, 1975g) (Fig. 2.6). Its use solves the
major problems of release of embolizing particles and damage to
blood cells when bioadsorbents are used without the artificial cell
membranes (Fig. 8). The first successful application was in suicidal
overdose patients (Chang et al., 1973a,b). Since then, this has become
a routine treatment worldwide for acute poisoning in adults and
children, especially in cases of suicidal overdose (Chang, 1975b,
1975c; Winchester, 1988; Singh et al., 2004; Lin et al., 2004; Peng
et al., 2004; Lopez et al., 2002; Kawasahi et al., 2000; Lin et al., 2002;
Tominaga, 1997). The treatment is particularly useful in places where
dialysis machines are not readily available.

The approach is also effective in removing toxic products in kidney
failure patients (uremia), resulting in the relief of uremic symptoms
(Chang et al., 1971a; Chang, 1975g; Winchester, 1988). Components
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Fig. 2.6. Upper : Problems related to adsorbents when used to remove toxin
from blood. Middle: Adsorbents inside artificial cells no longer have these
problems and therefore can be used in hemoperfusion to remove toxins from
blood. Lower : Adsorbent inside artificial cells. Since its first clinical use as
artificial cells containing activated charcoal in hemoperfusion in patients, it
is now a routine method for the treatment of acute poisoning.
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for the removal of other uremic wastes need to be developed. The
approach has also proved to be effective in removing toxic molecules
in patients with severe liver failure, resulting in the recovery of
consciousness of grade 4 hepatic coma patients (Chang, 1972b, 1975g;
Gazzard et al., 1974). Detoxification is only one of the functions of the
liver, and this approach is being used as the detoxification component
of hybrid liver support systems that are being developed (Liu et al.,
2001).

The success in the clinical uses of artificial cells containing
bioadsorbents for detoxification has led to an increasing interest in
research and development in many other areas. One of these is in
artificial cells containing immuoadsorbents (Chang, 1980d).

2.8. Research on Membrane Model Systems

Since the membrane compositions of artificial cells can be varied
at will, they can serve as membrane model systems. Indeed, work
in this laboratory shows that it is possible to vary the membrane
properties as to porosity, thickness, charge, lipid content, protein
content, mucopolysaccharide content, and polymer composition
(Chang, 1964, 1965, 1972a). We have used artificial cells to study
the biophysics of membrane transport (Chang and Poznansky, 1968c);
the relationship of surface properties to survival in circulation
(Chang, 1965, 1972a; Chang et al., 1967b); and the relationship of
physicochemical properties to the effect on coagulation and formed
elements of blood (Chang et al., 1967b; Chang, 1969a). Other workers
have made use of these artificial cells in the study of the mechanical
and electrical properties of membranes (Jay and Edwards, 1968; Jay
and Burton, 1969; Jay and Sivertz, 1969).

Bangham and his co-workers prepared liposomes that are
liquid crystal microspheres, each consisting of concentric shells
of bimolecular lipid layers as a model system (Bangham et al.,
1965). Mueller and Rudin (1968) adopted the Chang procedure
for the preparation of artificial cells (Chang, 1964) to prepare
artificial cells having only a single bilayer lipid membrane. Since
biological cell membranes consist of both protein and lipids, we
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have prepared artificial cells with membrane of lipid-polymer or
lipid-protein for membrane transport studies (Chang, 1969d). This
also includes the incorporation of macrocyclic molecules into the
membrane as a carrier transport mechanism (Chang, 1969d). Another
approach is to incorporate Na+-K+-ATPase into the lipid-polymer
artificial cell membrane (Rosenthal & Chang, 1980). Since then,
there have been very extensive studies on the inclusion of many
different types of transport system or targeting agents or other materials
into different types of artificial cell membranes (Torchilin, 2005;
Chang, 2005).

2.9. Cell Physiology

In cell physiology, there is much research on the origin of cellular
responses. One important area is the location of the triggering
mechanisms and whether they are located at the cell surface, in
intracellular organelles, or in the soluble constituents of the cytoplasm.
It has been suggested (Chang, 1972a) that the enclosure of cell contents
in artificial cells might be one way of studying this. It would be
interesting to test the sites of action of certain hormones; changes
in extracellular electrolytes; and substances causing the release of
certain intracellular material. This would throw light on whether the
substance acts on specific surface receptors, or only indirectly affects
the intracellular material, or whether it directly affects the intracellular
material.

2.10. Drug Delivery

Polymeric semipermeable microcapsules

Luzzi (1970a) used nylon membrane artificial cells as reported earlier
(Chang, 1964) to microencapsulate drugs for slow release. Others have
also extended this approach. However, the modern approaches in drug
delivery systems are based on nanotechnology.This is to prepare much
smaller artificial cells in nanodimensions.
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Biodegradable polymeric artificial cells, nanoparticles,
nanocapsules

Biodegradable membrane artificial cells have been prepared to contain
enzymes, hormones, vaccines, and other biologicals (Chang, 1976a).
The polylactide polymer can degrade in the body into lactic acid and
finally into water and carbon dioxide. In the same study, variations
in preparation can result in artificial cells that release insulin at
different rates (Chang, 1976a). Biodegradable drug delivery systems
are now used widely in different forms, ranging from microscopic
to nanodimensions (LaVan et al., 2002). They are also known as
nanoparticles, nanocapsules, polymersomes, nanotubules, etc.

Liposomes — lipid membrane artificial cells

Bangham first reported the preparation of liposome consisting of
microspheres of hundreds of concentric lipid bilayers — multi-lamellar
(Bangham et al., 1965). They used these as a membrane model for
basic membrane research. When Gregoriadis completed his Ph.D. in
biochemistry at McGill, he came to see me to discuss his future areas
of research. I encouraged him to look into different ways of forming
artificial cells for delivery of biologics. His subsequent research in
England on the use of liposomes as drug delivery systems opened a
whole new approach (Gregoriadis, 1976).

The large amount of lipid in the original multilamellar liposomes
(Bangham et al., 1965) limits the amount of drugs or biologics that
can be enclosed. Thus, the basic principles and methods of artificial
cells (Chang, 1957, 1964) were extended by researchers into an
“ether evaporation method” to form single bilayer (unilamellar) lipid
membrane liposomes (Deamer and Bangham, 1976). Much research
and development since then have resulted in liposomes being used
extensively as pharmaceutical drug carriers (Torchilin, 2005). The
modern single bilayer lipid vesicles are actually single bilayer lipid
membrane artificial cells. However, even now, there is still reluctance
in using the term “artificial cells” and the term “liposome” continues to
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be used. However, some researchers and research groups are starting
to call these “artificial cells.”

2.11. Other Systems

As suggested earlier (Chang 1974, 1965, 1972a), the general principles
of artificial cells could be explored as follows.Artificial cells containing
radioactive isotopes or antimetabolites might be used for intraarterial
injection into tumors. In this case, some of the microcapsules might
lodge at the tumor site, while others would be carried by lymphatic
channels to act on tumor cells that have metastasized to the regional
lymph nodes. Artificial cells containing radiopaque material would
provide a contrast medium. Provided they can circulate readily in the
bloodstream, they might be used as vehicles for contrast materials in
angiography. Artificial cells containing highly magnetic alloys might
provide a useful preparation for the measurement of blood flow
in unopened vessels by electromagnetic techniques. If membranes
of crosslinked protein can be made to retain the immunological
characteristics of the protein, there might be a place for these in
serological studies or target drug delivery.
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CHAPTER 3

Oxygen Carriers Based on
Nanobiotechnology

3.1. Introduction

As discussed in the last chapter, nanobiotechnology is the assembling
of biological molecules into one of the following categories: nano-
dimension structures, membranes with nanodimension thickness,
and nanotubules with nanodimension diameter. The first nanobio-
technology approach reported in the literature is the crosslinking
of Hb into ultrathin polyhemoglobin (PolyHb) membrane with
nanodimension thickness for artificial cell membrane (Chang, 1964,
1965) (Fig. 2.2). If the emulsions are made very small, then the
whole submicron artificial cells can be crosslinked into PolyHb of
nanodimension. Glutaraldehyde can crosslink Hb into soluble PolyHb
of nanodimension (Chang, 1971b) (Fig. 2.2). This principle was later
developed independently by two groups to produce oxygen carriers
for the replacement of the oxygen carrying function of red blood cells
in the final phases of clinical trials (Moss et al., 1988; Gould et al.,
2002; Pearce & Gawryl, 1998; Pearce et al., 2006; Sprung et al., 2002).
Oxygen carriers developed by one group are in routine clinical use
in South Africa (Lok, 2001). There are also other types of Hb-based
oxygen carriers that are not based on nanobiotechnology. This chapter
discusses why nanobiotechnology has been used and how Hb-based
oxygen carriers prepared using this approach compare with other types
of Hb-based oxygen carriers.

31
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3.2. Hemoglobin as Oxygen Carrier

As shown in Fig. 1.1, red blood cell membranes contain blood group
antigens, and typing and matching are needed before red blood cells
can be transfused into patients. This results in delays in emergency
situations. With the standard method, red blood cells can be stored
for only about 42 days. Red blood cells cannot be sterilized to remove
infective agents like hepatitis viruses, HIV and other potential emerging
infective agents. Thus, red blood cell substitutes are being developed
(Fig. 1.1). Red blood cell (rbc) contains Hb, antioxidant enzymes and a
multienzyme system to prevent the conversion of Hb to nonfunctioning
metHb. As such, preparing a clinically useful complete artificial red
blood cell has been a very complicated process and will be discussed
in the next two chapters. In the meantime, nanobiotechnology has
allowed the development of simpler oxygen carriers containing only
Hb. Although the simpler oxygen carriers are not as complete as the
artificial red blood cell, some of them have more immediate possibility
of clinical use.

Why do we need to modify Hb? Hb is a tetramer with two α subunits
and two β subunits (α1β1α2β2) (Perutz, 1989). Although an excellent
oxygen carrier, Hb extracted from the blood cells cannot be used
for infusion because it is highly toxic to the kidney (Rabiner et al.,
1967). Even highly purified stroma-free Hb (SFHb), in which the rbc
membrane stroma is removed, still showed toxicity to the kidney in
humans (Savitsky et al., 1978). It is now known that when free Hb is
infused into the body, the tetramer (α1β1α2β2) breaks down into toxic
dimers (α1β1 and α2β2) that cause renal toxicity and other adverse
effects. The challenge is how to make use of the excellent oxygen
carrying properties of Hb but at the same time eliminate its toxic effects.
Figure 3.1 summarizes the four general methods of Hb modification.

3.3. Modified Hb

Four types of modified Hb have been developed and tested in clinical
trials. These are PolyHb based on nanobiotechnology, conjugated Hb,
crosslinked tetrameric Hb and recombinant human Hb (Fig. 3.1).



April 3, 2007 16:34 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch03 FA

Oxygen Carriers Based on Nanobiotechnology 33

Fig. 3.1. First generation oxygen therapeutics PolyHb is based on
nanobiotechnology.

PolyHb based on nanobiotechnology (Fig. 3.1)

In 1964, Chang first used bifunctional agents to crosslink the reactive
amino groups of Hb to assemble Hb molecules together into PolyHb
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(PolyHb). The first bifunctional agent used was sebacyl chloride
(Chang, 1964, 1965).

Cl-CO-(CH2)8-CO-Cl+ HB-NH2 = HB-NH-CO-(CH2)8-CO-NH-HB
sebacyl chloride Hb crosslinked PolyHb (Chang, 1964)

In 1971, another bifunctional agent, glutaraldehyde, was used to
crosslink hemoglobin (10 gm/dl) and trace amounts of catalase (Chang,
1971). The reaction is as follows:

H-CO-(CH2)3-CO-H + HB-NH2 = HB-NH-CO-(CH2)3-CO-NH-HB
glutaraldehyde hemoglobin crosslinked PolyHb (Chang,1971)

In the 1971 glutaraldehyde procedure, crosslinking is adjusted so
that the crosslinked PolyHb is in a soluble state. This results in less
steric hindrance and greater ease of substrate diffusion. This method
crosslinks the protein molecules to one another (intermolecular). It can
also crosslink each protein molecule internally (intramolecular). Later,
two groups independently applied the glutaraldehyde crosslinked
PolyHb principle to develop oxygen carriers that are in ongoing phase
III clinical trials (Moss et al., 1988; Gould et al., 2002; Pearce and
Gawryl, 1998; Pearce et al., 2006; Sprung et al., 2002). One of these
has been approved for routine use in South Africa (Lok, 2001).

Conjugated Hb (Fig. 3.1)

In 1964, Chang showed that in the presence of both diamine and
Hb, sebacyl chloride can crosslink hemolgobin to polymers to form
insoluble conjugated Hb (Chang, 1964, 1965) (Fig. 2.2). This method
has been extended to produce (intramolecular) soluble conjugated
Hb (Fig. 3.1) formed by the linking of one Hb molecule to soluble
polymers, as prepared by Sunder in 1975; Wong in 1976; Iwashita
in 1980; and the Enzon group in 1988. More recently, Winslow’s
group used an improved maleimide-polyethylene glycol conjugated
Hb that with its water of hydration would not result in vasopressor
effect (Winslow, 2006). This is now in an ongoing phase II clinical
trial. Liu’s group (Li et al., 2005) has developed another type of PEG-
conjugated Hb that is also in an ongoing clinical trial.
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Intramolecularly crosslinked single tetrameric Hb (Fig. 3.1)

Bunn and Jandl in 1968 reported the use of a bifunctional crosslinker,
bis(N-maleimidomethyl)ether, to crosslink Hb molecules internally
(intramolecular). Walder et al. in 1979 reported the use of a 2,3-
DPG pocket modifier, bis(3,5-dibromosalicyl) fumarate (DBBF), to
intramolecularly crosslink the two α subunits of the Hb molecule. This
approach prevents dimers formation and improves P50, and has been
extensively developed and tested in clinical trials. However, this did
not progress further because of vasopressor effects and cardiac lesions
in experimental animals (Nelson, 1998; Burhop and Estep; 2001).

Recombinant human Hb (Fig. 3.1)

Another very exciting area is the use of recombinant technology to
produce recombinant human Hb from E. coli (Hoffman et al., 1990).
Recombinant human Hb is formed by the fusion of the two α subunits
of each Hb molecule to prevent its breakdown into two half molecules
(dimers). It also has a good P50. This recombinant human Hb has been
developed and tested in clinical trials (Freytag and Templeton, 1997).
Vasopressor effects are observed in clinical trials. A new recombinant
human Hb has been prepared that does not bind nitric oxide, thus
eliminating the problem of vasopressor effect (Doherty et al., 1998).
The new recombinant human Hb is also a potential source of Hb
for PolyHb and conjugated Hb and other future generation Hb-based
blood substitutes.

Present status

As seen from Fig 3.1, most of the basic principles of modified Hb
have been made available by the 1960s. Unfortunately, there was no
public interest in these approaches then. The major efforts at that time
were concentrated on the production of purified native Hb (SFHb)
and perfluorochemicals. Savitsky et al.’s study in humans in 1978,
showed that SFHb was unsuitable for use in humans. Shortly after this,
it was found that perfluorocarbons available at that time had some
adverse effects in humans and they did not carry enough oxygen in
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Table 3.1 HIV Stimulated R & D for Modified Hb

POLYHb, CONJUGATED Hb & XLINKED TETRAMERIC Hb
Acharya, Agishi, Alayash, Bakker, Baldwin, Blumenstein, Benesch, Biro,
Bonhard, Bucci, Burhop, Chang, D’Agnillo, DeAngello, DeVenuto, DeWoskin,
Estep, Fagrell, Faivre, Feola, Fratantoni, Gawryl, Gould, Greenburg, Gulati,
Hess, Hori, Hsia, Hughes, Intalietta, Iwashita, Jacobs, Jesch, Keipert, Klugger,
Liu, Lowe, MacDonald, Magnin, Manning, Meinert, Messmer, Mckenzie, Moss,
Nelson, Nose, Panter, Pearce, Powanda, Privalle, Przybelski, Pluira, Rausch,
Seetharama, Sehgal, Sekiguchi, Sideman, Shorr, Su, Tsai, Valeri, Vandegriff,
Winslow, Wong, Yang and many others

RECOMBINANT AND TRANSGENIC HEMOGLOBIN Casparl, Fronticelli,
Hoffman, Kumar, Lemon, Looker, Olson, Shin, Shoemaker, Stetler and many
others

ENCAPSULATED Hb (Artificial RBC)
Beissinger, Chang, Djordjevich, Farmer, Feuerstein, Gaber, Goin, Horinouchi,
Hunt, Ikeda, Kondo, Kobayashi, Lee, Lutz, Miller, Nishiya, Ogata, Powanda,
Phillips, Rabinovic, Rudolph, Sakai, Schmidt, Snohara, Su, Szebeni, Takahasi,
Takaori, Takeoka, Tsuchida, Usuba, Yu and many others

many of the clinical applications. Thus, a few investigators started to
turn to the earlier approach to approach modified Hb. This effort was
suddenly intensified after 1986, when HIV in donor blood became a
major public concern. As a result, extensive studies have been carried
out by many groups on modified Hb (Table 3.1). The very extensive
publications by these researchers can be found in the reference section
of this book. This has led to clinical trials in all four types of modified
Hb. Of these, nanobiotechnology-based PolyHb and conjugated Hb
continue to show promise in clinical trials.

3.4. PolyHb in Clinical Trials

Gould et al. (2002) reported their phase III clinical trials on 171
patients using their glutaraldehyde crosslinked human polyHb with
<1% unpolymerized Hb. They showed that this can successfully
compensate for extensive blood loss in trauma surgery by maintaining
the Hb level at 8 to 10 g/dl needed for safe surgery with no reported
side effects. For example, transfusion of this PolyHb in patients with
an Hb level as low as 2 g/dl, can raise the Hb level to within the 8 to
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10 g/dl level, with the patients recovering from surgery. Their historical
analysis showed that without transfusion, most patients with Hb levels
of 3g/dl did not survive.This group has infused up to 10 liters of PolyHb
into individual trauma surgery patients. They have carried out further
clinical trials on its use in pre-hospital emergencies.These clinical trials
have been completed and information on these trials and the protocol
can be found on their website (www.northfieldlabs.com). In the USA,
this product has been approved for compassionate use in patients and
it is awaiting regulatory decision for routine clinical use.

Given that the supply of Hb from outdated donor blood is limited, a
glutaraldehyde-crosslinked bovine polyHb with <4% unpolymerized
molecular Hb, has been developed and tested in phase III clinical
trials (Pearce and Gawryl, 1998; Pearce et al., 2006; Sprung et al.,
2002). For example, they have carried out multicenter, multinational,
randomized, single-blind, rbc-controlled phase III clinical trials in
patients undergoing elective orthopedic surgery. A total of 688 patients
are randomized 1:1 to receive either the polyHb or rbc at the
time of the first perioperative rbc transfusion decision and 59.4%
of the patients receiving polyHb required no rbc transfusion all the
way to follow-up; 96.3% avoided transfusion with rbc on the first
postoperative day and up to 70.3% avoided rbc transfusion up to day
7. This bovine polyHb has been approved for routine clinical use in
patients in South Africa, a region with a higher incidence of human
immunodeficiency virus (Lok, 2001). In North America, the PolyHb
has been approved for compassionate use in patients. More details
can be found on www.biopure.com.

Another way to solve the problem of the supply of Hb is the recent
use of red blood cells from placentas that are discarded after birth as a
source of human Hb for preparing glutaraldehyde human polyHb (Li
et al., 2006). Recombinant human Hb is another potential source of
Hb to form polyHb (Doherty et al., 1998; Olsen et al., 2004; Fronticelli
et al., 2004).

Compared with donor red blood cells, nanobiotechnology-based
polyHb is not a complete red blood cell substitute. It is only an oxygen
carrier. Furthermore, its circulation half-time of about one day is much
lower than that of donor rbc. On the other hand, polyHb has a number
of advantages (Table 3.4).
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Table 3.2 Comparing Four Types of Modified Hb

Type Method of
Preparation

Notes

PolyHb based on
nanobiotechnology

Glutaraldehyde is the
bifunctional agent
being used to
crosslink Hb
intermolecularly to
form soluble PolyHb
polymers, each
averaging 3–10 Hb
molecules.

These PolyHbs with unpolymerized
Hb removed do not cross the
intercellular junction of the
endothelial cell lining of blood
vessels to remove nitric oxide; as a
result, they do not have adverse
vasopressor effects. Two types of
PolyHb are in the final stages of
phase III clinical trials and one of
these is approved for human use in
South Africa.

Conjugated Hb PEG molecules are
linked to each Hb
molecule. The PEG
and the water of
hydration both
contribute to a larger
diameter PEG-Hb
molecule.

If each of the PEG–Hb molecules
with its added water of hydration
approaches the required dimension,
then there is no vasopressor effect as
long as there are no free single Hb
molecules. PEG–Hb is being tested
in ongoing phase II clinical trials.

Crosslinked
molecular Hb

Each Hb molecule is
intramolecularly
crosslinked to
prevent the Hb from
breaking down into
half molecules
(dimers).

These molecular-dimension Hb
molecules cross the intercellular
junction of the endothelial cell lining
of blood vessels and remove nitric
oxide needed for normal vasoactivity.

Recombinant
molecular Hb

Recombinant human
Hb with fusion of the
two α subunits of
each Hb molecule to
prevent its
breakdown into half
molecules (dimers).

Vasopressor effects observed in
clinical trials for the same reason as
above. A new recombinant human
Hb has been prepared that does not
bind nitric oxide, thus eliminating the
problem of vasopressor effects. This
new type has still the disadvantage of
being removed faster from the
circulation but it is a potential source
of Hb for PolyHb and conjugated
Hb, and other future-generation
Hb-based blood substitutes.
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3.5. Nanobiotechnology-based PolyHb Compared with
other Modified Hb

This is summarized in Table 3.2.

Vasopressor effects

Not all modified Hb (Fig. 3.1 and Table 3.2) have been successful
in clinical trials as vasopressor effects have been observed in some
of the first generation modified Hb blood substitutes. For example,
intramolecularly crosslinked Hb (Nelson, 1998; Burhop and Estep,
2001) and first generation recombinant Hb (Freytag and Templeton,
1997) blood substitutes contain 100% of molecular dimension
modified Hb. Infusion of small volumes cause vasopressor effects
and also increased smooth muscle contractions. With another type
of polyHb that contains 36% molecular dimension modified Hb,
significant vasoactivity and increased smooth muscle contractions
could also be observed when larger doses are used. On the other hand,
Gould et al. (2002) have not reported any vasopressor effects in their
clinical trial using polyHb with <1% molecular dimension modified
Hb even when large volumes of 10 liters are infused.

Theories why vasopressor effects are observed only in some
types of modified Hb?

The hypothesis for the observed vasopressor effects is that the
intercellular junctions of the endothelial lining of the vascular wall
allow molecular dimension Hb to enter into the interstitial space
(Chang, 1997; Gould et al., 1998) (Fig. 3.1). There, Hb acts as a sink in
binding and removing nitric oxide needed for maintaining the normal
tone of smooth muscles.This results in constriction of the blood vessels
and other smooth muscles, especially those of the esophagus and GI
tract. Opponents to the hypothesis argue that one cannot compare the
different types of modified Hb since there are major differences in the
chemistry involved and in the oxygen affinity.
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Effects of tetrameric Hb on vasoactivity and ECG (Fig. 3.2)

We therefore prepare nanodimension PolyHb each containing
different percentages of molecular dimension Hb using the same
glutaraldehyde crosslinking method and characterized the Hb
to ensure that they all have the same oxygen affinity (BLYu,

Fig. 3.2. Changes in electrocardiogram (ECG) after injection of 1/6
toploading with PolyHb containing 16%, 38% and 78% of tetramers,
respectively at 30, 60, 90, and 120 min. Pre-IV: before intravenous injection;
Post-IV: after intravenous injection. Preliminary study shows that similar
toploading using PolyHb with 0.4% tetramers did not result in any changes.
(BLYu, Liu & Chang, 2006.)
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Liu and Chang, 2006). The result shows that the one with 0.4%
molecular dimension modified Hb does not cause vasoconstriction
nor changes in the electrocardiogram (e.g. 16%, 38% and 78%). With
an increasing percentage of molecular dimensions modified Hb, there
is an increasing degree of vasoconstriction and elevation of the ST
segment of the electrocardiogram (Fig 3.2). ST elevation could be due
to vasoconstriction resulting in decreased supply of oxygen to the heart
and this may explain the observation of small subendocardial lesions
in some primates and swine after infusion with one type of molecular
dimension modified Hb (Burhop and Estap, 2001).

Based on our experimental results using PolyHb with 0.4%, 16%,
38% and 78% of tetramers, respectively, we carried out the following
analysis. First, we calculate the total amount of tetrameric Hb (g/kg
body weight) that is present in PolyHb with 0.4%, 16%, 38% and
78% of tetramers, respectively. Next, we calculate the total amount
of tetramers needed to cause vasopressor effects or ECG changes. We
then calculate the total amount of tetrameric Hb (g/Kg) present in 1%,
2%, 4%, 8%, 16%, 38% and 78% of tetrameric Hb for 1/6, 1/3, 1/2
and 3/3 blood volume replacement (Table 3.3). We plot this (Fig. 3.3).
The top dashed line represents severe changes in ECG. The middle line
is the level where the blood pressure increases markedly and this is
also the highest concentration that does not cause marked changes in
ECG, except for a slight elevation of the ST segment. The bottom solid
line shows the level that did not cause an increase in arterial blood
pressure (BLYu, Liu & Chang, 2006). The result shows that with 2% of

Table 3.3 Analysis of theTotalAmounts ofTetrameric Hb (BLYu, Liu & Chang,
2006)

Blood PolyHb PolyHb PolyHb PolyHb PolyHb PolyHb PolyHb
Volume 1% 2% 4% 8% 16% 38% 78%

Replaced Tetramer Tetramer Tetramer Tetramer Tetramer Tetramer Tetramer
(g) (g) (g) (g) (g) (g) (g)

1/6 0.006 0.012 0.023 0.047 0.093 0.222 0.455
1/3 0.012 0.023 0.047 0.093 0.187 0.443 0.910
1/2 0.018 0.035 0.070 0.140 0.280 0.665 1.365
3/3 0.035 0.070 0.140 0.280 0.560 1.330 2.730
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Fig. 3.3. The amount of tetrameric Hb (g/Kg body weight) in PolyHb with 1%,
2%, 4%, 8%, 16%, 38% and 78% of tetrameric Hb for 1/6, 1/3, 1/2 and 3/3
blood volume replacement. The top dashed line represents severe changes in
ECG. The middle line is the level where blood pressure increases markedly
and this is also the highest concentration that does not cause marked changes
in ECG, except for a slight elevation of the ST segment. The bottom solid line
shows the level that did not cause an increase in arterial blood pressure.
(BLYu, Liu & Chang, 2006.)

tetrameric Hb, even replacing the total body blood volume, would not
cause any vasopressor effects or changes in the ECG (Fig. 3.4).

Further support of the role of nitric oxide in vasopressor effects
has come from Bucci’s group who prepared large “zero-link” PolyHb
(Matheson et al., 2002). A second generation molecular dimension
recombinant Hb that did not bind nitric oxide, also did not cause
vasoconstriction (Doherty et al., 1998). Since recombinant Hb crosses
the intercellular junction and is removed quickly, their circulation
time can be increased by crossliking to form nanodimension polyHb
(Fronticelli et al., 2004). Another approach in an ongoing clinical trial
is to prepare maleimide-PEG conjugated Hb that with its water of
hydration, would be too large to cross the intercellular junction and
thus does not result in vasopressor effects (Winslow, 2006).
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Fig. 3.4. Analytical chromatograpy: Sepacryl S-300 (1.5 cm × 98 cm).
Elution solution: 0.1 M Tris-HCl, pH 7.5, 0.154 NaCl; Elution velocity =
33.16 dl/h; Recorder velocity = 1 mm/min; Sens = 〈5〉. (Zolotareva & Chang,
2007.)

3.6. PolyHb with <2% Tetrameric Hb

The standard method of preparing polyHb usually results in about
7–10% of tetrameric Hb. Northfield has a proprietary method of
preparing polyHb with <1% tetrameric Hb. Biopure can prepare
their PolyHb with <4% tetrameric Hb. Our analysis described above
(BLYu, Liu & Chang, 2006) shows that with 2% tetrameric Hb,
there is neither vasoactivity nor change in ECG even with complete
blood volume replacement. Therefore, we have designed methods
for preparing PolyHb with <2% tetrameric Hb (Zolotareva & Chang,
2007). Increasing the degree of polymerization would decrease the
% of tetrameric Hb. However, this also results in an increase in
the molecular weight of the polyHb that tends to gel at a lower
temperature or other conditions. Thus, instead of increasing the
degree of polymerization, our final approach is to use preparative
chromatography to remove the tetrameric Hb. Figure 3.4 shows the
analytical chromatography of a preparation with 0.2% tetrameric Hb.
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Table 3.4 Human Donor Blood vs. PolyHb

Human Donor Blood Nanobiotechnology-based PolyHb

Infective
agents

Rare in some regions
using costly screening
tests, but more
frequent in other
regions. If a new
unknown infective
agent appears, it might
take years to develop a
screening test for
blood to be safe.

Infective agents can be sterilized and
removed.

Source Limited availability. Unlimited because, in addition to
human Hb (Hb), bovine Hb and
recombinant human Hb can be used.

Blood group
antigens

Blood group antigens
need typing and
crossmatching.

No blood group antigens.

Delay for use Delay in use due to
need for typing and
crossmatching.

Can be used immediately because no
typing or crossmatching is needed;
being tested in ambulances in ongoing
phase III clinical trials.

Storage
stability

Can be stored for 42
days with standard
refrigeration at 4◦C.

Studies show that PolyHb can be stored
for >1 year at room temperature.

Circulation
time

About 60 days,
depending on the
length of storage.

Circulate effectively with a half-time of
24 h and are therefore good for
short-term use, such as surgery and in
emergencies. There are ways to increase
its length of function, including:
hemodilution, repeated infusion, and
combination with erythropoietin.

Function Complete RBC
functions. In addition
to carrying oxygen,
RBC also have
antioxidant enzymes
and enzymes for
preventing MetHb
formation.

Function only as an oxygen carrier and
are useful for several clinical uses. Other
uses might require new generations of
PolyHb (for example, PolyHb
crosslinked to antioxidant enzymes).
Future-generation nanodimension
artificial RBC contain Hb and all of the
enzyme systems of RBCs. Costs will
increase with each new generation.

Vasopressor
effect

No vasopressor effect. To prevent vasopressor effect, single
molecular-dimension Hb has to be
eliminated.
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For those entering this area of research for the first time, a major
complaint would be the lack of any books containing laboratory
procedures for the preparation and testing of blood substitutes. There
is a lack of books written on procedures that readers can readily use in
their laboratory for the preparation and testing of modified Hb. With
this in view, a section on “Methods and Procedures” has been included
at the end of most chapters.

3.7. Nanobiotechnology and Immunogenicity

Nanobiotechnology involves the assembling of biological molecules.
In the case of polyHb, this is by polymerization of Hb molecules.
Even though Hb is only weakly antigenic, it is generally thought that
polymerization of protein might enhance its immunogenicity. In order
to test this, we analyzed the in vitro and in vivo immunogenicity of
crosslinking Hb into polyHb (Chang and Varma, 1987, 1988; Chang
et al., 1992; Hertzman, Keipert and Chang, 1986). Estep’s group has
reported on diaspirin-crosslinked Hb (Estep et al., 1992). Bakker’s
group also studied the immunology of polymerized Hb (Bleeker et al.,
1995).

Antigenicity measured as antibody titers

The first basic study is to see whether crosslinking Hb into polyHb
increases its antigenicity. Rats are immunized with either rat stroma-
free Hb or rat polyHb in Freud’s adjuvant. To account for cross species
reactivity, two other groups of rats are immunized with either human
stroma-free Hb or human polyHb. Antigens are labeled with 125I.
Figure 3.5 shows that rat Hb in Freud’s adjuvant does not increase
in the antibody titers when it is repeatedly injected subcutaneously
into the rats (homologous). Even in the polymerized form (PolyHb),
there is no increase in antibody titers using the very severe test
of Freud’s adjuvant. On the other hand, Hb from another species
(heterologous) is slightly antigenic, resulting in a very small but
significant increase in antibody titer. Crosslinking Hb from another
species into PolyHb results in further increase in anitgenicity. However,
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ANTIBODY TITERS

SALINE    BOVINE    RSFHb POLYHb HSFHb HPOLYHb
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0

Fig. 3.5. Antibody titers in rats after repeated subcutaneous immunization of
the solution in Freud’s adjuvant. RSFHB — rat stroma-free Hb; RPOLYHB —
rate polyHb; HSFHB — human stroma-free Hb; HPOLYHB — human polyHB.

even heterologous polyHb showed much lower antigenicity when
compared with albumin (Fig. 3.5).

This low antigenicity agrees with the previous results that show
Hb to be weakly antigenic. Furthermore, the effect of crosslinking
of Hb into PolyHb in increasing immunogenicity is only apparent
under heterologous conditions. Thus, the data suggest that within the
same species, crosslinking of Hb into PolyHb does not increase its
antigenicity. On the other hand, repeated subcutaneous injection of
heterologous Hb or PolyHb in Freund’s adjuvant resulted in antibody
production.

Effects of infusion

Repeated subcutaneous injection with Freud’s adjuvant is a very severe
test that does not represent what happens in transfusion. We, therefore,
carried out the following study to test the effect of the infusion
(Chang and Varma, 1987, 1988; Chang et al., 1992).

First, four groups of rats that had not received any Hb infusion
before were used. Each group received one of the following infusions
equivalent to 30% total blood volume: rat Hb; rat polyHb; Hb from
another species (e.g. human); and polyHb from another species
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Fig. 3.6. (Left) Rat or human SFHb or PolyHb infused into rats that have not
been immunized. No adverse effects. (Right) Rat or human SFHb or PolyHb
infused into rats that have been immunized with the respective solutions. No
adverse effects with rat SFHb or rat PolyHb. Adverse effects with heterologous
sources, e.g. human SFHb or human PolyHb.

(humans). Infusion of any one of the four solutions did not result in
any adverse effects (Fig. 3.6).

The next study was carried out in immunized rats as follows. The
four groups of rats each received subcutaneously immunizing doses
of one of the above four solutions in Freud’s adjuvant. After this, the
antibody titers were analyzed. The rats in each group then received
infusion of the corresponding Hb solution.The volume was 30% of the
total blood volume. Infusion of rat Hb or rat polyHb into rats that had
received immunizing doses in Freud’s adjuvant of the respective Hb
and PolyHb, did not result in any adverse effects (Fig. 3.6). However,
infusion of Hb or polyHb from another species into the immunized
rats resulted in severe anaphylactic reactions (Fig. 3.6).

The above infusion studies showed that infusion of polyHb from
the same species either for the first time or under the most severe
immunization condition, did not result in any adverse response
(Fig. 3.6). Infusion of polyHb from a different species for the first
time also did not result in any adverse response. However, when
polyHb from a different species was infused after the most severe
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immunization procedures, there were anaphylactic reactions. Thus,
the result seems to show that polyHb from the same species would not
have any immunological problems. It also shows that polyHb from
a different species also does not produce any adverse effects when
infused for the first time. This finding is supported by another group
in actual clinical trials using large volumes of bovine PolyHb, which
showed no adverse clinical immunology effects in humans (Pearce and
Gawryl, 1998; Pearce et al., 2006). What one cannot conclude from
these results is how often can polyHb from another species be infused
before there is immunological problem. Estep’s group (Estep et al.,
1992), infused diaspirin crosslinked human Hb into Rheus monkeys.
With 5 ml/kg monthly infusion, there was no production of IgG or
IgM to the crosslinked Hb). Thus, this type of crosslinking did not
result in any increase in antigenicity.They showed that five intravenous
monthly infusions of human crosslinked Hb into a different species,
Rheus monkey, did not result in any antibody production. This shows
that the very severe test of subcutaneous injection of heterologous Hb
with Freud’s adjuvant is more likely to produce an immune response
than intravenous infusion.

3.8. Bridging the Gap between Safety Studies
in Animal and Humans

Response in animals is not always the same as for humans. This
is especially in tests for hypersensitivity, complement activation and
immunology. How do we bridge the gap between animal safety studies
and use in humans?

In vitro screening test using human plasma before use
in humans

We have devised a simple in vitro test tube screening test (Chang and
Lister, 1990, 1992, 1993a, 1993b; Chang et al., 1993b). This consists
of adding 0.1 ml of modified Hb to a test tube containing 0.4 ml of
human plasma or blood. The plasma is then analyzed for complement
activation of C3 to C3a after incubation for one hour (Fig. 3.7). The use
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Fig. 3.7. In vitro screening test for PolyHb: This consists of adding 0.1 ml of
PolyHb to a test tube containing 0.4 ml of human plasma or blood.The plasma
was then analyzed for complement activation of C3 to C3a after incubation
for one hour. Closest response to humans next to actual injection into the
body. (Chang & Lister, 1993a.)

of human plasma or blood gives the closest response to humans next
to an actual injection. If we want to be more specific, we can use the
plasma of the same patient who is to receive the blood substitute.

Basic principles of screening test

Figure 3.8 summarizes the factors that initiate alternate and classical
pathways leading to complement activation of C3 to C3a. Modified Hb
may be contaminated with trace amounts of blood group antigen that
can form antigen-antibody complex which can activate C3. Others
include endotoxins, microorganisms, insoluble immune-complexes,
chemicals, polymers, organic solvents and others (Chang, 1997). In
the preparation or production of blood substitutes, different chemicals,
reagents and organic solvents are used. These include crosslinkers,
lipids, solvents, chemicals, polymers and other materials. Some of
these can potentially result in complement activation and other
reactions in humans. Other potential sources of problems include
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Antigen-Antibody complexes

from IgG or IgM antibodies
IgM blood group antibodies

Microorgansisms
Entotoxin

Insoluble immune complexes
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Fig. 3.8. Factors that activate complements in the classical and alternate
pathways.

trace contaminants from ultrafilters, dialyzers and chromatography
(Chang and Lister, 1994).

Use in research

Why wait for the completion of research, industrial production and
preclinical animal studies? Why don’t we do this test right at the
beginning, during the research stage? If a new system is found to cause
complement activation at this stage, one can avoid tremendous waste
of time and money in further development, industrial production and
preclinical animal study (Table 3.5) (Chang and Lister, 1994).

Use in industrial production

We have also used this preclinical test to help others in industrial
production (Chang and Lister, 1994; Chang et al., 1993). Thus in one
of the earlier industrial scale-ups of polyHb, this in vitro screening
test showed that certain batches caused complement activation.
By conducting this test further, it was shown that complement
activation was the result of using new ultrafiltrators. Re-used or washed
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Table 3.5 Use of the In Vitro Screening Test

RESEARCH STAGE
POLYMERS, LIPIDS, CROSSLINKERS, CHEMICALS, SOLVENTS
AND OTHERS
Some of these can cause complement activation
Others may have different responses depending on the source of the material

ANIMAL SAFETY STUDIES
HUMAN RESPONSE NOT ALWAYS THE SAME AS ANIMAL
The in vitro screening test using human plasma or human blood is
useful in solving this problem without having to inject the material into
the human subject

INDUSTRIAL PRODUCTIONS
BATCH VARIATIONS, CONTAMINATIONS, CHEMICALS, ETC
A case in point: for unknown reasons, some batch causes complement activation.
Using the in vitro screening test, the cause was found to be the use
of new ultrafiltrators that release material that activate complements.
Repeated washing before use solves this problem

CLINICAL TRIALS AND USES
PRECLINICAL TRIAL FINAL SCREENING TEST
ANALYSIS OF VARIATIONS IN POPULATION RESPONSES

ultrafiltrators did not cause complement activation. Without this test,
some batches could result in adverse effects of “unknown causes”
in humans. Chromatography, ultrafiltrators, dialysis membranes and
other separation systems are used extensively in the preparation of
different types of blood substitutes. It is, therefore, important to screen
for the possibility of trace contaminants that could cause complement
activation. In the same way, different chemical agents and different
reactants used in industrial production could be similarly tested
(Table 3.5).

Correlation of in vitro complement activation to clinical
symptoms

What are the clinical implications of C3a levels in the above
in vitro complement activation screening test? (Table 3.5) There are
clinical data in dialysis patients using different types of hemodialysis
membranes. The result shows that clinical symptoms appear when
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C3a is substantially elevated (Deane and Wineman, 1988). Increasing
levels result in increasing severity of the symptoms. Symptoms include
myalgia, chest tightness, fever, chill and others. C3a is a smaller
molecule (M.W. 9000) than C3 (M.W. 180,000). Therefore, once it
is formed, C3a equilibrates rapidly across the capillaries. Thus, in
measuring C3a in patients one has to do this within very short intervals
to catch the peak in C3a. The peak is reached in the first 15 min. After
this, it declines rapidly to normal in 60 min. In following complement
activation in patients receiving blood substitutes, one has to catch the
peak. In the in vitro study, the C3a is retained inside the test tube and
its concentration does not decline with time; therefore, the maximal
level of C3a would be available.

Clinical trials and use in humans

The in vitro test may be useful in large scale screening for human
response (Chang and Lister, 1994). For example, it could be used to
study variation in production batches; to study individual variations;
and to analyze the response of different human populations, especially
with different disease conditions. It is important to note that all these
could be done without ever introducing any blood substitutes into
humans.

3.9. Design of Animal Study for
Hemorrhagic Shock

Different types of modified Hb have been shown to be effective in the
resuscitation of hemorrhagic shock. However, some of the results need
to be further analyzed as discussed below.

Hemorrhagic shock model

When a small volume of blood is lost, the use of fluid to replace the
volume is enough to maintain blood pressure and perfusion. It is only
when a very large volume of blood is lost that modified Hb is needed
(Table 3.6). Messmer (1988) has discussed volume replacement in
hemorrhagic shock in some detail. Solutions for plasma replacement
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Table 3.6 Validity of Hemorrhagic Shock Models

HEMORRHAGIC SHOCK MODELS

(1) REMOVAL OF 30–40% BLOOD VOLUME
∗ Needs volume replacement
∗ Does not need rbc replacement
An excellent model for testing volume replacement
BUT not a valid model for testing rbc replacement using blood
substitutes

(2) REMOVAL OF 67% BLOOD VOLUME (WIGGER’S MODEL)
∗ Needs volume replacement
∗ Needs rbc replacement
Thus a valid model for testing rbc replacement using blood
substitutes

include saline, Ringer’s lactate, hypertonic saline, colloids and others.
Most of the studies on volume replacement are based on bleeding 30–
40% of the blood volume. These models are excellent for the study of
volume replacement when red blood cell replacement is not needed.
However, this model is not sensitive enough for testing the efficacy of
red blood cell replacement in hemorrhagic shock.

Testing the effectiveness of blood substitutes for both volume
and red blood cell replacement requires a more severe model
(Table 3.6). Wigger’s (1950) modified model involves two stages of
bleeding, resulting in the removal of 2/3 of the total blood volume.
We modified the model using a chronic tail-cannulation technique
(Tabata and Chang, 1982b) to form an unanesthetized model (Chang
and Varma, 1991). Another group used another chronic cannulation
technique (Malcolm et al., 1992) that works as well. Using these
unanesthetized models, PolyHb blood substitutes are shown to be
more effective than standard volume replacement using 3 volumes
Ringer’s lactate or 7.5% hypertonic-saline/6% dextran 70 plus 3
volumes Ringer’s lactate (Keipert and Chang, 1985; Chang andVarma,
1992).

Experimental designs

Different experimental designs have been used. Some experimental
designs are for a single blood replacement. They are not followed
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Fig. 3.9. Long-term survival and recovery of 67% blood loss replaced with
different types of solution. Only blood and PolyHb resulted in long-term
survival.

with other treatments or monitoring until recovery or death. This is
more comparable to emergency replacement in major disasters or
wars in the field, i.e. outside the hospital settings with no constant
monitoring. Other experimental designs are for repeated infusions
with continuous monitoring to maintain the blood pressure. This is
more applicable to surgical or hospital settings. Some designs are
more suitable for battlefield injuries. Furthermore, some experiments
are acute experiments of a few hours. Here, only the vital signs are
continuously monitored.

For example, we studied the effect of a single transfusion on the
long-term survival of animals. The results (Fig. 3.9) showed that only
whole blood and polyHb were effective for the long-term recovery
of the animals. If we did not follow the long-term effects, the
short-term response would have shown that stroma-free Hb is as
effective as polyHb. Thus, proper experimental design is needed to
show the effectiveness of using this for specific clinical conditions.
Some applications only require short-term effectiveness with constant
monitoring. Other applications may require longer-term effectiveness
without the availability of constant monitoring or medical care.
Thus, it is important not to make general conclusions regarding the
effectiveness of blood substitutes in hemorrhagic shock or in other
applications.
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3.10. General Discussions

Regional differences and the potential of unknown infective agents
must be included in any discussions of the future prospect of
blood substitutes. Also to be included is the degree of regulatory
requirements. Blood substitutes are urgently needed in regions of the
world where there are severe shortages of donor blood because of
cultural or religious beliefs that cause people to be less willing to
donate blood. They are also urgently needed in regions with higher
incidences of infective agents like HIV and thus a higher potential
for contaminated donor blood. It is less urgent in regions with a
lower incidence of HIV and where costly screening tests are being
used to screen out infective agents in donated blood. On the other
hand, it is important to remember the past unexpected outbreaks of
HIV and hepatitis C and the resulting contaminated donated blood
that persisted for years until proper screening tests are developed.
If this should happen again with some yet unknown agents, (e.g.
avian flu and others), then it would again be disastrous if no blood
substitutes, even first-generation blood substitutes, are immediately
available. Past experience has shown that it takes many years to
develop ideas on blood substitutes into products and that lack of basic
information has resulted in much failure and delays. It is important
to carry out basic research to gain important basic information
needed for the simultaneous development of blood substitutes. In
the meantime, two types of first-generation nanodimension polyHb
are in the final stages of clinical trials in humans and one of these
has been approved for routine clinical use in patients in South
Africa. New nanodimension conjugated Hb is also being tested in
clinical trials. Shortage of human Hb is being resolved by studies on
recombinant human Hb, placenta Hb, bovine Hb and synthetic heme.
Meanwhile, new generations of modified Hb are being developed
that can modulate the effects of nitric oxide for those clinical
applications that may have potential problems related to oxygen
radicals. PolyHb can be crosslinked to an enzyme to suppress the
growth of tumors. A further development is the use of PEG-lipids or
PEG-biodegradable polymer membranes to prepare nanodimension
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artificial red blood cells containing Hb and complex enzyme
systems.

3.11. Methods and Procedures

For those entering this area of research for the first time, a major
complaint would be the lack of any books containing laboratory
procedures for the preparation and testing of blood substitutes. This
section describe the procedures that readers can readily use in their
laboratory for preparing and testing modified Hb. The following is a
simplified laboratory method for preparing polyHb. Also described
are the experimental procedures for testing blood substitutes. Most of
the basic laboratory principles are covered and these can form the
basis for extension into new approaches. The method is suitable for
preparing basic modified Hb for use in different laboratory research.
However, it is not for use in preclinical or clinical applications.
More detailed procedures are required in such settings, especially
in the preparation of ultrapure stroma-free Hb. Other important
aspects include stringent care in sterility; testing for endotoxin and
complement activation; freedom from contaminating stroma fractions;
and viral and bacterial inactivation. Those complicated and expensive
procedures for practical use in larger industrial facilities are not
included here.

Special method for preparation of PolyHb containing low levels
of tetrameric Hb (0.2 to 2%)

Crosslinking reaction. This is carried out in a cold room at 4◦C.

(1) Place 117 ml of a 8.55 g/dl Hb in a 500 ml flask. Add 40 ml 0.2 M
sodium phosphate buffer, pH 7.4 and 4 ml 4 M NaCl.
(2) Add 1.33 ml of 1.3 M lysine monohydrochloride* in a 0.1 M
phosphate buffer to the Hb solution (to a final molar ratio of 11.1:1).
Fill the flask with nitrogen gas and seal opening. Place the flask in a
shaker at 140 rpm at 4◦C for 1 h.

(*1.3 M lysine monohydrochloride is prepared as follows:11.87 g
(SIGMA or FISHER) + 50 mL 50 mM sodium phosphate buffer, pH 7.4;
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this solution is kept at –20◦C and refrozen immediately before being
used.)
(3) Without stopping the shaker, slowly add 5 ml 0.5 M ice-cold
degassed glutaraldehyde* (to a final molar ratio of M:M – 16.1:1). Fill
the flask with nitrogen gas, seal the opening and continue shaking at
4◦C for 24 h.

(*0.5 M glutaraldehyde is prepared as follows:10 mL 25%
glutaraldehyde (SIGMA, G-5882, 10 × 10 mL) + 42.3 mL 50 mM
sodium phosphate buffer, pH 7.4 and is kept at – 20◦C. Defrost and
degas this solution by Ultra Sone 30 min immediately before the
reaction.)
(4) Without stopping the shaker, slowly add 31.6 g dry lysine to stop
the reaction (until M:M ratio = 1118:1). Fill the flask with nitrogen,
seal the opening and continue shaking at 150 rpm at 4◦C for 1 h.
(5) Centrifuge at 16,000 g for 60 min [8000 rpm (JLA-8.1 rotor)] at 4◦C.

Preparative chromatography. (For those who are preparing polyHb
for in vitro studies and not interested in preparing polyHb with <2%
tetrameric hemoglobin, the following complicated step is not needed.)

(1) Use 3 columns with Sephacryl S-300 (4.8 × 95 cm), equilibrated
with saline. Load 3 g of polyHb to each column. The elution speed
must be 100–120 ml/h. After the elution of the free volume (about
600 ml), continuously collect 10 ml fractions.
(2) Take 50 µL aliquots from each fraction to semimicro ultraviolet
transparanted cuvetts; add 950 µL saline and measure the optical
density at 280 nm.
(3) Take all the fractions corresponding to an optical density of more
than 0.4000 until the eluate volume is 120–130 ml. Pool the 3 column
fractions together. (Hb) is about 500–600 mg/dl (2000–2500 mg).
(4) Place the sample in a magnetic mixing ultrafiltrator (500 kDa cutoff
400 ml container) under nitrogen at 30 psi. Ultrafilter until the final
volume reaches 50 ml or less.
(5) Dialyze twice in dialysis membrane tubing (M.W. cutoff 12–14 kDa,
Spectrum Laboratories, Inc.) against 1.8 l Lactated Ringer’s solution
for 2 h.
(6) Centrifugate at 6,500 g [8,000 rpm (3745 rotor)] for 20 min at 4◦C.
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(7) Carry out sterile filtration with 0.22 µm filters with prefilter.
Distribute the solution into 10 ml aliquots and keep in sterile condition
under nitrogen at 4◦C until use.

Prevention metHb formation. Additional steps can be taken to prevent
increase in metHb during the preparative procedure. This includes
those that have been described (Li et al., 2005) or the use of carbon
monoxide to form CO-Hb before crosslinking.

Analytical chromatography for molecular weight distribution. Sepacryl
S-300 Column 1.5 × 98 cm; equilibrated with 0.1 M Tris-HCl, pH 7.5,
0.15 M NaCl. Load 1.5 mg polyHb in 300 µL elution solution with
5% glycerol. Sensitivity “5”. Elution velocity = 32 ml/h. Recording
velocity = 1 mm/min. Calculate percentage of area for: a) >445 kDa;
b) 100–445 kDa; c) 100 kDa.

In vitro screening test using human plasma before use in humans

Laboratory procedure based on human plasma. Blood is obtained by
clean venous puncture from human volunteers and put into 50 ml
polypropylene (Sastedt) heparinized tubes (10 IU heparin/ml of blood).
Immediately separate plasma by centrifugation at 5500 g at 2◦C for
20 min and freeze the plasma in separate portions at −70◦C. Do not
use serum because coagulation initiates complement activation. EDTA
should not be used as an anticoagulant, because it interferes with
complement activation. Immediately before use, the plasma sample
is thawed. 400 lambdas of the plasma are pipetted into 4 ml sterile
polypropylene tubes (Fisher). 100 lambdas of pyrogen-free saline
(or Ringer’s lactate) for injection is added to the 400 lambdas of
human plasma as control. One hundred lambdas of Hb or modified
Hb are added to each of the other tubes containing 400 lambdas
of human plasma. The reaction mixtures are incubated at 37◦C at
60 rpm for 1 h in a Lab-Line Orbit Environ Shaker (Fisher Scientific,
Montreal, Canada). After 1 h, the reaction is quenched by adding
0.4 ml of this solution into a 2 ml EDTA sterile tube containing 1.6 ml
of sterile saline. The samples are immediately stored at −70◦C until
analyzed. The analytical kit for human complement C3a is purchased
from Amersham, Canada. The method of analysis is the same as
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the instructions given in the kit, except for two minor modifications.
Centrifugation is carried out at 10,000 g for 20 min. After the final step
of inversion, the inside walls of the tubes are carefully blotted with
Q-tips. The exact procedure and precise timing described above are
important in obtaining reproducible results. The base line control level
of C3a complement activation will vary with the source and procedure
of obtaining the plasma. Therefore, a control baseline level must be
used for each analysis. Furthermore, all control and test studies should
be carried out in triplicates. Much practice is needed to establish this
procedure before using the method for the first time. Reproducibility
must be established before this test can be used.

Procedure based on blood from finger pricks. Instead of using plasma
and to obviate the need to withdraw blood with a syringe, a simpler
procedure involving obtaining blood from finger pricks can be carried
out as follows.90 Sterile methods are used to prick a finger. Blood is
collected in heparinized microhematocrit tubes. The tubes are kept at
4◦C, then used immediately as follows. Each blood sample used in the
test contains 80 ul of whole blood and 20 ul of saline. Each test solution
is added to a blood sample. Test solutions include saline (negative
control) and Zymosan (positive control) or Hb. This is incubated at
37◦C at 60 rpm. After 1 h of incubation, EDTA solution is added to the
sample to stop the reaction. The analysis for C3a is then carried out
as described. The test kit is based on ELISA C3a enzyme immunoassay
(Quidel Co, San Diego, CA, USA).

Animal study on hemorrhagic shock and exchange transfusion

Animal model. Depending on the design of the experiment, the
animal could be acutely cannulated under anesthesia. If a conscious
animal experiment is needed, the animals are prepared for chronic
cannulation as follows. Sprague-Dawley rats, 340±40 g, from Charles
River are randomly divided in groups of six (n = 6). They are
allowed to acclimatize for four days. They then receive chronic
cannulation as referred to above. During the 6–8 days of post-surgical
period, the catheters are flushed daily with sterile heparinized saline.
Body weights and hematocrits are followed and only those with the
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following values 6–8 days after surgery are used.These include average
body weight of 361.14 ± 10.53 g and hematocrit of 37 ± 2.7%. In
the case of conscious rats, they are partially restrained, allowing free
access to the tails and catheters. In anesthetized rats, cannulation and
experiment are carried out under general anesthetics. Each rat receives
intravenous heparin, 150 IU/kg. One arterial cannula is connected to
a statham pressure transducer for measuring of blood pressure and
heart rates. These are recorded continuously on a Grass polygraph
recorder. After steady baseline recording, lethal hemorrhagic shock is
induced. This involves the removal of 67% total blood volume through
the other arterial catheter at 0.5 ml/min, carried out in two stages.
Removal of 36% of total blood volume is followed by a 10 min rest
period. The second stage involves the removal of 31% of total blood
volume. Throughout the bleeding, the blood pressure is maintained
between 40 and 60 mm Hg. 67% of total blood volume is removed
from each rat with an average time of 46.52 ± 2.71 min.

Resuscitation solutions. There are eight groups of rats with six rats
randomly assigned to each group.
1. Controls — no resuscitation fluid.
2. Reinfusion of rats’s own shed whole blood.
3. Ringer lactate solution. The volume is equivalent to the volume of
shed blood.
4. Ringer lactate solution equivalent to three times the volume of shed
blood.
5. Sterile human albumin 7 g% in Ringer’s lactate solution.The volume
is equivalent to the volume of shed blood.
6. Stroma-free Hb in Ringer’s lactate solution.The volume is equivalent
to the volume of shed blood.
7. PolyHb or other blood substitutes in Ringer’s lactate solution. The
volume is equivalent to the volume of shed blood.
8. 4 ml/kg (7.5g% NaCl/7g% Dextran 70 followed by three times the
volume of shed blood of Ringer’s lactate solution.

Immediately after shock induction, each rat receives one of the
above intravenous resuscitation fluids at a rate of 0.5 ml/min. The
mean arterial pressure and heart rates are recorded up to 30 min after
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completion of the infusion. Each rat is then returned to a separate cage.
They are monitored for 14 days. Those rats that lived up to 14 days are
considered as having “survived.” The time of death is recorded for
those that died before this time.

Exchange transfusion. This is one of the frequently used experimental
procedures to test the efficacy of a given blood substitute in
normovolumic hemodilution. Anesthetized male Sprague-Dawley rats
with an average weight of 310 g are used. Cannulation of the femoral
artery and femoral vein using 3 cm length PE10 tubing (0.28 mm
inner, 0.61 mm outer diameter, Clay Adams) connected into a large
diameter 20-cm length of PE50 tubing (0.58 mm inner, 0.97 mm outer
diameter). These are filled with heparin (500 USP units/ml). Both
catheters are connected to a pump (for example, Minipulse-2 Gelson
Medical Electronics) fitted with tubing (0.89 mm inner). Rats are
heparinized before exchange transfusion through the venous catheter
at 60 units/100 g body weight. The polyHb solution is warmed to the
body temperature of 37◦C and infused intravenously into the femoral
vein. Simultaneously, blood from the animal is removed from the
femoral artery. The flow rate is maintained at 0.5 ml/min by adjusting
the peristaltic pump. This is monitored by measuring the volume
infused and the volume collected.Vital signs, hemodynamics and other
measurements can be carried out as required.
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CHAPTER 4

A Nanobiotechnologic Therapeutic that
Transports Oxygen and Remove Oxygen
Radicals: For Stroke, Hemorrhagic Shock
and Related Conditions

4.1. Introduction

As discussed in Chapter 3, polyhemoglobin (PolyHb) is being used in
surgical settings in the last stages of clinical trials in North America
and in routine clinical use in South Africa. PolyHb promises to
play an important role in surgery and the early stages of blood
loss. However, in order to use blood substitutes for other clinical
conditions like severe sustained hemorrhagic shock, stroke and so
on, we have to consider the issue of oxygen radicals (Alayash, 2004;
Chang, 1997a, 2006a). Red blood cells contain antioxidant enzymes
like catalase (CAT), superoxide dismutase (SOD) and other enzymes,
but in situations of prolonged and severe ischemia, even this is not
enough. Furthermore, some PolyHbs are prepared from ultrapure Hb
devoid of any red blood cell enzymes. Our aim is, therefore, to
use nanobiotechnology to assemble these biological molecules into
PolyHb-CAT-SOD, a therapeutic agent that not only contains enhanced
antioxidant enzymes but also has the ability to carry oxygen.

4.2. Ischemia-Reperfusion

In prolonged severe hemorrhagic shock, stroke and other ischemic
conditions, there is insufficient supply of oxygen resulting in ischemia.

62
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Ischemia stimulates the production of hypoxanthine. Under normal
conditions, xanthine dehydrogenase reduces purines to uric acid.
During ischemia, this enzyme is converted into the xanthine oxidase
form at a rate proportional to the duration of ischemia. When the tissue
is again perfused with oxygen, reperfusion, xanthine oxidase converts
hypoxanthine into superoxide. Via several mechanisms, superoxide
results in the formation of oxygen radicals that can cause tissue injury.
The enzymes in red blood cells help to prevent this to a limited extent.
Thus, SOD converts superoxide into hydrogen peroxide that is in turn
converted by CAT into water and oxygen. However, in severe and
prolonged ischemia the normal amounts of these enzymes in the red
blood cells are not enough to prevent ischemia-reperfusion injury. We
have, therefore, prepared a PolyHb-CAT-SOD complex (PolyHb-CAT-
SOD) with more CAT and SOD than are normally present in red blood
cells. The idea is to have an oxygen carrier with enhanced antioxidant
enzymes which can act as a therapeutic agent in ischemia-reperfusion.

4.3. PolyHb-CAT-SOD

This product is based on our earlier finding that polyHb can
be prepared by crosslinking stroma-free Hb using a bifunctional
agent, sebacyl chloride (Chang, 1964) (Fig. 2.2). As stroma-free Hb
contained red blood cell enzymes, the crosslinking also resulted in a
polyHb-enzyme complex. The first use of another bifunctional agent,
glutaraldehyde, was to crosslink stroma-free Hb into polyHb, but with
more CAT added to augment the CAT activity (Chang, 1971b) (Fig. 2.2).
CAT crosslinked into the polyHb-CAT complex in this way is much
more stable than the enzyme in free solution. Thus, the CAT activity
of the polyHb-CAT remained at 98% after 43 days when stored at 4◦C
(Chang, 1971b). On the other hand, the activity of free CAT in solution
fell to 10% in 35 days at 4◦C. When stored at the body temperature
of 37◦C, polyHb-CAT retained 50% of its CAT activity after 7 days,
whereas the activity of the free enzyme fell rapidly to 50% after 1 day.

We, therefore, used this principle to prepare PolyHb-CAT-SOD
(D’Agnillo and Chang, 1998a) (Fig. 2.2). In this way, in addition to
its antioxidant therapeutic component, PolyHb-CAT-SOD also acts as
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an oxygen carrier to supply the needed oxygen in ischemia. In the form
of PolyHb-CAT-SOD, the enzymes stay in the circulation together with
PolyHb that, in humans, has a half-life of 24 h. This is unlike the rapid
removal of free SOD and CAT from the circulation (10 and 20 min,
respectively). Furthermore, unless crosslinked to Hb, these enzymes
are not located in close proximity to Hb, and are thus less likely to give
adequate protection to Hb-initiated oxygen radicals. In vitro studies
reveal that crosslinked Hb-SOD-CAT is effective in removing oxygen
radicals and hydrogen hydroxide, and in minimizing damage to Hb
and release of iron. Our animal studies show that PolyHb-CAT-SOD
results in a significant decrease in oxygen radical related damage in
an intestinal ischemia-reperfusion model as well as in a stroke model.

4.4. Enzyme Activities after Intravenous Injections

The following study shows that free SOD and CAT are removed
rapidly within a few minutes from the circulation after intravenous
infusion. On the other hand, after intravenous infusion of PolyHb-
CAT-SOD, the enzyme activities remain in the circulation for hours
with the same half-time as PolyHb (D’Agnillo and Chang, 1998a)
(Fig. 4.1). This study includes the use of the following solutions
injected into Sprague Dawley rats: 1) Free Hb, SOD, and CAT all in
solution and not crosslinked; 2) PolyHb-SOD-CAT (prepared using a
glutaraldehyde/Hb at a molar ratio of 8:1 glut:Hb); 3) PolyHb-SOD-
CAT (8:1 glut:Hb) that has been ultrafiltered through 100 kDa cutoff
membranes; and 4) PolyHb-SOD-CAT (16:1 glut:Hb) with a higher
degree of polymerization.

Plasma Hb concentration (Fig. 4.1)

Free Hb shows a half-life of about 60 min (Fig. 4.1). A greater
circulation time is achieved following polymerization (8:1 glut:Hb).
Ultrafiltration does not increase the retention time since ultrafiltration
through 100 kDa cut off membranes does not remove any significant
fraction of tetrameric Hb. Greater polymerization (16:1 glut:Hb)
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Fig. 4.1. Plasma circulation half-life in rats of (a) CAT (b) CAT (c) Hb in
rats after I.V. injection of indicated solutions (300 mg Hb/kg). Data of each
point on the chart obtained from samples collected from 3 separate animals.
(D’Agnillo & Chang 1998a.)

decreases the fraction of free Hb molecules, resulting in a further
increase in circulation time.

SOD activity in plasma (Fig. 4.1)

Free SOD is rapidly cleared from the circulation (t1/2 ∼ 4–6 min).
PolyHb-SOD-CAT (8:1 glu:Hb) shows a greater retention of SOD
activity with a biphasic clearance pattern. The rapid initial removal
phase is likely related to some SOD that has not been crosslinked to
PolyHb. Ultrafiltration removes the small fraction of non-crosslinked
SOD, thus increasing the circulation half-time significantly. A higher
degree of polymerization with 16:1 glutaraldehyde:Hb decreases the
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small fraction of non-crosslinked SOD, thus increasing the circulation
half-time.

CAT activity in plasma (Fig. 4.1)

Free CAT is cleared rapidly (t1/2 ∼ 15 min). PolyHb-SOD-CAT (8:1)
shows a greater retention of CAT activity. Ultrafiltration of PolyHb-
SOD-CAT (8:1) through 100 kDa membranes does not remove
unbound CAT (mw of CAT 232,000), and there is no change in the
circulation time compared with the unfiltered preparation. Greater
polymerization (16:1) decreases the fraction of free CAT, resulting in
an increase in the circulation time.

Discussions

Our present study shows that the circulation half-time of free SOD
in solution is about 4–6 min. This may explain why in humans a
single bolus injection of free SOD is ineffective against ischemia-
reperfusion injuries. In theory, a continuous infusion of SOD and CAT
can be given during and following the administration of PolyHb under
conditions involving potential ischemia-reperfusion injuries. However,
giving PolyHb-CAT-SOD would not require continuous infusion.
Furthermore, when in the PolyHb-CAT-SOD configuration CAT and
SOD are in the closest proximity to the Hb molecules, since PolyHb,
like Hb, is a potentially reactive protein in ischemia-reperfusion injury.
It is also a potential source of heme and iron release that can further
increase oxygen radical formation in the Fenton reaction. Thus, in the
form of PolyHb-CAT-SOD, the enzymes can act promptly to remove
oxygen radicals released from reaction due to the effect of oxidants on
Hb. As well, PolyHb has a circulation half-life in humans of 24 h; when
crosslinked to polyHb, the enzymes circulate together with PolyHb
for the same length of time. In this way, the PolyHb is at all times
protected by the antioxidant enzymes. After one episode of ischemia-
reperfusion in hemorrhagic shock, myocardial infarction or cerebral
ischemia, further episodes can recur with varying degrees of severity
and frequencies. When the enzymes are crosslinked together in the
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form of PolyHb-SOD-CAT, the enzymes would continue to circulate
with PolyHb, thus preventing any potential problems at all times.

4.5. Tests in Animal Models for Stroke and
Hemorrhagic Shock

The next step is to carry out a study using actual animal models
of ischemia-reperfusion injuries comparing PolyHb-CAT-SOD with
PolyHb. The three animal models chosen are ischemia-reperfusion of
the intestine; ischemia-reperfusion in a combined hemorrhagic shock
stroke model; and ischemia-reperfusion in an ischemia-reperfusion
hind limb model. The first two are very sensitive to ischemia-
reperfusion injuries, whereas the third one is not. As will be discussed
in detail in a later section, after 60 min and 90 min of ischemia,
respectively in the brain and intestine, reperfusion with PolyHb
results in ischemia-reperfusion injuries or increase in oxygen radicals.
On the other hand, PolyHb-CAT-SOD does not have such adverse
effects on the intestine (Razak, D’Agnillo & Chang, 1997) or brain
(Powanda & Chang, 2002). The hind limb is less metabolically active
and reperfusion with PolyHb after 90 min of ischemia does not have
any significant increase in oxygen radical production (D’Agnillo &
Chang, 1997c).

4.6. Ischemia-Reperfusion of the Intestine

Severe hemorrhagic shock and the intestine

Since PolyHb has no blood group antigens and can be stored for a
much longer time than donor blood even at room temperature, there
is the potential of using this onsite for the treatment of hemorrhagic
shock. However, if the ischemia is severe and prolonged before
reperfusion, there could be ischemia-reperfusion injuries. In severe
sustained hemorrhagic shock, there is severe vasoconstriction of some
organs, especially the intestine and kidneys. Furthermore, the intestine
is rich in xanthine oxidase that catalyzes the formation of superoxide.
Thus, the intestine is very vulnerable to ischemia-reperfusion injury and
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Fig. 4.2. Hydroxyl radical production assessed by the measurement of 3,4
dihydroxybenzoate in ischemic intestine perfused with 5 g/dl of PolyHb (�)
or 5 g/dl of PolyHb-SOD-CAT (•). Intestinal effluent samples are collected
during reperfusion at the indicated times. Data are presented as means ±
SD. ∗denotes statistical significance; P < 0.05. (From Razack, D’Agnillo &
Chang, 1997.)

therefore it would be a sensitive model for testing ischemia-reperfusion
injury. In severe sustained hemorrhagic shock, reperfusion with red
blood cells that contain the normal amounts of CAT and SOD may
not be adequate to prevent ischemia-reperfusion. Since PolyHb-CAT-
SOD can contain more enzymes than red blood cells, we tested this
preparation for reperfusion in an ischemia-reperfusion intestine model
(Razack, D’Agnillo & Chang 1997). Figure 4.2 shows that the use
of PolyHb for reperfusion results in a significant increase in oxygen
radicals. The use of PolyHb-CAT-SOD does not give rise to such an
increase in oxygen radicals.

Test on effects of reperfusion on ischemic intestine

The details of the rat model and the measurement of oxygen radicals
are described in Section 4.11 under “Methods and Procedures.” After
90 min of ischemia, PolyHb or PolyHb-SOD-CAT (5 g/dl) containing
5 mM of 4-hydroxybenzoate (4HB) is reperfused at 0.8 ml/min for
10 min without recirculation. Outflows from the portal veins are
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collected, centrifuged, and the spun perfusates are stored at −80◦C
for later analysis of hydroxyl radicals. In this analysis, hydroxyl
radical reacts with 4HB to form 3,4-dihydroxybenzoate (3,4-DHBA).
High performance liquid chromatography measures the 3,4-DHBA
produced and thus the amounts of hydroxyl radicals generated.

Reperfusion using PolyHb resulted in significant increases in the
level of 3,4-DHBA corresponding to increases in hydroxyl radicals
(Fig. 4.2). On the other hand, infusion of PolyHb-CAT-SOD only
results in a minimal increase in hydroxyl radicals as measured by the
production of 3,4-DHBA (Fig. 4.2).

4.7. Test in Combined Hemorrhagic Shock and Stroke
Rat Model

Prolonged hemorrhagic shock and stroke model

Stroke is common in North America, claiming some 500,000 victims
each year. The most common cause is arteriosclerosis, which results
in narrowing and obstruction of blood vessels. Red blood cells, being
8 micron in diameter, have difficulty flowing through these partially
obstructed vessels to supply the needed oxygen to the brain (Fig. 4.3).
PolyHb, being a solution, can perfuse partially obstructed vessels better
than red blood cells to supply the needed oxygen. However, when
an ischemic brain is perfused with an oxygen-rich solution, reactive
oxygen species will be generated, resulting in ischemia-reperfusion
injury. These oxygen radicals can lead to increased leakiness of the
blood-brain barrier, brain edema and cell death (Fig. 4.3).

The therapeutic agent, PolyHb-SOD-CAT, has the dual function of an
oxygen carrier and the ability to remove oxygen radicals.Thus, we used
a transient global ischemia-reperfusion rat brain model to compare the
use of this PolyHb-SOD-CAT solution with four other oxygen carrying
solutions: 1) PolyHb; 2) PolyHb with CAT and CAT added as solution
without crosslinking to polyHb; 3) purified Hb; and 4) oxygenated
saline solution. Reperfusions are initiated 1 h after ischemia and the
effects on blood-brain barrier and brain edema are followed for 6 h.
Reperfusion with PolyHb-SOD-CAT solution did not result in brain
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Fig. 4.3. Stroke is common and in North America and about 500,000 persons
suffered from this each year.The most common cause is arteriosclerosis which
results in narrowing and obstruction of blood vessels. Red blood cells being 8
micron in diameter have difficulty flowing through these partially obstructed
vessels to supply the needed oxygen to the brain. PolyHb being a solution
can perfuse partially obstructed vessels better than red blood cells to supply
the needed oxygen. However, when an ischemic brain is perfused with an
oxygen-rich solution, reactive oxygen species would be generated resulting in
ischemia-reperfusion injury. Unlike PolyHb, PolyHb-SOD-CAT has the dual
function of an oxygen carrier and the ability to remove oxygen radicals.
(Figure adapted from Chang, Nature Rev Drug Discovery, 2005i.)

edema and the effect on blood-brain barrier is minimal. On the other
hand, when compared with the sham control, the use of the other
four solutions resulted in brain edema and disruption of the blood-
brain barriers (BBB). Theses studies show that in this transient global
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ischemia-reperfusion rat brain model, the PolyHb-SOD-CAT solution
can carry oxygen to ischemic brain tissue without causing significant
ischemia-reperfusion injury.

Rat model of combined hemorrhagic shock and stroke

This is a combined model of hemorrhagic shock and bilateral carotid
arteries occlusion transient global ischemia-reperfusion rat model
(Smith et al., 1984). Since the brain is particularly sensitive to ischemia-
reperfusion injuries, we used this rat model for the studies described
in the rest of this Section (Powanda and Chang, 2002). The detailed
procedure for preparing this model is described in Section 4.11
under “Methods and Procedures.” Male Sprague-Dawley rats (235–
255 g) are anesthetized with intraperitoneal injection of pentobartbital
(Somnotol, 65 mg/kg). Blood is withdrawn from the left femoral-artery
cannula to maintain the mean blood pressure at 30–35 mm Hg. Then
both the common carotid arteries are temporarily occluded with
microvascular clips to cut the circulation to the brain.

Duration of stroke and reperfusion injuries

First, we carried out studies to analyze the relationship between the
duration of ischemia before reperfusion and the severity of ischemia-
reperfusion injuries using an ischemia time of 0 (control), 20, 30, 40
and 60 min, respectively (Powanda and Chang, 2002). After one hour
of reperfusion, one of the oxygen carriers containing no enzymes
is infused into the rats in each group: oxygenated saline, stroma-
free Hb, PolyHb and sham control. The effect of the duration of
ischemia before reperfusion on the blood-brain barrier is measured
using Evans blue extravasations. Under normal conditions, the tight
intercellular endothelial junctions of the brain capillaries do not allow
the albumin-bound dye, Evans blue, to enter from the circulating
blood. Ischemia-reperfusion injuries disrupt the blood-brain barrier,
resulting in leakiness of the normally tight intercellular endothelial
junctions to the large albumin-bound dye molecule, Evans blue.

Figure 4.4 summarizes the results obtained.The results show that for
an ischemic duration up to 30 min, reperfusion does not significantly
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Fig. 4.4. Reperfusion after 0, 20, 30, 40 or 60 min of ischemia. 60 min of
ischemia resulted in the most significant increase in Evans blue extravasations
compared with sham control (P < 0.01). (Powanda & Chang, 2002.)

increase the disruption of blood-brain barrier, as shown by Evans
blue measurement. An ischemia of 40 min significantly increases the
disruption of the blood-brain barrier, with increased extravasations of
Evans blue. One hour of ischemia produced the most significant effect
and this is chosen for the following ischemia-reperfusion studies.

Effects of different solutions on reperfusion injuries

Ischemia is terminated in 1 h by removing the bilateral carotid arteries
occlusion and restoring the blood pressure by replacing the lost blood,
using one of the solutions of each of the following groups: oxygenated
saline, ultrapure hemoglogin, ultrapure Hb containing solutions of CAT
and CAT, PolyHb, PolyHb-SOD-CAT and sham control. Animals in the
sham control group are subjected to the same surgical procedure as
described above, with the exception that ischemia is not induced and
no infusion is carried out.

Disruptions of blood-brain barrier

This is based on the increased leakiness of the blood-brain barrier with
resulting influx of Evans blue into cerebral tissues. Compared with
the other solutions, there is significantly less increase in the cerebral
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Fig. 4.5. Evans blue extravasation. PolyHb-SOD-CAT significantly attenuated
the severity of BBB disruption as compared to saline, SF-Hb, SF-Hb + SOD +
CAT, and PolyHb. Statistical significance is P < 0.01. (From Powanda &
Chang, 2002.)

tissue Evans blue levels in the rats receiving Poly-SOD-CAT after one
hour of ischemia, when followed for 2, 4 and 6 h (Powanda & Chang,
2002) (Fig 4.5). In the other groups, by 2 h after reperfusion, there
are already significant increases in cerebral tissue Evans blue in the
groups receiving: oxygenated saline (47 ± 2 µg), PolyHb (54 ± 4 µg),
stroma-free Hb (54 ± 6 µg); and stroma free-Hb containing solutions
of SOD and CAT (48 ± 2 µg and 56 ± 4 µg by the 6th h) (Fig 4.5). It is
interesting to note that the solutions of SOD and CAT do not have the
same protective effect as when they are crosslinked into PolyHb-CAT-
SOD. This is likely because in free solution, SOD and CAT are rapidly
removed from the circulation within minutes. On the other hand, the
enzymes in PolyHb-CAT-SOD circulate with PolyHb for hours.

Brain edema

Cerebral edema is measured as changes in cerebral water content.
There is no significant difference between the group that received
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Fig. 4.6. Brain edema: changes in brain water content. The changes in
brain water content of PolyHb-SOD-CAT treated animals are not significantly
different from that of the sham control. The increase in water contents of
saline, SF-Hb, SF-Hb + SOD + CAT, and PolyHb are significantly different
from that of the sham control and PolyHb-SOD-CAT group by the 4th
h continued to increase and thereon with time. Statistical significance
is P < 0.01.

PolyHb-SOD-CAT one hour after ischemia and sham control group
when followed for 2, 4 and 6 h, respectively (Powanda and Chang,
2002) (Fig 4.6). On the other hand, significant increases in cerebral
water content are observed for those groups that received the following
solutions after one hour of ischemia: PolyHb (234.8 ± 21.9 mg); free-
Hb plus SOD and CAT in free solution (152.3 ± 30.2 mg); oxygenated
saline (171.3 ± 23.0 mg); and SF-Hb (279.8 ± 21.8 mg). Except for
PolyHb-CAT-CAT, all the other solutions like oxygenated saline, SF Hb
and polyHb resulted in cerebral edema. Again, the results show that
CAT and SOD have to be crosslinked into PolyHb-CAT-SOD to be
effective in protecting against ischemia-reperfusion.

4.8. Discussion

The above studies show that in ischemia-reperfusion, the use of
PolyHb-SOD-CAT resulted in significantly less production of oxygen
radicals as compared with PolyHb. This difference, as is expected, is
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much more obvious in the case of ischemia-reperfusion of the intestine
or brain. The intestine and brain are organs that are particularly
sensitive to ischemia-reperfusion injury. On the other hand, the hind
limb is much less sensitive to ischemia-reperfusion injury even when
PolyHb is used.

The attenuation in hydroxyl radical generation with PolyHb-SOD-
CAT shows promise for its potential role as a protective therapeutic
agent in clinical situations of ischemia and oxidative stress. Another
area of potential application would be in organ transplantation. A
Korean group (Chang, Lee et al., 2004a and 2004b) has done this
in experimental kidney and liver transplantations. Yet another area of
potential application would be the prevention of reperfusion injury
associated with the states where there is a period of no perfusion.
One example is cardiopulmonary bypass (CPB) with circulatory arrest.
Ischemia-reperfusion injury has been noted to occur after CPB in
children undergoing surgery for congenital heart disease. However,
further research is needed to study these potential applications.

4.9. Preparation and Characterization

Method of preparation

Typically, each gram of Hb is crosslinked with 3000 U of SOD and
300,000 U of CAT (D’Agnillo & Chang, 1998a).The ratio of Hb to SOD
and CAT (in mg/ml) is 1 : 0.009 : 0.0045. The very small amount of
enzymes results in minimal change in the relative amount of Hb. Thus,
there is minimal change in the oxygen carrying capacity of PolyHb-
CAT-SOD when compared with PolyHb. The ratio for the enzyme
can be varied over a very wide range; thus, a much higher amount
of enzymes can be included when needed. The detailed method is
discussed under “Methods and Procedures” in Section 4.11.

Molecular characterization of PolyHb-CAT-SOD

A molecular weight distribution analysis is performed using two
methods. One is based on gel filtration chromatography on a Sephadex
G-200 column equilibrated with 0.1 M Tris-HCl, pH 7.5. Another is
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Fig. 4.7. Molecular distribution of crosslinked and non-crosslinked ultrapure
Hb: Elution profiles of 5-, 10-, 24-h crosslinked PolyHb, PolyHb-SOD-CAT
and non-crosslinked bovine SF-Hb are obtained by running 1 ml of the 10×
diluted samples on Sephadex G-200 1.6 cm × 70 cm column (VT = 105.5 ml,
Vo = 38 ml, equilibrated with 0.1 MTris-HCl, pH 7.5, and eluted at 11.5 ml/h.
(Powanda & Chang, 2002.)

based on HPLC molecular weight gel filtration analysis on a BioSep
Sec S-3000 column (5000–700,000 kD exclusion limits, Phenomenex,
Torrance, CA). Since only trace amounts of antioxidant enzymes are
used in relation to Hb, the molecular weight distribution of PolyHb-
SOD-CAT is the same as that of PolyHb (Fig. 4.7). The ratio of Hb
to SOD and CAT (as mg/ml) is typically 1:0.009:0.0045. Only 5% of
the enzyme is not crosslinked into the PolyHb-CAT-SOD (Powanda &
Chang, 2002) (Table 4.1). There is no CAT or SOD enzyme activity in

Table 4.1 Enzyme Activity after Crosslinked into PolyHB-CAT-SOD

Sample %SOD Activity %CAT Activity
Retained Retained

Hemoglobin + 100 100
SOD + Catalase

PolyHB-SOD-CAT 90 99
8:1 Glut:Hb

PolyHB-SOD-CAT 85 95
16:1 Glut:Hb

PolyHB <1 <1
8 or 16:1 Glut:Hb
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the PolyHb prepared from ultrapure Hb. Crosslinking CAT, SOD and
Hb with a glutaraldehyde: Hb molar ratio of 8:1 retains 90% of SOD
activity and 99% of CAT activity. A higher molar ratio of 16:1 leads to
a slightly lower enzyme activity as shown in Table 4.1.

Molecular MW Component SOD Activity Catalase Activity
Weight (%) (%) (%)

PolyHb-SOD-CAT sample
>450 kDa 77 83 ± 3 82 ± 2
100 to 450 kDa 16 7 ± 2 11 ± 1
<100 kDa 7 4 ± 1 5 ± 1

PolyHb sample
>450 kDa 77 0 0
100 to 450 kDa 16 0 0
<100 kDa 7 0 0

Oxygen dissociation curve

Figure 4.8 summarizes the results of the oxygen dissociation analysis
for the 24-h crosslinked PolyHb (n = 6), the 24-h crosslinked
PolyHb-SOD-CAT (n = 6) and the ultrapure Hb (n = 6). The P50 for
polyHb is 26.1 ± 0.2 mm Hg, while that of PolyHb-SOD-CAT is 24.7
± 0.2 mm Hg, and for ultrapure Hb, 27.8 ± 0.0 mm Hg.

Effects of crosslinking procedure on metHb formation

We have carried out an analysis of metHb formation (Quebec & Chang,
1995). During the crosslinking process, there is minimal formation of
metHb when Hb is crosslinked with SOD and CAT (Fig. 4.9) (Quebec &
Chang, 1995).

When crosslinking is carried out with Hb alone, there is a marked
formation of metHb during the preparative procedure. Thus, PolyHb
contains higher starting levels of metHb compared with PolyHb-
SOD-CAT. This shows that crosslinking Hb with SOD and CAT may
also provide oxidative protection during the preparation of PolyHb
(Quebec & Chang, 1995).
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Fig. 4.8. Oxygen-Hb dissociation: 24 h of crosslinking with glutaraldehyde
did not significantly affect Fig. 4.8. Oxygen dissociation curve of SF-Hb.
PolyHb and PolyHb-SOD-CAT P50 values are 26.1 ± 0.2 mm Hg and 24.7 ±
0.2 mm Hg, respectively. SF-Hb P50 value is 27.8 ± 0.0 mm Hg. All oxygen-
Hb dissociation curves are presented as averages of 6 trials (n = 6). (From
Powanda & Chang, 2002.)

Fig. 4.9. Comparison of effects of crosslinking reaction on metHb formation:
PolyHb and PolyHb-CAT-SOD. (From Quebec & Chang,1995.)

4.10. In Vitro Studies of the Antioxidant Properties of
Crosslinked HB-SOD-CAT

We found that PolyHb-SOD-CAT is effective in scavenging superoxide,
H2O2 and oxygen-derived free radicals.This effect is dependent on the
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concentration of SOD-CAT crosslinked with Hb. Oxidative challenge
with H2O2 resulted in minimal changes in the absorbance spectra of
PolyHb-SOD-CAT. With PolyHb, there are spectral changes reflecting
the formation of metHb and heme degradation. Furthermore, the
amount of iron released, after incubation with H2O2, is significantly
reduced when PolyHb-SOD-CAT is used as compared to PolyHb.These
results show that crosslinked PolyHb-SOD-CAT decreases oxidative
reactions. More detailed description follows.

Scavenging of superoxide (O •−
2 )

Unlike PolyHb, PolyHb-CAT-SOD effectively removes superoxide that
is enzymatically-generated. In this study, the level of superoxide is
measured as the rate of reduction of cytochrome c by superoxide
(Fig. 4.10). The higher the level of superoxide, the faster will the
superoxide reduce cytochrome c. The detailed method of analysis

Fig. 4.10. (A) Reduction of cytochrome c by xanthine/xanthine oxidase-
generated superoxide, in the presence of PolyHb or PolyHb-SOD-CAT (5 µM).
The reaction was started by adding xanthine oxidase. (B) The initial rate of
cytochrome c reduction of either PolyHb (5 µM) or PolyHb-SOD-CAT (5 µM)
prepared with different concentrations of superoxide dismutase. Error bars
represent the standard error for triplicate measurements.
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is given in Section 4.11 under “Methods and Procedures.” PolyHb
is not effective in removing superoxide as shown by a cytochrome
c reduction rate of 2.13 nmoles cyt. c/min. On the other hand,
PolyHb-CAT-SOD effectively removes superoxide, and the lowered
superoxide is shown by the much lower cytochrome c reduction rate
of 0.56 nmoles cyt. c/min. (Fig. 4.10). Hb does not interfere with the
reaction, since the rate of reduction in PolyHb mixtures is the same
as that in the buffer alone. Increasing the SOD concentrations in the
PolyHb-CAT-SOD increases the rate of superoxide removal (Fig. 4.10).

Scavenging of hydrogen peroxide (H2O2)

In the reaction mixtures containing 25, 50, 100 or 200 µM of H2O2,
addition of PolyHb did not result in any significant decrease in the
H2O2 level (Fig. 4.11). However, the addition of PolyHb-CAT-SOD
markedly reduces the H2O2 level (Fig. 4.11) The H2O2 scavenging
activity increases with increasing concentrations of CAT in the PolyHb-
CAT-SOD preparation (Fig. 4.11).

Fig. 4.11. (A) Peroxidase-catalyzed measurement of H2O2 in 3 ml reaction
volumes containing added H2O2 and either PolyHb (5 µM) or PolyHb-SOD-
CAT (5 µM). (B) Hydrogen peroxide measured, 3 min after the addition of
100 µM H2O2, in either PolyHb (5 µM) or PolyHb-SOD-CAT (5 µM) prepared
with different CAT concentrations. Error bars represent the standard error for
triplicate measurements. (From D’Agnillo & Chang, 1993.)
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Effects of oxidative challenge on the degradation of Hb and
iron release in PolyHb and PolyHb-CAT-SOD

Oxygen radicals can oxidize the Fe2+-heme component of Hb to
Fe3+-heme that can stimulate the production of superoxide (O•−

2 ).9

Furthermore, excessive oxidative damage to Hb leads to the release of
iron from heme. In the presence of free iron, O•−

2 , H2O2 rapidly react
to produce hydroxyl radical (•OH) (i.e. Fenton reaction).

O•−
2 + Fe3+ → Fe2+ + O2

H2O2 + Fe2+ → Fe3+ + OH− +• OH

O•−
2 + H2O2 → OH− +• OH + O2

Hydrogen peroxide can also react with Hb to produce ferrylHb.
These can promote cellular injury by reacting with carbohydrates,
nucleic acids and proteins. These reactive species can also readily
abstract methylene hydrogen from polyunsaturated fatty acids resulting
in lipid peroxidation. We carry out the following studies to determine
whether PolyHb-CAT-SOD can prevent these effects on PolyHb.

Absorbance spectra and Hb degradation

We use absorbance spectra to follow the effects of superoxide and
hydrogen peroxide on the Hb components of PolyHb and PolyHb-CAT-
SOD (D’Agnillo & Chang, 1998a) (Fig. 4.6). Xanthine-xanthine oxidase
is used to generate superoxide (Fig. 4.12 ABC). For PolyHb, this results
in a stepwise decrease in absorbance at 540 and 577 nm, showing
that Hb (Fe2+) is oxidized to metHb (Fe3+) (Fig. 4.12A). Increase in
metHb (Fe3+) is shown as a stepwise increase at the absorbance peak
of 630 nm (Fig. 4.6A). PolyHb-CAT-SOD with a SOD/CAT ratio of 0.01
prevents this oxidation (B), while a SOD/CAT ratio of 100 produces
no protective effect (Fig. 4.12C). A glucose-glucose oxidase system
is used to generate hydrogen peroxide (Fig. 4.12 DEF). The ferryl
(Fe4+) intermediate is shown by the appearance of new peaks at 545
and 580 nm (Fig. 4.12D). PolyHb-CAT-SOD with a SOD/CAT ratio of
0.01 reduces this oxidation (Fig. 4.5E), while a SOD/CAT ratio of 100
produces no protective effect (Fig. 4.12F).
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Fig. 4.12. Absorbance spectra of reaction mixtures containing 50 µM of Hb
and 100 µM of xanthine, and 10 mU/ml of xanthine oxidase (left) or 10 mM
of glucose and 10 µg/ml glucose oxidase (right). SOD/CAT in each mixture
are shown. Each panel represents a series of spectra collected over a period of
20 min at 1 scan/min. In the absence of CAT or even the addition of 3 U/ml of
CAT, there is still inadequate protection from the effects of hydrogen peroxide.
300 U/ml of CAT to have significant protective effects. (D’Agnillo & Chang,
1998a.)

In a separate study (Fig. 4.13), hydrogen peroxide is added to
PolyHb (10 mM) or PolyHb-SOD-CAT (10 mM), and the absorbance
spectra (450–700 nm) is followed (Fig. 4.13). For PolyHb, the spectral
changes reflect the oxidation of ferrous (Fe2+)-heme to ferric (Fe3+)-
heme (Fig. 4.13AB). The rate of degradation increases with increase
in hydrogen peroxide added in amounts from 10 to 100 to 500 µM.
The absorbance spectra of PolyHb-CAT-SOD are minimally affected,
indicating that these reactions are minimized due to the elimination
of H2O2 (Fig. 4.13CD). Similar results are observed following
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Fig. 4.13. Absorbance spectra of PolyHb and PolyHb-SOD-CAT (10 µM)
following H2O2 addition of 0, 10, 100, and 500 µM. (From D’Agnillo &
Chang, 1993.)

oxidative challenge with exogenous superoxide (O2-) produced from
xanthine/xanthine oxidase.

Release of iron

The next step is to study the impact of oxidative challenges on
iron released from PolyHb and PolyHb-CAT-SOD. The methods are
discussed in Section 4.11 under “Methods and Procedures.” PolyHb
(15 µM) or PolyHb-SOD-CAT (15 µM) are incubated with different
concentrations of H2O2 for 1 h at 37◦C. We use the Ferrozine assay
method to measure the release of iron. For PolyHb, the addition of
H2O2leads to the release of up to 37% of the total iron in PolyHb
(Fig. 4.14A). On the other hand, for PolyHb-CAT-SOD, less than 1% of
the total iron is released for the same amount of H2O2. It is important
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Fig. 4.14. (A) The release of iron, measured by ferrozine assay, from
PolyHb (15 µM) or PolyHb-SOD-CAT (15 µM) incubated with H2O2 for 1h
at 37◦C. (B) Iron release from either PolyHb (15 µM) or PolyHb-SOD-CAT
(15 µM) prepared with different CAT concentrations, following incubation
with 250 µM H2O2. Error bars represent the standard error for triplicate
measurements. (From D’Agnillo & Chang, 1993.)

to note that decreasing the amount of CAT crosslinked to the PolyHb-
CAT-SOD will decrease the protective effects on the release of iron
during H2O2 incubation (Fig. 4.14B).

Lipid peroxidation and salicylate hydroxylation

Other important mechanisms are related to lipid peroxidation and
salicylate hydroxylation. As shown in Fig. 4.15 (left), adding 50 µM
or 500 µM of hydrogen peroxide to PolyHb in the presence of lipid
resulted in very significant increases in lipid peroxidation. On the other
hand, the addition of 500 µM of hydrogen peroxide to PolyHb-SOD-
CAT causes significantly less lipid peroxidation (D’Agnillo & Chang,
1998b). Similarly, the addition of 500 µM of hydrogen peroxide to
PolyHb causes salicylate hydroxylation (Fig. 4.15 right). However, this
does not happen for the case of PolyHb-SOD-CAT.
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Fig. 4.15. Effects of PolyHb and PolyHb-SOD-CAT on (left) lipid peroxidation
as shown by the production of malondiadehyde and (Right) on salicylate
hydroxylation as shown by the product 2,5 dihydroxybenzoate. (From
D’Agnillo & Chang, 1998b.)

4.11. Methods and Procedures

Preparation of PolyHb-SOD-CAT

Materials: Purified bovine Hb is purchased from Biopure Corporation,
Boston, MA. SOD from bovine erythrocytes (EC 1.15.1.1, 3000
units/mg stated activity) and CAT from beef liver (EC 1.11.1.6, 72,575
units/mg stated activity) are purchased from Boehringer Mannheim.
Glutaraldehyde (25%) is obtained from Polyscienes, Warrington, PA
in one of the studies (D’Agnillo and Chang, 1998). Bovine milk
xanthine oxidase, xanthine, and glucose oxidase are obtained from
ICN Biomedicals, Aurora, OH. Over the years, there are differences in
specific activity in commercially available enzymes. Other chemicals
of reagent and HPLC grade are obtained from BDH, Toronto,
ON. Cytochrome c from horse heart (type III), 4-aminoantipyrine,
horseradish peroxidase type IV (EC 1.11.1.7), ferrozine (0.85%), and
the iron standard (500 g/dl) are obtained from Sigma. The Hb assay kit
is purchased from StanBio Labs. All the other reagents are of analytical
grade.
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Preparative procedures for PolyHb and PolyHb-SOD-CAT:

Reaction mixtures are prepared containing Hb (7g/dl), SOD
(1050 U/ml), and CAT (21,000 U/ml) in 50 mM sodium phosphate, pH
7.4 (D’Agnillo and Chang, 1998). The final ratio is 1g Hb:15,000 U
SOD:300,000 U CAT. For ischemia-reperfusion studies (Powanta and
Chang, 2002), SOD (2,100,000 U/dl) and CAT (2,100,000 U/dl) in
0.1 M sodium phosphate buffer (PBS) (pH 7.4). For the PolyHb
mixtures, an equivalent volume of buffer replaces enzyme addition.
Prior to the start of crosslinking, lysine is added at a molar ratio
of 10:1 lysine:Hb. Crosslinking reaction is started with the addition
of glutaraldehyde at a molar ratio of 8:1 or 16:1 glutaraldehyde:Hb.
Glutaraldehyde is added in four equal aliquots over a period of 10–
15 min. Non-crosslinked preparations consist of the identical mixtures
except that a buffer is added instead of glutaraldehyde. After 3.5 h
at 4◦C under aerobic conditions with constant stirring, the reaction
is stopped with excess lysine at a molar ratio of 100:1 lysine:Hb.
Solutions are dialyzed in physiological saline solution and passed
through sterile 0.2 µM filter. Aliquots (300 µl) of the 8:1 crosslinked
preparation are concentrated using 100 kDa microconcentrators
(Amicon, Beverly, MA). Samples are centrifuged at 3000 g for
25 min at 23◦C. After the first spin, the retentate is collected,
diluted, and spun again. The final retentates are diluted and pooled.
The Hb concentration is determined by cyanometHb measurement
at 540 nm.

Measurement of SOD activity

SOD activity is determined by cyctochrome c reduction assay. One
unit of SOD is defined as the amount of enzyme that inhibits the
rate of cytochrome c reduction by 50% under specified conditions.
The reagent solution consisted of xanthine (50 µM), cytochrome c
(10 µM), and CAT (500 units/ml) in 50 mM potassium phosphate
buffer, 0.1 mM EDTA, pH 7.8. CAT added to the reagent solution
prevented interference due to the Hb-hydrogen peroxide interactions.
The reaction volumes are prepared containing the test sample (25 µl
of 0.6 g/dl), reagent solution (1.45 ml), and xanthine oxidase (25 µl
of 0.2 units/ml) to start the reaction. The initial rate of cytochrome c
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reduction is monitored at 550 nm using a Perkin-Elmer Lambda 4B
Spectrophotometer.

Measurement of CAT activity

CAT activity is assessed by measuring the decomposition of hydrogen
peroxide at 240 nm. The spectrophotometer is zeroed with two
cuvettes (1 ml) containing the test sample (10 µl of 0.6 g/dl) in 50 mM
potassium phosphate buffer, pH 7.0. In the experimental samples,
hydrogen peroxide (250 µl of 30 mM) is added instead of a buffer, and
the absorbance at 240 nm is monitored for 36 sec. The disappearance
rate of hydrogen peroxide is used as a measure of CAT activity.

Hydrogen peroxide scavenging

Reaction volumes (3 ml) containing the horseradish peroxidase/4-
aminoantipyrine/phenol reagent solution (1.2 ml), PolyHb or PolyHb-
SOD-CAT (5 mM), water, and hydrogen peroxide are prepared.
Identical mixtures containing no H2O2 served as blanks. After allowing
the mixture to stand for 3 min at 22◦C, the absorbance at 505 nm is
recorded. Hydrogen peroxide and the reagent solution participate in
a peroxidase-catalyzed reaction to form a dye which can be measured
at this wavelength.

Ratio of SOD/CAT and Hb oxidation

Reaction volumes are prepared containing 50 µM (as heme) in 50 mM
potassium phosphate, pH 7.4 and varying ratios of SOD/CAT (0, 1,
100), with the final enzyme activities of 3 or 300 units. Samples also
contained either xanthine (100 µM)/xanthine oxidase (10 mU/ml) or
glucose (10 mM)/ glucose oxidase (10 µg/ml). Reactions (total volume
1 ml) are started with the addition of the oxidase enzymes at 23◦C.
The absorbance spectra (500–700 nm) are recorded at 1 scan/min for
25 min using a Perkin-Elmer Lambda B spectrophotometer.

Measurement of FerrylHb

Hydrogen peroxide (5, 50 and 500 µM) is added to reaction volumes
containing 50 µM PolyHb or PolyHb-SOD-CAT in 50 mM potassium
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phosphate, pH 7.4. Xanthine (100 µM)/xanthine oxidase (10 mU/ml)
is used as the oxidation system in separate experiments. At given time
intervals, excess CAT is added to remove residual hydrogen peroxide
in both the oxidation systems. Sodium sulfide (2 mM) is added to the
mixtures, and the absorbance is measured at 620 nm. Blank samples
consisted of measuring absorbance in similar mixtures except that
water is added instead of hydrogen peroxide.

Iron release study

Hydrogen peroxide is added to 50 µM of PolyHb or PolyHb-SOD-CAT
in 50 mM potassium phosphate, pH 7.0. At specified time intervals, the
reaction is terminated by adding excess CAT. After 2–3 min, ascorbic
acid (0.5 ml of 0.02%) is added and mixed for 5 min. Trichloroacetic
acid (0.5 ml of 20%) is then added to precipitate proteins. The 1.5 ml
mixture is centrifuged, and the supernatant (1 ml) is added to an
ammonium acetate buffer (0.45 ml) and a ferrozine reagent (50 µl).
The absorbance of iron color complex is measured at 560 nm. The
amount of iron released is calculated by measuring the absorbance of
an iron standard (500 µg/dl), (treated as described above) against H2O
blank.

Measurement of iron: The first step is to incubate PolyHb (15 mM)
or PolyHb-SOD-CAT (15 mM) in hydrogen peroxide (total volume,
0.5 ml) for 60 min at 37◦C. CAT is added to remove the residual
H2O2, then ascorbic acid (0.5 ml of 0.02%) is added and mixed for
5 min. Trichloroacetic acid (0.5 ml of 20%) is then added to precipitate
proteins. The 1.5 ml mixture is centrifuged, and the supernatant (1 ml)
is added to an ammonium acetate buffer (0.45 ml) and a ferrozine
reagent (50 ml). The iron color complex is measured at 560 nm. The
amount of iron released is calculated by measuring the absorbance
of an iron standard (500 mg/dl) (0.5 ml), (treated as described above)
against blank (0.5 ml H2O).

Circulation time studies

Fasted male Sprague-Dawley rats (250–275 g, Charles River,
St-Constant, QC ) are anesthetized with 65 mg/kg sodium pentobarbital
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i.p. (Somnotol, Becton Dickinson, NJ). Following a 15 min stabilization
period, a bolus infusion of the test solution (300 mg Hb/kg rat) is given
via the femoral vein. Femoral venous samples (0.5 ml) are centrifuged
at 15,600 g for 5 min. Recovered plasma is stored at −80◦C.

Rat model of intestinal ischemia-reperfusion

Fasted male Sprague-Dawley rats (280–310 g) are anesthetized with
intraperitoneal injection of pentobarbital (Somnotol, 65 mg/kg). This
is followed by midline laparotomy. The left and right renal pedicles
are mobilized, isolated and ligated. The abdominal aorta is isolated
and cannulated just proximal to the bifurcation using catheter-over-
the-needle technique (24 gauge angiocath, Critikon, Tampa, Fl) and
fixed in place by ligature of the aorta and vena cava distal to the
catheter insertion. The abdominal inferior vena cava (IVC) is then
isolated just proximal to this ligation and cannulated and affixed in
a similar manner with a 22 gauge angiocath. At this point, midline
sternotomy is performed and the thoracic IVC and descending aorta
are isolated and ligated. Intestinal ischemia is taken to begin at this
point. A closed circuit for intestinal and liver perfusion is created
with the aortic cannula as the inlet and the IVC cannula as the
outlet (Fig. 2). The system is flushed with 20 ml of heparinized
(10 units/ml) lactated Ringer’s solution delivered by a peristaltic pump
at 0.8 ml/min. After this, the portal vein is isolated and cannulated
with a 20 gauge angiocath and fixed in place by ligature of the vessel.
After a 90 min ischemic time, PolyHb or PolyHb-SOD-CAT (5 g/dl)
containing 5 mM of 4HB is perfused at 0.8 ml/min for 10 min without
recirculation. Portal vein effluent samples are collected, centrifuged,
and the centrifuged perfusate is stored at −80◦C for later analysis by
high performance liquid chromatography.

Measurement of oxygen radical

Hydroxyl radical generation is assessed by an aromatic hydroxylation
technique with 4-hydroxybenzoate (4-HB). Reaction of hydroxyl
radical with 4-HB produces 3,4-dihydroxybenzoate (3,4-DHBA).
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Combined hemorrhagic shock and transient global cerebral
ischemia-reperfusion

Procedure for rat model: Global cerebral ischemia is induced by
bilateral common carotid arteries (BCCA) occlusion with hemorrhagic
hypotension (to lower the mean arterial blood pressure) (Flothe and
Otting, 1984). Male Sprague-Dawley rats (235–255 g) are anesthetized
with intraperitoneal injection of pentobartbital (Somnotol, 65 mg/kg).
The rectal temperature is maintained at 38◦C during the experiments.
The right femoral artery is cannulated to allow continuous recording
of the arterial blood pressure. The left femoral vein and artery are
catheterized for intravenous injection and induction of hypotension,
respectively. The left and right common carotid arteries are isolated
and ready for later initiation of global cerebral ischemia. The animals
are allowed to rest for 30 min. After this, 5 ml of blood is withdrawn
from the left femoral-artery cannula to reduce the mean blood pressure
to 35 mm Hg; and both the common carotid arteries are temporarily
occluded with microvascular clips to prevent circulation flow to
the brain. During the occlusion period, the mean blood pressure is
maintained by withdrawing or reinfusion of blood.

Baseline studies on blood-brain barrier: Baseline studies are first
carried out to analyze the duration of ischemia needed to result in
significant ischemia-reperfusion effects when followed by reperfusion.
The duration of ischemia studied is: 0, 20, 30, 40 and 60 min. This
is followed by reperfusion using one of the following “baseline”
solutions: 1) oxygenated saline solution; 2) polyHb solution; and 3) Hb
solution. One hour later, the ischemia-reperfusion effect is measured
by Evans blue extravasation. This is compared with a Sham-control
where only surgery is carried out but without hypotension or occlusion
of the common carotid arteries (no ischemia) and no infusion (no
reperfusion).

Studies on blood-brain barrier and brain edema: Based on the result
obtained, an ischemia duration of one hour is chosen for the following
detailed studies. Ischemia is terminated 1 h after the occlusion of the
common carotid arteries by removing the microvascular clips. This is
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followed by the isovolumic replacement of the lost blood using one
of the following solutions at a rate of 0.8 ml/min: 1) oxygenated saline
solution; 2) Hb solution; 3) PolyHb solution; 4) solution containing a
mixture of Hb, SOD and CAT; and 5) PolyHb-SOD-CAT. After preset
periods of 1, 2, 4 and 6 h following reperfusion of each of the above
solution, the animals are sacrificed and the effects on blood-brain
barrier and brain edema measured. The results are compared with
Sham-control groups, where only surgery is carried out but without
occlusion of the common carotid arteries (no ischemia) and no infusion
(no reperfusion).

Blood-brain barrier and brain water content measurement: We use
the method of Chan et al. (1991) with the following modifications.
Evans Blue, 0.1 ml (4%) in 0.9% saline solution is administered
through the left femoral veins. For animals in the 1-, 2-, 4- and
6-h experimental groups, Evans Blue is injected at 0,1, 2, 4 and
6 h after reperfusion and allowed to circulate for 30 min. After
this, a thoracotomy is carried out on each animal, followed by
clamping of the descending limb of the aorta and inferior vena
cava with microvascular clips. The left and right external jugular
veins are then cut and each animal is perfused with 5 ml of
0.9% saline at room temperature through the aorta via the left
ventricle using a peristaltic pump at a rate of 0.8 ml/min. The
brains of the animals are quickly removed to obtain the forebrain.
Each forebrain is weighed to obtain the wet weight and then
dried at 105◦C for 1 week, then reweighed to obtain the dry
weight. To measure the extravasation of Evans Blue, the forebrain
is then placed in 2 ml of 0.1 M PBS, pH 7.4, for another week.
The samples are then homogenized in PBS and centrifuged at
1000 g for 5 min. Samples of 0.7 ml of the supernatants are mixed
with an equivalent volume, 0.7 ml, of 12% (w/v) trichloroacetic
acid. The mixtures are incubated at 4◦C for 18 h, then centrifuged
at 1000 g for 30 min. The Evans Blue concentration of the
supernatants is quantitatively measured at 610 nm for absorbance.
The water content of each forebrain is calculated as the difference
between the forebrain wet weight and its dry weight (water
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content = wet weight – dry weight). The changes in water content of
the forebrain, as presented in Fig. 4.6, is calculated as the difference
between the forebrain water contents obtained from 1-, 2-, 4- and
6-h groups and that of the 0-h group. Change in water content of
forebrain = Water contenti – Water content0 (where i = 1, 2, 4, and 6 h;
0 = zero hour).
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CHAPTER 5

Nanotechnology-based Artificial Red
Blood Cells (RBCs)

5.1. Introduction

As discussed in the previous two chapters, investigators have
successfully used the basic principles of nanobiotechnology-based
blood substitutes to develop clinically useful polyHb and conjugated
Hb (Chang, 1964, 1965, 1972a). Are we now ready to ask the next
question? Is it possible to develop the more complete artificial red
blood cells (Chang 1967, 1964) for clinical use in patients?

In nature, hemoglobin and complex enzyme systems are retained
inside red blood cells (Fig. 5.1). In this way, they can carry out
their functions: to transport oxygen and carbon dioxide, remove
oxygen radicals and prevent hemoglobin from being oxidized into
methemoglobin. It has been showed as far back as 1957 (Chang, 1957),
that the contents of red blood cells can be enveloped in artificial red
blood cells using ultrathin polymer membranes (Fig. 5.1). In this form,
the hemoglobin and the enzyme systems normally present in red blood
cells are retained inside the membranes. At the same time, oxygen
and carbon dioxide can equilibrate rapidly across the membranes
to interact with the enclosed materials (Chang, 1957, 1964). The
membranes of the artificial red blood cells would not become fragile
after prolonged in vitro storage. The artificial red blood cells could be
transfused without cross-matching, since they do not have any blood
group antigens. In order to develop this basic idea of a complete
artificial red blood cell for practical applications, researchers from

93
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Fig. 5.1. Upper : Composition of red blood cells and artificial red blood
cell. Lower left : Red blood cells. Lower right : First artificial rbc’s of 1 micron
or larger diameters; first lipid membrane nanodimension artificial rbc’s, first
nano dieamension biodegradable polymeric membrane artificial rbc’s.
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around the world have devoted a tremendous amount of effort to the
research.

There are three steps in the development of a complete artificial
rbc (Fig. 5.1), i.e. developing: 1) a micron dimension artificial red
blood cell; 2) a submicron lipid membrane artificial red blood cell;
3) a nanodimension biodegradable membrane artificial rbc.

5.2. Micron Dimension Artificial RBCs with Ultrathin
Polymeric Membrane

The first attempt at preparing an artificial red blood cell involved
replacing the red blood cell membrane with an ultrathin polymeric
membrane (Chang, 1957). This results in an artificial rbc with the same
contents as those in a rbc, but with an artificial membrane instead of
the red blood cell membrane.

Hemoglobin

The content of rbc, hemolysate, enveloped in a butyl benzoate
coated collodion membrane artificial cell, contains a combination of
oxyhemoglobin and methemoglobin. The oxyhemoglobin retains its
ability to combine reversibly with oxygen (Fig 5.2) (Chang, 1957).

Chang and Poznansky (1968a) showed that if additional catalase is
enclosed along with the red blood cell hemolysate, there is a marked
reduction in methemoglobin formation. In the case of nylon membrane
artificial cells, the preparative procedure results in the formation of
a much higher proportion of methemoglobin (Chang, 1964, 1965).
Red cell hemolysate enclosed in silastic rubber artificial cells (Chang,
1966) remains unaltered and can combine reversibly with oxygen.
A Japanese group has also supported these findings. They showed
that hemoglobin microencapsulated within polymer membranes like
polystyrene, ethyl cellulose and dextran stearate (Sekiguchi and Kondo,
1966) would combine reversibly with oxygen (Toyoda, 1966).

Carbonic anhydrase

Carbonic anhydrase, present at high concentration in rbc’s, plays an
important role in the transport of carbon dioxide. Carbonic anhydrase
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Fig. 5.2. Oxygen dissociation curve of collodion membrane artificial rbc’s
(scanned from Chang, 1957).

of the red blood cell hemolysate enclosed in artificial cells with
collodion, nylon, or cross-linked protein membranes, retains its activity
(Fig. 5.3) (Chang, 1964, 1965).

The carbonic anhydrase activity was measured as the rate of fall of
pH when carbon dioxide was bubbled through a buffered suspension.
Artificial rbc’s and rbc’s both accelerate the rate of fall of pH (Fig. 5.3).
Acetazolamide completely inhibited the catalytic activity of both rbc’s
and artificial rbc’s with membranes of nylon, cross-linked protein, or
collodion. Samples of buffered saline that had been in contact with
their own volume of artificial rbc’s for 24 h showed no detectable
enzyme activity, indicating that the enclosed carbonic anhydrase had
not leaked out during this period. Carbonic anhydrase in artificial
cells have about 75% of the activity of the enzyme in rbc’s. Thus,
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Fig. 5.3. Carbonic anhydrase activity measured as rate of fall of pH as carbon
dioxide is bubbled into the respective solution (modified from Chang, 1964).

carbonic anhydrase in artificial rbc’s acts efficiently in catalyzing
carbon dioxide.

Catalase

Catalase is another important component of mammalian rbc’s. We
have analyzed the catalase activity of collodion membrane artificial
cells containing hemolysate (Chang, 1967; Chang and Poznansky,
1968a). Both its natural substrate, hydrogen peroxide, and its chemical
substrate, sodium perborate, have been used. Catalase enclosed in
collodion membrane artificial cells acts efficiently in vitro. It also
acts efficiently in vivo for enzyme replacement therapy in mice
with a congenital defect in their red blood cell catalase (Chang and
Poznansky, 1968a). This will be described in detail in the next chapter.

Immunological studies

Human ABO blood group antisera cause marked agglutination of
both incompatible human rbc’s and heterogeneous rbc’s. On the
other hand, these antisera do not cause any agglutination of artificial
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rbc’s containing rbc hemolysate, even though the hemolysate has
been obtained from incompatible human rbc’s or heterogeneous rbc’s
(Chang, 1972a). Thus, an artificial red blood cell membrane does
not appear to possess the blood group antigens normally present in
biological cell membranes.

5.3. Intravenous Injection

Polymeric membrane artificial
RBCs 1 micron and larger

The fate of intravenously injected nylon membrane artificial cells
containing hemolysate has been studied (Chang, 1964, 1965, 1972a).
A suspension of 5µ±2.5µ diameter (mean ± standard deviation) nylon
membrane artificial rbc’s was infused intravenously over a period of
1.5 min, and samples were obtained from the anesthetized cat during
and following the infusion.

The arterial level rose steeply during infusion, but upon dis-
continuation of the infusion, the level fell rapidly (Fig. 5.4). Thus, most
of the artificial cells successfully completed one or more circulations,
after which they were removed rapidly from the bloodstream.
Experiments using 51Cr-labeled nylon membrane artificial cells
showed that most of them were removed by the lung, liver, or
spleen. Collodion membrane artificial cells are also removed rapidly
from the circulation. Thus, it appears that nylon and collodion
membrane artificial cells smaller than rbc’s are rapidly removed from
the circulation. During the infusion, there is a fall in arterial blood
pressure and an increase in venous pressure and other signs compatible
with pulmonary embolism. These artificial rbc’s do not have the
deformability of rbc’s that allows the latter to pass through capillaries
of smaller diameters.

Can artificial rbc’s survive longer if they are made much smaller in
order that they can pass through the capillaries? Unfortunately, it has
long been known that even submicron foreign particles are removed
very rapidly from the circulation (Halpern et al., 1958). After all, this
is part of the body’s defence against circulating microorganisms and
other foreign particles. Thus, we looked into another factor, the surface
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Fig. 5.4. Circulation time of artificial rbc’s after infusion (from Chang 1965,
1972a).

property of artificial cells (Chang, 1964, 1965, 1972a). Red blood
cells and other formed elements of blood have a negative surface
charge due to the presence of n-acetylneuraminic acid containing
mucopolysaccharide on the red blood cell membrane (Cook et al.,
1961). Danon and Marikovsky (1961) found that the younger rbc’s
were about 30% more strongly charged than the older ones obtained
from the same blood sample. All this information led us to look into
the effects of surface properties on circulation time for rbc’s, foreign
particles, and artificial rbc’s (Chang, 1965,1972a).

Neuraminic acid and circulation time of red blood cells

We first studied the effects of removing neuraminic acid from rbc’s
on their survival in the circulation (Chang 1965,1972a; Chang and
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MacIntosh, 1964). Experiments on the survival of autologous 51Cr-
labeled rbc’s were carried out using four dogs (Fig. 5.5). First, 51Cr-
labeled rbc’s obtained from each of the dogs were reinjected. They
stayed in the circulation with the usual lifetime of about three to
four months for dog rbc’s. The second injection consisted of rbc’s
obtained from each of the dogs and then treated with neuraminidase to
remove neuraminic acid. The procedure for the use of neurominidase
to remove neuraminic acid follows that of Cook et al. (1961). Removal
of neuraminic acid resulted in the rapid removal of these rbc’s from
the circulation, with the level falling exponentially with a half-time
of only about 2 h (Fig. 5.5). The third injection consisted of normal
51Cr-labeled rbc’s obtained from each of the dog. The circulation time

Fig. 5.5. Circulation time of reinfused autologous dog rbc’s, tagged with 51Cr.
Data from four dogs: each point represents the radioactivity of one blood
sample from a limb vein. In each case, the first and third tests were with
normal rbc’s from the same dog. The second test was with neuraminidase-
treated rbc obtained previously from the same dog. Ordinates give percentage
of injected label in circulation at time of sampling. Note rapid disappearance
of neuraminidase-treated rbc’s. (From Chang, 1965, 1972a.)
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was not significantly different from that for the first injection. These
results led to our suggestion that the survival of rbc’s may be related to
the neuraminic acid present in the membranes (Chang, 1965, 1972a;
Chang and MacIntosh, 1964).

Effects of surface charge of polymeric particles on
circulation time

These results led to the investigation of a simpler model system (Chang,
1965,1972a). Polystyrene latex particles (Dow Chemical Co.) with
diameters of 2.05µ ± 0.018µ (mean ± S.D.) were diluted 1: 100 in
saline. A similar suspension was prepared using polystyrene latex
sulfonated for 30 sec by Ag2SO4 and H2SO4, and then washed with
saline (Chang, 1965, 1972a). With the sulfonated polystyrene latex,
the initial counts were close to the expected number. Then the level
declined, first rapidly and then more slowly. In the case of the control
polystyrene latex particles, there constituted only 10 to 15% of the
injected particles in the circulation in the initial count 1/2 min after
injection. The level then fell much more steeply, with a half-time of
about 15 to 30 sec. Further experiments showed that the sulfonated
polystyrene latex particles were not trapped to any extent by the
lung, but were removed by the reticuloendothelial system. The control
polystyrene latex particles, on the other hand, were trapped fairly
efficiently by the lung, and very efficiently by the reticuloendothelial
system.

Artificial rbc’s with sulfonated nylon membrane

The above results led us to prepare artificial cells with sulfonated nylon
membranes (Chang, 1965, 1972a); We used sulfonated diamine such
as 4,4’-diamino-2,2’-diphenyldisulfonic acid (Chang, 1964, 1965,
1972a; Chang et al., 1966). Sulfonated nylon membrane artificial
cells of varying surface negative charges can be prepared by adding
different amounts of the sulfonated diamine (e.g. 3 mM/liter) to
the alkaline 1,6-hexanendiamine solution, and then the standard
procedure for preparation of nylon membrane artificial cells as
described in Appendix II can be used.The reaction is shown in Fig. 5.6.
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Fig. 5.6. Upper: schematic representation of nylon artificial cell membrane.
Lower: schematic representation of sulfonic nylon artificial cell membrane
(Chang, 1965, 1972a).

Sulfonated nylon membrane artificial cells prepared as described in
the foregoing have a negative surface charge compared to that of rbc’s.
Although sulfonated nylon artificial cells are also removed rapidly, they
survived in the circulation significantly longer than nylon membrane
artificial cells (Fig. 5.7). In addition, the sulfonated nylon membrane
artificial cells are less liable to be trapped in the pulmonary circulation
and the reticuloendothelial system compared with nylon membrane
artificial rbc’s.

Polysaccharide incorporation

Since natural rbc’s and the endothelium of vessels are covered
by mucopolysacchride, further experiments were carried out to
incorporate a complex containing a mucopolysaccharide (heparin)
into the collodion membrane of artificial cells (Chang et al., 1967;
Chang, 1970). Preliminary results showed that while both types were
removed rapidly from the circulation, those with a heparin-complexed
membrane survived significantly longer.
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Fig. 5.7. Circulation time of 51Cr labeled artificial rbc (mean diameter, 5µ)
after intravenous infusion into cats; arterial sampling. Upper line: sulfonated
nylon membrane artificial rbc’s. Lower line: nylon membrane artificial rbc’s.
Survival estimated as percentage of radioactivity. (From Chang, 1965, 1972a.)

Summary

The in vitro results showed that artificial rbc’s with the required
in vitro properties to substitute rbc’s can be prepared. However, the
single major problem is the extremely short circulation time of the
artifical rbc’s. We found that they have to be less than 1 micron
in diameter to avoid being trapped in the lung capillaries (Chang,
1965, 1972a). Even then, they are removed by the reticuloendothelial
system. We attempted to look at why the rbc’s circulated for so
long, by using neuraminidase to remove sialic acid from the red
blood cell membrane. We showed that the removal of sialic acid
resulted in the rapid removal of the rbc’s from the circulation (Chang
1965, 1972a, Chang & MacIntosh, 1964a) (Fig. 5.5). This observation
led us to prepare artificial rbc’s with modified surface properties.
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This included the use of other synthetic polymers and cross-linked
protein membranes (Chang 1965, 1972a); membrane with negative
surface charge and polysaccharide surface as sialic acid analogues
(Chang et al., 1976, Chang 1970); and lipid-protein and lipid-polymer
membranes (Chang 1969d, 1972a). Some of these improved the
circulation time. However, the circulation time was still not sufficiently
long for practical applications.

5.4. Submicron Lipid Membrane Artificial RBCs

We prepared larger lipid membrane artificial cells where the lipid
is supported in the form of lipid-protein membrane and lipid-
polymer membrane (Chang 1969d, 1972a). In 1980 Djordjevich
and Miller reported that they could prepare submicron 0.2 micron-
diameter artificial rbc’s using lipid membrane vesicles to encapsulate
hemoglobin (Fig. 5.8). This increased the circulation time significantly,
although it was still rather short. Many investigators have since carried
out research to improve the preparation and the circulation time.
Examples of the many investigators are Beissinger; Domokos; Farmer;
Gaber; Hunt; Kobayashi; Miller; Phillips; Rudolph; Schmidt; Szeboni;
Takahashi;Tsuchida; Usuuba, and many others. Improvements include
modifications of surface properties such as surface charge, and the use
of sialic acid analogues. The most successful approach to improve the
circulation time is to incorporate polyethylene-glycol (PEG) into the
lipid membrane artificial rbc’s (Fig. 5.8), resulting in a circulation half-
time of more than 30 h (Philips et al., 1999).

Rudolph’s group has carried out a very extensive study that has
contributed much to this area (Rudolph, 1994, 1995, Rudolph et al.,
1997). Tsuchida’s group has for many years carried out research and
development leading to commercial development and preclinical
animal studies in preparation for clinical trials (Tsuchida, 1994, 1998;
Tsuchida et al., 1988, 1992). In North America, lipid membrane
artificial red blood cell’s are called lipid encapsulated hemoglobin
(LEH). In Japan, they called hemoglobin vesicles (HbV).

Lipid encapsulated hemoglobin (LEH) is a very large area that will
be best left for later book volumes of our book series “Regenerative
Medicine, Artifical Cells and Nanomedicine” This way, each specialist
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Fig. 5.8. Left: Bilayer lipid membrane that forms the membrane of
lipid encapsulated hemoglobin (lipid membrane artificial rbc’s). Right:
Incorporation of polyethylene-glycol (PEG) to the lipid membrane resulted
in marked improvement in the circulation time of hemoglobin PEG-lipid
vesicles (PEG-lipid membrane artificial rbc’s).

in a special area can present in detail his or her own specialized area.
Furthermore, there will not be any copyright infringement by the author
of this monograph. The following is a brief overview of LEH.

Composition and preparation

LEH lipid membrane consists of cholesterol and phospholipids. One
of the aims is to increase the encapsulation efficiency of hemoglobin
within a minimal amount of lipid. This can be done by using
anionic lipids. Furthermore, inclusion of anionic lipid significantly
increases the circulcation time (Awasthi et al., 2004). However, some
anionic liposomes may interact adversely in vivo with the complement
(Szebeni, 1998). On the other hand, it is important to remember that
the same type of lipid produced by different manufacturers may have
different abilities in terms of activating the complement (Chang and
Lister, 1990). This further supports the view that there is a need to use
the C3a screening test for each lipid before its use in preparing LEH
(Chang and Lister, 1990). The use of a new synthetic anionic lipid,
1,5-diplamitoyl-l-glutamate-N-succinic acid may solve the problem
of complement activation (Sou et al., 2003).
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Tsuchida’s group has been scaling up the production of PEG-LEH for
preclinical and clinical studies. Briefly, they carried out pasteurization
at 60◦C for 10 h to achieve viral inactivation. The conversion of
hemoglobin to carbonylhemoglobin (HbCO) increases the stability
of hemoglobin during pasteurization. During pasteurization, all the
other proteins including red blood cell enzymes are denatured and
precipitated, resulting in a pure Hb solution. This also removes the
red blood cell enzymes that prevent metHb formation, for instance
methemoglobin reductase system and catalase. Thus, they tried to
co-encapsulate the reductant-like glutathione of homocysteine and
catalase with the purified Hb. They could also regulate the oxygen
affinity by co-encapsulating allosteric effectors. After pasteurization,
the Hb solution is passed through a series of ultrafiltrators to remove
any virus, and then concentrated by ultrafiltration to 40g/liter. After
adjustment for electrolytes, this is then encapsulated into the PEG-
LEH. HbCO is then covereted back to oxyHb by illuminating the
LEH with a visible light under O2 The group was able to use the
extrusion method to prepare PEG-LEH at a pH of 7.0–7.4. Their mixed
lipids contained dipalmitoylphosphatidylcholine (DPPC) as the main
component. Using a number of progressing steps of extrusion, they
finally obtained PEG-LEH with a diameter of 250 ± 20 nm with a
Hb/lipid ratio of 1.7–1.8.

The Hb inside PEG-LEH, like the red blood cell Hb, does not exert a
colloid osmotic pressure. Thus, human serum albumin, hydroxyethly
starch or dextran has to be added to the suspending solution.
They chose to use recombinant human albumin since there is no
immunological problem and infective agents are absent. For purpose of
storage, they use LEH with PEG on the surface to prevent aggregation
and deoxygenate the hemoglobin to prevent metHb formation. The
group reported that their PEG-LEH can be stored at 4◦C and 23◦C for
2 years. PEH-LEH stored at 40◦C became unstable after one year.

Methemoglobin

Reducing agents and glucose cannot cross the LEH lipid membrane.
Thus, reducing agents from the plasma cannot cross the PEG-Lipid
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membrane to reduce the formation of methemoglobin. Furthermore,
all the red blood cell enzymes are removed during the pasteurization
procedure. Even if the methemoglobin reductase system can be added,
it will require glucose as a substrate to recycle the cofactors needed in
the enzymatic conversion of methemoglobin back to hemoglobin. As a
result, hemoglobin in LEH is slowly converted to methemoglobin after
infusion at body temperature. Increase in circulation time would not
serve any useful purpose if the enclosed hemoglobin is converted to
methemoglobin in long circulating PEG-LEH. As a result, many studies
has have been carried out especially byTsuchida’s group to resolve this
problem. As mentioned above, Tsuchida’s group added antioxidants
like glutathione or homocysteine and catalase to hemoglobin before
the latter is encapsulated into the PEG-LEH. To slow down metHb
formation during storage, the LEH can be deoxygenated by perfusing
it with nitrogen gas and storing it at 4◦C.

5.5. LEH in Animal Studies

Circulation time after infusion

As discussed under polymeric membrane artificial rbc’s above, size
is very important as far as circulation time is concerned. LEH larger
that 200 nm are removed rapidly. Those under 200 nm are less likely
to be removed by the reticuloendothelial system. However, those of
about 60 nm are removed quickly by the liver, most likely through the
fenestrated hepatic endothelium (Liu et al., 1992).

Thus, up to a point, a smaller size is important in maintaining LEH
in the circulation. However, decreasing the size of LEH would also
decrease the encapsulation efficiency of hemoglobin. In this regard,
Philips et al’s (1999) study showing that PEG-lipid membrane artificial
rbc’s can have a markedly increased circulation time is very important.
The use of PEG-lipid membrane will allow for the use of larger LEH,
with a better efficiency for encapsulating hemoglobin. Thus, a size
range of 210–275 nm is possible with PEG-lipid membranes since
these still maintain a good circulation time (Awasthi et al., 2003).
Larger than this and the LEH would be removed rapidly. Inserting
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PEG-linked phosphatidylethanolamines (PEG-PE) into the outer layer
of LEH, will, improve the encapsulation efficiency of hemoglobin and
the circulation time (Awasthi et al., 2003). Thus, PEG-LEH infused into
rats shows a circulation half-time of 30 h. Most of the LEH are removed
by the reticuloendothelial system (RES), liver and spleen. Compared to
humans, rats have a highly active RES; thus, it has been suggested that
a T1/2 of 12–20 h in rats is equivalent to 40–60 h in humans (Woodle
et al., 1995).

Similar results were obtained with PEG-lipid membrane artificial
rbc’s prepared byTsuchida’s group (Saiki et al., 2001; Sou et al., 2005).
Their study using radioisotope-labeling showed that the circulation
half-life was 32 h in rats with a dose of 14 ml/kg (Sou et al., 2005).
Gamma camera imaging showed that they were removed mainly by
the liver, spleen and bone marrow.They were found in the phagosomes
of the macrophages one day after infusion (Sakai et al., 2001), but
cannot be observed after seven days.

Safety of lipid membrane artificial rbc’s

As mentioned earlier, Tsuchida’s group at Waseda University is
developing their PEG-lipid membrane artificial cells for commercial
scale up in preclinical animal studies towards clinical trial. They have
collaborated with Kobayashi at Keio University to carry out detailed
safety and efficacy studies in animal (Kobayashi et al., 1997, Izumi
et al., 1997; Saikai et al., 1997, Saikai et al., 2004a, Saikai et al.,
2004b, Saikai et al., 2004c, Saikai et al., 2004d; Yushizi et al., 2004).
The following is a summary of their results. For copyright reasons, many
of the excellent figures could not be included in this monograph, but
are available in the referred papers.

In their study, HbV (LEH) were suspended in 5 g/dl human serum
albumin. The resulting colloid osmotic pressure was 20 mmHg and the
viscosity, 3 cP, both similar to whole blood. They studied the effects
of daily repeated infusion of HbV by following serum biochemistry
(Sakai et al., 2004a, Sakai et al., 2004b, Saikai et al., 2004d). Indicators
of liver function like albumin, ALT, AST and LDH stayed within the
normal ranges. Bilirubin and ferric ion remained at a low level. The
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lipid concentration increased, but returned to its original level in 2 wk,
indicating that the lipid component of the HbV were metabolized in
the body. They found that infusion of these 250 nm diameter PEG-
lipid membrane artificial cells did not result in any vasopressor effects.
This lends further support to the hypothesis that vasopressor effects is
due to single tetrameric Hb crossing the intercellular junction of the
endothelial cell lining of blood vessels.

Efficacy in exchange transfusion, hemorrhagic shock
and hemodilution

The group carried out exchange transfusion of 90% of the blood
volume in rats and studied oxygen transport by inserting needle
oxygen electrodes into their renal cortex and skeletal muscle. When
albumin alone was used for the 90% exchange, there was a marked
decrease in both the arterial blood pressure and renal cortical oxygen
tension followed by the death of the rats. On the other hand, all
the rats survived when the 90% exchange transfusion was carried
out using their artificial lipid membrane artificial rbc’s suspended in
human serum albumin. Both the arterial blood pressure and renal
cortical oxygen tension remained unchanged. They also studied the
use of recombinant human serum albumin (rHSA) instead of human
serum albumin to suspend the HbV. HbV suspended in this way
was found to be safe and effective as priming volumes for 50%
hemodilution in cardiopulmonary bypass. All the rats survived with
continuing growth as shown by body weight gains. The group reported
no irreversible changes in plasma biochemistry, hematology and
histopathology.

They also studied the use of rat HbV for resuscitation in hemorrhagic
shock in rats (Sakai et al., 2004c; Yoshizu et al., 2004). In anesthetized
rats, removing 50% of the total blood volume resulted in hypotension
and metabolic acidosis. Infusion of either HbV in rHSA or autologous
rbc’s in rHSAA restored the blood pressure. However, rHSA alone with
HbV did not restore the artierial blood pressure and some of the rats
in this group died.
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Summary

The single major obstacle to the practical realization of the original
artificial rbc’s (Chang, 1957, 1964, 1972a) was the low circulation
time. With extensive research by many groups, the use of PEG-lipid
membrane to form 250 nm-diameter PEG-lipid membrane artificial
rbc’s has increased the circulation time to a clinically useful level. This
is an important and major step in the development towards a more
complete artificial rbc for clinical use.

5.6. Nanodimension Biodegradable Polymeric
Membrane RBCs

Introduction

Submicron PEG-lipid membrane artificial rbc’s as described above,
have solved the major barrier of short circulation time. The lipid
encapsulated hemoglobin (LEH) has potential uses in a number of
clinical conditions. However, in some other clinical conditions one
may have to look at the effect of the lipid membrane of the LEH
especially regarding the following two aspects.

(1) The smaller the particle, the larger will be the total surface area in
the same volume of suspension. Thus, a 1 ml suspension of 200 nm-
diameter LEH would have more than 10 times the total surface
area of a 1 ml suspension of rbc’s. Since both have a bilayer lipid
membrane, the total amount of lipid would, at least be 10 times
higher for the 1 ml suspension of 200 nm lipid membrane artificial
rbc’s compared to rbc’s. A large amount of lipid can decrease
the phagocytic function of the reticuloendothelial systems (RES).
In traumatic hemorrhagic shock, the RES needs to be efficient in
removing contaminating microorganisms. Furthermore, in ischemic
reperfusion, lipid may induce lipid peroxidation. Therefore, we are
carrying out a study to see if we can cut down as much as possible
the amount of lipid needed for the membrane of nano artificial
rbc’s.
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(2) Another problem is methemoglobin formation. For example,
reducing agents present in the plasma of the circulating blood can
reduce the rate of methb formation in polyHb or conjugated Hb.
However, these reducing agents cannot cross the lipid membrane of
LEH. Glucose that is needed for the methemoglobin reductase system
inside red blood cell’s also cannot cross the lipid membrane of LEG.
Thus, research to find a way to prevent metHb formation in long
circulating LEH is an ongoing process. For biodegradable membrane
nano artificial rbc’s, we can use membranes that are permeable to
reducing agents and small molecules like glucose.

Nanodimension biodegradable polymeric membrane
artificial rbc’s

Our aim is, therefore, to study how to prepare nanodimension artificial
rbc’s with the following properties:

1. Contains little or no lipid in the membrane.
2. Persist in the circulation after infusion for a sufficiently long time.
3. Be stable in storage.
4. Remains stable after infusion for the duration of its function as a

blood substitute — but it has to be biodegraded soon after the
completion of its action in the body.

5. The membrane material and its degradation products have to be
nontoxic.

6. In addition to hemoglobin, the nano artificial cells should
contain important rbc enzymes like superoxide dismutase, catalase,
carbonic anhydrase and methemoglobin reductase, as shown in
Fig. 5.1.

7. The membrane should be permeable to reducing agents and/or
glucose.

We have been using biodegradable polymer, e.g. polylactic acid, to
prepare micron dimension artificial cells for the encapsulation of
hemoglobin, enzymes and other biologically active material since
1976 (Chang, 1976a). With the availability of methods to prepare
artificial cells of nanometer dimensions, we started to prepare
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hemoglobin nanocapsules of less than 0.2 micron mean diameter
using polylactic acid (PLA) membrane, PEG-PLA membrane and other
biodegradable polymers (Chang & WPYu, 1992, 1997a, 1998, 1999,
2001; Chang et al., 2003a, 2003b; WPYu & Chang, 1994, 1996).

Safety and reasons for selection of polylesters as the
biodegradable polymer membrane

Polymers for forming nano artificial rbc membrane have to be non-
toxic and can be degraded in the body into nontoxic degradation
products. Polyesters like polylactic acid, polyglycolic acid and
their copolymers polylactoglycolides finally degrade into lactic acid
and glycolic acid which are normal human metabolites. The rate
of degradation can be adjusted by variations in the molecular
weight, particle size and ratios of the copolymer. Other potentially
useful biodegradable polyesters include Poly(hydroxybutyric acid)
and its copolymer with hydroxyvalerianic acid, polyorthoesters,
polyanhydrides and others. Potential toxicity can come from
residue monomers and chemicals used in polymerization to form
nanocapsules. The solvent evaporation method (Chang, 1976a) for
preparing polylactide membrane artificial cells and microspheres is an
extension of the original method for preparing artificial rbc’s (Chang,
1957). This method obviates the need for monomers or chemical
reagents and nontoxic solvents can be used.

Since 1982, there has been extensive clinical experience gained in
the use of polylactic acid, polyglycolic acid and polylactoglycolides in
humans as surgical sutures or implants with no adverse or toxic effects.
The amounts used are many folds greater that needed for the ultrathin
membrane of the nano artificial rbc’s. Polyglycolic acid (Dexon-S)
suture has been used routinely in surgical practice since 1982 with no
reported toxicities. Meadows et al. (1993) show that grafting polylactic
acid (PLA) granules is as successful as using decalcified freeze-dried
bone allograft. There is no reported toxicity in many other surgical
implantations of polylactide or polyglycolide in amounts many folds
greater than what we plan to use for nano artificial red blood cell
membrane. The basic approach of preparing polylactic acid artificial
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cells or microspheres (Chang, 1976a) for drug devliery has been used
clinically. For example, Jaquel et al. (1995) gave repeated injections
of Poly(DL-lactate-coglycolide) microspheres containing Octreotide in
100 acromegalic patients.

As mentioned above, long term experiences in humans show that
the polyesters and their degradation products are safe. We also
have long term experience in research on biodegradable polymer
microencapsulation using polylactides, having initiated this area in
1976 (Chang, 1976a). Thus, we decided to look into the use of
polylactic acid as the biodegradable membrane for nano artificial rbc’s.
Details of the method of preparation will be described later.

5.7. Characterization of Nano Artificial RBCs

Electromicroscopic appearance

A Philips EM300 electron microscope, at 60 KV, was used. The
sample was treated by standard negative staining. A typical electron
micrograph for the biodegradable polymer hemoglobin nanocapsules
prepared with d,l-PLA is shown in Fig. 5.9. They are spherical
and homogeneous. Their diameter in the micrograph ranges from
40–120 nm, with a mean diameter of 80 nm. The membrane thickness
is 5–15 nm.

Size distribution of polylactide membrane artificial rbc’s

The diameter and size distribution of the biodegradable hemoglobin
are determined by using the Nicomp Size Analyzer (Model 370).
The instrument operates by light scattering. The average particle
size of the biodegradable nanocapsules containing hemoglobin is
dependent on the formula used for preparation. A typical size
determined using the Nicomp Sizer Analyzer is presented in Fig. 5.10.
A unimodal distribution is obtained for all the samples. With different
preparation processes and different polymers, the mean diameters of
the biodegradable hemoglobin nanocapsules can be shown to be as
low as 74 nanometers.
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100 nm

Fig. 5.9. Electromicroscopy of polylactide membrane nano artificial rbc’s.
Mean diameter is 80 nanometer (from WPYu & Chang, 1996).

Fig. 5.10. Size distribution of PLA nano artificial rbc’s determined using the
Nicomp SizeAnalyzer (Model 370).An unimodal distribution is obtained.The
mean diameter for this sample is about 100 nm. (From WPYu & Chang, 1996).

Other properties

The characteristics of the preparation containing 10.97 gm/dl of
hemoglobin prepared with d,l-PLA is listed inTable 5.1. Nanocapsules
can be prepared with up to 15 gm/dl hemoglobin concentration.
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Table 5.1 Characteristics

Hemoglobin concentration: 10.97 g/dl (up to 15 g/dl)
Polymer concentration: 1.2 g/dl
Phospholipid concentration: 0.6 g/dl
Specific gravity (22◦C): 1.0047
Viscosity (37◦C): 3.7 to 3.8 cp

Table 5.2 Steady Shear Viscosity (22◦C, cp)

Shear Rat (1/sec) Viscosity of Preparation

45 6.5
90 6.5

225 5.0

Steady shear viscosity determination

Steady shear viscosity of the suspension of the nano artificial rbc’s was
measured with a Wells-Brookfield Syncro-Lectric Microviscometer
(Model LVT) equipped with a 0.80◦ cone (Model CP-40). Shear rates
were from 45 to 450 s−1 at 22◦C. The steady shear viscosity of
the biodegradable polymer hemoglobin nanocapsules is shown in
Table 5.2.

5.8. Safety and Efficacy of Nano Artificial RBCs

Amount and fate of PLA membrane

By assuming that all the polymer used in the solvent evaporation
method is incorporated into the nano artificial red blood cell
membrane, the maximal amount of polymer per 500 ml of suspension
of nano artificial rbc’s is shown in Fig. 5.11. The total amount of
membrane material is much less that the total membrane material in
LEH. Furthermore, the membrane material of PLA nano artificial rbc’s
as shown in Fig. 5.11 is made up mostly of biodegradable polymer
with a minimal amount of lipid. Since polymer is stronger than lipid
and is also porous, much less membrane material is required.
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Fig. 5.11. Top: Amount of membrane material in LEH and PLA nano rbc’s,
2nd from top: Fate of polylactide membrane in PLA nano rbc’s compard to
PLA metabolism. 3rd from top: Hb concentration reported. Bottom: Oxygen
dissociation curve of PLA nano rbc’s compared to SF Hb used in preparation.
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Polylactic acid is degraded in the body into lactic acid and then
to carbon dioxide (Fig. 5.11). These are all normal body metabolites.
However, in hemorrhagic shock much lactic acid can be produced.
Therefore, it is important to analyze how much lactic acid is produced
in the degradation of PLA nano artificial rbc’s. Polylactide is degraded
into lactic acid and then water and carbon dioxide (Fig. 5.11). For
a 500 ml suspension of PLA nano artificial rbc’s, the total lactic acid
produced is 83 mEq. This is far less than the normal resting body lactic
acid production of 1000–1400 mEq/day) (Fig. 5.11).The maximal body
capacity to break down lactic acid is 7080 mEq/day. Thus, 83 mEq is
equal to about 1 to 2% of this. Furthermore, the polylactic acid in the
PLA nano artificial rbc’s is biodegraded over at least two days, and
therefore, there is an even smaller amount released per day for each
unit of PLA nano artificial rbc.

Efficiency in nanoencapsulating hemoglobin

At present, the hemoglobin nanoencapsulation efficiencies range from
13 to 29% of the starting quantities of hemoglobin, depending on
the polymer used. A higher amount of hemoglobin is encapsulated
with poly(D.L.)lactic acid. Nano artificial rbc’s prepared with
poly(D.L.)lactic acid contained fewer defects in the membrane than
that prepared using poly(L)lactic acid. The ratio of hemoglobin:
phospholipid : polymer for the preparation with hemoglobin of
10.97 gm/dl suspension is 15 : 1 : 2. Higher Hb concentration of
up to 15 gm/dl suspension has also been prepared more recently
(Fig. 5.11). This approaches the hemoglobin concentration in whole
blood.

Oxygen affinity, Hill coefficient and Bohr effect

We use the TCS Hemoxanalyser (TCS Medical Products Co., U.S.A.)
to measure oxygen affinity. The result for PLA artificial rbc’s with
10.97 gm/dl hemoglobin, is shown in Fig. 5.11. There is no significant
difference between hemoglobin nano artificial rbc’s and the original
bovine hemoglobin used for the preparation. Hill coefficient is 2.4 to
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Fig. 5.12. Effects of pH on oxygen affinity of PLA nano artificial rbc’s. (From
WPYu & Chang, 1996.)

2.9.These results show that the procedure of preparation does not have
adverse effects on the hemoglobin molecules. In the physiological pH
range, oxygen affinity of PLA nano artificial rbc’s changes with pH
(Fig. 5.12) and the Bohr effect is −0.22 to −0.24.

Enzymes and multienzymes

We have earlier carried out basic research on artificial cells containing
multienzyme systems with cofactor recycling (Chang, 1987b). A
number of enzymes normally present in rbc’s have been encapsulated
within nano artificial rbc’s and they retain their activities (Chang
et al., 2003a, 2003b). For example, we have encapsulated the red
blood cell methemoglobin reductase system into the nano artificial
rbc’s (Chang et al., 2003a, 2003b) and showed that this can convert
methemoglobin to hemoglobin. For PLA nano artificial rbc’s, the
membrane can be made permeable to glucose and other small
molecules. This allows us to prepare nano artificial rbc’s containing
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the methemoglobin reductase system to function as shown in Fig. 5.1.
External glucose can diffuse into the nano artificial rbc’s. Products
of the reaction can diffuse out and therefore do not accumulate in
the nano artificial rbc’s to inhibit the reaction. Furthermore, reducing
agents from the outside can enter the nano artificial cells to help in
preventing metHb formation.These studies are discussed in more detail
below.

Nano artificial rbc’s containing metHb reductase system

By increasing the circulation time, we can increase the in vivo
functioning of the hemoglobin in the nano artificial rbc’s. However,
with the increase in circulation in the body at 37◦C, there would
be a steady increase in methemoglobin. Oxidation of hemoglobin to
methemoglobin inside rbc’s is prevented by the enzyme systems of the
red blood cell (rbc).

PLA nano artificial rbc’s can contain all the enzymes of the red
blood cell (Fig. 5.1). This is done by extracting from red blood
cell all the enzymes and hemoglobin. In preparing nano artificial
rbc’s, there is usually an increase in the metH level (Fig. 5.13).
After this, when suspended in Ringer lactate at body temperature,
metHb rose rapidly (Fig. 5.13). With the addition of 100 mg/dl
glucose and 0.02 mM NADH, instead of increasing, metHb level
decreased with time. This preliminary result is exciting because
it shows that we only need to encapsulate fresh red blood cell
contents with the normal amount of methemoglobin reductase system.
In this way, 100 mg glucose (can be available as blood glucose)
and 0.02 mM NADH in a suspending medium not only prevent
metHb formation, but can convert preformed metHb back to Hb.
Through further optimization of the NADH concentration, this can
be increased further. Unlike NADH, the larger cofactor NADPH
is not permeable across the nanocapsules. Since NADPH is not
permeable, it can be enclosed inside the PLA nano artificial rbc’s for
recycling. This would obviate the need to supply external cofactor
and only a continuous supply of glucose from the circulating blood is
needed.
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Fig. 5.13. Nanoencapsulation increases MetHb level. After this when
incubated at 37◦C metHb increases quickly. Addition of a reducing agent,
ascorbic acid prevents the increase in MetHb. Addition of glucose and NADH
decreases MetHb further.

Nano artificial rbc’s permeable to reducing factors

There are reducing agents in the plasma that prevent methemoglobin
formation. Examples include ascorbic acid and glutathione. These
can cross the membrane of the PLA nano artificial rbc’s. In our
study, we find that ascorbic acid, glutathione or methylene blue
can cross the membrane of PLA nano artificial rbc’s. When nano
artificial red blood cell is suspended in Ringer lactate with a
10 mM concentration of ascorbic acid, there is no increase in
metHb as long as there is enough supply of ascorbic acid. (Fig.
5.13). Thus, it would appear that Hb in the nano artificial rbc’s
could be exposed to reducing factors in the circulating plasma
that prevent the formation of metHb. This is an additional and
simpler means of preventing the oxidation of hemoglobin into
methemoglobin.
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Enzymes and multienzymes in PLA nano artificial rbc’s

Other red blood cell enzymes present in the red blood cell extract,
like carbonic anhydrase, catalase and superoxide dismutase are also
included in the nano artificial rbc’s (Fig. 5.1). In addition, higher
concentrations of red blood cell enzymes like catalase and superoxide
dismutase can be included. Other non-red blood cell enzymes can also
be included.

5.9. Circulation Time of Nano Artificial RBCs

Circulation half-life of PLA artificial rbc’s

The in vitro results obtained so far appear promising and encourage
us to continue to carried out detailed in vivo studies. We started with
studying the circulation time. Circulation half-life of PLA nano artificial
rbc’s is evaluated in anesthetized male rats. Each rat received 1/3 of
its blood volume via intravenous top loading. PLA artificial red blood
cell is removed very rapidly from the circulation.

As a result, we investigated different ways of changing the surface
properties of the PLA nano artificial rbc’s as described below. This
includes different ways of incorporating PEG into the PLA membrane.

Different types of PEG-PLA copolymers for nano
artificial rbc’s

Figure 5.15 summarizes the results of the circulation time in rats for
polyHb and different types of PLA and PEG-PLA nano artificial rbc’s
(Chang et al., 2003b). PLA nano artificial rbc’s are removed very rapidly
from the circulation. PolyHb circulates with the same half-time as that
normally obtained in rats. Depending on the method used, PEG-PLA
nano artificial rbc’s (Fig. 5.14) have significantly higher circulation time
than PolyHb. The details are as follows.

Anesthetized rats received a 30% blood volume toploading
by intravenous infusion. Figure 5.15 shows that glutaraldehyde
crosslinked polyhemoglobin (10 gm/dl) resulted in maximal non-red
blood cell Hb concentration of 3.35 gm/dl, falling to half its maximal
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Fig. 5.14. Left: PLA membrane that forms the membrane of nano artificial
rbc’s. Right: Incorporation of polyethylene-glycol (PEG) in the PLA membrane
results in marked improvement of circulation time of PEG-PLA membrane
nano artificial rbc’s.

concentration of 1.67 gm/dl in 14 h. From here on, PolyHb (17:1)
is used as the basis for comparison with all nano artificial rbc
preparations.

Four factors, individually or in combination, should be considered
when preparing the different types of PEG-PLA nano artificial rbc’s.
These are studied in regard to the maximal systemic Hb attained
and the time of maintaining a systemic non-red blood cell Hb level
equal to that of polyHb (17:1), 1.67 gm/dl. The four factors are as
follows.

(i) Use of different degrees of polymerized Hb.
(ii) Effects of higher M.W. PLA.
(iii) Effects of concentrations of the PEG-PLA copolymer.
(iv) Crosslinking of the newly formed PEG-PLA Hb nanocapsules.

(1) Effects of molecular weight distribution of polyHb
used in the PEG-PLA nano artificial rbc’s

The use of PolyHb (10:1) for PEG-PLA nano artificial rbc’s results in
a maximal non-red blood cell Hb level of 3.05 ± 0.03 S.D. gm/dl.
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Fig. 5.15. Comparison of the maximal systemic non-rbc hemoglobin
reached after infusion of different preparations and the time to reached a
given non-rbc hemoglobin level. The time for PolyHb-17 to reach a non-rbc
hemoglobin level of 1.67 gm/dl is 14 hours in rats equivalent to 24 hours in
human. The time for different types of nano artificial red blood cells to reach
this non-RBC hemoglobin concentration is used to calculate the equivalent
time for human (Chang et al., 2003b).

The non-red blood cell Hb falls to 1.67 gm/dl in 12.3 h (Fig. 5.15).
Calculations based on body weight, blood volume, plasma volume and
dilution factors show that the maximal non-red blood cell hemoglobin
concentration for nano artificial rbc’s should have been 3.6 gm/dl. This
seems to show that a significant part (about 16%) has been removed
nearly immediately on infusion.

We then used a more refined method to improve the degree
of polymerization to markedly reduce the amount of tetrameric
hemoglobin (PolyHb 17:1). This was then used for preparing PEG-
PLA nano artificial rbc’s. Two min after infusion, the maximal non-rbc
Hb was 3.58 ± 0.04 S.D. gm/dl. This was significantly higher than
the 3.05 gm/dl (S.D.= 0.04) above. This also approached the maximal
possible initial non-red blood cell Hb concentration. Furthermore,
it took 17.1 h in rats for the non-red blood cell Hb level to fall
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to 1.67 gm/dl. The next step was to further improve this in the
following step-wise incremental design until we reached a maximal
concentration of 3.66 ± 0.03 S.D. gm/dl and 24.2 h to fall to the level
of 1.67 gm/dl in rats.

(2) Effects of higher concentration of PEG-PLA copolymer
combined with polyHb (17:1)

The same method as above with PolyHb (17:1) used, but with a
1.5 times higher PEG-PLA concentration. This resulted in a thicker
membrane with better membrane stability, which in turn resulted
in a further increase in circulation time (Fig. 5.15). Thus, in two
min after infusion, the maximal non-red blood cell Hb was 3.60 ±
0.01 S.D. gm/dl. Furthermore, it took 20.0 h in rats for the non-red
blood cell Hb level to fall to the level of 1.67 gm/dl. We also used
twice the concentration of PEG-PLA polymer to further improve the
stability of the membrane. However, the Hb nanocapsules formed
this way tended to aggregate and therefore was not tested in animal
studies.

(3) Effects of higher molecular weight PLA for the PEG-PLA
copolymer

We looked at the use of a higher molecular weight PLA to increase
the stability. For this we replaced the 5K PLA in (1) above with a 15K
PLA to form the PEG-PLA copolymer. This significantly increases the
circulation time of the preparation as compared to method (1). Thus, in
two min after infusion, the maximal non-red blood cell Hb was: 3.57 ±
0.05 S.D. gm/dl. The slope of the disappearance was also much more
gradual, but what is more important is that it took 21.2 h in rats for the
non-red blood cell Hb level to fall to 1.67 gm/dl.

(4) Higher PEG-PLA concentration combined with higher
molecular weight PLA

We next looked at combining the use of a higher molecular weight
PLA (15K) as in (3) above with a 1.5 times higher concentration of
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the polymer as in (2) above. This is a combination of the following
3 factors:

(a) Using polyhemoglobin with low percentage of crosslinked
tetrameric hemoglobin.

(b) Using a 1.5 x concentration of the PLA-co-PEG copolymer.
(c) Using a higher molecular weight PLA (15K).

This resulted in a further significant improvement. In 2 min after
infusion, the maximal non-red blood cell Hb was: 3.6458 ±
0.02 gm/dl. The slope of the disappearance was also much more
gradual, and it took 23.3 h for the non-red blood cell Hb level to fall
to the level of 1.67 gm/dl (Fig. 3).

(5) Effect of crosslinking the newly formed Hb nanocapsules

The method described in (1) above using polyHb (17:1) was modified
by adding glutaraldehyde to the newly form PEG-PLA nano artificial
cells. This approach has been used earlier to stabilize both the
larger Hb microcapsules and the protein inside (Chang, 1971b). The
polymerization was stopped by adding 2 M of lysine (at molar ratio of
lysine/hemoglobin = 100:1) after 24 h. This approach also increased
the circulation time to the same degree as when using 1.5 times
concentration of the polymer in (2) above.Thus, in 2 min after infusion,
the maximal non-red blood cell Hb was higher: 3.60 ± 0.01 S.D. gm/dl.
The slope of the disappearance was also much more gradual, but what
is more important is that it took 20.3 h in rats for the non-red blood
cell Hb level to fall to 1.67 gm/dl (Fig. 5.15).

(6) Effects of the combination of all four factors to prepare Hb
nanocapsules

Finally, we combined all the above four factors as follows:

(a) Using the polyhemoglobin (17:1) with a low percentage of single
crosslinked tetrameric hemoglobin.

(b) Using a 1.5 x concentration of the PLA-co-PEG copolymer.
(c) Using a higher molecular weight PLA (15K).
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(d) Crosslinking of the newly formed Hb nanocapsules with
glutaraldehyde.

In 2 min after infusion, the maximal non-red blood cell Hb was higher
at 3.6583 ± 0.03 S.D. gm/dl (Fig. 5.15).The slope of the disappearance
was also gentler and it took 24.2 h in rats for the non-red blood cell
Hb level to fall to 1.67 gm/dl.

Analysis of results

All the results obtained are summarized in Fig. 5.15. and Table 5.3.
After a 30% blood volume toploading using polyHb (10 gm/dl),

the best polyHb-17 can only attain a maximal Hb concentration
of 3.35 gm/dl. The best PEG-PLA artificial red blood cell’s, on the
other hand, can reach a maximal Hb concentration of 3.60 gm/dl.
This cannot be explained by polyHb having more colloid osmotic
pressure than Hb inside the nanocapsules and resulting in some
hemodilution. After all, in those PEG-PLA Hb nanocapsules that are
removed more rapidly than PolyHb (17:1), e.g. nanocap-10-1-5K,
the maximal Hb reached for nanocap-10-1-5K is lower than that for
PolyHb-17. The more likely explanation is that for the best PEG-PLA
Hb nanocapsules, they all remain in the circulation when the first
samples are taken at 2 min after infusion. For nanocap-10-1-5K and
PolyHb, a small fraction must have been removed within 2 min after
infusion.

Table 5.3 Analysis of Results

Preparation Max Hb Time to 1.67g/dl (h)

PolyHb-10 3.10 gm/dl 10.4 (rats) 17 (humans)
PolyHb-17 3.35 gm/dl 14.0 (rats) 24 (humans)
Nanocap-10-1-5K 3.05 gm/dl 12.3 (rats) 21 (humans)
Nanocap-17-1-5K 3.58 gm/dl 17.1 (rats) 29 (humans)
Nanocap-17-1.5-5K 3.60 gm/dl 20.0 (rats) 34 (humans)
Nanocap-17-1-5K-XL 3.60 gm/dl 20.3 (rats) 35 (humans)
Nanocap-17-1-15K 3.57 gm/dl 21.2 (rats) 36 (humans)
Nanocap-17-1.5-15K 3.65 gm/dl 23.3 (rats) 39.9 (humans)
Nanocap-17-1.5-15K-XL 3.66 gm/dl 24.2 (rats) 41.5 (humans)
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Relevance for clinical application in humans

After a 30% blood volume toploading, the best polyHb can maintain a
systemic hemoglobin level of 1.67 gm/dl for 14 h in rats (equivalent to
about 24 h in humans). In the case of the best PEG-PLA nano artificial
rbc’s a similar toploading can maintain a much longer systemic Hb
level, reaching 1.67 gm/dl after 24.2 h in rats (Fig. 5.15). If one uses
the rat results in this study for polyHb of 14 h and its clinical equivalent
of about 24 h, we might calculate and extrapolate this as follows. For
the best PEG-PLA nano artificial rbc’s with the ability to maintain
a systemic Hb level reaching 1.67 gm/dl after 24.2 h, it is likely
equivalent to about 41.5 h in humans (Fig. 5.15). Compared to humans,
rats have a highly active RES; thus, it has been suggested that a T1/2 of
12–20 h in rats is equivalent to 40–60 h in human (Woodle et al., 1995).
If this is the case, then the best type of PEG-PLA nano artificial rbc’s
may have an equivalent circulation time in humans of more than 60 h.
This is a significant and important increase that would allow longer
function after infusion and thus decrease the need for donor blood and
further increase the avoidance of donor blood. A further advantage of
PEG-PLA nano artificial rbc’s containing polyHb instead of Hb is that
even if PolyHb leaks slowly after infusion it would continue to act
and, unlike tetrameric Hb, would not cause adverse effects. Indeed,
PEG-PLA nano artificial cells could be useful carrier for other modified
Hb, including recombinant Hb, PEG conjugated Hb to prolong further
their circulation time, inclusion of enzyme systems and avoid direct
external exposure.

5.10. General

As discussed in Chapter 4, successes in nanobiotechnology-based
polyHb and conjugated Hb stimulate research into the next generation
systems. This is also the case in nanobiotechnology-based artificial
rbc’s. Thus, research in micron dimension artificial rbc’s has led to the
successful development of lipid encapsulated hemoglobin. This has
encouraged us to look into the next step towards a further generation
of nano artificial rbc’s in the form of PEG-PLA nano artificial rbc’s.
We are only at the early stage of this research. In the meantime, it
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is important to complete the development of the lipid encapsulated
hemoglobin for clinical trials.

5.11. Method of Preparation of Biodegradable
Polymeric Nano Artificial RBCs

Organic phase

Dissolve 100 mg (d.l)-polylactic acid (MW 25000) (Polysciences,
Warrington, PA) in 8 ml acetone. Dissolve 50 mg hydrogenated
soybean phosphatidylcholine (Avanti Polar Lipids, Alabaster, AL) in
4 ml ethanol with help of Ultrasonic water bath (very low power). The
two solutions are mixed (added either one to another), and used as
organic phase.

Aqueous phase

Take 0.04 ml of Tween 20, mix with 25 ml 15 g/dl hemoglobin.

Preparation of PLA nano artificial red blood cells

Slowly inject (8 ml/min). (The injection head is made with a 0.2 ml
pipette tip). The organic phase integrates into the aqueous phase under
magnetic stirring [with Therm-O-Swirl Stirrer (Precision Scientific
Co., Chicago) setting to 6)], under 4◦C. Nanoparticles are formed
immediately, and the suspension is stirred continually for 15 min. The
suspension prepared comes up to 37 ml.

The organic solvent is partly removed from the above suspension
prepared by rotary evaporator under vacuum at 20◦C for about 10 min.
33 ml of the suspension is obtained (i.e. 4 ml of organic solvent
removed). The remaining suspension is mixed with 15 ml of 0.9%
NaCl. Then the organic solvent and free hemoglobin are removed
by ultrafiltration (by Amicon ZM 500,000 membrane, MW cut off
500,000). The suspension is repeatedly washed by 0.9% NaCl by
ultrafiltration.

The detailed washing process is as follows:

a. The original 33 ml of Hb nanoparticles suspension plus 15 ml 0.9%
NaCl, are concentrated to 10 ml.
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b. 10 ml of suspension plus 40 ml 0.9% NaCl are concentrated to 6 ml.
c. 6 ml suspension plus 18 ml 0.9% NaCl are concentrated to 8 ml.

Preparation of PEG-PLA nano artificial red blood cells

The procedure for the preparation of the new PEG-PLA copolymer
is as follows. 1/½g DL-PLA (M.W. 5000 or 15,000) and 0.75 g
methoxypolyethylene glycol (M.W. 2000 or 5000) are dried under
vacuum overnight. 5 ml acetone is added. The mixture is heated
to 180◦C for 2 h. under nitrogen. After adding 10 µl of stannous-2-
ethylhexanoate, the mixture is heated at 180◦C for another 3 h under
nitrogen. This is soluble in acetone but not in water.

This PEG-PLA is used for the preparation of nano artificial cells. The
procedure is similar to the procedure for the preparation of PLA nano
artificial rbc’s described above, with the following change. 150 mg
PEG-PLA copolymer is dissolved in 8 ml acetone. 50 mg hydrogenated
soybean phosphatidylcholine is dissolved in 4 ml ethanol. The two
solutions are mixed to form the organic phase.
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CHAPTER 6

Use of Enzyme Artificial Cells for
Genetic Enzyme Defects that
Increase Systemic Substrates
to Toxic Levels

6.1. Introduction

General

The basic principle on the use of artificial cells containing enzymes
in enzyme therapy has been discussed in Chapter 2 (Fig. 2.3). This
principle has been studied for use in enzyme therapy for genetic
enzyme defects, removal of unwanted metabolites and treatment
of amino acid-dependent tumors (Fig. 6.1). This chapter describes
examples of the use of enzyme artificial cells in three genetic enzyme
defects: Acatalasemia, Lesch-Nyhan disease and phenylketonuria
(Fig. 6.1). Other terminologies for genetic enzyme defects include
inborn errors of metabolism, hereditary enzyme defects and congenital
enzyme deficiency. The cause of each of these conditions is the
congenital defects of an enzyme or an enzyme system. This results in
the accumulation of the substrate for the enzyme to an unacceptable
or toxic level.

Substrate → // DEFECTIVE ENZYME // → Product

The accumulation can be inside the cells as in the case of storage
diseases, or throughout the body fluid. There is already an extensive
literature on inborn errors of metabolism (Scriver, 1989); thus, this

130
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Fig. 6.1. Upper : Examples of enzyme artificial cells. Lower : Routes of
administration.
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chapter will concentrate on the type where the substrates accumulate
throughout the body fluids.

Enzyme replacement therapy

Much study has been carried out on the use of enzyme therapy
in treating defective enzymes. However, as discussed in Chapter 2,
the use of enzymes directly has a number of problems: a) the enzyme
must be able to be located at the site of action; b) the enzyme has to be
available in a highly purified and non-toxic form; c) the heterogeneous
enzyme may result in immunological and hypersensitivity reactions;
and d) the enzyme has to act for a sufficient length of time. Some of
these problems might be avoided by using artificial cells containing
the defective enzyme (Chang, 1964, 1965; Chang et al., 1966;
Chang & Poznznsky, 1968) (Fig. 6.1). In this way, the enclosed
enzyme does not leak out and become involved in immunological
or hypersensitivity reactions, but can act on the permeant substrates.
We investigated the use of enzyme artificial cells for three types of
congenital enzyme defects: Acatalasemia, Lesch-Nyhan Disease and
phenylketonuria using respectively, artificial cells containing catalase,
xanthine oxidase and phenylalanine ammonia lyase (Fig. 6.1). Four
routes of administration were studied (Fig. 6.1) i.e. the enzyme artificial
cells are: 1) implanted into the body to work alongside the body
cells; 2) retained in chambers outside the body to act on the body
fluid perfusing the chamber; 3) injected; or 4) given orally so that as
the enzyme artificial cells move through the lumen of the intestine,
they will act as microscopic bioreactors on the substrates entering the
intestinal lumen from the body. In this way, the enzyme artificial cells
would not be retained in the body as they would be excreted in the
stool after completion of their function.

6.2. Acatalasemia: Congenital Defect in
the Enzyme Catalase

The first study is to use the simplest animal model to determine if
enzyme therapy using artificial cells is feasible, effective and free
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from immunological effects. Acatalasemia is a congenital defect in the
enzyme catalase leading to a deficiency in the removal of its substrate
peroxide. This is a rare condition in humans, but there is a convenient
strain of mice with congenital defect in the enzyme catalase (Feinstein
et al., 1966).These mice have a blood catalase activity of only 1–2% of
normal mice and a total body catalase activity of 20% of normal mice.
Furthermore, the enzyme catalase can be obtained easily in a highly
purified form. Our initial study shows that injection of catalase artificial
cells into acatalasemic mice can effectively remove peroxides (Chang
& Poznansky, Nature, 1968b). We therefore carried out further studies
to determine the in vivo kinetics, effectiveness and immunological and
hypersensitivity effects (Chang, 1971b, 1972f; Poznansky & Chang,
1974). The details are as given in the next section.

6.3. Preliminary Study on the Use of Catalase
Artificial Cells to Replace Defective
Catalase in Acatalasemia

The first study is to answer the question “Can implanted enzyme
artificial cells work alongside the body cells to replace their enzyme
defects?” (Fig. 6.1).

Implantation of catalase artificial cells

Collodion membrane catalase artificial cells were prepared as
described in the Appendix under “Methods of Preparation of Artificial
Cells.” In acatalasemic mice which are injected with sodium perborate
without the protection of a previously injected catalase, the red color
of their pupils turned brown and the animals became increasingly
immobile, so that by 20 min they became flaccid and were in
respiratory distress. Acatalasemic mice protected by an intraperitoneal
injection of catalase artificial cells were slightly immobile 5 min after
the injection of perborate, and the color of their pupils darkened.
However, in 10 min, the mice became more active and their pupils
returned to their normal red color, and except for one animal, they
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were moving about freely at 20 min. Acatalasemic mice injected with
a catalase solution and the normal control mice recovered even faster.

Figure 6.2 shows that within 20 min after injection of perborate,
normal mice could remove most of the perborate, leaving only
2.5% ± 2.5% S.D. in the body. Acatalasemic mice receiving no
catalase injection could only remove a small amount of the injected
perborate, leaving 70% ± 8.2% S.D. after 20 min. Acatalasemic mice
receiving either catalase artificial cells or catalase solution, could
more efficiently remove the injected perborate, leaving respectively,
16% ± 3.5% S.D. and 7% ± 3.6% S.D. 20 min after injection. Thus,
intraperitoneally injected liquid catalase and catalase artificial cells
both acted efficiently in replacing the enzyme defect. Catalase in
solution is expected to be more efficient since there is no membrane
barrier for the diffusion of the substrate. On the other hand, catalase in
solution may give rise to immunological and hypersensitivity reactions
and these will be studied in a later section. In the case of catalase
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injection of perborate. (Chang & Poznansky, Nature, 1968.)

Fig. 6.2. Implanted catalase artificial cells remove peroxide from the body.
They are also effective in removing peroxide from the body when retained
in a chamber outside the body and perfused with peritoneal fluid. (Modified
from Chang & Poznansky, Nature, 1968b.)
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artificial cells, there was no increase in blood catalase level 20 min
after injection, showing that there is no leakage of catalase into the
systemic circulation.

Catalase artificial cells retained in a chamber for
body fluid perfusion

In the second set of experiment, to avoid the introduction and
accumulation of catalase artificial cells, especially in long-term use,
we carried out the following study. We retained catalase artificial cells
in a chamber outside the body and perfused these cells by recirculating
peritoneal fluid from the animal (Fig. 6.1). Here the animals were
anesthetized with Nembutal. Each animal received an intraperitoneal
injection of 4.5 ml of inperinol fluid (Abbott Laboratory). This fluid was
continuously recirculated through a smaller modified version of the
extracorporeal shunt chamber (Chang, 1966) for 20 min after injection
of perborate. In one group of animals, the shunt contained 4 ml of a
50% suspension of catalase artificial cells. In the control group, no
catalase artificial cells were present in the shunt. Figure 6.2 shows that
in the control group, the perborate remaining in the body was 76.1% ±
13.4% S.D. after 20 min. In the chamber containing catalase artificial
cells, only 32% ± 9.8% S.D. of the injected perborate was recovered
20 min after injection.

6.4. In Vivo Kinetics of Catalase Artificial Cells for
Acatalasemic Mice

Summary

The enzyme kinetics and immunological properties of collodion
artificial cells containing catalase (H202: H202 oxidoreductase, EC
1.11.1.6) were studied and compared with catalase in free solution.
In vitro studies showed that the Km for both forms of catalase was
0.55 M. The Vm of the catalase artificial cells was 0.5 mM/min, while
that of catalase in free solution was 2.5 mM/min. In vivo studies on
acatalasemic mice showed that catalase artificial cells were as effective
as the same assayed amount of catalase in free solution in reducing total
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body substrates. After injection, the catalase activity of the artificial
cells in the body had a half-time of 4.4 days. This is more stable than
catalase in free solution which had a half-life of 2.0 days after injection.
In vitro studies showed that antibody to catalase would not enter the
artificial cells. Immunizing doses of catalase artificial cells did not
produce antibodies. Immunizing doses of catalase solution resulted in
the production of antibodies to catalase. Injection of catalase solution
into these immunized mice resulted in anaphylactic reactions. On the
other hand, catalase artificial cells injected into these immunized mice
continued to act without causing any adverse reactions.

Methods of preparation of catalase artificial cells
and experimental procedures

These are described in detail in Appendix II.

Characteristics of acatalasemic mice

Experiments showed that the acatalasemic mice bred in this laboratory
from the original Feinstein strain were the same as the original strain.
Thus, the blood and total body catalase levels were respectively, 1–2%
and 15%, of the normal mice.

Kinetics of recovery of injected perborate

Figure 6.3 represents the time course of removal of injected perborate
from acatalasemic mice and from normal mice. Normal mice removed
injected perborate rapidly, whereas acatalasemic mice could only
remove it at a very slow rate. While the normal mice showed no
outward symptoms after the injection of perborate, the acatalasemic
mice were in some distress. The eyes of these acatalasemic mice
changed from red to dark brown due to methemoglobin formation,
and they became increasingly immobile and by 20 min most of them
were flaccid and in respiratory distress. Quantitative analysis showed
that injection of either catalase solution or catalase artificial cells could
significantly increase the rate of removal of the injected perborate
(Fig. 6.3). Acatalasemic mice given prior intraperitoneal injections of
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Fig. 6.3. Rate of removal of peroxide in nonimmunized rats using PAL
artificial cells as compared to catalase solution and control saline. (Modified
from Poznansky & Chang, 1974.)

either catalase in free solution or catalase artificial cells did not suffer
any distressful symptoms and were able to remove the peroxide in
a manner similar to the normal mice. Thus, both catalase solution
and catalase artificial cells were effective and safe after the first
implantation.

6.5. Immunological Studies on Catalase Artificial Cells
in Acatalasemic Mice

Effects of immunizing doses of catalase solution and
catalase artificial cells on antibody production

The next step is to study whether there is a difference in the
immunological response when catalase solution and catalase artificial
cells, respectively were administered. Acatalasemic mice and rabbits
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Fig. 6.4. Ouchterlony double-diffusion technique showed that antibodies
to catalase were produced in the acatalasemic mice and rabbits immunized
with catalase in free solution. When catalase artificial cells were used, the
same test showed no detectable antibodies.

were immunized over a period of 90 days. Each immunizing dose
consisted of Freunds’ adjuvant with catalase solution or catalase
artificial cells (0.1 ml containing 4.8 perborate units of catalase).
Ouchterlony double-diffusion technique showed that antibody titers
were produced in the acatalasemic mice and rabbits immunized with
catalase in free solution (Fig. 6.4). The same test showed that no
detectable antibody titers were formed in those animals receiving
immunizing doses of catalase artificial cells (Fig. 6.4)

Permeability of membrane of collodion artificial cells
to catalase antibody

Catalase antibodies were incubated with catalase artificial cells or
with control artificial cells containing no catalase. No antibodies
were detected inside the artificial cells when tests were carried out
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using either the radioactive labeled antibody technique or the micro-
complement fixation technique. This suggests that the membrane of
artificial cells is not permeable to catalase antibodies.

Response of immunized acatalasemic mice to injections of
catalase artificial cells or catalase solution

Intraperitoneal injection of catalase solution into the immunized
acatalasemic mice caused them to go into anaphylactic shock and
80% of them died within the first 10 min (Fig. 6.4). Death was
accompanied by violent gasping, convulsions and collapse similar to
that observed in anaphylactic shock in mice. In the mice that survived,
the injected catalase solution was not as effective in removing the
peroxide (Fig. 6.5) Injection of catalase artificial cells did not produce

Fig. 6.5. Acatalasemic rats receiving immunizing doses of catalase solution
to produce antibody to catalase. This was then followed by the implantation
of either catalase solution or catalase artificial cells. (Modified from
Poznansky & Chang, 1974.)



April 13, 1995 10:56 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch06 FA

140 Artificial Cells

any adverse reactions. In addition, Fig. 6.5 shows that catalase artificial
cells removed peroxide at the same rate as when the cells were injected
into the nonimmunized acatalasemic mice (Fig. 6.3).

Appearance of catalase activity in the blood after
injection of catalase solution or catalase artificial cells

Intraperitoneally injected catalase solution is expected to move quickly
into the blood stream. However, similarly injected catalase artificial
cells should stay inside the peritoneal cavity where they act on the
perborate diffusing into the artificial cells. Thus, the enzyme should
not leak out of the artificial cells into the circulating blood. To analyze
this, the amount of catalase in free solution or of catalase artificial
cells was reduced to one-third. This reduces the mortality rate from
80 to 20% for the immunized mice receiving the catalase solution. In
this way, the kinetics of removal of the perborate could be studied.
The result shows that free catalase solution is not as effective as
catalase artificial cells in removing the peroxide in immunized mice.To
analyze the reason for this, the following study was carried out in these
animals.

Figure 6.6 shows the appearance of catalase in the bloodstream
of immunized and nonimmunized acatalasemic mice following the
intraperitoneal injection of catalase solution or catalase artificial cells.
There was no detectable leakage of catalase into the blood stream
after the intraperitoneal injection of catalase artificial cells. There was
no significant change in the blood catalase level when followed for
up to 3 months. The artificial cells with its catalase are retained in
the peritoneal cavity after injection. On the other hand, injection
of catalase solution into acatalasemic mice resulted in the rapid
appearance of the enzyme in the blood stream. The peak catalase
activity in the blood reached 182.8 perborate units 8 h after injection of
the catalase solution into nonimmunized acatalasemic mice (Fig. 6.6).
What is surprising is that when the same catalase solution was injected
into immunized acatalasemic mice, the blood catalase level reached
a peak of only 19.6 perborate units 4 h after the injection. This is most
likely due to the formation of antigen-antibody complexes that are
quickly removed.
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Fig. 6.6. Appearance of catalase activity in the circulating blood after
intraperitoneal injection of catalase solution or catalase artificial cells.
After intraperitoneal injection, catalase in solution moves rapidly into the
circulation catalase artificial cells remains inside the artificial cells and does
not leak into the circulation (From Poznansky & Chang, 1974.)

6.6. Conclusion from Results of Basic Study Using
the Acatalasemic Mice Model

On a theoretical level, this basic study supports the proposal of using
enzyme artificial cells to replace the defective enzyme (Fig. 6.1). Thus,
artificial cells containing an enzyme catalase can effectively replace
the defective catalase enzyme in this animal model. The result also
shows that catalase inside artificial cells is prevented from giving rise
to immunological reactions. Furthermore, the membrane of artificial
cells is not permeable to catalase antibodies in mice previously
immunized with catalase solution. Therefore, the catalase artificial
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cells can continue to function in those acatalasemic mice previously
immunized against catalase. Therefore, in theory, enzyme artificial
cells should allow for enzyme therapy in congenital enzyme defects
where the accumulation of substrate is in the body fluid.

However, at that time, enzymes for the most common genetic
enzyme defect, phenylketonuria, could only be extracted from the
liver. These liver enzymes are very complex and unstable and not
suitable for use in artificial cells for enzyme therapy. With the
later availability of simple and stable enzymes from microorganisms,
enzyme therapy becomes much more feasible and practical. However,
the major barrier is that enzymes are not stable at body temperature
and thus can only function in the body after injection for a few days.
In congenital enzyme defects, the duration of treatment is for the life
of the patients. Repeated injection of enzyme artificial cells over the
many years of treatment would result in the accumulation of much
foreign material in the body. To solve this problem, catalase artificial
cells retained in small chambers outside the body and perfused by body
fluid can also remove perborate. However, a more convenient route
of administration would be better for pediatric patients. We, therefore,
looked at giving enzyme artificial cells orally (Fig. 6.1).This is based on
our earlier finding of the safety and effectiveness of oral administration
of urease artificial cells in rats to remove systemic urea (Chang, 1972a).
The safety of oral urease artificial cells has later been demonstrated in
clinical trials in kidney failure patients (Kjellstrand et al., 1981).

The next two studies will therefore, look at the use of oral
administration. This way, the enzyme artificial cells move down the
intestinal lumen where they act as combined microscopic diaysers and
enzyme bioreactors to remove unwanted substrates moving into the
lumen from the body fluid. After completion of their functions, they are
excreted in the stool without being accumulated in the body (Fig. 6.1).
The enclosed enzymes are protected from intestinal tryptic enzymes.

6.7. Oral Xanthine Oxidase Artificial Cells in
a Patient with Lesch-Nyhan Disease

Lesch-Nyhan disease is caused by a genetic defect in the enzyme
hypoxanthine phosphoribosyltransferase (HPRT) (Wilson et al., 1983).
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This leads to overproduction of purine and accumulation of oxypurine
intermediates and uric acid. It has been suggested that damage to the
brain in Lesch-Nyhan disease may be secondary to the accumulation
of oxypurines such as hypoxanthine (Lloyd et al., 1981). The enzyme
HPRT is very complex and difficult to extract on a large scale. However,
there is an enzyme, xanthine oxidase, produced by fermentation and
can be easily purchased. We, therefore, look into giving xanthine
oxidase (XOD) artificial cells orally (Chang, 1989a; Palmour, Chang
et al., 1989). As they move through the intestine, the XOD artificial
cells act as a microscopic combined dialyser-enzyme reactor (Fig. 6.1).
The enclosed XOD is protected from tryptic enzymes, but the
ultrathin selectively permeable membranes allow passive entry of small
substrate molecules like hypoxanthine. Hypoxanthine is highly lipid
soluble, and can therefore equilibrate rapidly between the body fluid
and the intestine. In this way, hypoxanthine and other oxypurines from
the body fluid entering the intestinal lumen could be converted into
uric acid. The uric acid in the intestine would be excreted in the feces
directly or as allantoin.This may result in the depletion of the oxypurine
body pools. To test this idea, we administered XOD artificial cells to a
patient with Lesch-Nyhan disease.

Collodion membrane artificial cells containing XOD were prepared
using the updated method as described in Appendix II under
“Preparation of Enzyme Artificial Cells.” XOD was obtained from
Boehringer, Montreal (grade III from buttermilk, chromatographically
purified, 50 U at 1–2 U/mg protein). 1 ml artificial cells contained 5 U
XOD. The XOD artificial cells were stored as a 50% suspension in
saline solution at 4◦C for 0–3 days before use. Since the artificial cells
are destroyed by pH of less than 3.5, it is important to administer the
cells together with a buffer.

Volume ratio of artificial cells/substrate solution

In order to analyze the amount of XOD artificial cells needed for
oral administration, the following in vitro study was carried out. Fresh
substrate solutions were prepared containing 40 µM hypoxanthine
in phposhate buffer (0.1 M), pH 7.5. Four different volume ratios of
artificials/substrate solution were studied, i.e. 1/10, 1/100, 1/500 and
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1/1000. Hypoxanthine was converted by xanthine oxidase into uric
acid and the reaction was followed by the rate of formation of the
product, uric acid.

Effects of pH on enzyme activity

For oral administration, it is important to analyze the relationship
between pH and enzyme activity. It is also important to analyze the
stability of the collodion artificial cells and their contents at different
pH environments. The pH’s of the substrate solutions were adjusted
using citric-phposphoric acid-borate-HCl buffer. The following pH’s
were studied: pH 2.5, 3.5, 4.5, 5.5, 6.5, 8.5, 9.5 and 10.5, there was
leakage of all the contents of the artificial cells due to destruction
of the membrane. At pH 3.5 and above, there was no leakage. This
aspect is important in the clinical use of the artificial cells by oral
administration. The artificial cells have to be buffered in order to
prevent their destruction in the very acidic stomach environment.
The enzyme activity of artificial cells containing xanthine oxidase is
optimal in the pH range of 8.5 to 9.8 that is normally present in the
intestinal lumen.

Patient with Lesch-Nyhan disease

The patient, a 29-month-old boy with severe Lesch-Nyhan disease
(HPRT activity less than 3 pmol inositic acid/mg protein/h) was
withdrawn from allopurinol therapy over 5 days. Blood and urine were
obtained at 0830 h and 1630 h. After baseline studies for 3 days, the
patient was treated with 100 U of XOD artificial cells via a nasogastric
tube twice a day (0900 and 1200 h) for 10 days. A sample of his
cerebrospinal fluid was obtained at 1630 h before treatment and on
the final day of therapy.

Purines were measured by high-performance liquid chromatography
and uric acid and creatinine were measured enzymatically and
colorimetrically, respectively.

After withdrawal of the allopurinol, uric acid excretion rose rapidly;
baseline uric acid/creatinine ratios at 0900 h ranged between 3.5
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Fig. 6.7. Effect of oral XOD artificial cells on cerebral spinal fluid
concentrations of uric acid, hypoxanthine, inosine and xanthine (modified
from Palmour et al., 1989).

and 4.1. With the introduction of XOD artificial cells, the morning
and afternoon ratios fell to normal within 3 days. During a febrile
episode of otitis media the ratios rose transiently. Urinary hypoxanthine
excretion also responded promptly to the XOD treatment, the pattern
of transient escape during the febrile illness being repeated. The CSF
hypoxanthine levels fell by 25% after 10 days of XOD artificial cell
administration (Fig. 6.7) and the CSF inosine levels fell by 32% (380
to 260 ng/ml). The levels of CSF xanthine and uric acid, both normal,
remained unchanged.

The effect of XOD on plasma inosine was rapid (Fig. 6.8) and within 3
days, the plasma inosine levels had fallen to below 5 µg/ml. There was
a reduction in plasma xanthine levels after day 6. The hypoxanthine
levels manifested wide diurnal fluctuations but a regression line
indicated a gradual decrease.
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6.8. Conclusion Based on Study

The purpose of our short trial of ten days is only to determine if
administration of oral XOD artificial cells can change the systemic
levels of the different substrates. As such, the very preliminary result
suggests the feasibility of pursuing the study further. Much longer
clinical trials would be needed to observe the neurological changes
or behavioral changes. This is an extremely rare inborn error of
metabolism, and thus we could not find any commercial interest in
manufacturing this product for use in long term clinical trials. However,
the very preliminary demonstration of the safety and effectiveness of
oral enzyme artificial cells in a patient has led us to develop this
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approach at treating one of the most common genetic enzyme defects,
phenylketonuria.

6.9. Phenylketonuria: Genetic Defect in Enzyme
Phenylalanine Hydroxylase

Phenylketonuria

Phenylketonuria (PKU) is caused by a genetic defect in the liver
enzyme, phenylalanine hydroxylase.The resulting increase in the level
of systemic phenylalanine in the first few years of life can lead to severe
mental retardation (Nylan, 1974; Scriver, 1989). A low phenylalanine
diet is, at present, the only effective treatment for phenylketonuria
(Scriver, 1989). This diet must begin very early after birth. However,
this diet is difficult to follow and does not prevent elevation of blood
phenylalanine during episodes of fever and infection. Also, it is difficult
to use the diet to control the level phenylalanine during pregnancy and
elevation can lead to a higher incidence of birth defects. Furthermore,
a low phenylalanine diet itself can result in abnormalities in the fetus.

Enzyme replacement therapy

An alternative to this dietary treatment is the use of enzyme therapy to
replace the defective enzyme. However, this liver enzyme is complex
and requires cofactors. It is also not stable and there is major problem
related to large scale isolation and purification. Fortunately, there is a
nonhuman enzyme, phenylalanine ammonia-lyase (PAL) that can be
readily obtained from Rhodotorula glutinis (Hodgins, 1971). It does not
require any cofactors and converts phenylalanine into trans-cinnamic
acid. The liver converts the product, trans-cinnamic acid into benzoic
acid that is excreted via the urine as hippurate. Trans-cinnamate has
very low toxicity and has no adverse effects on the fetus of laboratory
animals (Hoskins & Gray, 1982). Earlier attempts to use oral PAL did
not produce any conclusive results (Hoskins et al., 1980), most likely
because the enzyme was destroyed by the tryptic enzymes in the
intestine.
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Our research on enzyme artificial cells suggests that placing PAL
inside artificial cells would prevent the enzyme from coming into
contact with intestinal tryptic enzymes (Fig. 6.1). At the same time,
phenylalanine can enter the artificial cells to be converted by PAL.
This, together with our basic research on the use of enzyme artificial
cells for acatalasemia and Lesch-Nyhan disease described earlier, is an
encouragement to us to look into the possible use of oral PAL artificial
cells for phenylketonuria. However, one problem immediately comes
to mind. The intestinal contents have amino acid concentrations that
are many times higher than those of the plasma or body fluid. How,
then, are we going to extract the amino acid phenylalanine from
the body fluid into the intestine for removal by the PAL artificial
cells?

Oral PAL artificial cells for PKU based on novel theory
of enterorecirculation of amino acids

Our research has shown the presence of an extensive enterore-
circulation of amino acids (Chang et al., 1989b). Pancreatic and
other glandular secretions into the intestine contain large amounts of
proteins, enzymes and polypeptides. Tryptic digestion converts these
into amino acids which are then reabsorbed back into the body as they
pass down the intestine. They are converted by the liver into proteins,
enzymes and polypeptides, some of which are again secreted into
the intestine. This forms a large enterorecirculation of amino acids
between the body and intestine. Our study shows that the dietary
protein source of amino acids is negligible when compared with
this recirculation of amino acids. Based on this theory, it would be
possible to administer, orally, artificial cells containing one specific
enzyme (e.g. phenylalanine ammonia lyase) to lower one specific
amino acid (phenylalanine). PAL artificial cells given orally to PKU
rats is more effective than a phenylalanine-free diet in lowering the
level phenylalanine in the intestine, plasma and cerebrospinal fluid.
Whereas PKU rats on PHE-free diet lost weight, those on oral PAL
artificial cells continued to grow and gained weight during the study.
The following sections describe the above studies in detail.
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6.10. Research Leading to Proposal of
Enterorecirculation of Amino Acids

Classical theory of the main source of amino acids in
the intestinal lumen

It is commonly thought that the tryptic digestion of proteins from
ingested food constitutes the major source of amino acids in the
intestinal lumen.These intestinal amino acids are then absorbed as they
pass through the intestinal tract. The pancreatic and other glandular
secretions are mainly to function in supplying the required digestive
enzymes. The contributions of these secretions as a source of intestinal
amino acids are not usually thought to be of major significance.

Research to test the classical theory

We give the animal nothing by mouth except sucrose and water
ad libitum for 24 h. If dietary protein is indeed the major source of
intestinal amino acids, then there should be a significant decrease in
the amino acids in the intestine compared to the control group on
standard diet.

Animals on 24 h of protein-free diet

Male Sprague Dawley rats (275–330 grams) were purchased from
Charles River Co., St. Constant, Quebec. For 24 h, the control groups
received Purina Rat Chow (Ralston Purina, Montreal, Quebec) plus tap
water ad libitum. The protein-free diet groups received a diet of sugar
cubes (Redpath Sugar Co., Montreal) and 10 g/dl glucose in tap water.
Both groups of rats stayed in metabolic cages to prevent their access
to the feces.

Results of study

Figure 6.10 shows the results obtained. In the duodenum there
is surprisingly no significant difference in the amount of amino
acids between the control group on normal diet and the group on
protein-free diet. The same results are observed for the jejunum
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and ileum. The concentration of amino acids decreases down the
intestinal tract as amino acids are absorbed. However, there is
no significant difference between the two groups throughout all
segments.

There is an extremely high concentration of intestinal amino acids
as compared to the plasma concentration — more than 1000-fold in
the duodenum. Since the main source of amino acids in the intestine
does not appear to be the proteins from ingested food, what then is
the source of the intestinal amino acids in the protein-free diet group,
and indeed in the normal control group?

Proposed theory of extensive enterorecirculation of
amino acids

I thought that based on the above results, the most likely major source
of intestinal amino acids could be the gastric, pancreatic, intestinal
and other intestinal secretions (Fig. 6.9). Tryptic digestion converts the
large amount of proteins, enzymes, polypeptides and peptides in the
secretions into amino acids. These amino acids are then reabsorbed
by the body as they pass through the intestine. Continuing pancreatic
and intestinal secretions into the intestine constitutes the source of
amino acids. This forms a large enterorecirculation of amino acids
between the body and intestine. Since the protein-free diet did not alter
the intestinal amino acid concentration, the dietary source of amino
acids was negligible when compared to that from the pancreatic and
intestinal secretions.

In enterorecirculation, the reabsorption of amino acids from
the intestine into the plasma could be based on standard amino
acid transport mechanisms. The transport of amino acids from
the gastrointestinal lumen into the plasma has been extensively
investigated (Stevens et al., 1984). Amino acids are generally
transported across membranes by passive or active carrier transport
mechanisms (Berteloot et al., 1982). Stevens et al., (1984) added to
this classification a non-saturable diffusion PHE transport system that
contributes significantly to the transport of phenylalanine in both the
brush border and the basolateral membranes.



April 13, 1995 10:56 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch06 FA

Use of Enzyme Artificial Cells for Genetic Enzyme Defects 151

Fig. 6.9. Upper: Most of amino acids in the intestine do not come from
ingested food. Lower: Enzymes, proteins and peptides in pancreatic and GI
secretions, are digested by tryptic enzymes in the intestine into amino acids
that are reabsorbed and converted by the liver into enzymes, proteins and
peptides that are again secreted into the intestine — enterorecirculation.
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6.11. Oral Enzyme Artificial Cells for Genetic Enzyme
Defects that Result in Elevated Systemic Amino
Acid Levels

As discussed above, very surprisingly and unexpectedly, our result
shows that the major source of amino acids in the intestine appears
to be the extensive enterorecirculation of amino acids. Immediately,
this raises the possibility of using this for selective depletion of specific
body amino acids. This is somewhat along the line of using binders
to remove the enterorecirculation of bile acid, thereby lowering the
systemic cholesterol level. However, unlike bile acid, there are 26
amino acids in the body and usually only one amino acid needs
to be selectively depleted. This is where the specificity of artificial
cells microencapsulated enzyme plays a part. Oral administration
of artificial cells containing one specific enzyme (e.g. phenylalanine
ammonia lyase) should be able to remove only one specific amino
acid (e.g. phenylalanine) (Fig. 6.9).

General design for study of use of oral PAL artificial cells in
PKU rats

In this study, we will determine whether oral PAL artificial cells can
deplete a specific amino acid, phenylalanine, from PKU rats.This study
will also serve as a further test of the enterorecirculation theory. This
study consists of the following groups: normal rats; PKU rats on normal
diet; PKU rats on high protein diet; PKU rats on PHE-free diet; and
PKU rats on normal diet treated with oral PAL artificial cells. If there is
extensive enterorecirculation, the intestinal PHE level should be about
the same as for the PKU rats on normal diet, PKU rats on high protein
diet and PKU rats on PHE-free diet. Furthermore, PKU rats on normal
diet treated with PAL artificial cells should have very low phenylalanine
in the intestine. In addition, if there is an extensive enterorecirculation
of amino acids, then the treatment using oral PAL artificial cells should
be more effective than that using PHE-free diet alone in lowering the
systemic PHE levels (Bourget and Chang, 1985, 1986). The results to
be discussed in detail later is summarized in Fig. 6.10.
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Fig. 6.10. Upper : Oral administration of enzyme artificial cells to remove
one specific amino acid. Lower (left column, day 1 and right column, day 7):
PHE: Phenylalanine levels; PKU phenylketonuria rats; HP high protein diet;
+ diet low PHE diet: PAL AC phenylalanine ammonia lyase artificial cells.
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Methods of preparation of catalase artificial cells and
experiment procedures

These are described in detail in Appendix II.

Phenylketonuria rat model

We used the rat model based on the administration of phenylalanine
hydroxylase inhibitors (Anderson & Guroff, 1974). Male Sprague
Dawley rats, 42-day-old, (Charles River, Canada) were used to prepare
the PKU rat model. The average weight of the 42-day-old rats was
150 g on day 1 of the experiment. They are kept in a controlled 12 h
light/dark environment with food and water ad libitum. The rats are
separated at random into five groups: 1) Normal rats receiving a normal
diet; 2) PKU rats receiving a normal diet; 3) PKU rats receiving a
high-protein diet; 4) PKU rats receiving a PHE-free diet (Zeigler Bros.,
Inc. (USA)) and 5) PKU rats receiving a normal diet plus oral PAL
artificial cells — dose of 0.8 ml containing 10 unit PAL/ml. These
artificial cells are prepared by the updated method described in the
Appendix under “Updated Methods for the Preparation of Artificial
Cells” using collodion membrane artificial cells. Phenylalanine was
obtained from the plasma, cerebral spinal fluid and intestines just
before PKU induction and 7 days after induction following the above
regimes. The samples were analyzed for amino acids using high
performance liquid chromatography.

Intestinal phenylalanine

The intestinal PHE concentrations in the normal rats receiving a normal
diet did not show any significant changes in the intestine from day 1
to day 7 (Fig. 6.10). In PKU-induced rats receiving a normal diet, there
were significant increases in the PHE concentrations (Fig. 6.10). What
is most striking is that even in the PKU-induced rats receiving PHE-free
diets, there were also significant increases in the PHE concentrations in
the duodenum, jejunum and ileum (Fig. 6.10). This is so even though
no PHE was given by the oral route. This serves to further support
the theory of enterorecirculation of amino acids from pancreatic
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and other glandular secretions. PKU-induced rats receiving a normal
diet and oral PAL artificial cells showed a dramatic decrease in the
intestinal PHE especially in the duodenum. This seems to show that
PAL artificial cells enzymatically degraded most of the PHE in the
intestine (Fig. 6.10). This lends further support to the proposal that PAL
artificial cells remove PHE from the enterorecirculation.

Plasma PHE levels in PKU rats

Normal rats receiving a normal diet showed no significant changes in
plasma PHE levels during the 7 days (Fig. 6.10). PKU rats receiving a
normal diet or high-protein diet showed an elevated PHE level which
is more than 10-fold compared to normal rats ( Fig. 6.10). By the 7th
day, the plasma levels of PKU rats receiving PHE-free diet was still
significantly higher than those at the normal control rats (Fig. 6.10). On
the other hand, by the 7th day, the plasma PHE levels in PAL artificial
cells-treated PKU rats were not significantly different from those of the
normal control rats (Fig. 6.10).

CSF cerebrospinal fluid in PKU rats

The normal rats showed no significant changes in the CSF PHE level
from day 1 to day 7 (Fig. 6.10). The PKU rats on normal diet or
high-protein diet showed a significantly elevated level of CSF PHE
(Fig. 6.10). On day 7, PKU rats receiving PHE-free diet showed a
significantly higher level of CSF PHE when compared to day 1 or the
control (Fig. 10). However, the level is significantly lower than that in
the PKU rats receiving a normal diet or high-protein diet. With PAL
artificial cells given to PKU rats on normal diet, the PHE levels in
the CSF were not significantly different from those of the normal rats
(Fig. 6.10).

Growth as shown by body weight changes

Normal rats receiving a normal diet grew normally as shown by
a significant increase of body weight after 7 days (Fig. 6.11). PKU
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Fig. 6.11. Effects on the growth of rats followed for 7 days. From left to right:
(1) normal rats; (2) PKU (phenylketonuria) rats on normal diet; (3) PKU rats
on (HP) high-protein diet; (4) PKU rats on low PHE diet (diet); and (5) PKU
rats receiving (PAL AC) phenylalanine ammonia lyase artificial cells.

rats receiving a normal diet or high-protein diet showed a significant
decrease in body weight. Furthermore, there was a decrease in muscle
tone over the same period of time. PKU rats receiving a PHE-free diet
lost significantly more weight than PKU rats on normal diet. They also
showed a loss of muscle tone. PKU rats on a normal diet treated
with oral PAL artificial cells had a small but significant increase in
body weight. Abnormal signs such as piloerection, aggression and
hyperactivity, observed in PKU-induced rats, were no longer present
after 5 days of treatment with PAL artificial cells.

We then looked at the daily changes in body weight, comparing
normal rats, with PKU rats on PHE-free diet and PKU rats receiving
different amounts of PAL artificial cells.

As shown in Fig. 6.12, normal rats receiving a normal diet showed
a steady and significant increase in body weight throughout the 7-day
period. PKU rats receiving a normal diet but no PAL artificial cells,
showed a significant decrease in body weight, and in addition, a
decrease in muscle tone over the same period. PKU rats on a normal
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Fig. 6.12. Growth of PKU rats receiving different amounts of PAL artificial
cells compared to normal rats. (modified from Bourget and Chang, 1986).

diet treated with 5 units of oral PAL artificial cells lost weight initially.
However, they started to gain weight in the next 4 days at the same rate
as the normal control rats. This corresponded to the time it took for the
elevated plasma PHE level to return to normal. Abnormal signs such as
piloerection, aggression and hyperactivity, observed in PKU-induced
rats, were no longer present after 5 days of treatment with PAL artificial
cells. PKU rats on a normal diet receiving lower doses (1.0 or 2.5 units)
of PAL in artificial cells lost weight at the same rate as the PKU rats on
a normal diet. Those receiving 2.5 units was only slight better off.

Congenital PKU mice model

We tried to use a congenital mouse PKU model (Shedlovsky et al.,
1993) for the above studies. However, the small size of the very young
mice and the tendency for “hairy balls” to accumulate in the stomach
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of these mice, has made it difficult in our hands for the long term daily
gastric tube administration of 50 µ PAL artificial cells. XOD artificial
cells also tended to jam the very small diameter gastric tubes used for
oral administration.

Summary discussion

The above results contribute to the scientific basis for the potential
therapeutic uses of PAL artificial cells in PKU, and also serve to
compare the use of PAL artificial cells with a PHE-free diet. PAL in
artificial cells acts on PHE diffusing into the artificial cells and convert
the substrate into transcinnamic acid. Transcinnamic acid is not toxic
and is converted to hippuric acid by the liver and excreted in the
urine. The artificial cells carry out their function as they move down
the intestinal lumen and finally leave the body in the feces. There is,
therefore, no accumulation of artificial cells in the body. However, it is
important to administer enzyme artificial cells together with a buffer to
protect them during their passage through the highly acidic stomach.
At a pH of 3.5 or lower, there will be breakage of the membranes of
the artificial cells.

The safety of oral administration of enzyme artificial cells has been
shown. Thus, we have given oral artificial cells containing xanthine
oxidase to lower the systemic hypoxanthine in experimental therapy in
Lesch-Nyhan disease (Chang, 1989a; Palmer & Chang, 1989). Artificial
cells containing urease and ammonium adsorbent have also been
given to animals (Chang, 1972a) and patients in clinical trials with
no adverse effect reported (Kjellstrand, 1981).

Before using this in human phenylketonuria, a key challenge has
to be solved — phenylalanine ammonia lyase is extremely expensive.
There are two groups developing recombinant phenylalanine ammonia
lyase that is less costly (Sarkissian et al., 1999; Liu et al., 2002).

Oral enzyme artificial cells to deplete
other amino acids

The proposal of oral enzyme artificial cells based on the new finding
of enterorecirculation of amino acids could also be studied for
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other genetic enzyme defects. These include the removal of tyrosine
in tyrosinemia, histidine in histidinemia, and others. In addition,
the basic results obtained here can be useful for analyzing the
feasibility for use in other conditions. One example is the use of
oral administration of artificial cells containing asparaginase to lower
asparagine in leukemia. Asparaginase is used as an adjunct treatment
in chemotherapy, but it has side effects when injected intravenously
on a repeated basis. Oral use of asparaginase artificial cells if effective,
would avoid the adverse effects related to intravenous injection.
Removal of glutamine is another example. The use of oral tyrosinase
artificial cells can effectively lower the systemic tyrosinase level.
As described in the next chapter, we are studying this for potential
application in melanoma, a skin cancer that depends on tyrosine for
growth.
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CHAPTER 7

Enzyme Artificial Cells in
Substrate-dependent Tumors and
Activation of Prodrug

7.1. Introduction

Our basic laboratory research described in Chapter 6, shows that
after parenteral injection, enzymes in artificial cells can carry out its
function for a much longer period of time when compared with free
enzymes. Furthermore, enzyme artificial cells can effectively lower
systemic amino acids and other unwanted molecules and at the same
time prevent the enclosed enzymes from giving rise to immunological
reactions. This principle can also be applied to the use of enzyme
artificial cells in substrate-dependent tumors and also for activation
of prodrugs (Fig. 7.1A). The first study carried out was on the effect
of parenteral injection of asparaginase artificial cells on 6C3HED
lymphosarcoma in mice (Chang, 1971a).The promising result obtained
from this study has led to further detailed studies in this laboratory
followed by development of this principle by other laboratories in the
form of different configurations of the artificial cell idea (Fig. 7.1B).
One successful extension is the use of a polymer, polyethylene glycol,
to surround a single asparaginase molecule, PEG-asparaginase, to
prolong in vivo action and prevent immunological problems (Park
et al., 1981). Different configurations of enzyme artificial cells have
also been investigated for tyrosine-dependent melanoma (Yu and
Chang, 2004) and for the activation of a prodrug into its active form
for pancreatic CA (Lorh et al., 2001).

160
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Fig. 7.1. (A) Basic principle of enzyme artificial cells in experimental tumor
therapy.

7.2. Asparaginase in Lymphosarcoma and
Lymphoblastic Leukemia

Guinea pig serum suppresses the growth of mice lymphosarcoma
(Kidd, 1953) because its asparaginase can deplete the supply of
asparagine to asparagine-dependent tumors (Broome, 1961). As-
paraginase can be more readily obtained from the bacteria Escherichia
coli or Erwinia for use in large-scale studies (Mashburn and Wriston,
1964). Early studies (Broome, 1968; Adamson and Fabro, 1968;
Haskell et al., 1969; Whitecar et al., 1970) show that parenterally
injected E. coli asparaginase is removed rapidly as a foreign protein and
the antitumor activity of asparaginase is related to the time it can stay in
the circulation. More recent studies show that asparaginase is effective
in the treatment of some types of leukemia by removing systemic
asparagine (Hawkin et al., 2004). However, being a foreign protein,
there are frequent allergic and immunological reactions involved.
These problems severely limit the usefulness of asparaginase even
though asparaginase therapy can be an important component in the
treatment of children with acute lymphoblastic leukemia (Hawkin
et al., 2004).
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Fig. 7.1. (B) After the demonstration of effectiveness of asparaginase artificial
cells in a mice model of lymphosarcoma (Chang, 1971a), different extension
of this principle have been developed.

7.3. Asparaginase Artificial Cells for Lymphosarcoma

Asparaginase artificial cells on 6C3HED lymphosarcoma
in mice (Fig. 7.2A)

In the in vivo experiments (Chang, 1971a), each mouse received a
subcutaneous injection of 500,000 6C3HED lymphosarcoma cells
in the groin. Immediately after implantation, each mouse was given
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Fig. 7.2. (A) Top: Basic principle of the use of artificial cells to prevent
immunological and hypersensitive reactions and at the same time remove
asparaginase needed by the tumor.
Lower: Appearance of asparaginase artificial cells recovered at different times
after intraperitoneal injection.

one of the following intraperitoneal injections: 0.05 ml/g body weight
of saline; 0.05 ml/g of a 50% suspension of control artificial cells
containing no asparaginase; 0.05 ml/g of a solution containing 3.5
IU of asparaginase; or 0.05 ml/g of a 50% suspension of artificial cells
containing 3.5 IU of asparaginase. Figure 7.2B shows the time when the
tumors first appeared.The time when the tumor first appeared was 9.0+
0.9 days (mean ± SD) for those which had received saline injections;
8.7 + 1.6 days for those which had received control artificial cells
injections; and 14.0 + 4.5 days for those which had received a single
intraperitoneal injection of asparaginase solution. In the group that
had received a single intraperitoneal injection of asparaginase-loaded
artificial cells, no tumor appeared in 50 percent of the implanted sites
after 120 days. Thus, when compared with the asparaginase solution,
the microencapsulated form was much more effective in suppressing
the growth of implanted mouse lymphosarcoma (Fig. 7.2B). This
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Fig. 7.2. (B) Effects of one intraperitoneal injection on the first appearance
of lymphosarcoma in (i) saline: control group receiving saline; (ii) control
AC: control group receiving artificial cells containing no asparaginase;
(iii) asparaginase soln: group receiving asparaginase solution;
(iv) asparaginase AC: group receiving asparaginase artificial cells. (Graph
prepared from results in Chang 1971a, Nature.)

promising preliminary result led to further detailed research as des-
cribed below.

Effects on plasma asparagine level

Four groups of mice were used (Chang, 1973). Each mouse in
the two control groups received either an intraperitoneal injection
of 1 ml of saline or 1ml suspension of control artificial cells
containing no asparaginase. Each mouse in the third group received
an intraperitoneal injection of 1 ml of saline containing 5 IU
of asparaginase. Each mouse in the fourth group received an
intraperitoneal injection of asparaginase artificial cells with an assayed
activity of 5 IU. Figure 7.3 shows that intraperitoneal injection of
control saline and control artificial cells did not significantly change
the plasma asparagines levels. A single intraperitoneal injection of
5 IU of asparaginase in saline caused a lowering of the plasma
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Fig. 7.3. Effects on plasma tyrosine level from one intraperitoneal injection
of (a) saline: control group receiving saline; (b) control AC: control group
receiving artificial cells containing no asparaginase; (c) asparaginase soln:
group receiving asparaginase solution; or (d) asparaginase AC: group
receiving asparaginase artificial cells. (From Chang, 1973.)

asparagines level to zero and maintained it at zero for 3 days, after
which the plasma asparagines returned to the pre-injection level. The
same assayed amount of asparaginase in artificial cells retained a zero
plasma asparagine level for up to 7 days, the level returning to normal
only after 11 days (Chang, 1973).

Asparaginase activities in the body

Each mouse in the two control group received an intraperitoneal
injection of 1 ml saline or 1 ml 50% suspension of control artificial
cells containing no asparaginase. The third group each received
0.5 IU/g body weight of asparaginase solution. The fourth group
each received artificial cells containing asparaginase (0.5 IU/g body
weight). Total body asparaginase were measured at the time intervals
shown in Fig. 7.4 for a total of 16 days (Sui-chong and Chang,
1974). As shown in Fig. 7.4, there were no significant detectable
asparaginase in the two control groups. In those groups that received
one intraperitoneal injection of asparaginase solution, the total
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Fig. 7.4. Effects on total body asparaginase levels from one intraperitoneal
injection of (a) control AC: control group receiving artificial cells containing
no asparaginase; (b) asparaginase soln: group receiving asparaginase
solution; or (c) asparaginase AC: group receiving asparaginase artificial cells.
(From Sui-Chong and Chang, 1974.)

body enzyme activity decreased to less that 50% by 4 h and
became undetectable 16 h after injection. On the other hand, in
those mice receiving one intraperitoneal injection of asparaginase
artificial cells, it took 60 to 72 h for the asparaginase activity
to decrease to 50% of the initial acitivity. By 16 days, 20%
of the asparaginase activity can still be found (Siu and Chang, 1974).
Thus, the use of asparaginase artificial cells can very significantly
increase the duration of asparaginase activity in the body after one
parenteral injection.

Asparaginase does not leak out of artificial cells
after injection

In order to avoid hypersensitivity and immunological reactions, the
asparaginase should, after injection, stay inside the artificial cell to
act on asparagines diffusing into the artificial cells. Our study shows
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that there was no detectable asparaginase leakage from the artificial
cells into the plasma for the entire 16 days period of this study (Sui-
chong and Chang, 1974). Thus, no detectable asparaginase leaked out
of the artificial cells into the circulating blood. On the other hand, after
intraperitoneal injected of asparaginase solution, the enzyme rapidly
leaked out of the implanted site into the plasma, reaching a peak after
4 h. It was then cleared rapidly from the circulation.

Further studies shows that after intraperitoneal injection, artificial
cells could be found intact and dispersed in the peritoneal cavity after
1, 2 and 3 days. On the 6th day, they still remained intact and dispersed,
but tended to form small aggregates (Fig. 7.2A). In separate experiment
using 80 µm mean diameter nylon, artificial cells containing 51Cr-
labelled hemoglobin were injected intraperitoneally. After the first
week, the artificial cells were well dispersed over the whole peritoneal
cavity. After the second week, they were found in larger numbers in the
upper parts of the peritoneal cavities. No significant radioactivity was
detected in the lung, liver, spleen, lymph nodes, blood or particle- free
peritoneal washings. Recovered radioactivity was associated with the
artificial cells in the peritoneal cavity for 4 weeks and the 51Cr-labelled
hemoglobin did not leak out of the artificial cells. These results further
support the observation that after parenteral injection, asparaginase
remained inside the artificial cells and continue to act on asparagine
diffusing into the cells. In the case of free asparaginase, it enters the
circulation and is rapidly removed as foreign proteins.

Discussions

The above results explain why one intraperitoneal injection of as-
paraginase artificial cells is effective in significantly delaying the
growth of lymphosarcoma when compared with one intraperitoneal
injection of asparaginase solution (Fig. 7.2B). Thus, asparaginase
inside artificial cells remained active in the body for a much longer
length of time when compared with the asparaginase solution.
Furthermore, one intraperitoneal injection of asparaginase artificial
cells can maintain a low system asparagine level for a significantly
longer period of time when compared with the enzyme in free solution.
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What is perhaps even more important is that, unlike asparaginase
solution, asparaginase inside artificial cells does not leak out into
the circulation after injection. This would avoid the hypersensitivity
and immunological problem related to asparaginase solution. Indeed,
the basic study carried out using catalase artificial cells described in
Chapter 6, shows that an enzyme inside artificial cells is prevented
from causing immunological reactions after injection. Thus, our
research supports the feasibility of using the principle of artificial cells
to prevent problems related to the use of free asparaginase. This has
led to further development to extend this approach.

7.4. Crosslinking Asparaginase to Hemoglobin
(PolyHb-Asparaginase)

Our study shows that we can increase the enzyme stability of urease,
catalase and asparaginase by crosslinking them with an excess of
hemoglobin molecules (Chang, 1971b).We carried out, further, a study
on the effect of crosslinking asparaginase into polyHb-asparaginase
(Chang, 1973d) (Fig. 7.5A). This way, asparaginase is surrounded by
an excess of hemoglobin molecules, thus preventing the enzyme from
interacting with the external environment. At the same time, small
molecules like asparagine can diffuse into the enzyme for conversion.
Crosslinking to macromolecules also stabilizes the conformation of
asparaginase. When kept at a body temperature of 37◦C, PolyHb-
asparaginase inside artificial cells retained 25% of the initial activity
after 110 days (Fig. 7.5B). On the otherhand, without crosslinking,
asparaginase with hemoglobin inside artificial cells retained 25%
of the initial asparaginase activity after less than 15 days at 37◦C
(Fig. 7.5B). Both are stable at a storage temperature of 4◦C for 110
days without significant loss of enzyme activity (Chang, 1973d). The
in vitro stability of asparaginase artificial cells at 37◦C is comparable
to the that after injection into the animal (Fig. 7.4). The much higher
stability of asparaginase crosslinked to hemoglobin in the form of
polyHb-asparaginase (Fig. 7.5A) should allow for a significantly longer
period of action after one injection.
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NANO POLYHB-ASPARAGINASE IN AC
(Chang, 1971a)
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Fig. 7.5. (A) Schematic representation: glutaraldehyde crosslinking asparagi-
nase with an excess of hemoglobin molecule to form polyHb-asparaginase
inside artificial cells. Each molecule of asparaginase thus stabilizes and
separates the enzyme from the external large molecules while allowing
asparagine to enter for conversion.

Fig. 7.5. (B) Comparison of the stability of asparaginase stored at body
temperature of 37◦C: S37 — asparaginase in solution; M37 — asparaginase
inside artificial cells; MG37 — polyHb-asparaginase.
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7.5. Crosslinking of Asparaginase to Polymer
(Polyethylene Glycol — PEG)

The research discussed above showing the use of artificial cells to
prevent immunological reactions and to increase the duration of
enzyme activity, was based on artificial cells of micron diameter
(Chang, 1971a). This is achieved by using interfacial polymerization
to form an ultrathin polymer membrane in the form of artificial cells
containing enzymes, including asparaginase. A further extension of
this method, as discussed in Section 7.5, is to crosslink hemoglobin
to asparaginase to form polyHb-asparaginase, resulting in a marked
increase in stability at body temperature (Chang, 1973d). Instead of
crosslinking asparaginase with Hb, a further extension is to crosslink
asparaginase with a soluble polymer, polyethylene glycol (PEG-
asparaginase) (Park, et al., 1981; Abuchowski et al., 1984; Asselin
et al., 1993, Duncan, 2003) (Figs. 7.1B, 7.6). This also uses the
principle of artificial cells (Fig. 7.1A) in that the surrounding polymer
molecules prevents the direct contact of the enzyme with the external

Asparaginase
molecule

asparagine product

Polyethylene glycol copolymer

Antibody

NANO PEG-ASPARAGINASE

Fig. 7.6. Instead of using hemoglobin to crosslink with asparaginase
to form PolyHb-asparaginase, an extension is to use synthetic polymer,
polyethylene glycol (PEG), to form PEG-asparaginase (Park et al., 1981). The
surrounding PEG similarly stabilize and separate asparaginase from external
large molecules while allowing asparaginase to enter for conversion.
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environment, thus preventing immunological reactions and at the
same time rapid removal of asparagine is achieved (Figs. 7.1A,
7.6). Substrates like asparagine, can diffuse through the surrounding
polymer to interact with the enzyme (Fig. 7.1A, 7.6)

Studies show that PEG-asparaginase indeed has reduced im-
munogenicity as well as a 5-fold increase in half-life when compared
with native E. coli asparaginase (Park et al., 1981; Abuchowski
et al.,1984; Asselin et al., 1993). A randomized clinical study was
carried out in children with untreated acute lymphoblastic leukemia
comparing the native asparaginase from E. coli to PEG-asparaginase
(Avramis et al., 2002). When compared with the native asparaginase,
PEG-asparaginase has a longer duration of in vivo enzyme activity
and also a lower incidence of high titer antibodies to asparaginase.
In children with relapsed acute lymphoblastic leukemia, weekly PEG-
asparaginase injection resulted in a higher remission induction rate
of 97% as compared to 82% with biweekly injection of native
asparaginase (Abshire et al., 2000). With the longer duration of action,
fortnightly injection of PEG-asparaginase is as effective as injection
2–3 times/week of native asparaginase (Duncan 2003; Harris and
Chess, 2003).

Hawkins et al. (2004), reported their study on the combined
use of PEG-asparaginase with chemotherapy for relapsed pediatric
acute lymphoblastic leukemia. This includes 28 pediatric patients
with relapsed medullary (n = 16) and extramedullary (n = 11)
acute lymphoblastic leukemia. Patients received induction therapy that
included PEG-asparaginase (2500 IU/m2 intramuscularly, weekly) and
intensification therapy that included PEG-asparaginase (2500 IU/m2

intramuscularly, once on day 7). Serum and CSF asparagine levels
were lowered and maintained during this period in the majority of
samples. PEG-asparaginase antibody was detected in only three of the
28 patients. Of the 28 patients, 24 showed remissions; two patients
died from infection during induction, and two failed to achieve a
remission. They concluded that intensive PEG-asparaginase therapy
in relapsed acute lymphoblastic leukemia results in lowering of the
asparagine, and the use of PEG-asparaginase in further trials for
recurrent acute lymphoblastic leukemia is warranted.
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7.6. PolyHb-Tyrosinase Artificial Cells for Melanoma

Introduction

Melanoma, a fatal skin cancer, is a common tumor which accounts
for 10% of all malignancies. The incidence of melanoma has risen
dramatically in the last century, doubling every 10 years in many
countries. The incidence is now approximately 10 per 100,000 per
annum in Europe, giving an approximate lifetime risk of 1 in 200
(Katsambas, Nicolaidou, 1996). Melanoma is most commonly found
on the skin, with 10% in the eyes. At least 20% of people diagnosed
with melanoma progress to advanced disease and die within five years
of diagnosis (Borden, 2002). At present, despite the use of adjuvant
therapy, chemotherapy, immunotherapy and radiation therapy, the
median survival of patients with metastatic melanoma is about six
months.

Tyrosine is important in the metabolic cycle of melanoma and
malignant melanomas require higher concentrations of tyrosine than
other cells for growth. Research, especially those from Meadows’
group, has shown from in animal studies, that lowering of systemic
tyrosine using tyrosine and phenylalanine restricted diet can inhibit
the growth of melanoma in vitro and in vivo (Meadow and Oeser, 1983;
Fu et al., 1997). However, low tyrosine diets are not well tolerated by
human, resulting in weight loss and other adverse effects in patients
(Meadow et al., 1982). Furthermore, restricted diet can only lower the
systemic tyrosine level to about 67% of the normal levels (Meadow
et al., 1982).

Polyhemoglobin-tyrosinase for melanoma

We therefore introduce a new approach to chemically crosslinking
tyrosinase with an excess of hemoglobin to form a soluble
polyhemoglobin-tyrosinase (PolyHb-tyrosinase) complex (Figs. 7.1B,
7.7A). This is similar to the PolyHb-asparaginase as described in
Section 7.5.

PolyHb-tyrosinase carries out two functions: 1) Tyrosinase can
remove tyrosine needed for growth by melanoma. With a molar
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Fig. 7.7. (A) Melanoma needs a higher concentration of tyrosine for growth.
Similar to PolyHb-asparaginase, crosslinking of an excess of hemoglobin to
tyrosinase also stabilizes and separates the tyrosinase from the external large
molecules, while allowing tyrosine to enter for conversion.

ratio of 100 Hb: 2 tyorinase, tyrosinase is covered and protected by
the polyhemoglobin (PolyHb) from immunological and other adverse
effects and from rapid removal from the circulation after intravenous
injection; 2) The polyHb component can supply oxygen during the
period of action of tyroinase. It is well known that disturbances of
the microcirculations of tumor result in poor perfusion by red blood
cells and thus low oxygen tension (Fig. 7.7B). Adequate oxygen
tension is needed to facilitates radiation and chemotherapy, and
PolyHb by itself, has been shown to improve the effectiveness of
chemotherapy in animals with glioma (Pearce et al., 1998)(Fig. 7.7C).
Thus, the polyHb component of PolyHb-tyrosinase can supply the
needed oxygen. In the form of polyHb-tyrosinase, both components
circulate for the same length of time, thus complementing each other
(Fig. 7.7B).

Our study shows that intravenous injection of PolyHb-tyrosinase
retards the growth of melanoma in a mice model (Yu and Chang,
2004a). We inoculated B16F10 cells subcutaneously into mice and
when the tumor volume reaches an average of 125 mm3 on day 9,
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Fig. 7.7. (B) PolyHb-tyrosinase being a soluble macromolecule of
nanodimension, it can better perfuse the imperfect vasculature of tumor to
supply oxygen needed for chemotherapy and radiation therapy. At the same
time, the tyrosinase component can remove tyrosine needed by melanoma
for growth.

we started the following studies: 1) Sham control group receiving
no intravenous injections; 2) Saline control group receiving daily
intravenous injection of 0.1 ml saline; 3) Test group receiving 0.l ml
of PolyHb-tyrosinase solution. The end point of this study is based on
McGill Faculty of Medicine Animal Care Committee’s regulation that
tumor burden should not exceed 10% of the animal’s normal body
weight. Figure 7.7C shows that there is no significant difference in the
tumor size between the control group and the sham control group. On
the other hand, 4 days after the daily intravenous injection of PolyHb-
tyrosinase, the tumor volume is significantly lower than in the control
group (Figs. 7.7C and 7.8A). Six days after the daily intravenously
injection, the tumor volume in the PolyHb-tyrosinase group is only
53.49 ± 13.91% of that in the control group (Figs. 7.7C and 7.8A).
Nineteen days after the inoculation of B16F10 melanoma cells, the
tumor volume of the control group has reached the maximal of 10%
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Fig. 7.7. (C) Effects of daily intravenous injection of PolyHb-tyrosinase in
mice on tumor growth of B16F10 melanoma in mice. (i) sham control: no
intravenous injection; (ii) saline control: 0.1 ml intravenous saline daily; (iii)
PolyHb-tyrosinase group: 0.l ml intravenous PolyHb-tyrosinase daily. End
point of study is when tumor in any one group reaches 10% of normal body
weight All values are represented as mean ± SEM. (From Yu and Chang,
2004a).
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Fig. 7.8. (A) Analysis of effect of daily intravenous PolyHb-tyrosinase in test
group on tumor size, represented as % of the tumor size of the control group.
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Fig. 7.8. (B) Body weight of mice in Fig. 7.6C after tumor implantation
in: (i) sham control; (ii) control group (saline); and (iii) test group (PolyHb-
tyrosinase). (From Yu and Chang, 2004a.)

of body weight allowed by the Animal Care Committee and we have
to terminate the study. At this time, the tumor size in the test group
was only 45.28 ± 10.09% of the control group (Figs. 7.7C and 7.8A).
What is also very important is that there is no loss in body weight
(Fig. 7.8B). This shows that the use of polyHb-tyrosinase prevents the
major problem related to tyrosinase restricted diet that causes nausea,
vomiting and weight loss.

Studies on optimization, in vitro and in vivo
characterization

Before the above study in the melanoma mice model, we have
carried out detailed studies to characterize the in vitro and in vivo
properties of PolyHb-tyrosinase (Yu and Chang, 2002, 2004a, 2004c,
2004e and 2006). This includes optimization of the method of
preparation and in vitro and in vivo characterization of PolyHb-
tyrosinase (Yu and Chang, 2004e). These studies showed that PolyHb-
tyroinase can lower plasma tyrosinase in mice without causing
vomiting and weight loss. Furthermore, polyHb-tyroinase retains its
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ability to inhibit the growth of melanoma cell culture and retains its
ability to carry oxygen. This leads to the above study on the actual use
of this preparation in a melanoma mice model. After optimization and
in vitro and in vivo characterization of the preparation, we carried out
the following studies.

We carried out a study of the effects of intravenous injection of
PolyHb-tyrosinase in normal mice. Daily intravenous injection of
PolyHb-tyrosinase in the test group, reduces plasma tyrosine levels
rapidly to 0.19 ± 0.09 mg/dl on day 2, compared with 1.44 ± 0.16
mg/dl in the control group (Fig. 7.9A). This low level was maintained
by daily intravenous injection of polyHb-tyrosinase. Since one of
the adverse effects of the use of tyrosine restricted diet is nausea,
vomiting and weight loss, we observed the mice for the occurrence
of the side effect. Daily measurements of body weight showed no
difference between the control group and the test group receiving
daily intravenous injection. Furthermore, we have not observed any
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Fig. 7.9. PolyHb-tyrosinase fulfills the duo functions of removing tyrosine
and transporting oxygen. (A) Effects of i.v. injection of PolyHb-tyrosinase into
normal mice: Plasma tyrosine concentration (mg/dl) after daily i.v. injection of
0.1ml saline (control group: 5 mice) and 0.1 ml PolyHb-tyrosinase (test group:
5 mice), as compared with control group. (From Yu and Chang, 2004a.)
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Fig. 7.9. (B) After crosslinking with tyrosinase, the hemoglobin component
of polyHb-tyrosinase continues to maintain its ability to bind and release
oxygen.

vomiting in these mice. The PolyHb component of PolyHb-tyrosinase
also retained its ability to carry and release oxygen when as compared
to hemoglobin (Fig. 7.9B).

Next, we analyzed the effects of PolyHb-tyrosinase on the growth
of melanoma cell culture. We cultured B16F10 melanoma cells in
DMEM and added one of the following four solutions to the culture
medium: 1) saline solution (0.9 g/dl NaCl); 2) free tyrosinase solution;
3) PolyHb solution; and 4) PolyHb-tyrosinase solution. Figure 7.9B
shows that PolyHb by itself does not have any effects on the growth
of the B16F10 cells as compared to saline. When compared to native
tyrosinase, PolyHb-tyrosinase retains its ability to inhibit the growth of
B16F10 melanoma cells in vitro.

Summary

In summary, PolyHb-tyrosinase can retard the growth of melanoma
in mice without having the adverse effects of weight loss from the
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Fig. 7.10. in vitro growth curves of B16F10 cell lines after the addition
of saline, PolyHb, free tyrosinase or PolyHb-tyrosinase to the medium.
Results shown are the mean ± SD of three separate experiments. *Statistical
significance P < 0.05 compared with saline and PolyHb. (From Yu and
Chang, 2004a.)

tyrosine restricted diet. Furthermore, Polyhb-tyrosinase can lower the
plasma tyrosine level to 15% of the original level as compared to
67% for tyrosine restricted diet. These results encourage further studies
to further optimization and to investigate the combined use of this
approach with other methods like radiation and chemotherapy for
treating malignant melanoma.

7.7. Tyrosinase Artificial Cells by Oral Route

Introduction

As described in Chapter 6, our earlier basic research showed that
there is an extensive enterorecirculation of amino acids between
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the intestine and the body (Fig. 6.9). This allows us to use oral
administration of enzyme artificial cells to effectively lower the amount
of a specific amino acid, phenylalanine, in a phenylketonuria rat
model. The amount of any specific amino acid in the body can be
by selecting artificial cells with the corresponding enzyme (Fig. 6.9).
Furthermore, our earlier preliminary results showed that oral tyrosinase
artificial cells can lower the level of tyrosine in the small intestine,
ileum (Chang et al., 1988/1989). We therefore investigated the use of
artificial cells containing tyrosinase for the removal of systemic tyrosine
(Yu and Chang, 2004b) (Fig. 7.11A).

Effects of Long-term Oral Administration of Polymeric
Microcapsules Containing Tyrosinase on Maintaining
Decreased Systemic Tyrosine Levels in Rats

The concentration of tyrosine in plasma, as for all other amino acids,
tends to fluctuate even though the time of feeding and blood collection

Fig. 7.11. Oral administration of micron-dimension tyrosinase artificial cells
for the removal of tyrosine. (A) Schematic representation of the removal of
tyrosine from the enterorecirculation, thus lowering the system tyrosine level.
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Fig. 7.11. (B) Tyrosine in the small intestine, ileum, is significantly lowered.
Plasma tyrosine is also lowered, but because of the large intracellular pool
of tyrosine, it takes time for the plasma tyrosine level to decrease. Unlike the
use of tyrosine restricted diet, this approach does not result in weight loss
since there is no significant differences between the animals’ weight in the
control and the group receiving asparaginase artificial cells.

are the same.This fluctuation is a normal phenomenon in all rat studies.
Thus, we take the tyrosine level in the control group as 100%; the
other data are expressed as a percentage of the original activity. Each
group received 3 times daily either control artificial cells containing
no tyrosinase (control group) or tyrosinase artificial cells (test group).
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Both groups of rats were maintained on a regular rat chow. In the
test group, there was a slow decrease of plasma tyrosine level in
the first 3 days, because of the time taken for the large intracellular
pool of tyrosine to equilibrate with the extracellular pool. On day 4
there was a significant decrease in tyrosine level in the test group to
68.8%. By days 18 and 22, the systemic tyrosine levels decreased to
56.8% and 52.6%, respectively. Our result showed that three times
daily oral administration can lower the tyrosine concentration in a
rat’s plasma, starting from day 4 to a level that, based on Meadow
et al. ’s (1982) tyrosine restricted diet study, would retard the growth of
melanoma. However, unlike the group on the tyrosine restricted diet,
the test group on oral treatment did not lose any weight. Instead, they
gained weight with a weight gain curve identical to that of the control
group (Fig. 7.11B). No abnormal effect or behavior was observed in
both groups. In a separate set of study using one dose daily, there was
no significant decrease in tyrosine level. With two doses daily, it took
14 days for the plasma tyrosine level to fall to 69.9%, and reaching
55.8% only by the 21st day. Thus, it would appear that three doses
daily would be more effective. If it is important to lower the plasma
tyrosine level more quickly to a lower level, one can start with one
or two intravenous injection of PolyHb-tyrosinase, to be followed by
three doses daily of oral tyrosinase artificial cells. This has been tested
(Fig. 7.12) and the plasma tyrosine level is shown to be rapidly lowered
after 1 day. It may be necessary to give another intravenous injection
of PolyHb-tyrosinase on day 2, since the plasma tyrosine level rises on
day 3 (Fig. 7.12).

Enzyme kinetics

Before carrying out the above study, we have carried out a number
of optimization and characterization studies (Yu and Chang, 2004b).
This includes analysis of the enzyme kinetics showing the following.
For free tyrosinase, Vmax is 49.02 ± 7.35 mg/dl.min and Km is 4.65 ×
10−4 M. For tyrosinase artificial cells, apparent Vmax is 114.94 ±
2.01 mg/dl.min and apparent Km is 4.65 × 10−4 M. Since tyrosinase
artificial cells are to be given orally, we also studied the effects of pH on
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Fig. 7.12. In order to increase the rate of decrease of tyrosine, 1 or 2
intravenous PolyHb-tyrosinase can be given at the beginning followed by
oral asparaginase artificial cells to maintain a low asparagine level.

enzyme kinetics and the stability of the enzyme. Figure 7.13A shows
that both the free enzyme, and tyrosinase artificial cells have similar
enzyme activity at pH of 6 and 7. However, at lower or higher pH,
tyrosinase artificial cells have a higher enzyme activity. This is because
artificial cells contain a high concentration of hemoglobin (10g dl) that
acts as a buffer and the internal pH is different from the external pH.
Figure 7.13B shows the stability of tyrosinase in artificial cells after
incubation for 1 h at 37◦C. Despite the high concentration of Hb, at
pH 2 and 4, there is a significant decrease in enzyme activity after 1
h at the body temperature of 37◦C. As a result, for oral administration,
we have to include a buffer in the suspending medium of tyrosinase
artificial cells.

We have also analyzed the ability of the tyrosinase artificial cells
to lower the tyrosine level in intestinal juice before using the artificial
cells for the study on oral administration. Tyrosinase artificial cells
are incubated at 37◦C in a shaker with fresh intestinal juice obtained
from anesthetized rat. Figure 7.14 shows that in both the groups,
there is an initial decrease in tyrosine level due to the dilution of the
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Fig. 7.13. (A) In vivo characterization of asparaginase artificial cells. pH
kinetic of tyrosinase and tyrosinase artificial cells.
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Fig. 7.13. (B) Tyrosinase stability when stored at different pHs for 1 h at
37◦C.

intestinal juice by the artificial cell suspension. In the case of control
artificial cells containing no tyrosinase, the tyrosine level decreased
by about 50% from the initial level of 177.58 ± 29.92 mg/dl. This
increased to 219.76 ± 15.21 mg/dl at 33 min. As discussed under
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Fig. 7.14. Tyrosinase artificial cells and control artificial cells containing no
tyrosinase are each suspended in fresh intestinal juice at 37◦C. The initial
decrease in tyrosine is due to the dilution effect of adding the suspensions.
After this, tyrosine in the control group keeps increasing as protein in the
intestine is digested by the intestinal tryptic enzyme. However, tyrosinase
artificial cells lowers and maintains a low tyrosine level.

enterorecirculation in Chapter 6 (Fig. 6.1), glandular and intestinal
secretions result in intestinal juice containing high concentrations
of proteins, enzymes, polypeptides and peptides. Intestinal tryptic
enzymes break these down into amino acids including tyrosine, thus,
the increase in tyrosine level. For the tyrosinase artificial cell group,
the tyrosine concentration in the intestinal fluid fell from the original
concentration of 200.25 ± 10.16 mg/dl to 73.34 ± 14.72 mg/dl at 33
min. We used this in vitro model to analyze the optimal dose needed
and arrived at the final dose for the study in rats described earlier.

7.8. Discussions on PolyHb-Tyrosinase and Tyrosinase
Artificial Cells

Meadow’s group show that tyrosine and phenylalanine restricted diets
reduce the growth of melanoma and increase the survival of B16
melanoma-bearing mice (Meadow and Oeser, 1983; Fu et al., 1997).
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One of the main problems with these low amino acids diets is that
they cause nausea, vomiting and malnutrition as well as weight loss in
the severely ill patients. We showed that daily intravenous injection
of PolyHb-tyrosinase can retard the growth of melanoma in mice
without having the adverse effects of vomiting and weight loss of
tyrosine restricted diet. Furthermore, the use of PolyHb-tyrosinase can
reduce the plasma asparagines level to 15% as compared with 62%
for tyrosine restricted diet.

To avoid the need for daily intravenous injections, we have also
studied the use of oral tyrosinase artificial cells. Oral administration
does not have an adverse effect on the growth and body weight of
the animal. It can effectively lower the systemic tyrosine in animals,
but takes a longer time to reach a low level. By first giving one or
two intravenous injections of nano PolyHb-tyrosinase artificial cells,
followed by daily oral tyrosinase artificial cells, the plasma tyrosine
level can be quickly lowered and maintained. These results encourage
further studies to achieve futher optimization and to investigate the
combined use of this approach with other methods like radiation and
chemotherapy for treating malignant melanoma.

The same adverse effects of nausea, vomiting and weight loss
are also encountered when using diet restriction in attempts to
lower the systemic tyrosine in hypertyrosinemia, an inborn error of
metabolism (Russo, Mitchell and Tanguay, 2001). Oral tyrosinase
artificial cells could be tested for the lowering of systemic tyrosine
in hypertyrosinemia.

7.9. Enzyme Artificial Cells for Activating Prodrugs

Introduction

Pancreatic carcinoma ranks fifth in cancer-related death (Günzburg
and Salmons, 2001). Few of these can be treated surgically,
furthermore, radiotherapy and chemotherapy are not effective.
Ifosfamide is converted by cytochrome P450 2B1 (CYP2B1) into
4-hydroxyifosfamide that becomes phosphoramide mustard and
acrolein that are potentially effective chemotherapeutic agents for
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Fig. 7.15. Artificial cells containing genetically modified cells expressing
PRO-DRUG-activating cytochrome P450 have been administered intra-
artierially to lodged in pancreatic carcinoma (Lorh et al., 2001). Here they
activate the prodrug ifosfamide into its active form locally, thus reducing
systemic toxicity.

pancreatic carcinoma. Unfortunately, they have a short plasma half-life
and the high dose of ifosfamide needed is not well tolerated (Günzburg
and Salmons, 2001). Artificial cells containing genetically modified
cells expressing PRO-DRUG-activating enzymes, such as cytochrome
P450, have been studied as a potential treatment for inoperable
pancreatic carcinoma in patients (Lorh et al., 2001) (Fig. 7.15). These
artificial cells are administered intra-arterially, to accumulate in the
pancreatic carcinoma, where they activate the prodrug, ifosfamide. As
a result, the local concentration of the activated ifosfamide is much
higher than in the rest of the body, thus reducing systemic toxicity and
increasing local efficacy.

Clinical trial results

Lohr et al. (2001) encapsulated human cells transfected with
a CYP2B1-expression contruct inside artificial cells to prevent
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immunorejection (Fig. 7.15). The prodrug, ifosfamide, can diffuse
rapidly into the artificial cells to be converted into the active form.
They carried out a phase I/II study in 14 patients with inoperable
pancreatic CA (stages III–IV 86% Stage IV). The typical dose they
gave was 250–300 artificial cells (cellulose sulphate membrane) with
a mean diameter of 0·8 mm. Each artificial cell contains 104 cells.
These are administered angiographically into one of the arteries that
supply the pancreatic CA. This is followed on the second day by low-
dose (1 g/m2 body surface) ifosfamide in 250 ml 0·9% sodium chloride
given on 3 consecutive days. This regimen is repeated on days 23–25.
In this way, the artificial cells are trapped in the tumor and can locally
activate ifosfamide to give a high local concentration of the activated
drug in the tumor. This method proves to be effective in treating the
tumor and the low dose of ifosfamide needed means that there is less
systemic toxic effect in the rest of the body. Follow-up angiography of
the tumor vessels after the infusion of the artificial cells showed no
or only minor changes and there was no arterial occlusion. Of the 12
patients who remained in the study, after 10 months two had more than
50% reduction in tumor volume and two had 25–50% reduction. The
tumor size of the other eight patients did not increase and remained
stable at 75–125% of the initial size. Median survival was doubled
in the treatment group as compared with historic controls, and one-
year survival rate was three times better. They concluded that further
studies of this approach combined with chemotherapy for inoperable
pancreatic cancer are warranted.

7.10. Materials and Methods

Asparaginase artificial cells

Nylon membrane artificial cells containing asparaginase were
prepared as follows: 1260 IU of the enzyme is dissolved in 1.5 ml
of a 10 gm% hemoglobin (hemoglobin substrate, Worthington Co.)
solution. To the 1.5 ml enzyme solution in a 100 ml beaker
is added an equal volume of a freshly prepared alkaline 1,6-
hexamethylenediamine solution (an aqueous solution containing
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4.4 gm% 1,6-hexamethylenediamine (Eastman), 1.6 gm% sodium
bicarbonate, and 6.6 gm% sodium carbonate). Immediately upon
mixing the two solutions in a 100 ml beaker, the subsequent steps
for the preparation of 80 µ mean diameter nylon artificial cells as
described in Appendix II are carried out. Only properly prepared
artificial cells which do not show any leakage of enzymes are used
in these experiments. Control artificial cells are prepared in exactly
the same way, except that asparaginase has not been added to the
hemoglobin solution.

Collodion membrane artificial cells containing asparaginase were
prepared as follows: 1260 units of the enzyme was dissolved in
3 ml of a 10 gm% hemoglobin (hemoglobin substrate, Worthington
Co.) solution. The remaining steps for the preparation of collodion
membrane artificial cells as described in Appendix II were carried out.

PolyHb-tyrosinase in melanoma

Preparation of PolyHb-tyrosinase

Purified bovine hemoglobin is purchased from Biopure Corporation
(Boston, MA, USA). Glutaraldehyde (25%) is obtained from
Polysciences (Warrington, PA, USA). L-lysine (monohydrochloride,
SigmaUltra > 99%), L-tyrosine (98% TLC), tyrosinase from mushroom
(EC 1.14.18.1, 3000 units/mg stated activity) are purchased
from Sigma-Aldrich (Ontario, Canada). All other reagents are of
analytical grade.

For the preparation of PolyHb-tyrosinase, reaction mixtures are
prepared containing hemoglobin (10 g/dl) and tyrosinase (6000 U/ml)
in 0.1 M potassium phosphate buffer, pH 7.6. To prepare PolyHb, an
equivalent volume of buffer is used instead of the enzyme. Prior to
the start of crosslinking, 1.3 M lysine is added at a molar ratio of 7:1
lysine/hemoglobin. Crosslinking reaction is started with the addition of
glutaraldehyde (5%) at molar ratio of 16:1 glutaraldehyde/hemoglobin.
Glutaraldehyde is added in four equal aliquots over a period of
15 min. After 3.5 to 48 h at 4◦C under aerobic conditions with
constant stirring, the reaction is stopped by adding 2.0 M lysine
at a molar ratio of 200:1 lysine/hemoglobin. The solutions are
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dialyzed in physiological saline solution and passed through sterile
0.45 µM filter. Aliquots (500 µl) of the 16:1 crosslinked preparation
are concentrated using 100 KD microconcentrators (Amicon, Beverly,
MA, USA). Samples are centrifuged at 2500 g for 55 min at 23◦C.Then,
the retentate is collected. Hemoglobin concentration is determined by
cyanomethemoglobin at 540 nm.

Determination of tyrosinase activity

Tyrosinase activity is assessed by measuring the formation of enzymatic
products at 300 nm. The adsorbance at 300 nm is monitored con-
tinuously for 8–14 min using a Perkin Elmer Lambda 4B
spectrophotometer, and changes in O.D./min are used to analyze the
activity of the enzyme.

Effects of intravenous injection of PolyHb-tyrosinase in rats

Fasted male Sprague-Dawley rats (245–260 g) are obtained from
Charles River Canada (St-Constant, Quebec, Canada). The animals are
anaesthetized with intraperitoneal injection of 65 mg/kg pentobarbital
(Somnotol, Decton Dickinson, NJ, USA). The rats’ body temperature is
maintained using a warming blanket. Incisions are carefully performed
in one side of the hindlimbs below the inguinal ligament, and the
femoral vessels are carefully isolated. Polyethylene cannulae are
inserted and secured distal to the superficial epigastric branches in the
femoral veins (PE-10, PE-50 Clay Adams). Proper vessel access is tested
with a small volume injection of heparinized saline (50 IU/ml). Blood
samples are taken from each group at the beginning, then the samples
are injected through the femoral vein. The femoral artery cannulae is
connected to the venous cannulae for blood to circulate thoroughly
for a short interval. Then blood samples are taken from the femoral
artery at different time intervals. The plasma in each blood sample is
separated from the blood and placed in a 1.5 ml plastic tube, then
stored at −80◦C until analyzed. The tyrosine concentration in plasma
is analyzed by fluorometric method using Perkin Elmer Luminescence
Spectrometer LS50B.
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B16-F10 melanoma cells and culture conditions

B16-F10 murine melanoma cells are obtained from American Type
Tissue Collection (Manassas, VA, USA). The tumor cells are cultured
in DMEM (Life Technologies, Invitrogen Canada) supplemented with
10% FBS. Cells are passaged every 2–3 days. For the experiment,
melanoma cells are cultured in complete DMEM until they become
30–40% confluent.Then, appropriate aliquots of different test solutions
(0.57 ml sample per 10 ml medium) are added to the medium. The
cell viability is followed up to 4 days thereafter. Tumor cells are
monitored by phase microscopy. Cell counts are obtained daily using a
hemacytometer. Cell viability is determined by trypan blue exclusion.

Intravenous injection of PolyHb-tyrosinase in normal mice

BD2F1 female mice (C57BL/6 × DBA/2F1) at age 57–63 days are
purchased from Charles River Canada (St-Constant, Quebec, Canada).
The mice are kept at a 12-h light interval and fed conventional food and
water ad libitum. All the animals are housed and cared for according
to the regulations of McGill University on Animal Care. All the mice
are acclimatized for at least 7 days prior to use. Two groups of mice (5
mice per group) are studied. Intravenous injection of saline at 0.1 ml for
the control group is carried out every day; 0.1 ml of PolyHb-tyrosinase
solution is injected into the mice in the test group every day, and blood
is drawn after each injection from both groups.

B16F10 melanoma bearing mice model

B16F10 melanoma cells prepared at 1 × 106 in 0.1 ml of HBSS are
injected subcutaneously into shaved lateral flank of the mice.The sizes
of primary tumors are measured every 2 days using calipers. Tumor
volume is calculated using the formula V = (A × B2)/2, where V is
volume (mm3), A is long diameter (mm) and B is short diameter (mm).
We start intravenous injection at day 9 after tumor implantation when
the tumors reach an average size of 125 mm3. The end point of study
is when the tumor in any group of animal reaches 10% of the body
weight. This is based on the regulations of the ethics committee of
the Faculty of Medicine Animal Care Committee of McGill University.
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Statistical analysis is performed using Student’s t -test within ANOVA
and considered significant at P < 0.05.

Oral tyrosinase artificial cells

Materials

Tyrosinase from mushroom (EC. 1.14.18.1, 5350 units/mg stated
activity), and hemoglobin from bovine (lyophilized powder) are
purchased from Sigma Company (Oakville, Ontario, Canada).
Collodion is purchased from Fisher Scientific Company (Whitby,
Ontario, Canada). All other reagents are of analytical grade.

Control artificial cells

These are prepared using the standard published method as described
in Appendix II for collodion membrane artificial cells. Briefly, 1 g
hemoglobin and 200 mg Tris are added to 10 ml double distilled
deionized water and stirred until dissolved. Gravity filter the solution
through a Waterman #42 filter into an Erlenmeyer flask. Take 2.5 ml
of this 10 g/dl hemoglobin solution and was microencapsulated
within spherical, ultrathin, cellulose nitrate membrane artificial cells as
described under Appendix II. All the control artificial cells are prepared
daily and stored in 1% v/v Tween 20 solution at 4◦C until use.

Tyrosinase artificial cells

1.907 mg of 5350 units/mg tyrosinase is dissolved in 5 ml 10%
hemoglobin solution; then the methods described above to immobilize
tyrosinase in collodion membrane artificial cells as a 50% suspension
is followed.

Before oral administration, the control artificial cells and tyrosinase
artificial cells are washed and resuspended in 0.1 M Tris · HCl buffer
(pH 8.5). The total volume of artificial cells for feeding is 1 ml,
containing tyrosinase 1020 U/ml. This is suspended in 1.5 ml Tris ·
HCl buffer. This buffer is needed to protect the microencapsulated
tyrosinase during its their passage through the stomach with its
acidic medium. For the in vitro studies, three types of tyrosinase
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microcapsules are prepared, with tyrosinase concentration of
450 U/ml, 670 U/ml, and 900 U/ml.

In vitro studies using rat intestinal juice

Fasted male Sprague-Dawley rats (245–260 g) purchased from
Charles River (St. Constant, Quebec, Canada) are anesthetized
with intraperitoneal injection of pentobarbital (Somnotol, 65 mg/kg).
The whole length of the small intestine is removed intact with a
surgical scissor. The contents are gently expressed into polypropylene
centrifuge tubes stored on ice. These tubes are centrifuged at 1500 g
for 10 min at 4◦C, and the supernatant is recovered for the following
experiment. Control artificial cells or tyrosinase artificial cells at
different concentration of 450 U/ml, 670 U/ml, and 900 U/ml are
incubated with the rats’ intestine juice at 37◦C, and then the samples
are taken at different time intervals. Then, 10% trichloroacetic acid
(TCA) is added to stop the reaction. After centrifuging the sample,
the tyrosine level in the supernatant is measured by the fluorometric
method using Perkin Elmer Luminescence Spectrometer LS50B.

Animal studies

Fasted male Sprague-Dawley rats (130–150 g) are used in this study.
They are kept in a controlled 12-h light/dark environment with food
and water ad libitum. All the rats are acclimatized for at least 3 days
prior to use. All the animal experiments are performed according to the
regulations of the McGill University on Animal Care.Two groups (5 rats
in each group) are studied: 1) control group: each rat receiving oral
administration of artificial cells containing no enzyme; 2) test group:
each rat receiving oral administration of artificial cells loaded with
tyrosinase.

In the following experiments, a blood sample is taken at 4:00 pm
on day 0. No artificial cells are administrated on that day. From that
day on, for daily dosing, artificial cells are given at 10:00 am using
stomach feeding tubes. Blood samples are taken six hours after oral
administration of the artificial cells every two days. The procedures for
blood collection from the lateral saphenous vein are as follows. First,
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the animal is placed in a restrainer. Then, the hind leg is extended and
the limb is fixed by holding fold of skin between tail and thigh. The
hair on outer surface of lower hind leg is shaved to visualize the vein.
Vaseline is applied on skin prior to nick to prevent wicking of blood
onto skin and to ease collection. The vein is nicked perpendicularly
with a 25-gauge needle and the blood sample (about 1 ml) is collected
by microhematocrit (capillary) tube. The plasma in each blood sample
is separated from the blood and placed in a 1.5 ml plastic tube, then
stored at −80◦C until analyzed for tyrosine concentration. For twice
daily dosing, artificial cells are given at 10:00 am and 4:00 pm, and
blood samples are taken every week (day 7, 14 and 21) just before the
second feeding for 21 days. For three times daily dosing, artificial cells
are administrated at 10:00 am, 2:00 pm, and 6:00 pm for 22 days.
Blood samples are taken on day 4, 8, 11, 15, 18, and 22 just after the
second feeding. Data are expressed as mean ± S.D. The differences
of tyrosine concentration in the rats’ plasma between the control
group and the test group at the same time point are determined by
using Student’s t -test within ANOVA and Bonferroni correction, and
considered significant at p < 0.05.
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CHAPTER 8

Artificial Cells for Cell Encapsulation

8.1. Introduction

Different attempts have been made, with the use of membrane systems,
to prevent rejection of transplanted cells by the immune system. These
include the use of dialysers, ultrafiltrators, membrane sacs, membrane
disks and polymeric devices. However, in these configurations, one of
the major problems is low cell viability due to the low permeability
to oxygen and nutrients. As early as 1964 (Chang, 1964) Chang
successfully used artificial cells to bioencapsulate cells via a drop
method. He suggested that in addition to protecting the enclosed cells
from immunorejection, these artificial cells also provide a high surface-
to-volume relationship, which allows for good mass transfer of oxygen
and nutrients (Chang, 1964, 1965, 1972; Chang et al., 1966) (Fig. 8.1).

The following quotations come from a 1965 publication by Chang:

“..... microencapsulation of intact cells or tissue fragments. . . the
enclosed material might be protected from destruction and from
participation in immunological processes, while the enclosing
membrane would be permeable to small molecules of specific cellular
product which could then enter the general extracellular compartment
of the recipient. For instance, artificial cell bioencapsulated endocrine
cells might survive and maintain an effective supply of hormone.
The situation would then be comparable to that of a graft placed in
an immunologically favorable site.” . . . “There would be the further
advantage that implantation could be accomplished by a simple
injection procedure rather than by a surgical operation.”

195
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Fig. 8.1. Basic principles of artificial cells containing cells, tissues, genetically
engineered cells, stem cells and microorganisms for therapeutic uses.
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The method is based on the extension of the drop technique
described in Chapter 1 (Chang, 1957). For the encapsulation of
cells inside artificial cells, a hemoglobin solution containing cells
is added dropwise to a silicone liquid containing a diacid, sebacyl
chloride. The hydrophobic diacid crosslinks hemoglobin only at the
interface to form a membrane by interfacial polymerization and the
encapsulated cells in the resulting artificial cells thereby remain
intact (Fig. 2.5) (Chang, 1964, 1965, 1972a; Chang et al., 1966).
“Microencapsulation of intact cells. . . erythrocytes were suspended
in hemolysate. . . ; and a silicone oil was substituted for the stock
organic liquid. Microencapsulation was then carried out. . . based on
the principle of interfacial polymerization for membranes of cross-
linked proteins. . . A large number of human erythrocytes suspended
in hemolysate within a microcapsule of about 500 µ diameter was
prepared by the syringe [drop] method.”

However, there was not much interest in biotechnology in the 1960s
and it is only with the more recent interest in biotechnology that
many groups around the world have extended the author’s approach of
cell encapsulation. Thus, when Chang first approached the Connaught
Laboratories in Canada to ask them to develop his microencapsulation
method for use in diabetic patients there was not much interest.
Conaught Laboratories later assigned the project to Dr. Sun and they
have since extended Chang’s original drop-method by using milder
physical crosslinking to prepare alginate-polylysine-alginate [APA]
microcapsules containing cells (Lim and Sun, 1980). They showed that
after implantation, the islets inside artificial cells remain viable and
continued to secrete insulin to control the glucose levels in diabetic rats.

Recent reviews show that many groups are now developing artificial
cells to encapsulate biological cells for cell therapy (Kulitreibez
et al., 1999; Orive et al., 2003; Chang, 2005). These include bio-
encapsulation of endocrine tissues, hepatocytes and other cells for
cell therapy. More recently, there have been much interests in the
use of artificial cells to bioencapsulate genetically engineered cells
for potential applications in amyotrophic lateral sclerosis, Dwarfism,
pain treatment, IgG1 plasmacytosis, hemophilia B, Parkinsonism and
axotomized septal cholinergic neurons. Even more recently, we have
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been studying the use of artificial cells to encapsulate stem cells for
use in liver regeneration. A 2003 consensus paper in Nature Medicine
from several leading groups around the world (Orive et al., 2003)
shows that there has been increasing realization of the potential of cell
encapsulation with polymeric artificial cells in recent years. Indeed,
cell-based products, including cells with synthetic biomaterials, are
now being recognized as a new category of therapeutic products by the
US Pharmacopeia and National Formulation (US Pharmacopeia and
National Formulary, 2002). Despite all the promising results, it should
be emphasized that further developments will be needed before this
approach is ready for actual routine clinical applications.

As summarized in Table 8.1, artificial cells for bioencapsulation of
biological cells is a very large area of research that includes artificial
cells containing 1) islets, liver cells, endocrine cells and others;
2) genetically engineered cells; 3) stem cells; and 4) microorganisms
(Fig. 8.1). A detailed description of this area will require at least
one large multi-author book and cannot be done in this monograph
alone. This chapter contains an overview of the therapeutic uses of
artificial cell encapsulated cells, including discussions of the potential
application as well as problems. Examples of the detailed procedures
for bioencapsulation of biological cells inside artificial cells are
included at the end of this chapter.

8.2. Artificial Cells Containing Islets, Liver Cells,
Endocrine Cells and Others

Artificial cells containing islets

The largest effort in this area is the use of artificial cells to encapsulate
islets for the treatment of diabetes mellitus. As mentioned above, we
first put forward the idea of using polymeric cells to encapsulate cells
for transplantation (in particular, islet cells) (Chang, 1964, 1965, 1972;
Chang et al., 1966) (Figs. 2.5, 8.1) and thereby to protect them from
immune rejection. The author approached the Conaught Laboratories
(of insulin fame) to develop his idea of encapsulation of islets for
the treatment of diabetes. However, it was not until 1980 that this
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Table 8.1 Therapeutic Applications of Artificial Cells Encapsulated Cells

Items Comments First Proposed

I. ARTIFICIAL CELLS
CONTAINING
CELLS

Basic method of preparation
Application in cell therapy
proposed: 1) prevent
immunorejection. 2) rapid
mass transfer

Chang, 1964, 1965,
1972,
Chang et al., 1966

II. CELLS andTISSUES
Pancreatic islets Feedback controlled

secretion of insulin for
diabetes mellitus. Tested in
phase I trial. Development
needed for further clinical
trials

Chang, 1965, 1972a,
Chang et al., 1966
Lim and Sun, 1980

Hepatocytes To support liver function in
liver failure

Chang, 1965, 1972a,
Wong and Chang, 1986

Kidney cells Erythropoeitin for anemia Koo and Chang, 1993
Parathyroid cells Parathyroid hormone for

hypoparathyroidism
Hasse et al., 1997

II. GENETICALLY-
ENGINEERED
CELLS

Mouse myoblast
(mGH gene)

Secrete mGH for dwarfism Al-Hendy et al., 1996

SK2 hybridoma cells Secrete anti-hIL-6
monoclonal antibodies
for IgG1 plasmacytosis

Okada et al., 1997

Mouse myoblasts
(human factor
IX gene)

Secretes human factor IX for
hemophilia B

Basic et al., 1996

Hamster kidney cells
(CNTF gene)

Secrete ciliary neurotrophic
factor for amyotrophic
Lateral sclerosis

Aebischer et al., 1996

Neuro2A cells
(propio-melanocortin
gene)

Secrete endorphin for pain
treatment

Saitoh et al., 1995

Hamster
kidneyfibroblasts
(hNGF gene)

Secrete human
nerve growth factor (hNFG)
for Parkinsonism

Basic et al., 1996

(Continued )
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Table 8.1 (Continued)

Items Comments First Proposed

Senogeneic BHK cells
(hNGF gene)

Secrete human nerve
growth factor (hNGF)
for axotomized septal
cholinergic neurons

Winn et al., 1994

Cells producing
CNTF

Alleviate Huntington’s
disease To phase I
clinical trial in
patients

Aebischer et al., 1996
Bloch et al., 2004

iNOS-expressing cells Tumor suppression:
Clinical trials in patients
with inoperable pancreatic
cancinoma

Lorh et al., 2001

IL-2 secreting
C2C12 cells

Tumor suppression:
Effective in animal study

Xu et al., 2002

III. STEM CELLS
BM Stem cells plus
hepatocytes

Increased duration of
viability and function of
hepatocytes in vitro and
in vivo

Liu and Chang, 2000

BM Stem cells Increase liver regneration
and improve survival rates
of 90% hepatectomized
rats

Liu and Chang, 2006

IV. MICROORGANISMS
Pseudomonas pictorum To remove cholesterol:

in vitro studies
Garofalo and Chang,
1991

Erwinia herbicola To convert ammonia
and phenol to L-lysine and
L-DOPA: in vitro studies

Lyold-George and
Chang, 1955

CDH5 E. coli Urea removal in rat studies Prakash and Chang,
1996

Lactobacillus delbrueckii Metabolic induction to
remove urea

Chow et al., 2003

Lactobacillus
plantarum 80 (pCBH1)

For bile acid deconjugation
to remove cholesterol

Jone et al., 2004
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idea was successfully implemented by them (Lim and Sun, 1980).
When implanted into diabetic rats, artificial cell encapsulated islets
corrected the diabetic state for several weeks (Lim and Sun, 1980). In
their experiments, Lim and colleagues used a modification of Chang’s
drop technique and instead of chemically crosslinking protein to form
the membrane, they used a milder electrostatic crosslinking of alginate
and polylysine.

Since 1980, many groups have been investigating the approach
or extensions of the approach for islets. The results in animals seem
promising and the implanted islets function for up to one year (Sun
et al., 1996; Calafiore et al., 1999; De Vos et al., 2002; Duvivier-Kali
et al., 2001; Sakai et al., 2001; Cruise et al., 1999). A typical result of
animal studies is shown in Fig. 8.2. A clinical trial in a patient with
type 1 diabetes by Soon-Shiong’s group has shown that the procedure
is safe and without side effects (Soon-Shiong et al., 1994). However,
efficacy studies using larger amounts of artificial cell encapsulated
islets have not yet been carried out. This is because there are a number

Spontaneous NOD diabetic mice
Artificial cells containing procine islets
(typical results from many groups)
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Fig. 8.2. Typical results obtained by a number of groups showing that
heterologous islets inside artificial cells are not immuno-rejected. They
continue to function for various lengths of time in maintaining a normal blood
glucose level. However, the results are not always reproducible especially in
the duration of function after implantation.
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of challenges that need to be addressed before the initial clinical trial
can be explored more extensively. These challenges are so important
that they will be discussed in detail in a later section.

Artificial cells containing hepatocytes

Artificial cells containing hepatocytes have been used as a model for
cell and gene therapy (Wong and Chang, 1986, 1988; Kashani and
Chang, 1991; Bruni and Chang, 1989, 1991, 1995; Chang, 2001).
Implantation of artificial cell encapsulated hepatocytes increases the
survival of rats with fulminant hepatic failure (Wong and Chang, 1986).
Artificial cell encapsulated rat hepatocytes, after implantation into
mice are not rejected; instead, there is an increase in viability after
intraperitoneal implantation (Wong and Chang, 1986), owing to the
retention of hepato-stimulating factors inside the microcapsules as they
are secreted by the hepatocytes (Kashani and Chang, 1991).

The Gunn rat is the model for the Crigler-Najjar syndrome in
humans, the disease being is due to defects in the liver enzyme
UDP-glucuronosyltransferase (UDPGT). Intraperitoneal implantation
of artificial cells containing hepatocytes lowered the high systemic
bilirubin levels that are characteristic of this condition (Bruni and
Chang, 1989, 1991). UDPGT of the hepatocytes in artificial cells
converts bilirubin into conjugated bilirubin that can be excreted in
the urine, as in normal animals (Bruni and Chang, 1995).

The most promising use of artificial cell encapsulated hepatocytes
is for short-term “bridging” in acute liver failure, as a liver support
to allow the patient’s own liver to regenerate and carry out its
function. This will be described in the next chapter under regenerative
medicine. However, this approach will probably have to be combined
with hemoperfusion to first remove the large amount of toxins and
products released by the breakdown of the acutely damaged liver.
Hemoperfusion has already been successfully used for removing these
materials in fulminant hepatic failure, resulting in the recovery of
consciousness of patients from hepatic coma (Chang, 1972a; Gazzard
et al., 1974). It is only after the removal of hepatic toxins that the
implanted artificial cell encapsulated hepatocytes can carry out their
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function to keep the patient alive, in the hope that the liver can
regenerate sufficiently to assume normal function (Legallais et al.,
2001; Allen et al., 2001).

Other areas

Other areas of research have focused on the microencapsulation of
erythropoietin (EPO)-secreting renal cells to treat anemia (Koo and
Chang, 1993), and parathyroid cells for secreting parathyroid hormone
to treat hypoparathyroidism (Hasse et al., 1997). However, in these two
cases, one would want to compare these approaches with standard
hormone replacement therapy with respect to cost-effective.

8.3. Challenges of Artificial Cell Encapsulated Cells
in Therapy

Availability of cells

A key challenge for the approaches described above is the availability
of human cells (allogeneic cells) for use in encapsulation. Some have
proposed the use of xenogeneic cells from nonhuman sources, as
the polymeric membrane can exclude leukocytes and antibodies,
resulting in immune protection (Chang, 1965, 1972a; Chang et al.,
1966; Sun et al., 1996; Lacy et al., 1991). In allografts using
human cells, immune mechanisms are mainly mediated by T
lymphocyte sub-populations (i.e., CD8+) with donor cells. So, the
physical isolation provided by the capsules should prevent cell-to-
cell contact between the artificial cell encapsulated tissue and the
host’s immune system. However, one group has carried out research
that indicates that both xenografts and allografts might provoke an
inflammatory cell response (de Vos et al., 2003). They proposed that
cells in capsules produce proteins, which can provoke inflammatory
responses in immune cells, and that this even occurs with isografts.
Another possibility is that the immune response is due to the use
of the standard method for cell encapsulation, resulting in the
occasional cells protruding on to the surface of the artificial cells
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(Wong and Chang, 1991a); the use of the two-step method to prevent
cell extrusion seems to prevent this problem (Wong and Chang, 1991b;
Liu and Chang, 2002, 2003). This will be discussed in a later section.

In xenografts using non-human cells, there are other factors
involved, including antibodies, complement fractions and cytokines
(de Vos et al., 2003; Hunkeler et al., 2001). Proteins and other
therapeutic factors secreted by xenografts, unlike those secreted by
allografts, might result in immunological problems in the long term.
If this should prove to be the case, then it would mean that only
human cells can be used. The method involving xenogenic cells
may require the use of a membrane with very limited permeability
(Schuldt and Hunkeler, 2000; Uludag et al., 2000; Dionne et al., 1996).
In this regard, our group uses chromatography to study variations
in microcapsule membrane composition on the diffusion of larger
molecules (Coromili and Chang, 1993). Other groups (Omer et al.,
2003; Binette et al., 2001) have shown that xenogeneic neonatal
porcine islets, which are far less immunogeneic than the adult
counterpart, could be used to lessen the problems related to xenografts.
Moreover, the support mechanisms consisting of either cells, or
pharmacological agents coencapsulated with xeno cells, might help
to attenuate the xenoimmune problem. However, there are also other
sources of cells, such as genetically engineered cells and stem cells as
described below.

Mass transfer, biocompatibility and stability

Many groups are looking into optimizing the biocompatibility, mass
transfer, stability, and reproducibility of polymeric artificial cells in cell
encapsulation (Kulitreibez et al., 1999; Orive et al., 2003; Hunkleler
et al., 2003; Gill and Ballesteros, 2000). Long-term biocompatibility is
very important, as foreign-body reaction with resulting fibrous reaction
will decrease the mass transfer of oxygen, nutrients and metabolites
and result in the death of the artificial cell encapsulated cells. In
addition, much work is being done to investigate the structural–
functional relationship and other aspects in an attempt to increase
the long-term stability of the polymeric artificial cells, and to ensure
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reproducibility of the cells (Calafiore et al., 1999; Duvivier-Kali,
2001; Sakai, 2001; Uludag et al., 2000). There are a number of
commercial machines for automatic production, resulting in much
improved reproducibility and narrower size distribution, as seen in
the artificial cells that we have prepared using one such machine
(Fig. 8.3).

Cell protrusion or entrapment in artificial cell membrane

However, improving the reproducibility, biocompatibility and strength
of the polymeric membrane might not be enough. The standard
alginate-polylysine-alginate membrane artificial cells containing cells
are based on the following. Alginates are heteropolymer carboxylic
acids, coupled by glycosidic bonds of β-D-mannuronic (M) and α-
L-gluronic acid unit (G). Alkali and magnesium alginate are soluble
in water, whereas alginic acids and the salts of polyvalent metal
cations are insoluble. Thus, when a drop of sodium alginate solution
containing a cell suspension enters a calcium chloride solution, rigid
spherical gels are formed by ionotrotpic gelation (Fig. 8.3).The cells are
dispersed randomly throughout the gel spheres, including some near
or at the surface. When polylysine is added, it physically crosslinked
alginate on the surface to form a polylysine-alginate membrane.
However, during this process those cells near to or on the surface
may protrude out of the membrane as it is formed. In the final step,
sodium citrate is added and the gel sphere is liquefied, and the entire
artificial cell is now supported only by the membrane. When using
the standard method to encapsulate high concentrations of cells, even
with automatic production, some cells are exposed on the surface
or entrapped in the membrane matrix (Fig. 8.3) (Wong and Chang,
1991a). Entrapment of cells in the membranes weakens the membrane,
resulting in breakage with time after implantation, thus releasing the
contents of the artificial cells. In those cases when cells are exposed
on the surface, they would not be immunoisolated and the rejection
process would involve not only the exposed cells, but the whole
artificial cells (Fig. 8.3).
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Fig. 8.3. Standard drop method of preparing artificial cells to encapsulate
cells results in weakening of the membrane and exposure of cells, resulting
in immuno-rejection. New 2-step method solves this problem.
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Method to prevent cell protrusion or entrapment in artificial
cell membrane

For encapsulation of high concentrations of small cells, we have
designed a two-step method (Fig. 8.3) (Wong and Chang, 1991b),
which should be particularly useful for the encapsulation of
hepatocytes and genetically engineered cells. This method involves
first forming very small alginate gel microspheres containing cells
(Fig. 8.3). These small microspheres are then enclosed in larger gel
microspheres. In this way, there will be no cells on the surface of
the larger gel spheres. As a result of this, no cells will be trapped in
the alginate-polylysine-alginate membrane when it is formed around
each larger gel microspheres. The small alginate gel microspheres
as well as the larger gel microspheres are then dissolved to release
the cells, allowing them to be freely suspended in the artificial cells.
Thus, the cells are dispersed freely inside the artificial cells, and so
an extra diffusion barrier’s avoided (Fig. 8.3). The exact procedure can
be found at the end of this chapter under “Method”. Detailed studies
comparing this approach to the standard methods show that with this
approach, protrusion of cells as well as local invasion of inflammatory
cells are avoided, and the viability of the implanted cells is prolonged
(Fig. 8.3) (Wong and Chang, 1991b; Liu and Chang, 2002; 2003).
Others have attempted to use our earlier technology of enclosing
smaller microcapsules in larger microcapsules (Fig. 2.4) (Chang, 1965,
1972; Chang et al., 1966) or to use a double coating for the membrane.
However, these approaches add further diffusion barriers.

Other improvements to microencapsulation method

One group has developed a promising approach of coating islets
directly with a polymer membrane (Kulitreibez et al., 1999). This
would result in an artificial cell with a minimal diameter, thus allowing
for optimal diffusion. Many other extensions and modifications of
the original method have also been studied, including the use of
different types of membrane materials (Kulitreibez et al., 1999). Further
technologies include the use of electrostatic devices (Halle et al.,
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1994); emulsification/thermal gelation (Raymond et al., 2004); and
JetCutter technology (Schwinger et al., 2002). The use of high voltage
electrostatic pulses can produce much smaller alginate microcapsules
(less than 300 microns). The smaller microcapsules would allow for
better mass transfer than the larger ones (Halle et al., 1994). The.
emulsification/thermal gelation method (Raymond et al., 2004) can be
used to prepare large batches of microcapsules. This helps to solve the
problem faced by most of the present cell encapsulation methods that
involve variations of the drop approach that is very laborious when
producing large batches of microcapsules. The JetCutter technology
(Schwinger et al., 2002) is another approach to solving the problem
of the standard drop technique and it can produce larger batches with
greater ease.

Capillary fiber cell encapsulation

Implantation of artificial cell encapsulated cells for extended periods
is a long-term aim, but several groups are looking into other
configurations for more immediate clinical applications. For example,
Aebischer’s ingenious use of capillary fibers to encapsulate cells has
allowed his group to insert these subcutaneously into the cerebral
spinal fluid on a short-term basis, and to remove and renew the
fibers (Aebischer et al., 1996). This would prevent the problem related
to permanent retention of genetically engineered cells and other
effects of long-term implantation. However, the fiber encapsulation
and insertion approach is not applicable to conditions that require
large amounts of artificial cell encapsulated cells, as is the case for
islets and hepatocytes.

Oral administration

Another approach that does not require implantation or insertion is
oral administration of artificial cells (Chang, 1972a, 1974f, 1997l,
2005l; Chang and Prakash, 1996). However, this is only for use in
certain conditions, e.g., in the removal of unwanted metabolites from
the body as in the removal of phenylalanine in phenylketonuria,
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removal of hypoxanthine in Lesch-Nyhan Disease, removal of tyrosine
in melanoma and removal of uremic waste metabolites in kidney
failure. For oral administration, very strong polymeric membranes that
will not break down in the presence of powerful digestive enzymes
in the intestine are needed and are being developed (Chen et al.,
2006). Furthermore, a buffer should be added to the oral formulation
to protect the enclosed cells during their passage through the acidic
environment of the stomach. There are other requirements needed
for the most optimal use of oral administration and this is being
studied (Chen et al., 2006) As with all medical therapies, different
conditions will require different types of approaches for the use of
artificial cell encapsulated cells — either implantation, insertion or
oral administration, as appropriate.

8.4. Artificial Cells Containing Genetically-
engineered Cells

General

Cells can be genetically engineered outside the body to fulfill very
specialized and specific functions. However, use of cells from the
same person (autologous cells) is too individualized and thus not
suitable for scale-up production. The use of cells from other humans
(allogeneic cells) is more suitable for scale-up production, but this
requires the use of drugs to suppress immunological rejection. As
a result, there has been much ongoing research interest in the use
of artificial cells containing genetically engineered cells (Table 8.1).
Thus, the genetically engineered cells are immunoisolated, but oxygen
and nutrients can enter, and the therapeutic agents from the cells
can diffuse out to carry out their function in the body (Fig. 8.1).
Examples of the use of artificial cells containing genetically engineered
cells are: 1) for conditions requiring growth hormone, monoclonal
antibodies, factor XI, or erythropoietin; 2) some neurological disorders;
and 3) tumors.
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Growth hormone, monoclonal antibodies, factor XI,
erythropoietin

Artificial cell encapsulated mouse fibroblasts with a human growth
hormone (hGH) fusion gene continue to secrete and deliver
human growth hormone (hGH) when implanted into animals in an
animal model of dwarfism (Al-Hendy et al., 1996). Implantation
of microencapsulated SK2 hybridoma cells that secreted anti-hIL-6
monoclonal antibodies (SK2 mAb) into transgenic mice (hIL-6 Tgm)
suppressed IgG1 plasmacytosis, resulting in significant increases in
survival time of these mice (Okada et al., 1997). Artificial cell
encapsulated genetically engineered mouse myoblasts that secrete
human factor XI have also been studied for potential use in
hemophilia B (Basic et al., 1996). Artificial cell encapsulated myoblasts
have been used to deliver erythropoietin in mouse thalasemia (Dalle
et al., 1999).

Neurological disorders

Neurological disorders represent a potentially exciting area for the
therapeutic application of polymeric artificial cells. For example,
artificial cell encapsulated neuro2A cells containing the propio-
melanocortin gene that released endorphin, when injected into the
cerebral spinal fluid of rats, decreased sensitivity to pain (Saitoh
et al., 1995; Hagihara et al., 1997). In another example, artificial cell
encapsulated cells that secreted human nerve growth factor promoted
the survival of axotomized septal cholinergic neurons (Winn et al.,
1994). An extension of the principle of polymeric artificial cells
involves the preparation of polymeric hollow fibers instead of spherical
polymeric membrane artificial cells. An example of this approach
is the use of artificial cell encapsulated baby hamster kidney (BHK)
cells that contain the gene for human or mouse ciliary neurotrophic
factor (CNTF), for the treatment of the neurodegenerative disease,
amyotrophic lateral sclerosis (ALS) (Aebischer et al., 1996). Other
examples (Emerich et al., 1997; Block et al., 2004; Bachoud-Levi et al.,
2000) are highlighted in Table 8.1.
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In the case of Huntington’s disease, a phase I clinical trial was
carried out using a semipermeable membrane encapsulating a BHK
cell line engineered to synthesize and release CNTF (Bloch et al.,
2004). The membrane was implanted into the right lateral ventricle
of six subjects with stage 1 or 2 Huntington’s disease. It was retrieved
and exchanged for a new one every 6 months, over a period of two
years. Improvements in electrophysiological results were observed,
and the results were correlated with the amount of CNTF released. The
group reported that this phase I study showed the safety, feasibility, and
tolerability of this gene therapy procedure. They also stressed the need
to improve on the technique as although all retrieved capsules were
intact, they contained variable numbers of surviving cells, and CNTF
release was low in 13 of 24 implants.

Tumors

There has also been much recent interest in the potential use of
polymeric artificial cells containing genetically modified cells for the
treatment of tumors (Read et al., 2001; Joki et al., 2001; Xu et al.,
2002; Cirone et al., 2002; Lorh et al., 2001). For example, artificial cell
encapsulated genetically modified cells expressing pro-drug-activating
enzymes, such as cytochrome P450, have been studied as a potential
treatment for inoperable pancreatic carcinoma in patients (Lorh et al.,
2001). The artificial cell encapsulated cells are given intra-arterially
so that they are located in the pancreatic carcinoma where they
activate the drug ifosfamide. Therefore the local concentration of the
activated ifosfamide is much higher than in the rest of the body, thus
minimizing systemic toxicity and increasing local efficacy. Artificial
cell encapsulated transfected cells that secrete the anti-angiogenic
factor endostatin have also been found to show promise in animal
models of malignant brain tumors.

Another approach involves on polymeric artificial cells containing
genetically modified myoblast cells that secrete interleukin-2 linked
to the Fv region of a humanized antibody with affinity to tumors
overexpressing the oncogene ERBB2 (Xu et al., 2002). Regulatory
agencies are more likely to approve clinical trials for the use of
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genetically engineered cells for conditions that have no other effective
treatments. Malignant tumor that has no available effective therapy
is one typical example. Thus, as discussed above, clinical trials in
inoperable pancreatic carcinoma in patients have been carried out
(Lorh et al., 2001). Another example is the use of artificial cell
encapsulated transfected cells that secrete endostatin for malignant
brain tumors (Xu et al., 2002). This is another case that would be more
likely approved for clinical trials in patients.

Discussions

The research described above has shown that polymeric artificial cells
containing genetically modified cells have potential use in treatment
of tumors. However, further research is needed to study the long-term
safety and effects in order to address regulatory concerns regarding
the use of any products containing genetically modified cells. Until
then, regulatory agencies would be relunctant to approve clinical trials
of genetically engineered cells in humans unless there is no other
treatment available. Malignant tumors that have no available treatment
are therefore better candidates for this approach.

8.5. Artificial Cells Containing Stem Cells

More recently, there has been much interest in the use of stem
cells for therapy (Alison et al., 2002; McNeisch, 2004) as they can
differentiate into different types of cells. Allogeneic stem cells still
require immunoprotection inside polymeric artificial cells, but would
avoid problems related to xenografts. However, at present, the amount
of stem cells that can be harvested for large-scale use is still limited.
There has also been considerable controversy regarding the use of
fetal stem cells. We have therefore investigated the use of adult bone
marrow cells.

For instance, in order to increase the duration of the viability and
function of artificial cell encapsulated hepatocytes after implantation,
we have co-encapsulated hepatocytes with bone marrow stem cells
(Liu and Chang, 2000, 2002, 2003, 2006a, 2006b). This resulted in
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increased viability of the hepatocytes both in vitro and in vivo (Liu
and Chang, 2000, 2002). This has also a significantly longer effect
on lowering of the high systemic bilirubin levels in congenital Gunn
rats (Liu and Chang, 2003). The exact reason for this effect has to be
further investigated. However, it is known that bone marrow stems
cells in the presence of hepatocytes can differentiate into hepatocytes
(Alison et al., 2000). Furthermore, it has been proposed that bone
marrow stem cells secrete a factor that can help maintain the viability
of the coencapsulated hepatocytes (Liu and Chang, 2000, 2006b). Even
more recently we studied the use of artificial cells containing only
bone marrow stems and no hepatocytes (Liu and Chang, 2005, 2006a,
2006c). In hepatectomized rats with 90% of their liver resected, one
intraperitoneal injection of these artificial cells resulted in recovery
of the animal and regeneration of the liver (Liu and Chang, 2005,
2006a, 2006c). However, in the control groups, most of the animals
did not recover. In those receiving one injection of free bone marrow
stem cells, the results were not significantly different from the group
that did not receive any injection. Our analysis showed that the stem
cells encapsulated within artificial cells stayed in the peritoneal cavity
where they secrete a hapato-growth factor that drain into the portal
circulation to stimulate the regeneration of the resected livers in the
rats. On the other hand, the free bone marrow stem cells were shown to
disappear quickly from the peritoneal cavity.The next chapter contains
a detailed description of the use of artificial cells containing bone
marrow stem cells in the treatment of liver failure.

8.6. Artificial Cells Containing Microorganisms

Another area is the study of artificial cells containing nonpathogenic
microorganisms, including genetically engineered microorganisms.
We have encapsulated in artificial cells a NADH oxidizing bacterium
for the repeated recycling of NAD to NADH (Fig. 8.4) (Ergan
and Chang, 1984). Another study involved the encapsulation of
pseudomonas-pictorum, a microorganism that removes cholesterol
(Fig. 8.4) (Garofalo and Chang, 1991). Artificial cells containing
erwinia herbicola bacterium can convert the substrates to L-DOPA
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Fig. 8.4. Artificial cells containing NADH oxidizing bacterium to repeatedly
recycle NAD to NADH; artificial cells containing Pseudomonas pictorum
to remove cholesterol; and artificial cells containing Erwinia herbicola to
convert the substrates into tyrosine and L-DOPA.
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and phenol to tyrosine in vitro (Fig. 8.4) (Lyold-George and Chang,
1995).

Artificial cells containing microorganisms to remove urea have also
been studied. For example, fermentation induction of Escherichia
coli with Klebsiella aerogenes gene increases its capacity for urea
removal. This can then be placed inside artificial cells to remove
urea (Fig. 8.5) (Prakash and Chang, 1996a). However, microorganisms
cannot be injected. An earlier study here on enzyme therapy using
artificial cells showed that artificial cells can be given orally (Chang,
1972a, 1974f, 1997l, 2005). We therefore administer these orally to
uremic rats. Our study showed that oral administration of polymeric
artificial cells containing Escherichia coli with Klebsiella aerogenes
gene can lower the elevated systemic urea level in uremic rats (Prakash
and Chang, 1996a). Artificial cells containing another genetically

Fig. 8.5. Artificial cells containing a genetically engineered CH5 E. coli,
that after fermentation induction, can remove systemic urea. Artificial cells
containing fermentation induced Lactobacillus delbrueckii that can remove
urea when tested in vitro. This is not a genetically engineered cells and is
used in yougart, being much safer than CH5 E. coli.
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engineered microorganism,bactobacillus plantarum 80 (pCBH1), have
been studied in vitro for bile acid deconjugation (Jones et al., 2004).
However, it is important to ensure that any genetically engineered
nonpathogenic microorganisms would have no adverse effects after
oral administration. Until then, regulatory agencies seem to require
that there should be absolutely no leakage of genetically engineered
microorganisms from orally administered polymeric microcapsules,
even though they are classified as nonpathogenic. In order to avoid
the use of genetically engineered cells, we used metabolic induction
to increase the urea removal activities of Lactobacillus delbrueckii,
and also to encapsulate this in artificial cells to remove urea (Fig. 8.5)
(Chow et al., 2003). Lactobacillus delbrueckii has been used widely in
regulatory agency approved food products like yougart for many years.

8.7. Concluding Remarks

More complicated applications of artificial cells, such as cell
encapsulation, have considerable therapeutic potential. As discussed
in a recent consensus publication (Orive et al., 2003), there has
been significant progress toward the successful transplantation of
artificial cell encapsulated cells in experimental animal models,
which has resulted in promising potential therapies for a number of
conditions. However, there are major challenges to be resolved before
meaningful, large-scale clinical trials can be carried out. The key
requirements include reliable and safe sources of cells, biocompatible
and stable membranes with suitable molecular cut-off to prevent
immune rejection, reproducibility of the product and long-term
survival of the graft. In addition, if xenografts or genetically engineered
cells are used, there are also ethical, political and regulatory questions
that need to be resolved. To promote development towards routine
clinical applications, it is important to change our attitudes towards
polymeric artificial cells. There has been a mistaken impression that
all polymeric artificial cells involve very simple technologies that can
be easily developed for clinical use. We now know that this is not the
case, and we have to approach their use in a highly interdisciplinary
manner, integrating basic and applied research and development
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involving polymer chemistry, cell physiology, molecular biology,
biotechnology and other fields. This interdisciplinary approach will
accelerate the clinical realization of the many exciting potential
applications, ushering us into a new and exciting era in which
development of polymeric artificial cells can tap into the advances
in biotechnology and molecular biology.

8.8. Method I: Standard Alginate-Polylysine-Alginate
Method

Materials

Sodium alginate is usually prepared as a 2.0% solution in 0.90 gm %
sodium chloride solution. Sodium alginate, from Kelco Gel r© low
viscosity alginate (Keltone LV), MW 12,000–80,000, is obtained from
Kelco, Division of Merck and Co. (Clark, NJ). Prior to its use, it is either
filter sterilized or heat sterilized for 5 min.

The reagents poly-l-lysine, MW 15,000–30,000; type IV
collagenase; and type I-S trypsin inhibitor are purchased from Sigma
Chemical Co. (St. Louis, MO). HEPES (4-(2-hydroxyethyl)-1-piperazine
ethane sulphonic acid) buffer is purchased from Boehringer Mannheim
(Montreal, PQ). Analytical grade reagents, including sodium chloride,
sodium hydroxide, calcium chloride di-hydrate, tri-sodium citrate di-
hydrate, and D-fructose. William’s E medium (Gibco; Burlington, Ont),
supplemented with streptomycin and penicillin (Gibco Laboratories;
Burlington, On), were used for hepatocyte.

All the solutions are kept in an ice-cold bath before use as well
as during the process of bioencapsulation. The pH of the solutions
is kept at 7.40 by buffering with N-2-hydroxylethyl piperazine-N-2
enthanesulfonic acid (HEPES). Except for sodium alginate, the solutions
are sterilized by filtering through a sterile 0.2 µm Millipore filter.

Droplet generators

We have used two differently sized droplet generators prepared by
ourselves in the laboratory as well as a more elaborate commercially
available one.
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The first laboratory prepared droplet generator consists of two co-
axially arranged jets: the central jet consisted of a 26 G stainless steel
needle (Perfektum; Popper and Sons, Inc., New Hyde Park, NY), and
a 16 G surrounding air jet, through which the sample and air was
respectively passed. To prevent the extruding sample from occluding
the outlet of the surrounding air jet, the tip of the sample jet was
constructed such that the tip projected 0.5 mm beyond the end of
the air jet.

The second laboratory prepared droplet generator was a larger and
a slightly modified variation of the first droplet generator described
above. This generator consists of a 13 G sample jet, and a 8 G
surrounding air jet. The ends of the jets are cut flush to each other.
A 1.7 × 1.1 mm PTFE capillary tube (Pharmacia P-L Biochemicals;
Montreal, PQ) is inserted into the sample jet until it protruded
approximately 15 mm from the outlet of the sample jet. The end of
the capillary tubing is tapered to facilitate shearing resulting from the
flow of passing air from the air jet.The capillary tubing is approximately
3.2 m in length, and has the capacity to be filled with microspheres
suspended in 2.5 ml of sodium alginate.

Commercial generator: For the preparation of larger samples, we
used one of the commercial generators.

Procedure

1. Hepatocytes, hepatocytes and bone marrow cells, or bacterial cells
are suspended in an autoclaved sodium alginate in ice-cold 0.90%
sodium chloride solution.

2. The viscous alginate suspension is pressed through a 23 G stainless
steel needle using a syringe pump (Compact infusion pump model-975
Harvard App. Co. Inc., MA). Sterile compressed air, through a 16 G
coaxial stainless steel needle, is used to shear the droplets coming out
of the tip of the 23 G needle.

3. The droplets are allowed to gel for 15 min in a gently stirred heat
sterilized and ice-cold solution of calcium chloride (1.4%, pH 7.2).
Upon contact with the calcium chloride buffer, alginate gelation is
immediate.
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4. After gelation in the calcium chloride solution, alginate gel beads are
allowed to react with polylysine (PLL), MW 16,100 (0.05% in HEPES
buffer saline, pH 7.2) for 10 min. The positively charged PLL forms a
complex of semipermeable membrane.

5. The beads are then washed with HEPES (pH 7.2) and coated with
an alginate solution (0.1%) for 4 min.

6. The alginate-poly-L-lysine-alginate capsules so formed are then
washed in a 3.00% citrate bath (3.00% in 1:1 HEPES-buffer saline,
pH 7.2) to liquefy the gel in the microcapsules.

7. The APA microcapsules formed, which contain entrapped
hepatocytes or bacterial cells. coli, are stored at 4◦C to be used for
experiments. The conditions are kept sterile during the process of
microencapsulation.

8.9. Method II: 2-Step Method

The standard method described above is not optimal for encap-
sulating high concentrations of cells or microorganisms. As shown
schematically in Fig. 8.3, cells or microorganisms may be trapped in
the membrane matrix. This can weaken the membrane. If cells are
exposed to the surface, the result may be loss of immunoisolation and
rejection.Therefore, the two-step method has been developed with the
aim to prevent this problem (Fig. 8.3) (Wong and Chang, 1991b).

1. First, the hepatocytes or hepatocytes and bone marrow stem cells
or other cells suspended in sodium alginate are entrapped within
solid calcium alginate microspheres. This is done by filling a 5 ml
syringe (Becton Dickinson and Co.; Rutherford, NJ) with the cell
suspension, and extruding the sample with a syringe infusion pump
(Harvard Apparatus; Mill, MA) through the sample jet of the first droplet
generator. The droplets formed at the end of the sample jet are allowed
to fall drop-wise into a PYREX dish (125.65 mm) containing 300 ml
100 mM CaCl2 (100 mM CaCl2, 10 mM HEPES, 20 mM D-fructose,
pH 7.4). Every 5 min the cells in the syringe are resuspended by gentle
inversion of the syringe to minimize the effect of cells sedimenting in



April 2, 2007 15:42 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch08 FA

220 Artificial Cells

the alginate solution. The air flow and infusion rate through the droplet
generator are 2.0–3.0 l/min. and 0.28–0.39 ml/min, respectively; the
clearance height between the end of the sample jet and the surface
of the calcium solution is set at approximately 20 cm. A strainer cup
is fitted inside the dish to collect the droplets, and to facilitate the
removal of the formed microspheres.

2.The microspheres are allowed to cure for approximately 15 min, after
which they are removed and temporarily stored in Hank’s Balanced
Salt Solution (Gibco Laboratories; Burlington, Ont) supplemented with
10%, 100 mM CaCl2.

3. In the second step, 1.0 ml of formed microspheres is collected and
washed three times with buffered saline (0.85% NaCl, 10 mM HEPES,
20 mM D-fructose, pH 7.4).

4. The final saline washing is aspirated and 1 ml of 1.2–1.6% sodium
alginate is added to the 1.0 ml of washed microspheres. The sodium
alginate is prepared by diluting the 4% stock solution with buffered
saline. With a 5 ml syringe, the length of the PTFE capillary tubing
is filled with the sodium alginate and suspension of microspheres.
The tapered end of the capillary tubing is inserted through the top
of the sample jet of the second droplet generator until the tip of the
tubing extends approximately 15 mm beyond the end of the sample jet.
The air flow and extrusion rate through the modified droplet generator
are 7.0–9.0 l/min. and 0.28–0.39 ml/min, respectively. The tip of the
capillary tubing is set at approximately 20 cm above the surface of the
calcium solution. With the 5 ml syringe still attached to the other end
of the tubing, the microsphere suspension in the tubing is extruded
using the Harvard infusion pump. Similarly, the drops formed at the
end of the sample jet are allowed to fall dropwise into a PYREX dish
containing a strainer cup and filled with 300 ml of 100 mM CaCl2.

5. The spheres are allowed to cure in the calcium solution for
approximately 15 min, after which they are removed and washed with
buffered saline.

6. The alginic acid matrix on the surface of the sphere is stabilized
with poly-l-lysine by immersing 5 ml (settled volume) of macrospheres
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in 80 ml of 50 mg% poly-l-lysine (50 mg% poly-l-lysine, 0.85% NaCl,
10 mM HEPES, 20 mM D-fructose, pH 7.4) for 10 min.

7. The spheres are then drained, washed with buffered saline, and
immersed into 200 ml of 0.2% sodium alginate (0.2% sodium alginate,
0.85% NaCl, 10 mM HEPES, 20 mM D-fructose, pH 7.4) for 10 min to
apply an external layer of alginate.

After 10 min, the spheres are collected and immersed in 200 ml
50 mM sodium citrate (50 mM sodium citrate, 0.47% NaCl, 20 mM
D-fructose, pH 7.4) to solubilize the intracapsular calcium alginate.
This may require up to 30 min with frequent changes of the sodium
citrate solution.

8.10. Method III: Preparation of Cells for Encapsulation

Preparation of rat hepatocytes

1. Each rat is anesthetized with sodium pentobarbital and cannulated
via the portal vein.

2. The thoracic vena cava is cut and the liver perfused with a calcium
free perfusion buffer (142 mM NaCl, 6.7 mM KCl, 10 mM HEPES,
pH 7.4) for 10 min at 40 ml/min.

3. Next, the liver is perfused with a collagenase perfusion buffer
(67 mM NaCl, 6.7 mM KCl, 100 mM HEPES, 5 mM CaCl2, 0.05%
collagenase, pH 7.5) for an additional 15 min at 25 ml/min.

4. The liver is then excised, placed in William’s E medium sup-
plemented with 100 µg/ml streptomycin and penicillin, and gently
shaken to free loose liver cells from the liver tissue.

5.The cells are collected, filtered through a 74 µm nylon monofilament
mesh (Cistron Corp., Elmford, NY), and centrifuged to remove
connective tissue debris, cell clumps, non-parenchymal cells, and
damaged cells.

6. Isolated hepatocytes are prepared for encapsulation by first washing
and suspending the cells with buffered saline (0.85% NaCl, 10 mM
HEPES, 20 mM D-fructose, pH 7.4).
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7. The cells are then mixed with a 4% stock solution of sodium
alginate (4% sodium alginate, 0.45% NaCl), to make a cell sus-
pension consisting of 20 x 106 cells/ml of 2% sodium alginate.

Bone marrow stem cells from rats

Each rat is anesthetized with sodium pentobarbital, and both femur are
isolated. Iscove’s Modified Dulbecco’s Medium (IMDM, GIBCOBRL,
Life Technologies, NY) is used to flush out bone marrow cells from
the femurs using a 5 ml syringe with a 22-gauge needle. The cell
suspension was filtered through a nylon sieve (85 µm). The bone
marrow cells are then washed with IMDM and centrifuged at 50 G
for 10 min at 4◦C, this is repeated three times. After the last wash, the
bone marrow cells (nucleated cells) are kept on ice until use.

Genetically-engineered E. coli DH5 cells and microorganism

1. Genetically-engineered E. coli DH5 cells are grown in an L.B.
medium. The composition of the LB medium is 10 g/l bactotryptone
(Difco), 5 g/l bacto yeast extract (Difco), and 10 g/l sodium chloride
(Sigma). The pH is adjusted to 7.5 by adding about 1 ml of 1 N NaOH.
The medium is sterilized in Castle Labclaves for 30 min at 250◦C and
autoclaved before use.

2. Log phase bacterial cells are harvested by centrifuging at 10,000 g
for 20 min at 4◦C. The supernatant is discarded.

3. The cell mass is then washed and centrifuged at 10,000 g for 10 min
at 4◦C five times with sterile cold water to remove media components.

4. Bacterial cells are suspended in an autoclaved sodium alginate in
ice-cold 0.9% sodium chloride solution.

5. The viscous alginate-bacterial suspension is pressed through a 23-
gauge needle using a syringe pump (Compact Infusion Pump Model
975, Harvard App. Co. MA).

6. Compressed air through a 16-gauge needle is used to shear the
droplets coming from the tip of the 23-gauge needle.
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7.The droplets are allowed to gel for 15 min in a gently stirred ice-cold
solution of calcium chloride (1.4%).

8. After gelation in the calcium chloride, the alginate gel beads are
coated with poly-l-lysine (0.05% in HEPES buffer saline, pH 7.2) for
10 min.

9. The beads are then washed with HEPES and coated with an alginate
solution (0.1%) for 4–8 min.

10. The alginate-poly-L-lysine-alginate capsules are then washed in a
3% citrate bath (3% in 1:1 HEPES-buffer saline, pH 7.2) to liquefy the
gel in the microcapsules.

8.11. Method IV: Artificial Cells with
Macromolecular Cutoffs

When using cells or microorganisms to act on macromolecules,
the above methods cannot be used. For microorganisms to act on
cholesterol bound to lipoprotein, the microorganisms have to be
encapsulated in macroporous microcapsules (47).

Microorganism

Pseudomonas pictorum (ATCC #23328) was used because of its ability
to degrade cholesterol. It is first cultured in nutrient broth (DIFCO)
at 25◦C, followed by harvesting and resuspension in a cholesterol
medium for 15 days at 25◦C. The suspension can then be used as
an inoculum for biomass production. The culture is grown in bovine
calf serum (Sigma) at 37◦C for 36 h, and then harvested. This is used to
prepare bacterial suspensions for immobilization. The concentration
is about 0.4 mg of dry cell/ml.

Inoculum medium: Bovine calf serum is from SIGMA. It is used in
all experiments unless otherwise specified. Nutrient agar plates are
prepared by dissolving 8 g of nutrient agar (Difco) in 100 ml of water.
The solution is autoclaved for 15 min at 121◦C, allowed to cool at
50◦C and poured into plastic Petri dishes (Fisher Scientific). The plates
are stored at 4◦C for up to 2 months.
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Cholesterol medium: The composition of the medium is:
ammonium nitrate (0.1%); potassium phosphate (0.025%);
magnesium sulfate (0.025%); ferric sulfate (0.0001%); yeast extract
(0.5%); cholesterol (0.1%), all dissolved in water with pH adjusted to
7 and autoclaved for 15 min.

Procedure

1. A 2% agar (Difco) and 2% sodium alginate (Kelco) solution is
autoclaved for 15 min and cooled to 45◦C to 50◦C.

2. P. pictorum suspended in 0.4 ml of 0.9% NaCl is added drop by
drop to 3.6 ml of agar alginate solution at 45◦C, with stirring done
vigorously.

3. 3 ml of the mixture obtained is kept at 45◦C while it is being extruded
through the syringe. The extruded drops are collected into cold (4◦C)
2% calcium chloride and allow to harden. These agar-alginate beads
are about 2 mm in diameter.

4. After 15 min, the supernatant is discarded and the beads are
resuspended in 2% sodium citrate for 15 min.

5. Then, they are washed and stored in 0.9% saline at 4◦C.

To test for immobilized bacterial activity, 1 ml of beads/microcapsules
are placed in a sterile 50 ml Erlenmeyer. A 5 ml of serum is added
and a foam plug is fitted. Samples are withdrawn at specified intervals.
When empty beads or microcapsules are being prepared, the bacterial
suspension is replaced by saline, and all the other steps are kept the
same.
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CHAPTER 9

Artificial Cells Containing Hepatocytes
and/or Stem Cells in Regenerative
Medicine

9.1. Introduction

Artificial cells and regenerative medicine

Chapter 8 describes the potential of artificial cells containing islets,
cells, genetically engineered cells, microorganisms and stem cells for
treatment of a number of clinical conditions. Many of these clinical
conditions, like diabetes and neurological diseases, require long term
treatment. Chapter 8 also discusses the further development of cell
encapsulation technologies needed for long term use. To cater for
more immediate use, one area of research in this laboratory focuses
on the use of artificial cells in regenerative medicine. We have been
studying the use of artificial cells containing hepatocytes and/or bone
marrow stem cells for liver regeneration. Fulminant hepatic failure or
extensive liver resection for metastatic cancer or severe injury can
result in severe decrease in liver function not compatible with life. On
the other hand, the liver is an organ that can regenerate itself, given
the required time and condition. Thus, our aim is to study whether
artificial cells containing hepatocytes and/or bone marrow stem cells
can maintain the experimental animal alive, long enough to allow the
liver to regenerate sufficiently for the animal to recover (Fig. 9.1).

225
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Fig. 9.1. Upper: Liver failure severe enough to be not compatible with life.
This can be caused by acute hepatitis, massive traumatic injury or extensive
cancer resection. Liver has the ability to regenerate itself to its original size
if the patients can survive for a sufficient length of time under suitable
conditions. Lower: We studied the use artificial cells with 3 different contents
for liver regeneration: (1) hepatocytes; (2) hepatocytes plus bone marrow stem
cells; or (3) bone marrow stem cells alone.
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Design of study

We use artificial cells with three different contents (Fig. 9.1): 1)
hepatocytes; 2) hepatocytes plus bone marrow stem cells; and 3) bone
marrow stem cells alone.

We first carried out a preliminary feasibility study on the use of
artificial cells containing hepatocytes in the galactosamine induced
fulminant hepatic failure rat model. We then used the Gunn rats,
a congenital rat model of hyperbilirubinemia, for more quantitative
measurement. These studies show the feasibility of using artificial
cells to support liver function. Next, we carried out a study to
determine whether artificial cells can prevent immunorejection, for
example, in artificial cells containing rat hepatocytes injected into
mice. We also developed an improved method for the encapsulation
of hepatocytes in artificial cells. Using this improved method of
preparing artificial cells containing both hepatocytes and bone
marrow stem cells, we showed that the duration of functions after
implantation was improved.

Furthermore, we studied the use of artificial cells containing only
bone marrow stem cells. The reason for this is that, although the
use artificial cells can help prevent immunorejection without the
need for immunosuppressant, it is difficult to obtain hepatocytes
from humans. If we use hepatocytes from animals, we can similarly
prevent immunorejection. However, since smaller protein molecules
like albumin from the hepatocytes can diffuse out of the artificial
cells, there is the potential of immunological problems. On the
other hand, obtaining bone marrow from humans for use in other
patients is a routine hematological procedure. Thus, if we can
use artificial cells containing only bone marrow stem cells, then
it would solve many of the potential problems. As described
in this chapter, we show that artificial cells containing bone
marrow stem cells results in the regeneration of the liver and
recovery of the rats which had 90% of their livers surgically
resected.
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9.2. Artificial Cells Containing Hepatocytes

Galactosamine-induced fulminant hepatic failure in rats

This is a preliminary feasibility study (Wong and Chang, 1986).
Hepatocytes from 125–135 g Wistar rats were isolated and enclosed
in alginate-polylysine-alginate artificial cells as described under
“Methods” in Appendix II. Intraperitoneal injection of galactosamine
(140 mg/100 g body weight) resulted in acute liver failure in the
Wistar rats of 275–285 g. Forty-eight hours after the galactosamine
injection, the rats in grade II coma were separated into pairs. One
rat in each pair was randomly selected as control and the other for
treatment. A total of 14 rats were used. In the control group, 4 ml
of alginate artificial cells containing no hepatocytes was injected
intraperitoneally. In the treated group, 4 ml of alginate artificial cells
containing hepatocytes were similarly injected. Each 300 micron
diameter artificial cell contained 120 ± 20 S.D. hepatocytes. The total
number of artificial cells was about 62,000 in the 4 ml of artificial cells
injected. Thus, each injection consists of artificial cells containing a
total of about 7.4 × 106 hepatocytes. These artificial cells are flexible
and can be easily injected using syringes. The animals were given food
and 5% glucose oral ad libitum. Survival and other parameters were
monitored.

Galactosamine-induced fulminant hepatic failure rats in the control
group died 66.1 ± S.D. 18.6 hours after galactosamine injection. The
survival time in the group that received artificial cells containing
hepatocytes was 117.3 ± D.S. 52.7 h. Paired analysis showed that this
is significantly (P < 0.025) higher than that of the control group. The
total number of hepatocytes injected was only a small fraction of the
total hepatocytes of the rat liver. This preliminary data encourages
us to pursue further studies using artificial cells containing higher
concentrations of hepatocytes to study the effect on survival rates.
However, we need to obtain more basic information before pursuing
these studies on survival rates. The galactosamine model is not always
reproducible.Thus, we opted to first use a more stable Gunn rat animal
model where we can carry out more quantitative measurements (Bruni
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and Chang, 1989). This would allow us to carry out more meaningful
analysis on how to improve the artificial cells system.

Gunn rats with severe elevation of bilirubin,
hyperbilirubinemia

The homozygous phenotype of Gunn rats (Gunn, 1938), like their
human counterpart in Crigler-Najjar syndrome, lacks the liver enzyme,
UDP-glucuronyltransferase.This results in severe elevation of bilirubin,
termed hyperbilirubinemia, appearing shortly after birth. In humans,
death of the infant usually occur in the first year of life. We used
the Gunn rat model to carry out the following study (Bruni and
Chang, 1989). Artificial cells containing hepatocytes were prepared
(as described in the Methods section of Chapter 8). For this study,
2.2 ml of a 50% suspension of artificial cells were injected intra-
peritoneally into the rats. The total number of viable hepatocytes
implanted in each rat was 15 × 106.

Figure 9.2 shows the results of the first study on 3.5-month-old
female Gunn rats (Bruni and Chang, 1989). During the 16-day control

Fig. 9.2. One intraperitoneal injection of artificial cells containing a total
of 15 × 106 hepatocytes into Gunn rats. Effects on the lowering of systemic
bilirubin (Bruni and Chang, 1989).
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period, serum bilirubin increased steadily at a rate of 0.32±0.07 mg/dl
per day. Twenty days after the intraperitoneal injection of artificial
cells containing hepatocytes from Wistar rats, the serum bilirubin level
decreased from the original 14±1 mg/dl to 6.0±1 mg/dl. Ninety days
later, the serum bilirubin was still lower than the control period.

This preliminary study was followed by a second study using both
control and treated groups.

The effect of artificial cells containing hepatocytes (total hepatocytes
in the artificial cells being 15 × 106) was compared to two control
groups (Burni and Chang, 1989): 1) Gunn rats received control artificial
cells containing no hepatocytes; and 2) Gunn rats receiving free
hepatocytes (total of 15 × 106). Figure 9.3 shows that the serum
bilirubin levels in the Gunn rats which received control artificial
cells containing no hepatocytes are significantly higher than those
in the Gunn rats that received artificial cells containing hepatocytes.
Figure 9.3 shows that both free hepatocytes and artificial cells
containing the same number of viable hepatocytes have the same effect

Fig. 9.3. Effect of one intraperitoneal injection of (1) control artificial cells
containing no hepatocytes; (2) 15×106 free hepatocytes; or (3) artificial cells
containing a total of 15 × 106.
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in lowering the serum bilirubin levels. This shows that the method
of preparing artificial cells does not affect the ability of hepatocytes
to conjugate bilirubin. The result also shows that free hepatocytes
from the closely related Sprague-Dawley rats are not rejected by the
Gunn rats.

Summary

The results up to now show that hepatocytes in artificial cells when
injected, can carry out their functions. This is shown by the increase
in survival time in a galactosamine fulminant hepatic failure rat
model and the lowering of bilirubin in a hyperbilirubinemic Gunn rat.
However, before pursuing further how this can help in the regeneration
of the liver, it would be important first, to study whether artificial cells
can protect hepatocytes from immunorejection.

9.3. Immunoisolation

Can artificial cells protect hepatocytes from
immunorejection?

In order to answer this question, we follow the viability of rat
hepatocytes implanted into mice either in the free form or inside the
artificial cells (Wong and Chang, 1988). However, with implanted
artificial cells, the viability of hepatocytes depends on more than one
factor. In addition to immunorejection, there is also fibrous coating and
aggregation of artificial cells related to biocompatibility. The result is
decreased viability due to lack of oxygen and nutrients. We opted first
to study only the factor related to immunorejection. This is done by
following only those artificial cells that are not aggregated inside the
fibrous mass.

Hepatocytes were obtained from the livers of male Wistar rats
using the procedure as described in Appendix II. The viability of
the hepatocytes prepared in this way was 86.0% as measured by
trypan blue exclusion . The hepatocytes were then encapsulated in
alginate-polylysine-alginate artificial cells using the method described
in Appendix II. The viability of the hepatocytes using this procedure
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was 63.4%. The recipients were 20–22 g male CD-1 Swiss mice.
A total of 5 × 106 hepatocytes in either the free form or inside
artificial cells were implanted into each mouse intraperitoneally. At
predetermined intervals, the mice were sacrificed and the peritoneal
cavity was washed twice with 2.0 ml of iced Hanks balanced salt
solution. The viability of the hepatocytes was determined by trypan
blue stain exclusion. As mentioned above, only the free artificial cells
were analyzed in this study. The microcapsules were stained for 5 min
and then punctured with sharp forceps to release the hepatocyte from
inside the artificial cells. The trypan blue stained and unstained cells
were counted under a light microscope and the total number of cells
was measured using a hemocytometer.

Figure 9.4 shows the results obtained (Wong and Chang, 1988). The
viability of free rat hepatocytes injected into mice decreased rapidly.

Fig. 9.4. Intraperitoneal injection into each mouse of (1) 15 × 106 rat
hepatocytes or (2) artificial cells containing a total of 5×106 rat hepatocytes.
Trypan blue dye exclusion is the method for analyzing the viability of free
hepatocytes and hepatocytes in the artificial cells that are free in the peritoneal
cavity. (Wong and Chang, 1988).
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No viable free hepatocytes were recovered by the 14th day. On the
other hand, the viability of the hepatocytes inside the free artificial cells
steadily increased, and by 29 days after implantation, the viability has
increased from the original 63.4% to more than 90%. The result of the
present study seems to show that rat hepatocytes in the free form are
rejected rapidly after being injected intraperitoneally into mice. For
the artificial cells that were not aggregated, the rat hepatocytes inside
were protected from rejection after the cells were injected into mice.
However, the increase in viability of hepatocytes inside the artificial
cells was an unexpected observation. We have therefore carried out a
separate study to find out the reason.

Why do rat hepatocytes inside artificial cells recover their
viability after implantation into mice?

Factors which can stimulate liver regeneration have been isolated from
the liver extract and serum of newborn rats or partially hepatectomized
rats. One of these factors has a molecular weight of <10,000 and
the other one, a molecular weight of >100,000 (Michalopoulos
et al. 1984). Alginate-polylysine-alginate membrane of artificial cells
is only permeable to molecules of up to 64,000 mol wt (Ito and
Chang, 1992). Our study (Kashani and Chang, 1988) shows that the
higher molecular weight hepatic growth factor of >100,000 m.w. is
continuously secreted by the hepatocytes inside the artificial cells.
Since this type of artificial cells is not permeable to molecules larger
than 64,000, we found that the >100,000 m.w. hepatic growth factor
continues to accumulate inside the artificial cells. Trypan blue stain
exclusion only shows the increase in permeability and damage of the
hepatocytes and not necessarily death of the hepatocytes. Thus, it is
likely that the increasing concentration of this hepatic growth factor
inside the artificial cells may have played a role in the regeneration of
the damaged hepatocytes inside the artificial cells.

Aggregation of artificial cells after implantation

It has been generally accepted that aggregation of artificial cells after
implantation is due to the problem of biocompatibility. As mentioned
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earlier, the aggregation of the artificial cells was due to fibrous coating.
We now look at another possible reason. We examined the artificial
cells containing rat hepatocytes that have form fibrous aggregates
after implantation into mice (Wong and Chang, 1991a). In many such
cases, one can find the occasional hepatocytes extruding out of the
membrane of the artificial cells after implantation (Fig. 9.5). The most
severe tissue reaction seems to occur especially at these sites.

We then carried out another study on newly prepared alginate-
polylysine-alginate artificial cells containing hepatocytes that have not
been implanted. Using serial sections, we observed that in a significant
number of the artificial cells, hepatocytes were extruding out of the
membrane or entrapped in the membrane of the artificial cells (Fig. 9.5)
(Wong and Chang, 1991a). We hypothesize that this may be one of the
causes of the aggregation of the artificial cells containing hepatocytes.
Each artificial cell contains more than 100 hepatocytes. Even when
one hepatocyte out of these is exposed to the surface, the body will
generate an immune response, resulting in the rejection of the whole
artificial cell. In those cases where the hepatocytes are entrapped
in the membrane but not exposed to the outside, weakening of the
membrane will result. With time, erosion can result in the hepatocytes
being exposed to the outside, followed by immunorejection.

My analysis of the standard method of preparation shows that with
more than 100 hepatocytes in one artificial cell, the exposure of
one or two hepatocytes to the surface is likely a random process
(Fig. 9.5). I therefore devised a two step method to overcome this
problem.The procedure and principle have been described in detail in
Chapter 8 and Appendix II (Wong and Chang, 1991b). Thus, extrusion
of hepatocytes to the outside and entrapment in the membrane are
prevented (Fig. 9.5).

Artificial cells prepared by standard method: cell viability
after implantation

Implanted artificial cells were recovered by laparotomy and analyzed
(Liu and Chang, 2002). For the artificial cells prepared using the
standard method, from week 2, most of the microcapsules were seen
attached to the greater momentum, portal tract, pancreas and surface
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Fig. 9.5. Upper: Serial section of artificial cells containing hepatocytes
freshly prepared using the standard method. A hepatocyte is seen to extrude
to the outside and another one is entrapped in the membrane of the artificial
cell. Middle: After implantation in mice, fibrous tissue can be seen at site
where rat hepatocyte extrudes to the outside. Membrane defects are present
14 days after implantation. Lower: Artificial cell containing rat hepatocytes
prepared using the new 2-step method show no hepatocytes extrusion or
entrapment. No membrane defect was observed 14 days after intraperitoneal
injection into mice. (Wong and Chang 1991a, 1991b; Liu and Chang, 2002).
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of the liver and the spleen. At week 3, very few intact free artificial
cells could be recovered; at week 4, the aggregated microcapsules
were enclosed by more connective tissue, and some newly formed
blood vessels were observed among the aggregates of microcapsules.
Under the microscope, macrophages and lymphocytes were found
infiltrating the capsular membrane (Fig. 9.5). No further morphological
and viability studies were carried out in these groups after week 4, as
little or no intact microcapsules could be recovered.

Artificial cells prepared by two-step method: cell viability
after implantation

In contrast to the above results, when artificial cells were prepared
using the new two-step method, the following results were obtained
(Liu and Chang, 2002). At week 4, more than 90% of transplanted
intact microcapsules could be recovered. At 8 weeks, 12 weeks and
16 weeks, the recovery rate was 60%, 50%, 20%, respectively. From
week 4 on, some artificial cells were found attached to the greater
omentum. Microscopic studies showed little or no inflammatory
cells infiltration in the recovered microcapsules membrane (Fig.
9.5). Viability study shows that after the two-step encapsulation, the
hepatocytes viability inside the artificial cells was 74%–78%. In the
worst example of artificial cells containing hepatocytes prepared
using the standard method, one could see membrane holes and cell
entrapments (Fig. 9.5). Artificial cells prepared using the two step
methods do not show such imperfections after implantation (Fig. 9.5).
The result serve to show that biocompatibility is not the only factor
that causes the aggregation and fibrous enclosure of artificial cells
after implantation.

9.4. Artificial Cells Containing Hepatocytes or
Hepatocytes Plus Stem Cells

Introduction

The next step is to try to further increase the duration of function and
viability of the hepatocytes inside artificial cells. For this purpose,
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we compare artificial cells containing hepatocytes to artificial cells
containing hepatocytes and stem cells prepared by the two-step
method.

Viability of free cells in culture

We first studied plated culture hepatocytes and compare this to
plated co-culture of hepatocytes and bone marrow stroma cells (Liu
and Chang, 2000). Free hepatocytes are detached 4 h after plating,
and reached the optimal growth stage at day 7. At day 14, most
hepatocytes became detached and cell death occurred. In the co-
culture of hepatocytes and bone marrow stem cells, the hepatocytes
were maintained for a longer period of time (14–21 days) than those of
the hepatocyte culture. At day 14, most of the hepatocytes remained
attached, and showed normal growth. This result leads us to the next
step of coencapsulating hepatocytes and bone marrow stem cells in
artificial cells.

In vitro viability of encapsulated cells

We compare the in vitro viability of hepatocytes encapsulated alone
in artificial cells with that of hepatocytes co-encapsulated with a
bone marrow stem cells (Liu and Chang, 2000). They are prepared as
described under Methods in Chapter 8. The most striking microscopic
observation is that when only hepatocytes are encapsulated, most
of the cells remain single after encapsulation and during the culture
period (Fig. 9.6). When co-encapsulated with bone marrow stem cells,
most of the hepatocytes are attached to one another after encapsulation
and during the culture period (Fig. 9.6). Mechanical rupturing of
the artificial cells releases the encapsulated cells for viability studies
using trypan blue exclusion. After isolation from the intact liver, the
viability of the hepatocytes was 85%–90%, and after isolation from
the femur, the bone marrow stem cells (nucleated cells) was 95%–
100%. Immediately after encapsulation, the hepatocytes viability was
76%–83%. Starting from day 14 in the culture medium, the viability
of hepatocytes in co-encapsulation was significantly higher than the
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hepatocytes encapsulated alone (P < 0.01) (Fig. 9.6). By the 28th days,
the viability of the hepatocytes co-encapsulated with bone marrow
cells was maintained at a high level (Fig. 9.6). On the other hand, the
viability of the hepatocytes encapsulated alone has fallen to very low
levels (Fig. 9.6).

After implantation, the viability or hepatocytes in 1) artificial cells
contain hepatocytes alone; and 2) artificial cells containing both
hepatocytes and bone marrow stem cells, are as follows. From week 1
to week 6 post-transplantation, there was no significant difference in
hepatocytes viability between the 2 groups (Fig. 9.6). However, from
week 7 to week 16 post-transplantation, the viability of the hepatocytes
co-encapsulated with bone marrow stem cells, was significantly higher
than that of the group with only hepatocytes (Fig. 9.6). The average cell
number in each artificial cell containing both hepatocytes and bone
marrow stem cells remained the same.

Discussion of above results

Artificial cells containing both hepatocytes and bone marrow stem
cells make possible a greater hepatocyte viability in culture and after
implantation. The exact mechanism by which the bone marrow cells
facilitate the maintenance of the hepatocytes is unknown. When co-
encapsulated with bone marrow stem cells, the hepatocytes were found
to attach to one another, whereas when encapsulated alone, most
hepatocytes remained unattached (Liu and Chang, 2002). The above
results seem to show that both cell-cell interactions and secretions from
the bone marrow stem cells may contribute to this outcome. In addition,
other groups have shown that attachment among cells is very important
for maintaining hepatocytes viability and liver specific function inside
the artificial cells (Theise et al., 2000). Our results show that the co-
encapsulation of hepatocytes and bone marrow stem cells improves
hepatocytes viability when implanted into normal rats. In addition the
new two-step encapsulation method provides for improved viability of
implanted hepatocytes.This hepatocyte viability was increased to more
than 3 months and therefore approached a level such that they could
possibly be used in our study of liver regeneration. First, a quantitative
study was carried out to see if this increase in viability corresponds to
actual increase in function.
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Study using Gunn rat model

We compare the effect of implantation of artificial cells prepared using
the two-step method and containing 1) no hepatocytes; 2) hepatocytes;
and 3) both hepatocytes and bone marrow stem cells (Fig. 9.7) (Liu
and Chang, 2003). In the Gunn rats, the blood total bilirubin level was
4.4 ± 0.86 mg/dl before injection of the artificial cells. In the control
groups of empty artificial cells, the bilirubin levels increased steadily
throughout the 8 weeks and by week 8, the bilirubin level had reached
9mg/dl, about doubled the initial values. For artificial cells containing
only hepatocytes, the plasma bilirubin levels decreased significantly,
reaching the lowest level (2.7 mg/dl) at week 2 after transplantation.
After this, the bilirubin level increased progressively reaching the same
levels as the control groups at week 7 post transplantation. For artificial
cells containing both hepatocytes and bone marrow stem cells, the
bilirubin levels also decreased to the lowest level at week 2 after
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Fig. 9.7. One intraperitoneal injection into each Gunn rat of (1) control
artificial cells containing no hepatocytes; (2) artificial cells containing
hepatocytes; or (3) artificial cells containing both hepatocytes and bone
marrow stem cells. The results on the total systemic bilirubin levels was
followed for 70 days. Artificial cells were prepared using the 2-step method.
(Liu and Chang, 2003).
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transplantation. However, the important difference is that in this case,
the level remained significantly lower than that of the control group
up to 8 weeks after injection (Fig. 9.7) (Liu and Chang, 2003).

9.5. Artificial Cells Containing Hepatocytes in Rats with
90% of Liver Surgically Removed

Introduction

The above studies show that co-encapsulation of hepatocytes and bone
marrow stem cells inside artificial cells allows us to attain 8 weeks of
both hepatocyte viability and hepatocyte function. This means that we
are ready to proceed to the next step of studying the use of this method
for liver regeneration. Our original plan was to study the regeneration
of liver in rats with 90% of liver surgically removed using the following:
1) control with no hepatectomy; 2) control with hepatectomy; 3) free
hepatocytes; 4) artificial cells containing hepatocytes; 5) artificial cells
containing both hepatocytes and bone marrow stem cells; 6) free bone
marrow stem cells; 7) artificial cells containing bone marrow stem
cells. We started with (1), (2), (3) and (4) and obtained the following
results.

Artificial cells prepared using 2-step method on survival
of rats with 90% of liver surgically removed

In the 90% hepatectomy group (PH) and the PH groups that received
empty control microcapsules, most of the rats died in the first
three days after hepatectomy. There was no death in the sham
control group of rats that did not undergo liver resection. In the
two groups receiving artificial cells containing hepatocytes or free
hepatocytes, the survival rate was not significantly different from
that of the sham control group (Fig. 9.8) (Liu and Chang, 2006).
Free hepatocytes from Wistar rats were not immunorejected by the
Gunn rats. Thus, both free hepatocytes and artificial cells containing
hepatocytes alone enabled the rat liver to regenerate resulting in the
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Fig. 9.8. Except for one group with no hepatectomy, the other groups are
rats with 90% of their liver removed surgically. One intraperitoneal injection
of (1) free hepatocytes; or (2) hepatocytes in artificial cells (AC) results in
increased in survival rates that are not significantly different from the normal
rats. (Liu and Chang, 2005).

recovery of the rats. However, three important points need to be
considered.

Factors to be considered

(1) Rat liver can regenerate much faster than human liver. The results
discussed earlier in this chapter show that artificial cells prepared using
the new two step method containing hepatocytes alone can remain
viable after implantation for up to 14 days and they can also function
effectively in maintaining a low bilirubin in the Gunn rats for up to
14 days. In humans, liver regeneration takes much longer and 14 days
may not be sufficient and most likely need up to 8 weeks. Thus, one
would likely need to consider the use of artificial cells containing both
hepatocytes and bone marrow stem cells that have a much longer
duration of function and viability after implantation, i.e. up to 8 weeks.
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(2) The present rat model with 90% of the liver removed surgically
can be applied to clinical situations where liver resection is so
extensive that it is not compatible with life. This is especially the case
in extensive cancer metastasis to the liver or in extensive traumatic
injuries to the liver. However, in the case of fulminant hepatic failure, in
addition to inadequate liver function, there is also the other important
factor of toxins released from the necrotic liver cells. These toxins
can inhibit the regeneration of the remaining liver tissue, in addition
to being toxic to the body. The next chapter describes the use of
an adsorbent artificial cell hemoperfusion device to remove these
toxins. This results in the removal of the toxins and the recovery of
consciousness in grade IV hepatic coma patients (Chang, 1972b).
However, hemoperfusion only removes the toxins and does not enable
the production of hepatic growth factor to stimulate the regeneration
of the liver or render to support the inadequate liver functions. A
combination of hemoperfusion at the beginning to remove the toxins
and use of artificial cells containing hepatocytes and bone marrow
stem cell should provide the needed functions.

(3) Although artificial cells containing hepatocytes can prevent
immunorejection without the need for immunosuppressant, it is
difficult to obtain hepatocytes from humans. The use of hepatocytes
from animals can also help prevent immunorejection by using artificial
cells. However, since smaller protein molecules like albumin secreted
by the enclosed hepatocytes can diffuse out of the artificial cells,
there is the potential of immunological problems. On the other hand,
obtaining bone marrow from humans for use in other patients is a
routine hematological procedure. Thus, if we can use artificial cells
containing only bone marrow stem cells, then we would solve many
of the potential problems. Thus, we carried out the next study on this
possibility.

9.6. Artificial Cells Containing Bone Marrow Stem Cells

In this study, we injected artificial cells containing bone marrow
stem cells intraperitoneally into 90% hepatectomized rats (Liu and
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Fig. 9.9. Survival rates of rats with 90% of liver surgically removed,
hepatectomy compared to those without removal of liver tissues (no
hepatectomy). One peritoneal injection of artificial cells containing bone
marrow stem cells resulted in the survival of the 90% hepatectomized rats.
On the other hand, free bone marrow stem cells did not significantly increase
the survival rates. (Liu and Chang, 2006).

Chang, 2006). We then studied the survival rates of the rats and the
transdifferentiation of bone marrow stem cells.

Viability of isolated cells

About 3 × 108 nucleated BMCs could be obtained from the two
femurs of each rat. BMCs viability after bioencapsulation was 98%.
Hepatocytes viability after encapsulation was 82%.

Survival rates of rats with 90% of liver surgically removed

Figure 9.10 shows the survival rates of the following groups: 90%
hepatectomized rats receiving 1) no artificial cells as control; 2) free
bone marrow stem cells; and 3) artificial cells; that contain bone
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LIVER WEIGHTS AFTER 2 WEEKS
Liu & Chang; J Liver Transplant (2006)
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Fig. 9.10. This summarizes the liver weights of the rats that have survived
2 weeks after 90% of liver in each rat was surgically removed (hepatectomy).
In the 3 groups where most of the rats died, those few that survived have a
much lower liver weight. In those groups where all the rats survived after
2 weeks, the liver weights are not significantly different from the sham
control group. This shows that in these groups, the 10% remaining livers
have regenerated to the normal size. The rats in the sham control group did
not have any of their liver removed. (Liu and Chang, 2006.)

marrow stem cells. The 4th group consisted of sham control rats that
have not received hepatectomy. In the 90% hepatectomized control
group, and the groups that received free bone marrow stem cells, the
survival rates were significantly lower than the sham control group
with most of the mortality occurring in the first three days post-surgery.
There was no significant difference in the survival rates between the
sham control group and the group receiving artificial cells containing
bone marrow stem cells. Thus it would appear that in rats, artificial
cells containing bone marrow stem cells are as effective as artificial
cells containing hepatocytes in improving the survival rates of 90%
hepatectomized rats.
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Remnant liver weight

For those rats that survived at week 2 post hepatectomy, the remnant
livers were removed, and the weights were measured. In the 90%
hepatectomized rats that received 1) artificial cells containing bone
marrow stem cells; 2) free hepatocytes; or 3) artificial cells containing
hepatocytes, the liver wet weights were not significantly different from
those of the sham control group (Fig. 9.11) (Liu and Chang, 2006).
On the other hand, most of the animals did not survive in the 90%
hepatectomized rats that 1) received no injection; 2) received control
artificial cells containing no cells; and 3) received free bone marrow
stem cells (Fig. 9.11). In those few that survived, the liver weights were
much lower, but the small number did not allow for statistical analysis.

Blood chemistry

From blood chemistry (Liu and Chang, 2006), it was shown that except
for the sham surgery group, the albumin levels in all the other groups
decreased from day 1 post-surgery. After this, in the group that received
artificial cells containing hepatocytes, the albumin levels increased
and reached the normal level at day 2 post surgery. In the groups
that received artificial cells containing bone marrow stem cells, the
albumin only started to increase from day 3 post-surgery and reached
the pre-surgery level in about one week. Blood levels of ALT and
AST increased and reached peak levels at day 1 post-surgery for the
control artificial cell group, free bone marrow stem cell group and the
control group receiving no treatment. In the groups that received free
hepatocytes or artificial cells containing bone marrow stem cells or
hepatocytes, the results were different. There were significantly lower
increases in the ALT, AST levels as compared to the hepatectomized
group that received no injection or injection of control artificial cells
containing no cells.

Plasma hepatic growth factor (HGF) levels

In the hepatectomized groups that received artificial cells containing
hepatocytes or artificial cells containing bone marrow stem cells, the
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Fig. 9.11. Plasma hepatic growth factor (HGF) followed for those rats that
have survived for 14 days. The results are shown as Mean ± S.D. only for
those groups where all the animals have survived. PH = surgical removal of
90% of the liver. BMCs = bone marrow stem cells. H = hepatocytes. Encap =
in artificial cells. (Liu and Chang, 2006.)

blood levels of HGF peaked at days 2 and 3 post surgery, and were
significantly higher than those in the other groups (Liu and Chang,
2006). After this, the levels decreased and returned to pre-surgery
level on day 14. In the free hepatocytes transplantation group, the
peaked level was significantly lower at day 2 post surgery, decreasing
to pre-surgery level at day 7. In the control hepatectomized groups that
received 1) no treatment 2) artificial cells containing no cells group;
or 3) free bone marrow stem cells, the blood HGF levels were much
lower (Fig. 9.11).

Laparotomy and histology

Two weeks after transplantation, laparotomy showed that in the group
that received artificial cells containing bone marrow stem cells, the
artificial cells remained in the peritoneal cavity.They were found freely
distributed throughout the peritoneal cavity or to be behind the liver
or under the spleen had adhered or attached to the large omentum.
Histology examination of the bone marrow stem cells in the artificial
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cells showed that before transplantation most cells were polygonal,
star like, some with tail shape cytoplasm (Fig. 9.12). When they were
retrieved two weeks after transplantation, much of cells morphology
was transformed into round or oval shape (Fig. 9.12) (Liu and Chang,
2006).

Immunocytochemistry

Hepatocytes recovered from artificial cells show cluster of cells
positively stained with hepatocyte markers CK8 and CK18 and also
showing production of albumin ALB (Fig. 9.12), but no cells was
found to stain positive with AFP. Before implantation, the bone
marrow stem cells recovered from artificial cells did not show positive
immunochemistry stain. However, when bone marrow stem cells
were recovered from the artificial cells retrieved at week 2 after
implantation, it was found that scattered cells were positively stained
with hepatocyte markers CK8 and CK18 and also albumin production
(Fig. 9.12). There were also cells that stained positively with AFP
(Fig. 9.12 ) (Liu and Chang, 2006).

PAS glycogen stain

PAS staining revealed that hepatocytes recovered from artificial cells
retrieved 2 weeks post-transplantation were positive for PAS, indicating
these hepatocytes remained capability of glycogen production. In the
bone marrow stem cells recovered from artificial cells retrieved two
weeks post-transplantation, there were also cells that stained positive
for PAS, indicating that the cells are capable of producing of glycogen
(Fig. 9.12).

Possible mechanisms responsible for recovery of 90%
hepatectomized rat model

What are the mechanisms responsible for the recovery of 90%
hepatectomized rat model in our study? Most likely two combined
mechanisms are involved 1) The bone marrow stem cells in the
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artificial cells release the hepatic growth factors HGFs that stimulate
the regeneration of the remaining 10% liver in the rats that had 90%
of the livers surgically removed; and 2) transdifferentiation of the bone
marrow stem cells in the artificial cells into hepatocytes (Fig. 9.12).

(1) Transdifferentiation into hepatocytes. Our immunochemistry stain
studies show that some of the bone marrow stem cells recovered
from the artificial cells transdifferentiated into hepatocyte-like cells
that expressed ALB, CK8, CK 18 and AFP, typical markers of
hepatocytes. They also produced albumin and glycogen. Could
these transdifferentiated hepatocytes contribute to the recovery of
the 90% hepatectomized rats?Transdifferentiation into hepatocyte-
like cells is not immediate (Lagasse et al., 2000). Thus, the number
of transdifferentiated cells was limited at the beginning and this
alone could not have provided all the liver support observed in
our study.

(2) Another possible mechanism involves the hepatic growth factors
(HGFs) an important factor in liver regeneration (Rokstad et al.,
2002) as well as in stimulation of the transdifferentiation of BMCs
into hepatocytes (Spangrude et al., 1988). The level of HGF
increases in acute or chronic liver failure (Uchida and Weissman,
1992). As discussed earlier, there are two subgroups of HGF, one
being of higher molecular weight of >100,000 and the other of
smaller molecular weight of <10,000 (Michalopoulos et al., 1984).
Alginate-polylysine-alginate membrane artificial cells allow the
passage of molecules of 64,000 or less and retain those >64,000
(Ito and Chang, 1992). Our earlier study showed that HGF of
>100,000 m.w. secreted by hepatocytes were retained and they
accumulated in the artificial cells, thus helping to increase the
regeneration of hepatocytes in the artificial cells (Kashani and
Chang, 1988). The smaller molecule weight HGF of <10,000 can
diffuse out of the artificial cells to stimulate the regeneration of
the remaining 10% liver mass in the 90% hepatectomized rats.
Indeed, Rokstad et al. (2002) showed that certain type of HGF was
able to pass through the APA membrane and these most likely are
those in the <10,000 m.w. range. In this regard, our study showed
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that in the 90% hepatectomized rats that received artificial cells
containing bone marrow stem cells, the blood HGF levels were
significantly higher than those in the other groups, including the
90% hepatectomized group (Fig. 9.11). The HGF-like factors were
most likely released from the bone marrow stem cell inside the
artificial cells. As a result, the HGF stimulated the remnant liver
to regenerate faster in the first days post transplantation before
there was enough transdifferentiation of stem cells inside the
artificial cells into hepatocytes (Fig. 9.12). Further support for this
explanation is that artificial cells containing bone marrow stem
cells stayed in the intraperitoneal cavity throughout the 14 days of
the study. Thus, the HGF secreted can be drained into the portal
circulation to reach the 10% remaining liver mass to stimulate its
regeneration. On the other hand, intraperitoneal injection of free
bone marrow stem cells did not increase the survival rates. This is
most likely because the free bone marrow stem cells are rapidly
removed from the peritoneal cavity through the lymphatic drainage
and any HGF released does not drain into the portal circulation and
stimulate the regeneration of the remnant liver.

9.7. Artificial Cells Containing Stem Cells in
Regeneration Medicine

It would appear from the above study that implantation of artificial
cells containing bone marrow stem cells results in the regeneration
of the 90% hepatectomized liver and the survival of the animal. This
is as effective as the injection of free hepatocytes or artificial cells
containing hepatocytes. It is likely that hepatic growth factor HGF
plays an important initial role followed by transdifferentiation into
hepatocytes. These observations could stimulate further investigation
of the potential for an alternative to hepatocytes transplantation for the
treatment of acute liver failure or extensive liver resection. The use of
artificial cells containing stem cells could also be investigated in other
areas of regenerative medicine.
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CHAPTER 10

Hemoperfusion in Poisoning, Kidney
Failure, Liver Failure, and Immunology

10.1. Introduction

Artificial kidney machine

Kolff (1944) invented the artificial kidney, hemodialyzer, that has for
many years supported the lives of thousands of kidney failure patients
and also saved many lives from fatal accidental or suicidal poisoning.
Unfortunately, only a small fraction of the world’s patients can benefit
from this treatment due to the high costs of the machine and treatment.
In accidental or suicidal poisoning, in addition to the costs of the
machine there are additional factors preventing its more common
uses. For example, in many centers, especially the smaller ones, a
hemodialyzer is not readily available. Furthermore, there are problems
related to the length of treatment required, the possible fluctuation in
extracorporeal blood volume and the specialized personnel required.

Hemoperfusion based on artificial cells

While working on the biotechnological aspect of artificial cells, I did
some analysis and found that artificial cells can be the basis of a very
simple and inexpensive detoxifier that can more efficiently carry out
the detoxifying function of the hemodialyzer (Chang, 1966). Being a
physician, my first aim is to develop something for more immediate
use in patients. As a result, while continuing with basic research
on the biotechnology of artificial cells, I spent a major part of my

252
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earlier 10 years of research career in developing this idea for clinical
use in patients. This resulted in artificial cells containing adsorbents
forming a miniaturized detoxifier that is much simpler, less costly and
more efficient than the hemodialyzer (Chang, 1966, 1969a, 1971d,
1973a, 1974c, 1974h, 1975i, 1976g, 1977b, 1980e) (Fig. 10.1). The
principle will be described in detail later, but briefly it is based on
thousands of 90 micron diameter adsorbent artificial cells retained
inside a small container by screens at either end (Fig. 10.1). Blood
from patients containing toxins or drug perfuses through the screen to
come in contact with the artificial cells. Toxins or drugs diffusing into
the artificial cells are removed by the adsorbents inside the artificial
cells. This cleanses the blood that returns to the patient. The membrane
of the artificial cells prevents the adsorbent from being released into
the body and also prevents the adsorbent from damaging the blood
cells (Fig. 10.1).

10.2. Development and Clinical Trials

When I presented this concept and the prototype at the annual meeting
of the ASAIO (Chang, 1966), Professor Kolff was most supportive and
encouraging. He wrote a letter to the Medical Research Council of
Canada giving his strong support. This letter played an important role
in my successful application for an MRC special project grant for me
to develop and test the concept in my laboratory for clinical trials. At
that time this was a very new idea and physicians were not ready to
use it on their patients in clinical trials. Professor Kolff again offered
his support by writing a letter stating that he would invite me to go to
his center to carry out clinical trials on the invention if no one else was
prepared to do so. With this strong support, McGill’s human ethics
committee having reviewed in details all the preclinical safety and
efficacy animal studies (Chang, 1969a, 1972a, Chang & Malave, 1970,
Chang et al., 1971a) approved the use of the invention in clinical trials
at McGill’s teaching hospitals. The arrangement was for me to prepare
the hemoperfusion device in my laboratory which could then be used
at the hospitals for clinical trials. It was agreed that the procedure
as described in the next section be followed. The physicians at the
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dialysis units would refer patients to me and I would then make the final
decision whether to carry out the procedure and to do the treatment
on the patients myself.

Treatment of patients with severe accidental or suicidal
poisoning

The phase I safety study demonstrated the safe use of the
hemoperfusion device in patients (Chang and Malave, 1970; Chang
et al., 1971a, Chang, 1972a) and as a result clinical trials on efficacy
followed. Clinical trials on its use in suicidal or accidental poisoning
were more straight forward. The efficacy could be shown after the one
or two treatments and the results could be assessed both quantitatively
and clinically. Thus, clinical trials were successfully carried out in
the first three patients (Chang et al., 1973a, 1973b). Altogether, 11
adult patients (Chang 1975g, 1976c, 1980e) and one pediatric patient
participated (Chang et al., 1980a) all with conclusive clinical results.
These will be discussed in more detail in a later section. The successful
clinical trials led to the routine use of this approach around the world
for the treatment of drug poisoning (Better et al., 1979; Biberstein
et al., 1983; Cohan et al., 1982; Verpooten et al., 1984; Gelfand
et al., 1977; Gibson et al., 1978; Lorch and Garella, 1979; Winchester,
1996; Diaz-Buxo et al., 1978; Sideman and Chang, 1980b; Piskin and
Chang, 1982; Chang and Zheng, 1983; Chang and Ho, 1985; Chang
and Nicolaev, 1987; Chang and Odaka, 1991; Klinmann et al., 1990;
Kawasaki, 2000; Lin et al., 2002; Lopez-Lago et al., 2002; Peng et al.,
2004; Chinese Symposium on Hemoperfusion, 2005).

The method of preparing artificial cells containing an adsorbent has
been published in reproducible format for all to use (Chang, 1972a,
1976g). As a result, a number of countries, for instance, Canada, China,
USA, United Kingdom, Japan, Sweden, Italy, Spain and USSR were able
to produce their own variations of industrial hemoperfusion devices
with the usual variations in efficacy and biocompatibility. While the
inferior ones are no longer in use, those that are safe and effective
are being used in routine clinical treatment of accidental and suicidal
poisoning. For some unknown reasons, in some areas of the world,
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these devices are extremely expensive and as a result, their use is not
widespread. In other areas of the world, especially where hemodialysis
machines are not easily accessible, inexpensive but safe and efficient
devices are being produced and used extensively, saving thousands of
patients with potentially fatal accidental or suicidal poisoning.

Hemoperfusion for removal of unwanted or toxic substances
from blood under other conditions

Hemoperfusion has been an established routine clinical method for the
treatment of patients with severe suicidal and accidental poisoning for
many years. Its ability to remove unwanted or toxic substances from the
blood also comes in useful in other clinical conditions. This includes
its use in liver failure, kidney failure and use as an immunosorbent.
In liver failure and kidney failure, hemoperfusion carries out only part
of the functions of these organs, mainly in the removal of toxic or
unwanted substances from the blood.

Treatment of patients with terminal kidney failure

Hemoperfusion in terminal kidney failure patients results in the
improvements of patients’ well-being and uremic symptoms (Chang
et al., 1971a, 1972g, 1974). It efficiently removes uremic wastes
and toxins including the larger “middle” molecules (Chang, 1972e;
Chang, and Migchelsen, 1973; Chang and Lister, 1980; 1981). “Middle
molecule” is a term used by nephrologists to denote molecules in the
molecular weight range of 300 to 15,000. However, hemoperfusion
does not remove electrolytes, water or urea. Thus, it has been used
in series with hemodialyzers as hemodialyzers were, at that time not
effective in removing the larger “middle” molecules that were thought
to be uremic toxins.

Clinicians around the world who use the better commercially
prepared hemoperfusion devices in series with hemodialyzers reported
clinical improvements in well-being of patients, nerve conduction
velocity, pruritis, pericarditis, peripheral neuropathy as well as
reduction in treatment time (Chang et al., 1975, 1982b; Martin
et al., 1979; Inou et al., 1979; Odaka et al., 1980; Agishi et al.,
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1980; Stefoni et al., 1980). Since then, the quality of hemodialysis
membranes has improved and the present high flux membranes are
superior to the standard dialysis membrane in removing the larger
“middle” molecules. Even then, the clearance is still much less
than compared to the better hemoperfusion devices. Hemoperfusion
devices are usually manufactured by manufacturers of hemodialysis
machines and membranes. In those countries with strong hemodialysis
companies, the hemoperfusion devices are extremely expensive. On
the other hand, in those countries with no large dialysis industries,
hemoperfusion devices are not expensive and therefore continued to
be used in renal failure patients. In all the countries, hemoperfusion
continues to be commonly used for uremic patients with aluminium or
iron overload. This is based on the earlier clinical demonstration of the
use of deferoxamine to bind these heavy metals and of hemoperfusion
to remove the complex (Chang and Barre, 1983; Chang, 1986d; Chang
et al., 1984a, 1989a; Hakim et al., 1985; Winchester 1996).

In an attempt to eliminate the need for the bulky and expensive
hemodialysis machine, hemoperfusion has been used in series with
a small ultrafiltrator with oral adsorbents to control potassium and
phosphates (Chang et al., 1975, 1977b, 1979a; Chang, 1976c).An urea
removal system is being developed to complete the hemoperfusion-
ultrafiltrator approach.

Treatment of patients with hepatic coma

The effectiveness of hemoperfusion devices in removing toxins from
the circulating blood has also been shown in hepatic coma patients.
Thus, the first use of the device in a grade IV hepatic coma patient
resulted in the recovery of consciousness in the patient within an
hour (Chang, 1972b). As will be described later, this was followed by
extensive clinical trials in hepatic coma patients around the world,
with effective removal of hepatic toxins and resulting in recovery
of consiousness in a significant number of patients (Chang, 1972b,
1975e, 1975j, 1976c, 1982a; Gazzard et al., 1974; Blume et al., 1976;
Chang et al., 1977a; Bartels et al., 1977, 1981; Silk andWilliams, 1978;
Gelfand et al., 1978; Gimson et al., 1978; Odaka et al., 1978; Amano
et al., 1978; Maeda et al., 1980; Cordoatri et al., 1982; William, 1983;
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O’Grady et al., 1988). However, liver is a complex organ with many
other functions besides detoxification. Thus, a detoxifier alone cannot
fully support liver function. As mentioned in the previous chapter,
hemoperfusion could play an important role in removing hepatic
toxins to allow the use of artificial cells containing hepatocytes and
stem cells for liver regeneration.

Protein-coated artificial cells in immunoadsorption

Albumin can bind tightly to the ultrathin collodion membrane of
adsorbent artificial cells, and was initially used to increase the
blood compatibility of the adsorbent artificial cells for hemoperfusion
(Chang, 1969a). This albumin coating has also been applied to
synthetic immunosorbents, resulting in blood compatible synthetic
blood group immunosorbents (Chang, 1980d). The albumin-coated
synthetic adsorbent has been applied clinically for removing blood
group antibodies from plasma for bone marrow transplantation
(Bensinger et al., 1981). In addition, albumin-coated collodion
activated charcoal (ACAC) was found to effectively remove antibodies
to albumin in animal studies (Terman et al., 1977). This principle has
become a basis of one line of research in which other types of antigens
or antibodies are applied to the collodion coating of the activated
charcoal to form immunosorbents. Other immonosorbents based on
the same principle have also been developed for the treatment of
human systemic lupus erythematosus, modification of hyperacute
renal xenograft rejection, removal of antiHLA antibodies in transplant
candidates, and treatment of familial hypercholesterolemia with
monoclonal antibodies to remove low-density lipoproteins (Terman,
1980; Terman et al., 1979a, 1979b; Hakim et al., 1990; Wingard et al,
1991; Yang et al., 2004).

10.3. Basic Principle of Artificial Cell in Hemoperfusion

Permeability and transport characteristics

An artificial cell membrane has an ultrathin membrane of less than
0.05 micron as compared to the 2.0 micron thickness of the dialysis
membrane. Furthermore, the small size of artificial cells means that
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Table 1. Analysis of Mass Transfer

30 ml of Artificial
Cells

1 Hemodialyzer
Artificial Kidney

Total surface area 2 m2 1 to 2 m2

Membrane thickness 0.02 µ 2.00 µ
Mass transfer 100–200 × 1

30 ml of artificial cells can have a total surface membrane area of
2 m2 as compared to the 1 to 2 m2 of a whole dialysis machine
(Table 1, Fig. 10.1). This means that 30 ml of artificial cells can have
a theoretical mass transfer that is 100 to 200 times that of a whole
artificial kidney machine (Chang, 1966, 1972a) (Table 1).

We also analyzed the effects of varying the diameter and total
volume of artificial cells over a wide range. Figure 10. 2 compares
the mass transfer of artificial cells with that of a standard hemodialysis

Fig. 10.2. Mass transfer artificial kidney represented as 1. Ratio of mass
transfer of 10 ml and 300 ml of artificial cells of different diameters.
Hemoperfusion uses artificial cells of about 100 micron diameter.
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machine. Here, the mass transfer of a standard hemodialysis machine is
taken as unity and comparison is made of 10 ml and 300 ml of artificial
cells of different mean diameters. The mass transfer of even a 10 ml of
artificial cells is many times that of the standard hemodialysis machine.
With 300 ml of artificial cells, the mass transfer is even higher.

Experimental analysis

An experimental study of typical artificial cells has shown that the
equivalent pore radius is 18 Å (Chang, 1965, 1972a). This means
that the membrane would be permeable not only to the smaller
waste metabolites but also to the “middle” molecules in the 1000–
25,000 molecular weight range. A detailed analysis of the rate of
movement of different molecules has also been carried out (Chang
and Poznansky, 1968a) (Table 2). These results show that metabolites
normally present in the body can equilibrate very rapidly across the
artificial cell membranes. This being the case, 30 ml of artificial cells
retained in a shunt perfused by circulating blood will have a mass
transfer equivalent to that of a whole artificial kidney machine (Chang,
1966) (Figs. 10.1 and 10.2). However, in the case of the artificial kidney
machine, once solutes cross the membrane they are “washed” away by
100–200 liters of dialysis fluid. For artificial cells with a total internal
volume of 30 ml, within a very short time, the concentration gradient

Table 2. Experimental Permeability Data for Artificial Cells

Solutes Half-time for
Equilibration

(Seconds)

Permeability
Constant

(P) (cm/sec)

Solute Permeability
Coefficient (W)

(moles/dyne-sec.)

Urea 4.3 2.01 × 10−4 8.23 × 10−15

Creatinine 17.5 0.61 × 10−4 2.52 × 10−15

Uric Acid 42.5 0.19 × 10−4 0.77 × 10−15

Creatine 16.6 0.75 × 10−4 3.08 × 10−15

Glucose 26.2 0.54 × 10−4 2.17 × 10−15

Sucrose 35.5 0.37 × 10−4 1.62 × 10−15

Actylsalicylate 39.0 0.32 × 10−4 1.31 × 10−15

Trtiated water < 1.0 N/A N/A
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will disappear for any further solute diffusion. However, artificial cells
are not meant to function as dialyzers. They are made to function as
microscopic bioreactors, so that, solutes entering the artificial cells can
be rapidly converted or removed, thus maintaining a concentration
gradient. Thus, our earlier study showed that artificial cells containing
urease in a hemoperfusion chamber can rapidly lower blood urea by
converting it to ammonium (Chang 1966). Adsorbents, like activated
charcoal, placed inside artificial cell can also remove solutes that
equilibrate rapidly inside (Chang, 1966). Why do we choose to use
activated charcoal?

10.4. Artificial Cells Containing Activated Charcoal in
Hemoperfusion

Why use activated charcoal for artificial cell hemoperfusion?

Activated charcoal has the ability to adsorb and remove a large
spectrum of molecules. Since ancient times, the Chinese and Greeks
have used this for removing toxic substances. Activated charcoal has
also been placed in a hemoperfusion device for direct perfusion by
blood (Yatzidas, 1964). However, Dunea and Kolff (1965) showed in
animal studies that this resulted in: 1) embolism due to the release of
charcoal powder into the body, and 2) damage and removal of blood
cells especially platelets.

By putting activated charcoal inside artificial cells one can prevent
the release of harmful charcoal particles into the body and at the
same time prevent its adverse effects on the blood cells (Chang, 1966)
(Fig. 10.1). At the same time, unwanted molecules can move rapidly
into the artificial cells and be removed by the activated charcoal.

In order to put this into practice, artificial cells were first prepared
to contain activated charcoal powder (Chang, 1966). However, in
a hemoperfusion device, the ultrathin membrane of the artificial
cells cannot withstand the larger pressure gradient during perfusion.
Furthermore, the flexibility of the ultrathin membrane increases flow
resistance and also packing and obstruction at the exit port of the
hemoperfusion device. A more successful method is to coat the
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ultrathin membrane directly onto activated charcoal granules (Chang,
1969a). Thus, there is no breakage of the ultrathin membrane, no
increase in flow resistance and no obstruction to flow. This forms the
basis of all the subsequent successful approaches. Later, industrial
productions of medical grade spherical activated charcoal help to
further improve this method.

Effects on embolism

In vitro studies show that there is no particle release since there
is no significant differences in particle counts between the samples
from the fluid entering the hemoperfusion devices and that from the
fluid leaving the device (Chang and Malave, 1970). In animal studies,
blood smear from blood leaving the device did not show any embolic
particles. Histological studies in a total of more than 20 dogs did not
show any evidence of embolism, even in artificial cell hemoperfusion
devices stored for up to one month (Chang and Malave, 1970).

Effects of hemoperfusion on platelets

Figures 10.3 and 10.4 show that uncoated activated charcoal after
contact with heparinized blood, when observed under a scanning
electron microscope, showed fibrin entrapment of red blood cells,
leukocytes and platelets. On the other hand, artificial cells in the form
of albumin-cellulose nitrate-coated activated charcoal granules did not
show fibrin entrapment of formed elements of blood (Chang, 1974b).
This scanning electron microscopic study supported the finding that
albumin-cellulose nitrate-coated activated charcoal, used in both
animal studies (Chang, 1969; 1974b; Chang and Malave, 1970) and
patients (Chang et al., 1972a), prevents the depletion of platelets from
the blood. There is no hemolysis or removal of red blood cells by
the albumin-cellulose nitrate-coated activated charcoal. Unlike other
polymers, cellulose nitrate can bind albumin tightly by adsorption even
in the presence of plasma. There were no significant changes in post-
hemoperfusion plasma hemoglobin levels or leukocyte levels (Chang
and Malave, 1970).
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Fig. 10.3. Left: Uncoated activated charcoal after contact with heparinized
blood observed under a scanning electron microscope, showed fibrin
entrapment of red blood cells, leukocytes and platelets. Right: On the other
hand, artificial cells in the form of albumin-cellulose nitrate-coated activated
charcoal granules did not show fibrin entrapment of formed elements of
blood.

Clearance of the ACAC artificial cell artificial kidney

On the basis of the mass transfer analysis (Table 1 and Fig. 10.2) one
should not be too surprised at the very high clearance value of artificial
cells containing activated charcoal. Activated charcoal actively
removes and adsorb substances that rapidly cross the membrane.
Furthermore, the albumin coating of the artificial cell membranes also
takes part in the removal of protein-bound molecules in the circulation.
As a result, the clearance of the different metabolites or drugs is many
times higher than that for the standard hemodialysis machines.

For instance, as shown inTable 3, creatinine clearance is 230 ml/min
as compared to 120 ml/min for standard hemodialysis machines. What
is even more important is the clearance for “middle” molecules
which is 140 ml/min as compared to 30 ml/min with the standard
hemodialysis machines (available up to 1980). The clearance of drugs
like phenobarbiturate, methaprylon, methaqualone and glutethimide
of between 210 to 230 ml/min is even more striking when compared



April 2, 2007 15:50 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch10 FA

264 Artificial Cells

Fig. 10.4. Platelet levels in patients before and after 2 h of hemoperfusion
using albumin-cellulose nitrated coated activated charcoal artificial cells.
There is no significant decrease in platelet level. Earlier report elsewhere using
nature activated charcoal without membrane coating resulted in marked
decrease in platelet levels.

to the much lower clearance in the standard hemodialysis machines.
The clearance of protein-bound molecules, as glutethimide, is many
times higher using artificial cell hemoperfusion. On the other hand, it
should be noted that the clearance depends a great deal on the ability
of the charcoal to adsorb the material that crosses the artificial cell
membranes. Thus, in the case of blood urea and electrolytes which
are not adsorbed to any extent by the charcoal, very small clearance
is obtained.



April 2, 2007 15:50 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch10 FA

Hemoperfusion in Poisoning, Kidney Failure, Liver Failure, and Immunology 265

Table 3. Clearance: Hemoperfusion and Dialysis

Clearance ml/min Artificial Cell HP Artificial Kidney HD 1980
(QB 300 ml/min)

Creatinine 230 ml/min 120 ml/min
Middle molecules 140 ml/min 30 ml/min

(300–1500 mw)

Fig. 10.5. Industrial scaled up ACAC hemoperfusion device. Left: Flow
pattern when inflow is into the larger end of the device. Right: Inflow into the
narrow end of the device resulted in improved flow hyrodynamic with less
channeling and less stagnation of flow closer to the wall of the device.

Improvements in hydrodynamics

The laboratory ACAC hemoperfusion device as shown in Fig. 10.1
has configurations and inflow characteristics that allow for good
hydrodynamics. However, this configuration is not convenient for
industrial scale up. For industrial scale up, the configuration is also
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shown in Fig. 10.1. In this configuration, it is necessary to analyze
the optimal hydrodynamics (Victor Chang et al., 1987a). Figure 10.5
shows the hydrodynamic measurements of flow with the configuration
of the industrial scaled up ACAC hemoperfusion device. When inflow
enters the larger end of the device (left figure), there is channeling
and stagnation of flow near the wall. This decreases the efficiency
of extraction of unwanted molecules from the fluid. Furthermore,
this can contribute to deposition of platelets and white cells. When
inflow enters the narrow end of the device, there is improved flow
hyrodynamic with less channeling and less stagnation of flow close to
the wall of the device.

10.5. Hemoperfusion in Acute Suicidal or Accidental
Poisoning

Preclinical studies

Animal studies in this laboratory showed the effectiveness of the
hemoperfusion system in the treatment of acute intoxication from
glutethimide, pentobarbital and salicylate (Chang, 1972a). This led to
our clinical trials in patients.

First clinical trials in acute poisoning

Other physicians at that time were not willing to carry out the
procedure because of the potential for liability. As a result, I had to
prepare the hemoperfusion devices in my laboratory at McGill, and
to bring each of them to the hospital to treat the patients myself. The
arrangement was that the nephrologists would refer patients to me. I
would then make the final decision based on the following criteria. For
the first 3 adult patients, I would only agree to carry out the procedures
if the patients were seriously intoxicated, with a systemic drug level
well above the lethal levels or who had serious complications requiring
rapid recovery from the effects of the drugs. For example, in one case,
before treatment the patient had cardiac arrests on two occasions with
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possible pulmonary embolism requiring heparinization. Her blood
pressure was not obtainable by auscultation and her methyprylon level
was twice the lethal level. In this particular case, the desirability of
rapid elimination of the drug and its effects is obvious. In another
case, a combined intoxication existed — the methyprylon level was
three times, and the methaqualone level at least twice, the lethal level;
furthermore, it is well known that glutethimide is cleared poorly by
the standard artificial kidney available at that time. In the case of a
pediatric patient with accidental theophylline overdose, irreversible
brain damage would have been the result if treatment was not started
immediately. In all these cases, the potential benefits to the patients
would have to be high.

Result of clinical trials on 11 adult patients with suicidal or
accidental drug poisoning

The first three patients are described in more detail below (Chang et al.,
1973a, 1973b), to followed by the other adult patients (Chang 1975g,
1976c, 1980e) and then the pediatric patient.

Case 1. A 50-year-old female, previously treated for depression,
was admitted consequent upon her taking several drugs. She was
comatose and her blood pressure was 90/60, pulse 80/min and
regular, respiration 12/min and temperature, 98.4◦F. Her corneal
reflexes were absent. She was treated by intubation followed by gastric
lavage containing activated charcoal. Heparin, 5000 units IV q4h, was
started since pulmonary embolism was suspected. Four hours later
two cardiac arrests occurred and were reversed with cardiac massage
and direct current electroshock. A subsequent chest X-ray showed
fracture of four ribs.Ventilatory assistance was required.Ten hours after
admission her blood pressure could not be determined by auscultation.
At this time her blood methyprylon level was 9.4 mg/dl and six hours
later it was 9.6 mg/dl. Direct measurement of arterial blood pressure
from the AV shunt gave a systolic pressure of 80 mm Hg.

The patient was referred to me and hemoperfusion was carried out.
For the first 20 min the systolic blood pressure was maintained at 90–
100 mm Hg with levarterenol. Then the levarterenol was discontinued
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Fig. 10.6. Clinical and laboratory results of hemoperfusion in a patient with
severe suicidal methryprylon overdose.

and the pressure remained at 130–150 mm Hg throughout the 3 h
of hemoperfusion. The initial arterial blood methyprylon level was
9.6 mg/dl. Hemoperfusion for 2 h lowered this to 4.1 mg/dl, i.e. below
the dangerous level of 6 mg/dl (Fig. 10.6). An initial clearance of
250 ml/min was obtained. As a result, the recovery was dramatic
and straightforward. For example, voluntary respiration became more
regular and increased to 40/min, with tidal volume increasing to
325 ml during hemoperfusion. Corneal reflexes and voluntary eye
opening and blinking returned and response to painful stimuli
appeared. Limb movements were detected 27 h after admission
and 4 h later, the patient responded to verbal commands. She
no longer required ventilatory assistance and started talking 4 h
later.

Case 2. A 26-year-old female was admitted after ingesting a large
amount of glutethimide. She was comatose and areflexic. Her blood
pressure was 90/60 and she required ventilatory support. Six hours
after admission, her systolic blood pressure was less than 70 mm Hg
and isoproterenol was infused. Twenty-four hours after admission, her
condition was unchanged. Her rectal temperature was 87◦F, blood
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Fig. 10.7. Clinical and laboratory results of hemoperfusion in a patient with
severe suicidal glutethimide overdose.

pressure 90/50, and she still required isoproterenol and ventilatory
support. At that time, she had clinical and X-ray signs of bilateral
bronchopneumonia. Her blood glutethimide level was 7 mg/dl.

At 27 h after admission, she was referred to me. She was treated
by hemoperfusion with 300 g of the ACAC microcapsules for 2 h.
In the course of the hemoperfusion, her blood pressure rose from
90/50 to 120/80 in 30 min without isoproterenol infusion. Her
blood glutethimide level fell to 3 mg/dl, but 10 h after completion
of the hemoperfusion, it rose to 5 mg/dl (Fig. 10.7). Except for a
very slight pupillary reflex and gag reflex, she remained comatose.
Her blood pressure was 110/55. Since glutethimide has a high
lipid coefficient, a large part of the drug accumulated in the lipoid
tissue. The rebound in its level after hemoperfusion likely reflects a
redistribution of glutethimide from the lipoid tissue to the bloodstream.
A second hemoperfusion with another 300 g of ACAC microcapsules
was carried out. Within 1 h, a 2+ patellar reflex and a slight plantar
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reflex were elicited. After 1½ h of hemoperfusion, her tidal volume
increased from 250 ml (pretreatment) to 475 ml. In addition, she
exhibited some spontaneous limb movements. Her blood pressure
increased to 130/75. The posthemoperfusion blood glutethimide level
was 1.5 mg/dl (Fig. 10.6). Two hours after completion of the second
hemoperfusion, she no longer required ventilatory support. She was
up and about the following day.

Case 3. A 27-year-old male was admitted consequent upon
his ingesting a mixture of medications. He was comatose and
unresponsive to painful stimuli and required ventilatory assistance. He
also showed signs of methaqualone intoxication: tonic convulsions,
hypotension, cardiac failure, myoclonia, bleeding tendency, and
hypothermia. Gastric lavage was carried out and forced diuresis
started. Eight hours after admission, his blood methyprylon level was
18.3 mg/dl, 3 times the “dangerous” level of 6 mg/dl. A 60-min ACAC
hemoperfusion was carried out at a blood flow rate of 300 ml/min. The
methyprylon level fell to 12.9 mg/dl after the 60-min treatment and by
32 h after admission, it was 9.0 mg/dl having been lowered from three
times the dangerous level to just below the dangerous level. Despite
this, there was no marked immediate improvement in the patient’s
clinical condition. At that time, the laboratory result showed that he
also had a methaqualone level of 6.5 mg/dl, a level which is more than
twice the dangerous level of 2.5 mg/dl. A second ACAC hemoperfusion
was given over a period of 2 h with a blood flow rate of 300 ml/min.The
methyprylon and methaqualone level fell to 1.8 mg/dl and 2.7 mg/dl,
respectively. By 48 h his pupils reacted sluggishly to light, and the gag
reflex, deep pain response and bowel sounds were present. At 96 h
his breathing was independent; all reflexes became normal. By 130 h
after admission, he was oriented, rational and up and about.

Case 4. This patient was admitted comatose, areflexic, with fixed
dilated pupils, and requiring respiratory assist and pressor drug to
maintain her blood pressure. She had taken a large mixture of
drugs, including glutethimide, thioridazine, salicylate, phenobarbital,
and tetracycline, in addition to a large intake of alcohol. She was
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hemodialyzed three times in the first 48 h with no change in her
condition. She was hemoperfused for 1–1/2 h with 300 g of ACAC,
followed immediately by another 300 g of ACAC hemoperfusion
column for 1 h. With this hemoperfusion, her corneal reflex returned
and her blood pressure could be maintained without pressor drug. In
the next 2 days, she was treated by two hemodialyses but without
any changes in her clinical condition. A third hemoperfusion was
carried out 10 h after the last hemodialysis. With this hemoperfusion,
gag reflex and cough reflex returned and there was occasional
spontaneous breathing. This was followed by a fourth hemoperfusion
after which spontaneous breathing returned. The following day, she
was responsive and following this, she recovered and was up and
about. Her phenobarbital level was 20 mg% on admission. Clearance
obtained was 228.6 mL/min. Her glutethimide level on admission was
22.62 mg/dl. Clearance obtained was 251 mL/min.

Case 5. A 79-year-old patient was admitted with a history of
ingestion of phenobarbital with a blood level of 30 mg%. The
patient was comatose, areflexic, and required ventilatory assist when
hemoperfusion was carried out. With 2 h of hemoperfusion, pupil
reflex, corneal reflex, and patellar reflex returned. Later, the patient
started to trigger the respirator, had spontaneous movement and
recovered shortly after this. Clearance obtained for hemoperfusion at
a blood flow rate of 200 mL/min was 188 mL/min.

Case 6. This patient was admitted with grade IV coma due to
phenobarbital intoxication.The patient received ACAC hemoperfusion
at 180–200 mL/min blood flow rate. The clearance was 162 mL/min.
Hemoperfusion resulted in recovery of the patient.

Case 7. This 21-year-old patient was admitted with a history of
ingestion of glutethimide and phenobarbital. She was admitted with
grade IV coma.There was X-ray evidence of right upper lobe atelectasis
and right lower lobe consolidation. One 2 h hemoperfusion resulted
in improvement of the patient and complete recovery and discharge
subsequently.
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Case 8. This 22-year-old man was admitted with a history of overdose
of salicylate and sodium bromide. The salicylate level was 52.85 mg%
when hemoperfusion was started. The clearance obtained at the
flow rate of 300 mL/min was 165.9 mL/min. Hemoperfusion of 2 h
lowered the systemic salicylate level to 37.76 mg%. At initiation
of hemoperfusion, the patient was in grade II coma responding to
painful stimuli. After 1 h of hemoperfusion, the patient recovered
consciousness, complained of thirst and hunger, wanted to get up and
was also carrying on a conversation. He recovered after this.

Case 9.This 51-year-old patient had taken an overdose of methyprylon.
The patient was comatose, areflexic, hypotensive, and needed
ventilatory assistance. He received 2 h of hemoperfusion with ACAC
hemoperfusion at a blood flow rate of 160 mL/min. Two hours after
hemoperfusion was started there was bilateral patellar reflex 2+,
ankle reflex 2+, light reflex, and some voluntary movement. Shortly
afterwards ventilatory assistance was not required and he recovered
shortly after this.

Case 10.This 30-year-old patient was admitted with a history of having
taken phencyclidine. Phencyclidine was qualitatively demonstrated in
the blood and urine of the patient.The patient was comatose, areflexic,
hypotensive, and a 2 h ACAC hemoperfusion was carried out. After
the hemoperfusion, the patient still remained comatose. Three days
later the patient was off the respiratory and started to have voluntary
movements and then recovered after this. It is not possible to measure
the phencyclidine level quantitatively, in order to calculate clearance
or changes in level because the method available at that time could
only give a qualitative assessment of the presence of phencyclidine in
the blood and urine.

Case 11. This 55-year-old patient was admitted after he had taken a
bottle of Seconal (secobarbital). Shortly after admission, he developed
respiratory arrest. He was resuscitated, put on a respirator, and his
blood pressure was maintained with pressor drug. He developed
ventricular tachycardia which responded to lidocaine. His secobarbital
level was 6 mg%. Two hours of hemoperfusion was carried out. At
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Table 4. First Series of Clinical Trials in 11 Adult Patients with Suicidal
Drug Overdose. (Chang et al. 1973a, 1973b; Chang, 1975g; Chang,
1980e)

# Coma Drugs Clearance Hemoperfusions Outcome
ml/min Number

1 IV Methyprylon 230 2 Recovery
2 IV Glutethimide 150 1 Recovery
3 IV Methyprylon 230 2 Recovery

& Methaqualone 230
4 IV Glutethimide 230 4 Recovery

& Phenobarbital 228
5 IV Phenobarbital 180 1 Recovery
6 IV Phenobarbital 162 1 Recovery
7 IV Glutethimide — 1 Recovery
8 II Salicylate 150 1 Recovery
9 IV Methyprylon 160 1 Recovery

10 IV phencyclidine — 1 Recovery
11 IV Secobarbital — 1 Recovery

the beginning, the patient was comatose with no reflexes. After 1 h
of hemoperfusion, there was 2+ achilles tendon reflex. And 2 h after
hemoperfusion, both patellar achilles reflexes were present. Two days
later he recovered completely and was transferred out of the intensive
care unit. This hemoperfusion was carried out with the Hemosorba
system and the clearance obtained was 200 mL/min.

Pediatric patient with accidental theophylline overdose

A 3-year, 10-month female child with a two-year history of
asthma developed tachynea, respiratory difficulty and fever. She was
accidentally given 750 mg of theophylline, an amount 10 times in
excess of that prescribed. She became restless, developed tachycardia,
and vomited coffee-ground material positive for occult blood. Her
serum theophylline level was 67µg/ml 1 h and 45 min after being
given the drug. She was transferred to the intensive care unit. The
hospital immediately referred the patient to me for possible treatment
with ACAC hemoperfusion. It was decided to carry out the procedure
immediately because: 1) The theophylline level varied from 67 to
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74 µg/ml and 40 µg/ml being considered a potentially lethal dose;
(2) It is known that if the level is not lowered quickly, the child would
suffer irreversible brain damage — as in an earlier case when the child
was referred to us too late; and (3) Available dialysis systems at that
time were not effective in removing theophylline.

A 3 h hemoperfusion procedure was carried out (Chang et al.,
1980a). The maximal blood flow possible in this 15.4 kg child was
60–75 ml/min in the first hour. After the first hour, the flow rate was
increased to 90 ml/min, and this rate was maintained for the remainder
of the treatment. Before hemoperfusion, the child had a tachycardia
of 187/min and a blood pressure of 120/70 mm Hg. As hemoperfusion
lowered the systemic theophylline level, the heart rate decreased to
145/min at one hour, 135/min at two hours and was 127/min at the
end of the procedure (Fig. 10.8). Her blood pressure was unchanged
throughout the hemoperfusion.
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Fig. 10.8. Clinical and laboratory results of hemoperfusion in a 3-year-old
pediatric patient with severe accidental theophylline overdose. Her level
was well above the dangerous level of 40 µg/ml that could have resulted
in irreversible brain damage. Hemoperfusion rapidly lowers this level.
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Figure 10.8 shows that the blood level of theophylline before HP was
74 µg/ml. Hemoperfusion lowered the level within 1.5 h to 40 µg/ml
and within 3 h to 15 µg/ml. Hemoperfusion was discontinued. The
theophylline level in the efferent from the hemoperfusion device was
zero showing a 100% extract of the drug on one circulation through
the device. The removal of the drug from the tissue compartment
must also have been high since before hemoperfuion the blood level
remained high and stable but after hemoperfusion was completed, the
serum level continued to remain at the low level. The child recovered
uneventfully.

Routine clinical uses in patients around the world

Activated charcoal is a well-known adsorbent for a large number
of drugs and toxins. Artificial cells containing activated charcoal, as
demonstrated here, take advantage of this adsorbing property and at
the same time prevents the two major problems of charcoal embolism
and reduction in platelets. The results of these initial clinical trials
have led to the use of this approach around the world for the treatment
of patients with accidental or suicidal poisoning (Better et al., 1979;
Biberstein et al., 1983; Cohan et al., 1982; Verpooten et al., 1984;
Gelfand et al., 1977; Gibson et al., 1978; Lorch & Garella, 1979;
Winchester, 1996; Diaz-Buxo et al., 1978; Sideman & Chang, 1980b;
Piskin & Chang, 1982; Chang & Zheng, 1983; Chang & Ho, 1985;
Chang & Nicolaev, 1987; Chang & Odaka, 1991; Klinmann et al.,
1990; Chang & Odaka, 1991; Kawasaki, 2000; Lin et al., 2002;
Lopez-Lago et al., 2002; Peng et al., 2004; Chinese symposium in
hemoperfusion, 2005).

The methods of preparation of artificial cells containing activated
charcoal have been published in reproducible for all to use (Chang,
1972a). As a result, a number of countries have started to produce
their own industrial hemoperfusion devices. As would be expected,
there are variations and extension of Chang’s original method, resulting
in variations in efficacy and biocompatibility. While the inferior ones
are no longer in use, those that are safe and effective are being used
in routine clinical treatment of accidental and suicidal poisoning. In
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Table 5. Clinical Criteria for Hemoperfusion (modified from Winchester,
1996)

1. Progressive deterioration despite intensive care.
2. Severe intoxication with mid-brain dysfunction.
3. Development of complications of coma.
4. Impairment of normal drug excretory function.
5. Intoxication with agents producing metabolic and/or delayed effects.
6. Intoxication with an extractable drug which can be removed at a greater rate

than endogenous elimination

some areas of the world, for some unknown reasons, these devices
are extremely expensive and as a result are not in widespread use.
In other areas of the world, especially where hemodialysis machines
are not easily accessible, inexpensive but safe and efficient devices
are being produced and used extensively. Nephrologists have been
able to establish the following criteria for using this in acute poisoning
(Table 6), based on the extensive experience in the use of adsorbent
artificial cells in hemoperfusion for acute poisoning.

Because of its efficient adsorbing properties for numerous drugs
(Table 5), the system may be even more useful in cases of acute
intoxication involving a number or drugs, especially when the exact
drugs are not known at the time that treatment is required. Being
portable and having a constant extracorporeal volume, it is particularly
useful in areas where hemodialysis machines are not easily accessible
or in pediatric practices.

10.6. Hemoperfusion in Terminal Renal Failure Patients

Hemodialysis machines are effective in the treatment of chronic renal
failure patients. However, at that time there were not enough machines;
furthermore, it was extremely expensive. Only a small number of
patients could afford treatment in a few countries. In most other
countries, the high cost and unavailability of machines posed a barrier
to their use in terminal renal failure patients. Since hemoperfusion
is efficient in removing toxin or unwanted waste from the blood, we
carried out studies into its possible use in uremic patients.
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Table 6. Drugs and Chemicals removed with Hemoperfusion (modified from Winchester 1996)

amobarbital carbromal ampicillin digoxin amanitin
butabarbital chloral hydrate carmustine diltiazem chlordane
hexabarbital chlorpromazine chloramphenicol flecainide demeton sulfoxide
pentobarbital diphenhydramine chloroquine metoprolol dimethoate
phenobarbital ethchlorvynol clindamycin n-acetylprocainamide diquat
quinalbital glutethimide dapsone procainamide methylparathion
secobarbital meprobamate doxorubicin quinidine nitrostigmine
thiopental methaqualone gentamicin parathion
yinalbital methsuximide isoniazid acetaminophen phalloidin

methyprylon acetylsalicylic acid polychlorinated biphenyls
aminophylline promazine carbon tetrachloride colchicine paraquat
cimetidine promethazine ethylene oxide d-propoxyphyene
phenols trichloroethane methylsalicylate aluminum-with chelating agent
theophylline xylene phenylbutazone iron-with chelating agent

salicylic acid
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This author has carried out 55 hemoperfusion procedures in 14
patients (Table 7). Initially, only one hemoperfusion procedure was
carried out on each of four terminal renal failure patients. Having
shown the safety of this procedure, two hemoperfusions were carried
out on the 5th patient and three procedures were then carried out
on each of the next three patients. After this, a 72-year-old female,
who could not be managed by peritoneal dialysis or hemodialysis
was placed on an 8 month regime of hemoperfusions, supplemented
with hemodialysis as required for the removal of urea, water, and
electrolytes. Long-term hemoperfusion in this patient was safe and
effective and her condition was stabilized sufficiently for her to be
maintained on standard dialysis for the next 10 years. This led to the
inclusion of other patients for long-term hemoperfusion.

Until commercial devices became available, the number of patients
who could be treated was limited. This is because I had to prepare the
device and then carry out the procedures in the patients. To allow for
objective clinical assessment, I was responsible for the preparation of
the hemoperfusion device and the carrying out of the procedures on
patients. A group of nephrologists would refer the patients to me and
they would independently assess the clinical and laboratory results.

Table 7. Chronic Renal Failure

Patients Type of Procedure Number of Duration of
in Addition to Hemodialysis Procedures Clinical Trial

1 Hemoperfusion 1 Single
2 Hemoperfusion 1 Single
3 Hemoperfusion 1 Single
4 Hemoperfusion 1 Single
5 Hemoperfusion 2 2 weeks
6 Hemoperfusion 3 3 weeks
7 Hemoperfusion 3 3 weeks
8 Hemoperfusion 3 3 weeks
9 Hemoperfusion 25 8 months

10 Hemoperfusion 13 4 months
11 Hemoperfusion 26 6 months
12 Conjoint hemoperfusion-hemodialysis 13 6 months
13 Conjoint hemoperfusion-ultrafiltration 6 3 months
14 Conjoint hemoperfusion-ultrafiltration 27 6 months
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The patients were otherwise treated as any other hemodialysis patient
in the McGill teaching hospital dialysis units, where medications,
frequencies of transfusions, and number of supplemental hemodialyses
were determined independently by the nephrologists. The standard
chronic hemodialysis program at that time was for each patient to
receive an average of two 6 h-hemodialyses each week, usually on the
EX 01 hemodialyzer.

10.7. Hemoperfusion Alone Supplemented by
Hemodialysis

General clinical results

No adverse effects from hemoperfusions were observed in the patients.
There was little or no change in blood pressure throughout the
hemoperfusion procedure, even in patients who normally experienced
severe hypotensive episodes when on the EX 01 hemodialyzers.
Immediately after the 2 h hemoperfusion, the patients felt much less
fatigued than when they underwent the 6 h hemodialysis with the EX 01
artificial kidney. This is especially in a patient who normally stayed
home in the evening to rest after the 6 h EX 01 hemodialysis treatment.
On the other hand, 1 h after the 2 h ACAC hemoperfusion, she would
go out for dinner, social visits, or the theater. At the initiation of the
clinical trial, each patient receiving a hemoperfusion was required to
stay in the hospital overnight for observation before being allowed to
return home the next day. When the procedure was found to be safe,
the patients treated with the hemoperfusion procedure were allowed
to go home 1 h after hemoperfusion. The patients’ general well-being
was at least as good on the weekly 2 h ACAC hemoperfusion and 6 h
hemodialysis (EX 01) as on the twice weekly 6 h EX 01 hemodialysis.
The following are examples of patients on longer term treatment with
hemoperfusion.

First patient on long-term hemoperfusion

This is a 72-year-old female with chronic renal failure and congestive
heart failure. She was admitted with complaints of nausea, vomiting,
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low back pain, diarrhea and hiccups. She was bedridden in the
hospital, with a BUN of 186 mg/dl,creatinine of 24 mg/dl,and a 24 h
creatinine excretion of 80 mg. She was placed on peritoneal dialysis
but this resulted in massive intra-abdominal bleeding and severe shock.
Hemodialysis treatment resulted in hypotension. She was referred
to this author since there was no other way to treat her condition.
At that time, because of lack of facilities, patients of her age were
not generally accepted into long-term hemodialysis program. Thus,
I first had the assurance of the dialysis unit that if she improved on
the hemoperfusion program, the dialysis unit would accept her on
the standard dialysis program. For the next 50 days, she underwent
hemoperfusion procedures, each lasting for 2 h. During this 50 days,
she received only one hemodialysis for the removal of water and
electrolytes. After that, she continued for a total of eight months
on hemoperfusion combined with hemodialysis. The schedule of
treatment and response for the first 50 days of her 8-month treatment
on hemoperfusion are summarized in Fig. 10.9.
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Fig. 10.9. First terminal renal failure patient on long-term hemoperfusion.
Graph shows the results of the first 50 days of the 8-month treatment. (D —
dialysis; H — hemoperfusion.)
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With this regime, her uremic symptoms of nausea, vomiting,
diarrhea, and hiccups cleared. Surprisingly, after two weeks on this
regime, she felt well enough to be allowed by the nephrologists to
leave the hospital and return home. During that time, she no longer
had uremic symptoms and was able to do shopping and housework.
At the beginning, she was asked to stay in the hospital for 24 h
after each procedure. Later, she only came to the hospital 1 h before
her hemoperfusion and then returned home 1 h after completion of
the hemoperfusion. There were no side effects throughout all her
hemoperfusions. There was little or no change in her blood pressure,
and no other clinical side effects. This is contrary to her standard
hemodialysis treatment with the EX 01 when she had hypotensive
episodes with hemodialysis especially during fluid removal.

After the 50 days period, the dialysis unit admitted her to on
a half time basis with one 6-h hemodialysis per week, and a 2 h
hemoperfusion per week. During the 8-month period, she received
a total of 24 hemoperfusion procedures and all were uneventful with
no side effects.The only problem was fluid retention, as hemoperfusion
does not remove fluid. After a total of 8 months on the hemoperfusion
program, she was placed on a standard two weekly 6-h hemodialysis
program for the next 10 years until she passed away at over 80 years of
age. Independent inquiry by the nephrologists showed that her feeling
of well-being was the same when she was on an average weekly regime
of 2 h hemoperfusion plus 6-h hemodialysis comparable to her twice
a week 6-h hemodialysis. Thus, 2 h on hemoperfusion seems to be as
effective as 6 h of hemodialysis.

A 51-year-old female patient had a long history of hypertension
and chronic renal failure caused by chronic pyelonephritis. Her urine
output remained at about 500 ml/day with creatinine excretion of
0.4 gm/24 h. She was started on occasional peritoneal dialysis and
then on 6 h twice weekly EX 01 hemodialysis while waiting for renal
transplantation. She developed severe pruritis which disturbed her
sleep at night and which was a nuisance during the day. Because
of this, she was started on hemoperfusion to treat her pruritis. She
continued on the 6-h twice weekly hemodialysis program with the
addition of a 2 h weekly hemoperfusion. This treatment resulted in
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a marked decrease of her pruritis. In addition, her acceptance of
the hemoperfusion procedure was such that she was placed on
the long-term hemoperfusion regime of one 2 h hemoperfusion plus
one 6-h EX 01 hemodialysis weekly. In addition to her diminished
pruritis she found that with hemoperfusion she could come in 1 h
before hemoperfusion, have a 2 h ACAC hemoperfusion and after the
treatment, felt well enough to go directly to social evenings, dancing,
or playing cards with her friends. On the other hand, with the EX 01
hemodialysis, she felt tired and had to rest at home in the evening.
Furthermore, she experienced cramps in her legs during or soon after
each 6-h EX 01 hemodialysis. She remained symptom-free and with no
pruritis on the hemoperfusion and hemodialysis program for 4 months.
After this, she returned to the standard hemodialysis program because
one hemodialysis each week was not enough to control her body fluid.

A 53-year-old male with chronic renal failure was started on a 6 h
twice weekly EX 01 hemodialysis. His daily urine output was 1 liter
and creatinine excretion was 0.5 gm, respectively. He was started on
a weekly 2 h hemoperfusion and 6-h EX 01 hemodialysis program.
Being a very active business man, he accepted this program because it
meant that on the day of treatment with hemoperfusion, he could work
in the morning, have his lunch and come in for treatment, then return
in the same afternoon, sometimes to work further in the evening. At
the end of three weeks, he received a renal transplant.

A 21-year-old male was admitted to the hospital with symptoms
of cramps, headaches, nausea, vomiting and diarrhea. His creatinine
clearance was 1.6 ml/min and urinary output, 700 ml/day. This patient,
with spina bifida at birth, was paraplegic with a neurogenic bladder,
recurring urinary tract infection, and acute pyelonephritis. At that time,
there was no opening for him in the chronic hemodialysis program
and he was not considered suitable for renal transplantation. The
patient was treated with 2 h of hemoperfusion weekly, supplemented
by very occasional hemodialysis as needed for control of fluid and
electrolytes. This treatment resulted in marked improvement of the
patient’s symptoms — except for occasional diarrhea. He was well
enough to return to work. Three months later, an opening became
available in the chronic hemodialysis unit and the patient was treated



April 2, 2007 15:50 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch10 FA

Hemoperfusion in Poisoning, Kidney Failure, Liver Failure, and Immunology 283

with an average of once a week 2 h hemoperfusion plus once a week
6 h hemodialysis. After a total of 6 months on hemoperfusion, the
patient continued to be symptom-free. There was improvement in
nerve conduction velocity. Each 2 h hemoperfusion lowered the serum
middle molecule (300–1500 mol. wt.) level by 55%. He functioned
well and was able to work and swim. The only problem was that one
hemodialysis per week was not enough to prevent fluid retention.Thus,
after 6 months on this program he was placed on the standard twice a
week hemodialysis program.

Hemoperfusion and removal of uremic metabolites

Since then other artificial cell-based hemoperfusion devices have
been produced industrially. Figure 10.10 shows that the better
hemoperfusion devices are much more effective than the dialysers
available at that time for the removal of uremic metabolites as shown
by the clearance for creatinine, uric acid and “middle” molecules.
Also, with the better hemoperfusion system like ACAC and Adsorba
300C, there was no significant effect on the platelet levels.

10.8. Conjoint Hemoperfusion-Hemodialysis

The above results show that hemoperfusion is capable of removing
toxin or unwanted waste metabolite and maintain patients symptom-
free. On the other hand, the above clinical results also show that
hemoperfusion, even with occasional hemodialysis, cannot deal with
electrolytes or fluid retention.

It has been strongly proposed that “middle” molecular weight sub-
stances, including β-2-microglobulin (11,800 m.w.), may be
responsible for the uremic symptoms. However, the hemodialysis
membrane available at that time had a very low clearance for “middle”
molecules and required up to 8 h for effective removal. On the other
hand, the better hemoperfusion devices are much more efficient in
removing “middle” molecules (Tables 2 and 7) (Chang, 1972e; Chang
and Migchelsen, 1973; Chang and Lister, 1980; 1981).
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Fig. 10.10. Clinical studies in uremic patients show that middle molecules
can be lowered rapidly after 2 h of ACAC hemoperfusion. On the other hand,
hemodialysis machines available at that time was not effective.

Table 8. Characteristic of Artificial Cell-based Hemoperfusion Devices

ACAC Hemacol Adsorba 300C

Hemoperfusion system Albumin-collodion Acrylic hydrogel Cellulose acetate
coated (300 g) coated (300 g) coated (300 g)
(0.05–0.5 micron) (3–5 micron) (3–5 micron)

Max. Clearance (ml/min)
Creatinine 235 (QB 300) 181 (QB 300) 185 (QB 200)
Uric acid 230 (QB 300) 116 (QB 300) 186 (QB 200)
middle molecules

300–1500 144 (QB 300) as in dialyzer no data
1000–2000 no data no data 120 (QB 300)

(peak 7c)
2000–5000 93 (QB 300) no data no data
PTH (free)

For the above reasons, clinical investigators around the world
started to carry out clinical trials using hemoperfusion in series with
hemodialysis for patients with dialysis resistant uremic symptoms and
also to reduce the time needed for treatment. (Chang et al., 1975;
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Table 9. Effects of Hemoperfusion in Uremic Patients

Authors Clinical Improvements in the following Symptoms

Chang et al., 1971–1974 Pruritis, well-being, nausea, vomiting
Chang et al., 1975 Peripheral neuropathy
Odaka et al., 1978 Pericarditis, symptom free
Chang et al., 1979 Hematocrit
Martin et al., 1979 Pericarditis
Inou et al., 1979 Peripheral neuropathy
Odaka et al., 1980 Pericarditis
Agishi et al., 1980 Peripheral neuropathy
Stefoni et al., 1980 Peripheral neuropathy, pruritis, pericarditis, well-being

1982b; Martin et al., 1979; Inou et al., 1979; Odaka et al., 1980; Agishi
et al., 1980; Stefoni et al., 1980). The use of the better commercially
prepared hemoperfusion devices in series with hemodialyzers resulted
in clinical improvements in patients’ well being, nerve conduction
velocity, pruritis, pericarditis, peripheral neuropathy and what is also
important, reduction in treatment time (Table 9) (Chang et al., 1975;
1982b; Martin et al., 1979; Inou et al., 1979; Odaka et al., 1980; Agishi
et al., 1980; Stefoni et al., 1980). These clinical trial results led many
centers to use the combined hemoperfusion-hemodialysis, especially
in those patients with resistant uremic symptoms under the standard
hemodialysis program.

Since then, the quality of hemodialysis membranes has improved
so that the present high flux membranes are better than the standard
dialysis membrane in removing the larger “middle” molecules.
Even then, the clearance is still much less compared to the
better hemoperfusion devices. Hemoperfusion devices are usually
manufactured by manufacturers of hemodialysis machines and
membrane. In those countries with strong hemodialysis companies, the
hemoperfusion devices are extremely expensive. On the other hand,
in these countries with no large dialysis industries, hemoperfusion
devices are not expensive and therefore continued to be used in
renal failure patients. In all the countries, hemoperfusion continues
to be commonly used for uremic patients with aluminium or iron
overload. This is based on the earlier clinical demonstration of the
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use of deferoxamine to bind these heavy metals and of hemoperfusion
to remove the complex (Chang and Barre, 1983; Chang, 1986d; Chang
et al., 1984a, 1989a; Hakim et al., 1985; Winchester, 1996).

10.9. Miniaturized Artificial Kidney Based on
Hemoperfusion-Ultrafiltration

A third approach is to construct a truly miniaturized artificial kidney
based on hemoperfusion in series with small ultrafiltrator (Chang et al.,
1975, 1979a, 1977b, Chang, 1976c) (Fig. 10.9). In clinical studies, a
small Amicon ultratiltrator was used (Fig. 10.11). Hydrostatic pressure
from the blood pump alone gave effective ultrafiltration. Dialysis fluid
is not required, the ultrafiltrate flowing directly into a measuring
cylinder.

This ultrafiltrator in series with ACAC hemoperfusion was studied
in two patients, one for three and the other for six months. The
patient, treated for 6 months, had a creatinine clearance of 0.2 mL/min

Fig. 10.11. ACAC hemoperfusion in series with a small ultrafiltrator.
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and a urine volume of 50 ml/day. He was followed for a 6-month
control period of thrice weekly hemodialysis treatments. This was
followed by a 6-month test period when a 2.5 h hemoperfusion-
ultrafiltration replaced one of the 6 h three weekly hemodialysis
treatments (Fig. 10.12).

The patient felt well throughout. Hematocrit increased slightly from
25.15% ± 3.61 to 26.6% ± 1.73. Fluid retentions diminished as
body weight fell from 82.6 ±1.2 to the optimal dry weight of 78.0
± 0.8 kg and hypertension improved. More fluid could be removed
without side effects in 2.5 h of hemoperfusion-ultrafiltration compared
to 6 h of hemodialysis. “Middle” molecule clearance in this patient was
113 mL/min at a blood flow rate (QB) of 200 ml/min and 160 mL/min at

Control     Test   Post-test
6 months  6 months  6 months

Hematocrit

BUN

Creatinine

Uric acid

Body weight
(dry weight)

Ca mg/dl
P    mg/dl
K    meq/L

10

0

180

120

20

0

100

0

30%

0

Fig. 10.12. Laboratory data of patient. 6-month control period followed
by 6-month test period. During the 6-month test period, one of the weekly
6 h hemodialysis treatment was replaced by 2.5 h of treatment using the
miniaturized hemoperfusion-ultrafiltration device.
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Table 10. Patient on Hemoperfusion-Ultrafiltraion

Clearance (ml/min) Hemoperfusion Hemoperufsion-Ultrafiltration
(Blood Flow: 300 ml/min)

Creatinine 230 235
Uric acid 235 235
300–1500 MW 120 134
PTH free 73 81

Fluid removal/2 h 0 2500–2700 ml
NaCl removal/2 h 0 17.0–18.4 g

creatinine clearance: 0.2ml/min; urine output: 50 ml/24 h

a QB of 300.This was significantly higher than for hemodialysis. Nerve
conduction velocity did not change. Hemoperfusion-ultrafiltration was
more effective than hemodialysis in removing “middle” molecules,
creatinine, uric acid, sodium chloride and water (Table 10). On the
other hand, it did not remove sufficient potassium and urea since after
6 months on this regime, there was an increase in mean blood urea
nitrogen from 86 ± 14 mg/dl to 105 ± 18 mg/dl and potassium from
5.2 ± 0.57 mEq/l to 5.8 ± 0.08 mEq/l. Oral adsorbents can remove
potassium and phosphate. An urea removal system is being developed
to complete this miniaturized artificial kidney system. For this, artificial
cells containing multi-enzyme systems and artificial cells containing
urea removing microorganisms are being investigated.

10.10. Hemoperfusion in Liver Failure

First observation of recovery of consciousness in hepatic coma

As shown in acute poisoning patients in the above section, adsorbent
artificial cell hemoperfusion is effective in removing suicidal and
accidental overdoses of medications in patients. It is also effective
in removing other toxic substances from the circulating blood. Its
effectiveness in removing hepatic toxins from the circulating blood
was first shown in a grade IV hepatic coma patient, with recovery
of consciousness within an hour after the initiation of hemoperfusion
(Chang, 1972b).
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A 50-year-old female was admitted with a history of alcohol abuse,
onset of jaundice, fatigue, nausea, vomiting, and dark urine.There was
no history of contact with hepatitis or of intravenous or intramuscular
medication. On admission, she had spider nevi and ascites. The
diagnosis was acute alcoholic hepatitis. Her condition deteriorated
after admission and she became comatose and unresponsive. After
remaining comatose for two days, her condition was considered as
terminal and with the insistence of her relatives she was referred
by her physician to me for possible hemoperfusion since nothing
else could be done. One hour after hemoperfusion, she started to
regain consciousness and began to recognize her relative and answer
questions in sentences. Hemoperfusion was carried out for a total of
80 min. She remained conscious for about an hour after the end of the
hemoperfusion, but lapsed into coma again. Three days later she was
still comatose, and a second hemoperfusion was initiated. At the start
of perfusion she was comatose; an hour later she looked at people
when spoken to and there were increased voluntary movements and
response to pain. She did not, however, recover full consciousness as
in the first hemoperfusion. Shortly after this, a liver biopsy specimen
showed cirrhosis, acute hepatitis, with small foci of regeneration.
Thereafter, consciousness fluctuated between stupor and coma. A third
hemoperfusion was carried out. Before this hemoperfusion, E.E.G.
background activity was irregular and diffuse, with continuous theta
and delta activity and occasional high-amplitude single slow-wave
and rare complex biphasic or triphasic configurations. At this time, the
patient was semi-comatose and did not respond to questions. An hour
and a half after hemoperfusion the patient’s consciousness improved
and she started to answer questions; she also complained of thirst and
heaviness in the leg. E.E.G. recording after hemoperfusion showed a
minimum improvement in the background activity.

Biochemical evaluation of the treatment of hepatic coma was
difficult, because the precise pathological mechanism was not known.
On the other band, the three hemoperfusions each produced a clinical
response in consciousness. In one case, when the E.E.G. was recorded
there was a slight improvement in background activity. Since there
was no change in the blood-ammonia level after hemoperfusion, we
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Table 11. Hepatic Coma-related Chemicals Removed
by Hemoperfusion

Aromatic branched chain amino acids
Fatty acids — oleic, hexanoic,

octanoic N-valeric
Inhibitor of Na-K ATPase
Inhibitor of hepatic regeneration
Mercaptan
Middle molecules
Phenols
Protein bound molecules
Others

could not attribute the improvement in consciousness to the removal
of blood-ammonia. However, whereas standard hemodialyzers at that
time were not efficient in removing large molecules from blood,
hemoperfusion was very efficient in removing molecules up to 5000
molecular weight (Chang, 1972e; Chang and Migchelsen, 1973;
Chang and Lister, 1980; 1981) as well as protein bound molecules.
Hemoperfusion is also effective in removing other chemicals related
to hepatic coma (Table 11).

Results around the world on effect of hemoperfusion on
hepatic coma

The above results led to further studies around the world in a large
number of patients (Gazzard et al., 1974; Chang, 1976c; 1982a; Blume
et al., 1976; Bartels et al., 1977; 1981; Silk and Williams, 1978;
Gelfand et al., 1978; Gimson et al., 1978; Odaka et al., 1978; Amano
et al., 1978; Maeda et al. 1980; Cordoatri et al., 1982; William, 1983;
O’Grady et al., 1988).These results support the finding that a significant
number of hepatic coma patient recovered consciousness. However,
this did not translate into improved survival rates.Table 12 is a summary
of those reports that included the number of patients recovering from
consciousness in addition to survival rates.

However, these clinical results are not conclusive since the
pathogenesis of hepatic coma and survival rate is complicated.
In addition to hepatic toxins, other factors like brain edema and
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Table 12. Effect of Hemoperfusion on Fulminant Hepatic Coma and
Survival Rate

Reference No. of Patients Consciousness Survival
Recovered

Chang (1972b) 1 recovered with Until HP
each of discontinued

3 hemoperfusions
Gazzard et al. (1974) 31 48% 39%
Chang (1976c) 6 66% 16%
Gelfand et al. (1978) 10 90% 40%
Gimson et al. (1978) 31 (Grade III) 68% 65%

45 (Grade IV) 22% 20%
Cordopatri et al. (1982) 2 100% 100%

standard of care also play important roles (William, 1983; O’Grady
et al., 1988). Furthermore, survival rates are related to age, etiology,
grade of coma, and other complications, especially brain edema.
In addition, hemoperfusion can only remove toxins from the body
but the liver is a very complex organ with many other metabolic
and synthetic functions. We should not expect hemoperfusion alone
to be a complete artificial liver. Hemoperfusion will more likely be
an important component of a more complex system (Chang, 1983a,
1983e, 1986c, 1992b).

Control studies in galactosamine-induced hepatic failure rats

We, therefore, carried out detailed control studies in galactosamine-
induced hepatic failure rats to allow for a more valid statistical analysis
(Chang et al., 1978; Chang, 1971a, 1978b; Chirito et al., 1978, 1979;
Mohsini et al., 1980; Tabata and Chang, 1980). With this model we
can avoid variations in age, etiology and grades of coma. However,
this model may not be the counterpart of fulminant hepatic failure in
human. In addition, the survival rate in this model of grade III coma
is more like that of grade IV coma in human. This research included
detailed studies in regard to the time of initiation of treatment; the need
for essential factors; comparison of hemoperfusion with exchange
transfusion, liver perfusion, and hormones; and other approaches,
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Male Wistar rats weighing 275–309 gm and 47–67 days old were used.
Forty-eight hours after galactosamine injection (1.1 gm/kg), the rats in
grade III coma were used in this study. Grade III coma rats were those
which “sleep most of the time, but arousable.” Of the 356 rats, 122
reached grade III coma 48 h after injection with galactosamine. To
avoid variations between batches, all the animals in grade III coma
in each batch were randomly divided into equal numbers of test and
control animals. Similar studies were also carried out in rats in grade II
coma. The results of all the studies (Chang et al., 1978; Mohsini et al.,
1980; Tabata and Chang, 1980) are very briefly summarized in Tables
13 and 14.

In grade II coma rats, either one hemoperfusion or one liver perfusion
resulted in significant increase in survival time and survival rates as
compared to the control group (Table 1). However, cross circulation
did not have any significant effects.

In grade III coma rats, carrying out one hemoperfusion, liver
perfusion or blood exchange transfusion alone did not result in any
significant increase in survival time or survival rates. On the other hand,
the combined use of one hemoperfusion and one blood exchange
transfusion resulted in significant increase in survival time but not
survival rate. Two hemoperfusions also resulted in significant increase
in survival time but not survival rates (Table 2). Another approach was
carried out with two hemoperfusions after one blood exchange, with
the second hemoperfusion carried out 4 h after the first. When this

Table 13. Survival Time and Rates and Grades of Coma in Rats
Treated by Hemoperfusion (ACAC) Alone or In Combination

Coma Treatment Survival Time Survival Rate

II ACAC hemoperfusion ↑ ↑
II Liver perfusion ↑ ↑
II Cross-circulation NS NS
III ACAC hemoperfusion ↑ NS
III Liver perfusion NS NS
III Blood exchange NS NS
III Blood exchange + ACAC ↑ NS
III ACAC + glucagon + insulin NS NS
III Blood exchange + 2ACAC ↑ ↑
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Table 14. Galactosamine-induced Hepatic Failure Rats Treated by Hemo-
perfusion (ACAC) Alone or In Combination

Treatment Survival Time Significance Survival Significance
(No. of Animals) (hrs) Rate (%)

1. Control (8) 53.90 ± 0.75 p < 0.05 0 N.S.
ACAC (8) 58.96 ± 1.97 0

2. Control (9) 52.85 ± 1.03 N.S. 0 N.S.
ACAC & Insulin, 52.66 ± 1.96 0
Glucagon (9)

3. Control (9) 56.20 ± 2.44 p < 0.05 11.1 N.S.
2 ACAC (9) 63.42 ± 2.16 22.2

4. Control (8) 53.90 ± 0.75 N.S. 0 N.S.
X-Blood (8) 55.38 ± 2.54 12.5

5. Control (15) 59.38 ± 1.60 p < 0.001 0 N.S.
ACAC & X-Blood (15) 72.80 ± 2.85 20.0

6. Control (11) 54.86 ± 2.43 p < 0.01 0 p < 0.05
2 ACAC & X-Blood (11) 65.48 ± 2.08 36.4

regime was used, both the survival time and the survival rate of grade III
coma rats were significantly increased (p < 0.01 and p < 0.05,
respectively) (Table 14).

Our research in fulminant hepatic rat models shows that
hemoperfusion started in the earlier grades of coma can result in
significant increase in both survival time and survival rates (Chang
et al., 1978; Chirito et al., 1979). This has been supported by the result
of another group that treated patients in grade III coma rather than
in grade IV coma as shown in Table 12 (Gimson et al., 1978). The
use of galactosamine rats for hemoperfusion has also been carried out
by another group (Niu et al., 1978). Their results corroborated our
findings.

Our laboratory research also shows that hemoperfusion alone
increases the survival time but not the survival rates in grade III
hepatic coma rats. This may correspond to the transient recovery
of consciousness in grade IV hepatic coma patients. Fresh blood
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exchange transfusion alone did not improve the survival time or
survival rate of FHF grade III coma rats. Two ACAC hemoperfusion
combined with fresh blood exchange transfusion significantly
improved the survival time of FHF grade III coma rats, but not
the survival rates. An additional hemoperfusion after the first
hemoperfusion combined with blood exchange transfusion improved
both the survival time and survival rates in grade III coma rats.
This seems to suggest that hemoperfusion could be a part of a
more complete liver support system. Thus, studies are ongoing in
using hemoperfusion to remove hepatic toxins to allow the liver
to regenerate. One line of research is to combine this with the
use of hepatocytes perfusion system (Rozga et al., 1993; Sussman
et al., 1994). Another approach is to combine this with artificial cells
containing hepatocytes or stem cells as discussed in the previous
chapter.

10.11. Immunoadsorption

Protein coated artificial cells in immunoadsorption

Albumin can bind tightly to the ultrathin collodion membrane of
adsorbent artificial cells (Chang, 1969a). This was initially used to
increase the blood compatibility of the adsorbent artificial cells
for hemoperfusion (Chang, 1969a). We also applied this albumin
coating to synthetic immunosorbents resulting in blood compatible
synthetic blood group immunosorbents (Chang, 1980d). This albumin-
coated synthetic adsorbent has been applied clinically for removing
blood group antibodies from plasma for bone marrow transplantation
(Bensinger et al., 1981). In addition, albumin-coated collodion
activated charcoal (ACAC) was found to effectively remove antibodies
to albumin in animal studies (Terman et al., 1977). This has become
the basis of one line of research in which other types of antigens
or antibodies are applied to the collodion coating of the activated
charcoal to form immunosorbents. Other immonosorbents based
on this principle have also been developed for the treatment of
human systemic lupus erythrematosus, removal of antiHLA antibodies
in transplant candidates, treatment of familial hypercholesterolemia
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with monoclonal antibodies to low-density lipoproteins and other
conditions (Terman, 1980; Terman et al., 1979a; 1979b; Hakim et al.,
1990; Wingard et al., 1991; Yang et al., 2004)

10.12. Detailed Procedures for the Laboratory
Preparation of ACAC Hemoperfusion Device

The extracorporeal shunt chamber

The laboratory version of the extracorporeal shunt chamber (Fig. 10.1)
is prepared from high density polypropylene with internal dimensions
of 10-cm diameter and 8-cm height. A 10-cm diameter steel mesh
screen with 100-micron openings placed on either side of the shunt
chamber retains the microcapsules but allows the free flow of blood.
Blood from patients enters the chamber at a right angle to the screen
and is thus distributed evenly through the 10-cm diameter screen
mesh before coming into direct contact with the microcapsules.
The extracorporeal shunt chambers and the screens are re-usable,
but careful washing and sterilization are required. Thus, after each
clinical hemoperfusion, the microcapsules are discarded from the
shunt chambers, and the chambers and screens are washed clean. Both
the new and reused chambers and screens are completely submerged
in a 1 vol% sodium hypochlorite for 14 h. After this, the shunt chambers
and screens are rinsed for 30 min with distilled water.They are allowed
to dry, then coated with silicone spray (Manostat Co.) and stored in the
sterilization room. On the day of the preparation of the microcapsule
artificial kidney, the shunt chambers and screens are placed in a 1
vol% sodium hypochlorite solution for 4 h and then rinsed for 30 min
with distilled water, and finally rinsed with sterile pyrogen-free water
and then used immediately.

Preparation of activated charcoal

Medical-grade spherical charcoal is available for the preparation
of hemoperfusion devices. If this is not available, the laboratory
experiment can also be carried out using crude activated charcoal
granules (Fisher Scientific Co., Coconut activated charcoal, 6 to
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14 mesh, #5-685). However, this would involve more preparations
as follows. Sieves of 10 mesh (2 mm openings) and 20 mesh (0.85 mm
openings) are used to divide into three diameter ranges: 1) those
retained by the 10-mesh sieve, 2) those retained by the 20-mesh sieve,
and 3) those passing through the 20-mesh sieve to be discarded. Each
400 g portion of sieved charcoal is placed in a 3-liter beaker and
covered with a 20-mesh sieve. Tap water is run through the sieve into
the container at a high speed for 2 h. This is sufficient to stir up the
charcoal particles to wash away soluble material or fine powder. The
washed activated charcoal granules are then placed in a 1-liter beaker
and autoclaved for 1 h at 121◦C and 15 psi. In all the autoclaving,
only autoclaves with internally generated steam (e.g. Castle-Fisher
Scientific Co.) are used, and pyrogen-free sterile water is used to
generate the steam. After autoclaving, a second washing is carried
out for 2 h as before to remove any soluble material or fine powder
which might result from the autoclaving. Each portion of the charcoal
is then wrapped in clean cloth and secured with an autoclave tape.
It is then autoclaved for 30 min at 121◦C and 15 psi, then placed in
a well-ventilated 50◦C oven for at least 48 h to dry completely. Each
wrapped portion is then kept in the preparation room until ready for
use. The microencapsulation of the charcoal by coating with cellulose
nitrate and albumin is carried out as described in the detailed and
updated version below.

Preparation of artificial cells containing activated charcoal

A polymer solution is made up by dissolving 20 ml of collodion (USP
4 g cellulose nitrate in 100 ml of 1 alcohol:3 ether) in an organic solvent
consisting of 30 ml of alcohol and 400 ml of ether. 450 ml of polymer
solution is poured into a beaker containing 100 g of mesh-10 and
300 g of mesh-20 activated charcoal granules previously prepared and
sterilized as described above. The suspension is stirred manually with
a metal stirring rod to ensure that all the granules are immersed in
the solution. The slightly wet polymer-coated activated charcoal is
spread out in a 2 × 1 foot tray. This is then placed in a ventilated
oven for 5 h at 50◦C. After this, the polymer-coated activated charcoal
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granules are placed in 2 liters of pyrogen-free distilled water. The
suspension is carefully transferred into a 20-mesh sieve (20-cm in
diameter and 5-cm in depth) and washed carefully with pyrogen-
free water until all fine particles are removed. Care should be taken
not to be too vigorous at this step to avoid breakage. The silicone-
coated high density polypropylene chamber prepared as described
above is filled with pyrogen-free distilled water, and the polymer-
coated granules are added to fill the chamber. The chamber is closed,
drained, stoppered, wrapped, sealed and placed in an autoclave for
30 min at 121◦C and 15 psi. At the end of this, the shunt is allowed
to cool in its sealed, sterilized wrapping, if possible in a refrigerator.
Using sterile techniques, the chamber is perfused with 4 liters of
cold pyrogen-free sterile saline (Baxter Laboratories, for human use)
at about 200 ml/min by gravity. Albumin coating is carried out when
the temperatures of the efferent washing from the chamber is less than
10◦C. A 1g/dl albumin solution in sterilized saline is prepared from
human albumin (Cutter Co.). 200 ml of this albumin solution is used
to displace the same volume of saline from the chamber containing
the polymer-coated activated charcoal. The chamber is then sealed by
sterile techniques and kept at 4◦C for 15 h for the albumin to coat
the polymer membrane. No autoclaving is carried out after albumin
coating. After preparation, the microcapsule shunts are kept in sterile
wrapping in the refrigerator at 4◦C. In the present study, they can
be used after being kept in the refrigerator for up to two months.
Just before use, the albumin solution is displaced with 4 liters of
saline (Baxter Laboratories, for human infusion) without allowing the
albumin-polymer-coated activated charcoal to come into contact with
air at any time. Rabbit pyrogen testing is carried out using the displaced
saline. In the five years of following the above procedure of washing
and sterilization, there have been no positive rabbit pyrogen tests nor
have there been any pyrogenic reactions in patients.

Procedure for hemoperfusion

Just before use in patients, the same general procedure of saline
washing of standard hemodialyzers is carried out. Thus, the shunt
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chamber is perfused with about 3 liters of saline, the last liter containing
2000 U of heparin. The same amount of heparin that the patient
normally receives at the start of standard hemodialysis treatment is
given. The remaining heparin is best given as a slow infusion of 2500
to 3000 U/h into the afferent blood line in the shunt chamber. To
start the hemoperfusion, the shunt chamber saline (about 200 ml) is
displaced by the patient’s blood before the outlet tubing is connected
to the patient. However, in the treatment of patients with severe drug
intoxication or hepatic coma, where there is severe hypotension, it
is advisable to prime the ACAC system with 7 g/IOOml albumin in
saline, and to start the hemoperfusion without displacing the albumin
solution. The clotting time of blood is maintained at about 50 min.
Two hours after the initiation of hemoperfusion, the procedure is
terminated when another 700 U of heparin is injected into the shunt
chamber and the blood in the chamber is returned to the patient by air
displacement, followed by washing with 100 ml of saline containing
100 U of heparin. In the present series of studies, 300 g of ACAC
microcapsules are used for 2 h in each hemoperfusion.
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CHAPTER 11

Perspectives on the Future of Artificial
Cells as Suggested by Past Research

11.1. Introduction

In the last 50 years, there have been numerous extensions and
developments of the idea of artificial cells around the world. However,
as shown by the examples in the last 10 chapters, we have barely
touched the surface of the full potential of this idea. Many other
extensions and variations in the membrane material, the configurations
and the contents are possible. The current international interest in the
transfer of technology for industrial development will help accelerate
these developments. To do this, there is a need for patents that
are based on novel ideas. A characteristic of such developments
is that a new development or extension of “artificial cells” tends
to be hidden under numerous new names. Some of these are
nanoparticle, nanotubule, lipid vesicle, liposome, polymer tethered
lipid, polymersome, microcapsule, bioencapsulation, nanocapule,
nanosensor, macroenapsulation, polyhemoglobgin, conjugated
hemoglobin, etc. The result is a fragmentation of the field of artificial
cells into different subdivisions, subdisciplines as well as scientific
societies that do not interact with one another. Now is the time for
researchers from the different areas in this interdisciplinary field to
come together to move the field forward.This monograph is an attempt
to bring some of these areas together. As the whole field is now so
broad and extensive, that it is not possible to cover everything in one
monograph. This final chapter can only touch on some of the other
extensions and future developments of the idea of artificial cells that

299
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have not been discussed in the previous chapters. There will be more
books published on the subject under this book series.

11.2. Membrane Material

At one time, biological cell membrane was thought to be a simple
bilayer lipid membrane. However, extensive research by many
investigators is beginning to show that it is much more complicated.
Indeed, there are indications that protein components play an
important structural and functional role (Fig. 11.1). Biological cell
membrane is complex and there is still much basic research to be
done. Artificial cell membrane is much more simple minded. However,
since it can be formed using different types of synthetic or biological
material, there are great potential for variations and extensions. The
following are some examples (Fig. 11.1): 1) polymer and crosslinked
protein membranes; 2) lipid membranes; 3) lipid-polymer complex
membranes; 4) albumin, antitgen, antibody or protein complexed
membranes; 5) lipid-polymer complexed membrane with cyclic
carrier; 6) lipid-polymer complexed membrane with Na-K ATPase and
other transport carriers; 7) lipid membrane with transport carriers; and
8) others.

11.3. Polymeric Membrane

Porosity of polymeric membrane of artificial cells

The first artificial cells prepared have ultrathin membranes of cellulose
nitrate, polyamide, silastic, polystyrene or crosslinked protein (Chang,
1957 to 1972). A silastic membrane is only permeable to gases
like oxygen and carbon dioxide and lipophilic molecules. Those
with cellulose nitrate or polyamide membranes are permeable to
hydrophilic molecules. For instance, experimental analysis shows
that a polyamide membrane has an equivalent pore radius of
18–19Å (Chang, 1965,1972a) (Fig. 11.2). This means that polyamide
membranes and cellulose nitrate membranes would exclude protein
molecules but allow polypeptides and other smaller molecules to pass
through rapidly.
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Fig. 11.1. Schematic representation of biological membrane (top). Examples
of artificial cell membranes: polymer and cross-linked protein membrane;
lipid membranes; lipid-polymer membrane; membrane with albumin,
antigen, antibody or other proteins; lipid-polymer membrane with cyclic
carrier; lipid-polymer membrane with Na-K-ATPase transport carriers; lipid
membrane with transport carriers.
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Fig. 11.2. Equivalent pore radius of polyamide membrane artificial cells
obtained experimentally, as shown in above graph, is 18–19Å .

Polymeric membranes with unlimited variations in porosity and
molecular weight cut off are available (Fig. 11.3). At the one, polymeric
membranes like silastic or polyethylene membrane are not porous and
only allow gases and lipophilic molecules to pass through. On the
other, macroporous polymeric membranes allow very large protein
molecules to pass through. In between the two extremes, different types
of polymeric artificial cell membranes can be prepared with different
porosity and molecular weight cut off. This would allow for variations
in porosity and permeability characteristics to suit different conditions.
In addition, we can go beyond just porosity. For instance, one can even
fulfill the requirements for those applications that require the removal
of large lipophilic molecules but not the smaller hydrophilic molecules
or moisture. For instance, adsorbent artificial cells are normally formed
by the direct coating of porous ultrathin membranes onto active
charocoal microspheres to remove hydrophilic molecules (Chang,
1969a). However, coating with a polyethylene membrane results in
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Lipid complexed pol ymer
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Molecular exclusion of membranes (Da)                             Molecular dimensions (Da) 

Fig. 11.3. Possible variations in porosity of the polymeric membranes of
artificial cells.

adsorbent artificial cells that can exclude small hydrophilic molecules
(e.g. creatinine) and rapidly remove larger lipophilic molecules (e.g.
vitamin B) (Sipehia, Bannard and Chang, 1986).

The methods of preparing polymeric membrane artificial cell
include: solvent evaporation with emulsion or drop (Chang, 1957,
1964); interfacial polymerization with emulsion or drop (Chang,
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1964, 1965, 1972a); solvent evaporation with double emulsion
(Chang, 1965, 1972a, 1976a); ultrathin polymeric membrane coating
(Chang, 1969a); alginate-polylysine-alginate drop method (Lim and
Sun, 1980); self-directed assemblies of copolymer (Discher et al.,
1999); and many other extensions and improvements (Calafiore et al.,
1999; DeVos et al., 2002; Duvivier-Kali et al., 2001; Sakai et al., 2001;
Cruise et al., 1999; Hunkeler et al., 2001; Schuldt and Hunkeler, 2000;
Uludag et al., 2000; Dionne et al., 1996; Orive et al., 2003; and many
others).

11.4. Lipid Membrane Artificial Cells

Bangham et al. (1965) were the first to prepare liposomes that are
liquid crystal microspheres, each consisting of concentric shells of
bimolecular lipid layers (Fig. 11.3). This has been an useful membrane
model for membrane research and later for use in drug delivery.

Mueller and Rudin (1968) reported that they can use a modification
of the standard procedure (Chang, 1964) to prepare artificial cells
having only 60–100Å thickness single bilayer lipid membrane
(Fig. 11.4). These are of about 90 µ in diameter and contain red blood
cell hemolysate. The bilayer lipid membranes are not strong enough
to support these 90 µ-diameter artificial cells and they stay intact

Fig. 11.4. Left: Liposomes that are liquid crystal microspheres with
concentric shells of bimolecular lipid layers (Bangham et al., 1965). Right:
bilayer lipid membrane artificial cells containing hemoglobin of Mueller and
Rudin (1968) who wrote that they used a modification of the method of Chang
(1964) to prepare this.
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for only a short time. As described below, one solution is to tether
the lipid membrane onto the ultrathin polymeric membrane of the
artificial cell to form lipid-polymer membrane artificial cells (Chang,
1969d, 1972a). Other workers (Deamer and Bangham, 1976) used a
modification of the “ether evaporation method” (Chang 1957, 1964) to
form smaller single bilayer (unilamellar) lipid membrane artificial cells.
They call these lipid membrane artificial cells, unilamellar liposomes
or lipid vesicles. As will be discussed later, this forms the basis of the
types of lipid vesicle being currently used in drug delivery systems
(Torcillin, 2005).

11.5. Artificial Cells with Lipid-Polymer Membrane and
Incorporation of Macrocyclic Carrier,
NA-K-ATPase and Other Carriers

The exact molecular organization of biological cell membranes is
not known. However, it is known that biological membranes are not
composed of lipids alone and there is increasing evidence that the
protein components play an important structural and functional role.
Korn (1968) even suggested that in the biosynthesis of biological cell
membranes the protein unit of the membrane is formed first, followed
by the addition of the lipid components.

There are three types of lipid-polymer membrane artificial cells
first reported (Fig. 11.5): 1) lipid-polymer membrane with ultrathin
lipid component tethered to the polymeric membrane of artificial
cells (Chang, 1969d, 1972a); 2) addition of macrocyclic carrier
(valinomycin) to the lipid-polymer artificial cell membrane (Rosenthal
and Chang, 1971, 1980); 3) addition of transport carrier, Na-K-ATPase,
to the polymer artificial cell membrane (Rosenthal and Chang, 1980).
A number of ongoing studies by different groups will also be discussed
below.

Artificial cells with lipid-polymer membrane

As described in detail in Appendix II, we complex an equimolar
lecithin-cholesterol mixture to the artificial cells membrane (polymeric
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Fig. 11.5. Upper : lipid-polymer membrane artificial cells (Chang, 1969d,
1972a); Middle: addition of macrocyclic carrier (valinomycin) to the lipid-
polymer membrane of artificial cells (Rosenthal and Chang, 1971, 1980),
(this basic principle is now being used extensively in nanobiosensors); Lower :
addition of transport carrier, Na-K-ATPase (Rosenthal and Chang 1980).

or crosslinked protein) (Fig. 11.5) (Chang, 1969d, 1972a). For
artificial cells without lipid on the membrane, sodium influx is
very high across the porous polymeric membrane, 6 × 10−6 mM/h-
mm2 (Fig. 11.6). Complexing the polymeric membrane with an
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Fig. 11.6. Equilibration of Na+ across large polymeric membrane artificial
cells as compared to that across large lipid-polymer membrane artificial cells
(Chang, 1969d, 1972a).

equimolar lecithin-cholesterol mixture reduces the sodium influx to
4 × 10−6 mM/h-mm2 (Fig. 11.6). Surprisingly, this sodium flux across
the lipid-polymer membrane artificial cells is of the same order of
magnitude as that observed by Stein for most natural membranes
(Stein, 1967). On the other hand, a study by another group (Pagano
and Thompson 1968) showed that across bilayer lipid membranes, the
sodium influx is of orders of magnitude smaller than that of biological
cell membranes. Thus, lipid-polymer membranes function more like
biological membranes as compared to lipid bilayers alone.

Incorporation of channels into lipid-polymer membrane of
artificial cells

However, lipid-polymer membrane artificial cells by themselves do
not show any selectivity between sodium and rubidium (Fig. 11.7a,
11.7b). We incorporated valinomycin in the lipid-polymer membrane
by exposing them to valinomycin at a concentration of 5 × 10−6 M.
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Fig. 11.7a. The effect of lipid and valinomycin on the time-course of decrease
in Na+ concentrations in the aqueous suspending medium. Co — original
concentration; Ct — concentration at time (t). Mean and S.D. based on 4–12
experiments.

This results in selectivity so that the rubidium influx is enhanced but
the sodium influx remains unchanged (Fig. 11.7a, 11.7b) (Rosenthal
and Chang, 1971, 1980). Thus, the permeability coefficients of
lipid-polymer membrane artificial cells to rubidium is 1.45 ± SD
0.56 × 10−6 cm/sec. Valinomycin at a concentration of 5 × 10−6 M
significantly increases this to 4.91 ± 1.6 × 10−6 cm/sec. However,
valinomycin has no effect on the sodium influx and it remains
unchanged at 3.8 ± 0.3 × 10−6 cm/sec.

This simple study only shows the potential of the incorporation
of channel forming material in the membrane of artificial cells.
However, this is just the beginning and much can be learned from the
ongoing research of molecular biologists. For instance, ion conducting
channels in cell membranes are complex protein structures, but
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Fig. 11.7b. The effect of lipid and valinomycin on the time-course of decrease
in Rb+ concentrations in the aqueous suspending medium. Co — original
concentration; Ct — concentration at time (t). Mean and S.D. based on 4–12
experiments.

Bayley (1999) showed that only a bundle of α-helices or nanotubular
β-strands is needed to carry out the function. They can retain their
function even when most of the protein portion is removed from the
complex protein structure. This means that researchers can design
synthetic channels or redesign natural channels by changing the
amino acid sequence and helix orientation. One of the simplest form
is a neutral peptide, Ac-(Leu-Ser-Ser-Leu-Leu-Ser-Leu)3CONH2, that
can function as a voltage-gated channel. Cyclic peptides can form
hollow cylindrical nanotubules with possible variations in the lumen
of the channel to allow for transport of different types of solutes
based on size (Hartgerink J. D. et al., 1998). In the case of lipid
membrane artificial cells, lipid vesicles, exposure to α-hemolysin or its
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genetically engineered mutants can increase the permeability to large
single stranded nucleic acid (Bayley,1997). This is an example of how
progress in molecular biology can be applied to artificial cells. The
large amount of work being carried out by molecular biologists can
be tapped for formation on different types of channels in artificial cell
membranes.

Incorporation of Na-K-ATPase in the membrane of artificial
cells

The feasibility of incorporating Na-K-ATPase in the membrane of
artificial cells was studied (Rosenthal and Chang, 1980). The details
of the method can be found in Appendix II. Briefly, large polyamide
membrane artificial cells are first formed. Then Na-K-ATPase is
extracted from red blood cell membranes and covalently crosslinked to
the artificial cell membranes.The ouabain-sensitive ATPase activity per
sq. cm of the surface area of the artificial cells is 90–250 × 10−5µmoles
Pi/h/cm2 (Table 11.1). This is 1–2 orders of magnitude greater than the
ouabain-sensitive ATPase activity of human red blood cell membranes
of 6 × 10−5µmoles Pi/h/cm2 (obtained by Dunham and Glynn, 1961).

Thus, it is possible to incorporate in artificial cell membranes large
amounts of Na-K-ATPase normally found associated with biological
membranes. Furthermore, the incorporated enzyme retains its enzyme
activity. However, this is only a feasibility study and much remains
to be done regarding the orientation, transport characteristics, and
association with lipids and other membrane components. The need for
ATP recycling in artificial cell is now possible (Campbell and Chang,
1975) and this will be discussed in a later section in this chapter. Again,

Table 11.1 Incorporation of Na-K-ATPase into Artificial Cell
Membranes

Cell type Ouabain-sensitive ATPase activity
per cm2 of surface area

Red blood cells 6 × 10−5µmoles Pi/h/cm2

Artificial cells with Na-K-ATPase 90–250 × 10−5µmoles Pi/h/cm2
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this area will benefit greatly from the ongoing research and progress
in the molecular biology of the structure and function of different
transport mechanisms. A few examples are highlighted here.

Melkikh and Seleznev (2005) used nonequilibrium statistical models
of the active transport of ions in biomembranes. They used this
to study models of active transport of ions in biomembranes of
different cells, including neurons, muscular cells, bacteria, plants
and mitochondria. They found the values of the membrane potential
and ion concentrations to be in qualitative agreement with the
experimental data. They discussed the requirements for models of
active transport of ions in biomembranes (Melkikh and Seleznev 2006).
The factors include resting potential, intracellular concentrations
of ions, ATP-ADP chemical potentials, reversibility of the ionic
pump, correlation between theoretical and experimental data, pump
efficiency and effects of blocking the active transport. Barwe et al.
(2007) looked at the Janus model of the NA-K-ATPase beta-subunit.
Na-K-ATPase is an oligomer consisting of alpha and beta-subunits.
The Na-K-ATPase beta-subunit (Na-K-beta) takes part in both the
regulation of ion transport activity, and in cell-cell adhesion. These
results provide a structural basis for understanding how Na-K-beta
links ion transport and cell-cell adhesion. Pitard et al. (1996) studied
ATP synthesis using the F0F1 ATP synthase from thermophilic Bacillus
PS3 reconstituted into liposomes with bacteriorhodopsin. There is
also increasing interest in using the principle of the lipid-polymer
membrane artificial cells (Chang, 1969a, 1972; Rosenthal and Chang,
1971, 1980) as a model of biological membrane for studying the
structure and function of membrane protein and receptors. Thus,
Wagner andTamm (2000) developed a polymer supported lipid bilayer
system to reconstitute integral membrane proteins in a laterally mobile
form. When reconstituted in bilayers tethered on quartz, the proteins
are not mobile. However, on the lipid-polymer system, they found that
the two proteins studied can become laterally mobile. They proposed
that the lipid-polymer model allows for the interaction of these proteins
with the underlying polymer.
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Nanobiosensors

Nanobiosensor is an area that is of increasing interest and different
approaches are being investigated (Scheller et al., 2001). One of
the many approaches is to use biosensors where the lipid bilayer is
“tethered” on ultrathin polymeric support to form a lipid-polymer
complex. In this form, different “channels” can be inserted into the
membrane to allow for selective movement of specific solute for
detection, somewhat similar to the principle reported earlier (Chang,
1969d, 1972a; Rosenthal and Chang, 1971, 1980). Another approach
that is also possible is to encapsulate enzymes inside artificial cells of
microscopic or nanodimension. This way, the product of enzymatic
reaction can be followed by florescence or other methods. The
ability to prepare artificial cells with intracellular compartmentation
(Chang, 1965, 1972a; Chang et al., 1966) would allow multistep
enzyme reactions to occur and be detected separately. Depending on
the type of reactions being followed, one can use either polymeric
membrane artificial cells, lipid membrane artificial cells or lipid-
polymer membrane artificial cells.

11.6. Surface Properties of Artificial Cell Membranes

As discussed under the section on blood substitutes, the surface
property of artificial cell membranes is important in terms of their
biocompatibility and retention in the circulation, as it is in terms
of blood compatibility in hemoperfusion systems. Artificial cells
for delivery systems also need to have different types of surface
properties. Cellulose nitrate membrane artificial cells (Chang, 1957,
1964) contain negative charges due to the carboxyl groups in the
polymer. Polyamide nylon membrane artificial cells (Chang et al.,
1963, 1966; Chang, 1964) contain both carboxyl and amino groups.
With the proper selection of polymer materials, membranes with
the desired fixed charges can be obtained. For example, artificial
cell membranes with strong negative charge groups have been
prepared by using different amounts of sulfonated diamine such as
4,4’-diamine-2,2’–diphenyldisulfonic acid when preparing polyamide
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Fig. 11.8. Surface properties of artificial cell membranes can be varied by 1)
incorporation of negative or positive charge; 2) incorporation of albumin to
increase blood compatibility; 3) incorporation of antigens to bind antibodies
or antibodies to bind antigen; 4) incorporation of polysaccharide like heparin
or polyethylene glycol (PEG) to increase compatibility or retention time in
circulation.

membrane artificial cells (Chang, 1964, 1965, 1972a). The principle
of incorporation of surface charges has also been used the preparation
of lipid membrane artificial cells, lipid vesicles, drug delivery systems
(Gregoriadis, 1976; Torchilin, 2005).

Albumin can bind tightly to the ultrathin collodion membrane
of adsorbent artificial cells. This is initially used to increase the
blood compatibility of the adsorbent artificial cells for hemoperfusion
(Chang, 1969a). This albumin coating has also been applied to
synthetic immunosorbents, resulting in blood compatible synthetic
blood group immunosorbents (Chang, 1980d). In addition, Terman
et al. (1977) showed in animal studies that albumin-coated collodion
activated charcoal (ACAC) can remove antibodies to albumin. This
has become a basis of one line of his research in which other types
of antigens or antibodies are applied to the collodion coating of the
artificial cells to form immunosorbents. Other immunosorbents based
on this principle have also been developed for the treatment of human
systemic lupus erythematosus; removal of antiHLA antibodies in
transplant candidates; treatment of familial hypercholesterolemia with
monoclonal antibodies to low-density lipoproteins (Terman, 1980;
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Terman et al., 1979a, 1979b; Hakim et al., 1990; Wingard et al.,
1991;Yang et al., 2004). Antibodies have also been incorporated in the
surface of lipid liposomes to allow for drug targeting to cells bearing
the corresponding antigen (Torchilin, 2005).

Mucopolysaccharides are important components of the surface of
cell membranes. Incorporating a polyscharide, heparin to the artificial
cell membrane, increases the biocompatibility and circulation time of
artificial cells (Chang et al., 1967, 1968). Incorporation of a synthetic
polymer, polyethylene glycol (PEG) into the membrane of artificial
cells, nanocapsules and lipid vesicles, is even more effective for
increasing biocompatibility and circulation time (Chang et al., 2003;
LaVan et al., 2002; Torchilin 2005).

11.7. Drug Delivery

Artificial cell-based drug delivery systems differ from the usual artificial
cells discussed up to now. Artificial cells retain the bioreactive material
inside them to act on external molecules diffusing into the artificial
cells or to release their secretions. For instance, enzyme is retained in
an artificial cell to act on the substrate diffusing in while the product
diffuses out. Another example is artificial cells containing islet that
release insulin. Unlike artificial cells, a drug delivery system separates
the drug from the external environment initially, but in order for the
system to function, the contents need to be released as and when or
where it is needed.

General

This monograph is not about drug delivery, an extremely large and
broad area and which are covered in many excellent reviews and
books; only the artificial cells related area will be very briefly
summarized below. Submicron lipid membrane artificial cells, i.e.
lipid vesicles have been developed for sometime now, and are
best for use in the delivery of drugs and medications, including
chemotherapeutic agents. With the recent interest in biotechnology
and gene therapy, there is increasing need for delivery system that
can carry sufficient amounts of macromolecules. Thus, biodegradable
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Fig. 11.9. Standard artificial cells compared to extension of artificial cells
for use in drug delivery.

polymeric artificial cells especially those of nano dimenions are
of increasing importance. These nanodimension biodegradable
polymeric artificial cells are disguised under different names, including
nanocapsules, nanoparticles, nanotubules, polymersomes, etc.
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Polymeric semipermeable microcapsules

Luzzi (1970) used nylon membrane artificial cells, microcapsules,
prepared as reported earlier (Chang 1964) to microencapsulate drugs
for slow release in oral adminitration. Others have also extended this
approach. However, the modern approaches in drug delivery systems
are based on injectable biodegradable systems.

Biodegradable polymeric artificial cells, nanoparticles,
nanocapsules

Biodegradable membrane artificial cells have been prepared to contain
enzymes, hormones, vaccines, and other biologicals (Chang, 1976a).
The detailed method is described in Appendix II. The polylactide
polymer can degrade in the body into lactic acid and finally into water
and carbon dioxide. Variations in preparation (see Appendix II) can
result in artificial cells that releases insulin at different rates (Fig. 11.10)
(Chang, 1976a).

Biodegradable drug delivery systems are now widely used in
different forms ranging from microscopic to nanodimensions. They
are also known as nanoparticles, nanocapsules, polymersomes,
nanotubules, etc. Langer’ group has written an excellent review on this
topic (LaVan et al., 2002). Examples of other references include books
and reviews (Malsch, 2005; Gupta and Kompell, 2006; Ranade and
Hollinger, 2003; Pardridge, 2002; Duncan, 2003; and many others).
As described earlier in this book, this method also forms the basis
for preparing nanodimension artificial red blood cells (Chang, 2005,
2006).

Liposomes evolved into lipid vesicles that are lipid membrane
artificial cells

Bangham first reported the preparation of liposomes each consisting of
microspheres of hundreds of concentric lipid bilayers — multi-lamellar
(Fig. 11.4) (Bangham et al., 1965). They used these as a membrane
model for basic membrane research. Back in the 1960s, I encouraged a
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Fig. 11.10. Biodegradable membrane artificial cells have been prepared to
contain enzymes, hormones, vaccines, and other biologicals (Chang, 1976a).
This figure summarizes the result of polylactide artificial cells prepared using
the double emulsion method (Appendix II).Variations in the molecular weight
of polylactide and thickness of the membrane can result in artificial cells that
release insulin at different rates. Faster release occurs during encapsulation of
insulin solution at high concentration, while very slow release occurs during
encapsulation of insulin crystals. (Chang, 1976a).

newly graduated McGill Ph.D., Gregoriadis, to look into different ways
of forming artificial cells for the delivery of biologics. His subsequent
research in England resulted in the first report on the use of liposomes
as drug delivery systems that has opened a whole new approach (see
1976 book edited by Gregoriadis). The large amount of lipid in the
original multi-lamellar liposome limits the amount of water soluble
drugs that can be enclosed. Thus, the basic principle and method of
preparing artificial cells using ether as the dispersing phase (Chang
1957, 1964) was extended by researchers into what they called an
“ether evaporation method” to form single bilayer (unilamellar) lipid
membrane liposomes (Deamer DW and Bangham AD, 1976). These



April 5, 2007 9:15 SPI-B446 Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... ch11 FA

318 Artificial Cells

lipid membrane artificial cells, i.e. lipid vesicles, have since been
extensively studied for use as drug delivery systems (Torchilin, 2005).

Polymer(PEG)-lipid membrane artificial cells or PEG-lipid
vesicles

The original liposome drug carrier consists of a lipid with a water
soluble drug entrapped in the aqueous phase, and a water-insoluble
drug in the lipid phase. It is good to see that researchers have applied
a number of the results of our earlier basic research on surface
charge, lipid-polymer membrane, surface modification, and magnetic
targeting into the original lipid vesicles for drug delivery. These and
other important developments being carried out by many researchers
in the field of drug delivery have resulted in important progress in the
field. Thus, surface charges are incorporated in liposome for possible
targeting of drug and more recently the use of positively charged lipid
to complex with DNA. Then a biodegradable polymer, polyethylene
glycol (PEG), is incorporated in the liposome surface to result in longer
circulation time. Further developments led to the incorporation of
antibodies in the lipid membrane to allow for targeting to cells with
the corresponding antigens. Magnetic particles loading into liposome
allows for magnetic targeting. Thus, lipid vesicles are getting to be
more like the lipid-polymer membrane artificial cells (Chang, 1969d,
1972a) and no longer pure lipid vesicles. One major advantage of lipid
vesicles is its ability to fuse with cellular membranes or membranes of
intracellular organelles. This allows for much versatility in their ability
to deliver drugs to different sites of the cells (Fig. 11.11).

As a result of all these developments, and in particular the
preparation of polymer(PEG)-lipid membrane artificial cells, there has
been much recent progress. A number of drugs in PEG-lipid vesicles
has already been approved for clinical use or use in clinical trials. The
following are brief examples of some of the drugs and more details
are available elsewhere (Torchilin, 2005): “lipid vesicles” containing
daunorbicin for Kaposi’s sarcoma; doxurbicin as combination therapy
for recurrent breast cancer; doxorubicin for refractory Kaposi’s sarcoma
and ovarian cancer and breast cancer; amphotericin B for fungal
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Fig. 11.11. Routes of drug delivery of lipid vesicles; these can fuse with the
cell membrane to release the drug into the cell. The lipid resides can undergo
endocytosis to form endosomes that can enter lysosomes where the drug is
released. Thus can also release the drug outside the cell. Lipid vesicles with
a surface antibody can bind to the antigen receptor and enter the cell as
endosomes.

infections; cytarabine for lymphomatous meningitis; vincristine for
non-Hodgkins lymphoma; lurtotecan for ovarian cancer; nystatin for
fungal infection; and many others.

Polymersomes: polymeric membrane artificial cells

Discher’s group (Discher et al., 1999, Photos et al., 2003) attempted
to increase the strength of the PEG-lipid-membrane artificial cells
through self-assembling of copolymers to form a membrane of PEG
polymer. This significantly increases the circulation time and strength
as compared to PEG-lipid membrane artificial cells (Discher et al.,
1999; Photos et al., 2003). Thus, liposome has evolved into lipid
membrane artificial cells, then polymer(PEG)-lipid membrane artificial
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cells and finally back to the original polymeric membrane artificial
cells (Chang 1964) disguised under the name of polymersomes.

11.8. Artificial Cells Containing Multienzyme Systems
with Recycling of ATP and NADH

Most metabolic functions are carried out in cells by complex
multienzyme systems. Thus, artificial cells containing multienzyme
systems would have more uses as compared to those containing
single enzymes. However, multienzymes require energy from ATP
or NAD(P)H and biological cells have the ability to regenerate
these for continuous use by the cells. Can we make artificial cells
containing useful multienzyme systems that can also regenerate ATP
and NAD(P)H?

Artificial cells containing multienzyme system for
recycling of ATP

One of the most important cofactor that is recycled in biological
cells is ATP. We therefore started by studying artificial cells containing
hexokinase and pyruvate kinase for the recycling of ATP (Fig. 11.12)
(Campbell and Chang, 1975). Our study showed that this system can
effectively recycle ATP as analyzed by the continuous conversion
of glucose into glucose-6-phosphate and phosphoenol pyruvate into
pyruvate.

Artificial cells containing multienzyme system for
recycling of NAD(P)H

Artificial cells containing yeast alcohol dehydrogenase and malate
dehydrogenase (Campbell and Chang, 1975, 1976) (Fig.11.12). NAD+

and NADH can equilibrate rapidly across the membrane to be recycled
in the artificial cells. Recycling of NAD+ and NADH follows as shown
by the production of malate (Fig. 11.13). When the recyling is blocked,
production of malate ceases.
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Fig. 11.12. Upper : Polymer membrane artificial cells containing hexokinase
and pyruvate kinase recyle ATP in the presence of glucose (Campbell
and Chang, 1975). Absence of glucose blocks the recyle. Lower : Polymer
membrane artificial cells containing yeast alcohol dehydrogenase and malate
dehydrogenase can recycle NADH as shown by the continuous production of
malate (Campbell and Chang, 1975,1976). In the absence of recycle, malate
production ceases.

Artificial cells containing urease, glutamate dehydrogenase
and glucose-6-phosphate dehydrogenase

Since the needed NADH can be recycled, the next study was to
see whether we could use a multienzyme system for the removal of
urea. First, we used a model system of polymer membrane artificial
cells loaded with three enzymes: urease, glutamate dehydrogenase
and glucose-6-phosphate dehydrogenase (Fig. 11.13) (Cousineau and
Chang, 1977; Chang and Malouf, 1979; Chang et al., 1979b). Urease
converts urea into ammonia. Then glutamate dehydrogenase converts
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Fig. 11.13. Polymer membrane artificial cells containing urease, glutamate
dehydrogenase, glucose-6-phosphate dehydrogenase for the multistep
enzyme reaction of conversion of urea into amino acid glutamic acid and for
the recyling of NADPH. Urea is lowered without any increase in ammonia
level, as ammonia is converted into glutamate (Cousineau and Chang, 1977;
Chang and Malouf, 1979; Chang et al., 1979b).

ammonia into glutamic acid. Glucose-6-P dehydrogenase serves to
recycle of NADPH.

The rate of conversion of urea into glutamate and the recycling
of NADPH could be followed by the rate of formation of
6-phosphogluconate, decrease in urea level, or the formation of
glutamic acid. Ammonium acetate could be used in this reaction
instead of urea. Figure 11.13 shows that the area level is lowered
without any increase in ammonia level, as ammonia is efficiently
converted into glutamate. Glutamate is formed at the same rate
irrespective of whether urea or ammonium acetate is used as the
substrate. This suggests that the rate-limiting step in this sequential
reaction is in the conversion of ammonia into glutamic acid.

Dextran-NADH retained and recyled inside artificial cells
(Fig. 11.4)

The above studies show that artificial cells containing multienzyme
systems can carry out sequential enzymatic reactions to convert urea
into glutamate and at the same time recycle the required NADH. The
above study is a model experiment to test this feasibility. However, in
potential medical or engineering uses, one would prefer to have the
cofactor retained and recycled inside the artificial cells. This way, it
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will not be necessary to have NADH supplied from outside. The first
step is to see how we can retain the NADH inside the artificial cells
without decreasing the permeability to other substrates and products.
We use Mosbach’s method (Larsson and Mosbach, 1971) to covalently
link NADH to a macromolecule to form a soluble NADH-dextran.
We found that the resulting NADH-dextran can be retained inside the
artificial cells where it is recycled (Fig. 11.14) (Campbell and Chang,
1978; Grunwald and Chang, 1978,1979,1981).

The artificial cells are retained in a flow reactor perfused by the
substrates. The recycling activity is followed by the production of
malate (Table 11.2). The recycling activity of the shunt is high as
65% of the oxaloacetic acid is converted into malic acid in one
passage through the shunt. The dextran-NAD+ present within the

YADH

MDHmalate oxaloacetate

ethanol             acetaldehyde

Dextran-NAD+ dextran-NADH

Fig. 11.14 andTable 11.2. Artificial cells containing alcohol dehydrogenase,
malate dehydrogenase and oluble NADH-dextran. NADH-dextran is retained
inside the artificial cells where it is recycled (Campbell and Chang, 1978;
Grunwald and Chang, 1978,1979,1981). The soluble NADH-dextran is
formed using Mosbach’s method (Larsson and Mosbach, 1971). Table 11.2
shows the rates of regeneration of NAD+.

Table 11.2 Recycling of Dextran-NAD+ in Multienzyme
Polymer Membrane Artificial Cells

Storage NAD+ Regenrated Amount in Artificial Cells
(days) (cycles/h) (µµmole/h/ml)

0 120.0 150.0
1 117.5 147.0
4 84.0 105.0
7 37.3 46.5
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microcapsules is regenerated two times each minute during the
reaction. The shunt showed good stability, with the reaction rate
remaining constant for the first hour and 83% of the original activity
being retained even after 3 h of continuous reaction. The same shunt
could be stored and reused several times. It is important to use purified
hemoglobin instead of crude hemoglobin for coencapsulation. Crude
hemoglobin contains impurities that interfere with the recycling.

Multienzyme with NAD-dextran for conversion of waste,
urea, into useful essential amino acids

We first showed that artificial cells containing multienzyme systems
and NAD+-dextran can convert urea or ammonia into glutamate (Gu
and Chang, 1988b, 1988c). The next step was to see if we could use a
more complex multienzyme system and NAD+-dextran to convert the
waste, urea, into useful products, essential L-branched-chain amino
acids, L-leucine, L-valine and L- isoleucine. This is based on artificial
cells containing urease to convert urea into ammonia and leucine
dehyrogenase to convert the ammonia formed into essential amino
acids. Glucose dehydrogenase is also included for the recycling of
NAD+-dextran using glucose as source of energy for cofactor recycling
(Gu and Chang, 1988a). Other enzymes for recycling of NAD+-
dextran include yeast alcohol dehydrogenase that uses alcohol as
source of energy (Gu and Chang, 1990a); malate dehydrogenase
that uses malate as a source of energy (Gu and Chang, 1990b) and
L-lactic dehydrogenase that uses L-lactic acid as a source of energy
(Gu and Chang, 1991). The results obtained using artificial cells
containing leucine dehyrogenase, urease, glucose dehydrogenase and
NAD+-dextran is shown below (Fig. 11.15) to illustrate this approach.

Recycling of free NADH retained within the lipid-polymer
membrane artificial cells for conversion of urea into
amino acid

We have studied another way to retain NADH inside artificial cells
without crosslinking it to dextran or other macromolecules. The
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Fig. 11.15. Upper : Artificial cells containing urease, leucine dehydrogenase,
glucose dehydrogenase, dextran-NADP+ to convert the waste, urea, into
useful essential L-branched-chain amino acids, L-leucine, L-valine and L-
isoleucine. Glucose dehydrogenas, uses glucose as a source of energy to
recycle NAD+-dextran (Gu and Chang, 1988a). Lower : The effect of D-
glucose concentrations on the production rates of L-leucine, L-valine and
L-isoleucine. The production rates for 200mM D-glucose are used as the
100% control.
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membrane of biological cells can retain free NADH without the need
to be crosslinked to macromolecules. Thus, use our lipid-polymer
membrane artificial cell (Chang, 1969d, 1972a) that is only permeable
to ammonia and urea but not to larger molecules like NADH.
Biological cell membranes have transport mechanism to transport
glucose that cannot diffuse across the cell membranes. Since we do not
yet have a glucose transport carrier in the lipid-polymer member, we
have to replace glucose dehydrogenase with alcohol dehydrogenase.
This way, external ethanol can enter the artificial cells and serve as a
source of energy for the recycling of NADH (Fig. 11.16) (Yu and Chang,
1981a, 1981b,1982a, 1982b; Ilan & Chang, 1986).

The standard lipid-polymer complexed artificial cell membrane is
not permeable to urea (Table 11.3). By decreasing the proportion
of cholesterol in the lecithin-cholesterol component, the membrane
becomes permeable to urea (Table11.3) but with no leakage of NAD+

and ketoglutarate.

UREASE

GLUTAMATE
DEHYDROGENASE

ALCOHOL
DEHYDROGENASE

ethanol  acetaldhyde

NAD+ NADH

urea NH3
NH3

Glutamate ketogluarate

ADP
MgCl2
KCl

lipid-polymer membrane

Fig. 11.16 andTable 11.3. Recycling of free NADH retained within the lipid-
polymer membrane artificial cells for the conversion of urea and ammonia
into glutamate. The lipid-polymer membrane artificial cells contain three
enzymes, urease, glutamate dehydrogenase and alcohol dehydrogenase.
Table 11.3 shows the effects of permeability to urea and rate of conversion
of urea into glutamic acid (Yu and Chang, 1981a, 1981b, 1982a, 1982b, Ilan
and Chang, 1986).
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Table 11.3 Multienzyme Lipid-Polymer
Membrane Artificial Cells Convert Urea into
Glutamate with NADH Recycling

Permeability to Urea Glutamic Acid (µµmol/L/3h)

Low 0
Medium 2.42
High 6.93

Summary

The above basic research shows that it is possible to prepare artificial
cells containing multistep enzyme systems with recycling of ATP and
NAD(P)H. Further developments may lead to a number of possible
applications. One example is to complete the urea removal component
of the miniaturized hemoperfusion-ultrafiltration system for treating
kidney failure. We have already applied this basic information in the
preparation of nano artificial red blood cells that contain multienzyme
system with cofactor recycling to convert methemoglobin back to
hemoglobin (Chang, 2005i, 2006a). Potentially, any combinations of
enzyme systems can be enclosed within each artificial cell. The lipid-
polyamide membrane artificial cell can also be used in basic research
as a cell model.

11.9. Artificial Cells Containing Microsomes, Cytosol
Ribosomes and Polymerases

Introduction

Chapter 5 shows that it is possible to prepare complete artificial
red blood cells containing hemoglobin and all the complex enzyme
systems of its biological counterpart. In addition, safety and efficacy
in animal studies have also been shown. The next step is to prepare
artificial cells that have the properties of more complex biological
cells.
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Artificial cells containing liver microsomes and cytosol

We isolated microsomes and cytosol from rat liver and encapsulated
these into cellulose nitrate membrane artificial cells (Yuan and
Chang, 1986). The method is based on the standard method
(Chang, 1964, 1972a), with the updated method (Chang, 2005a)
available in Appendix II. NADPH-cytochrome C reductase and lactate
dehydrogenate are used as the marker enzymes for, respectively,
microsmes and cytosol. Table 11.4 shows that after encapsulation
into artificial cells, NADPH-cytochrome C reductase, marker enzyme
for microsmes, retained 24.5% of its original activity. Lactate
dehyrogenase, enzyme marker for cytosol, retained 11% of its original
activity after microencapulation into artificial cells. It is important to
carry out the preparation at 4◦C instead of 23◦C.

The result shows that artificial cells can be used to encapsulate
subcellular organelles. Liver cells contain lysomes which when
released can destroy the subcellular organelles. By preparing the
homogenate of the liver cells and rapidly removing the lysosome
fraction, we can reconstitute the other organelles and cytosol into
an artificial cell free from the possible proteolytic effects of the
lysosmomes.

Table 11.4 Artificial Cells Containing Liver Microsomes and Cytosol
NADPH- Cytochrome C Reductase as Marker for Microsomes Lactate
Dehydrogenase as Marker for Cytosol

Original Activity Activity Recovered Activity Recovered
(units) (units) (%)

Microsome enzyme 8550 2150 24.5%
marker
Cytosol enzyme 2150 260 9.0%
marker

Towards a “living” artificial cell containing polymerases,
ribosomes and transcription/translation system

An even more exciting and ambitious effort is the recent serious
attempts to develop a “living” artificial cell. A “living” artificial cell is
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defined by Deamer (2005) as an artificial cell that can capture energy,
maintain ion gradients and contain macromolecules. Macromolecules
must be able to grow by polymerization and evolve in a way that
speeds up growth. They must be able to store information and possess
the ability to mutate and direct the growth of catalytic polymers. They
must also be able to reproduce themselves and divide. Studies on
artificial cells described earlier in this monograph suggest that many of
these criteria can be met. However, preparing artificial cells that can
reproduce themselves and divide will be extremely difficult. Some of
the exciting studies on “living” artificial cells are highlighted in the
next paragraph.

Szostak, at Harvard, have been carrying out a number of studies
(Hanczyc et al., 2003; Chen et al., 2004; Josephson et al., 2005).
For example, they have prepared a simplified model artificial cell
by putting simple RNA enzymes inside the cells, and showing that
the cells can conduct their characteristic activities. They are also
carrying out the modification of the cellular translational system to
allow for the ribosomal translation of molecules for medical uses.
Monnard and Deamer (2001) prepared models for primitive cellular
life by encapsulating T7 RNA polymerases and templates into lipid
membrane artificial cells. This enzyme was able to synthesize an
RNA transcript from the DNA template that required four nucleoside
triphosphates. Since the lipid membrane was not permeable to
nucleoside triphosphates, they had to use DMPC liposomes at a
temperature of 23◦C. Despite this, permeation was still very slow, thus
limiting the rate of RNA synthesis. Other researchers encapsulated a
complex polymerase system into lipid membrane artificial cells and
showed that the PCR reaction could be carried out (Oberholzer et al.,
1995). Since the substrate could not diffuse across the lipid membrane,
it had to be loaded together with the whole system. The result was that
there was only enough substrate to produce a very small amount of the
product. They have also encapsulated ribosomes into lipid membrane
artificial cells and obtained some translation product. Noireaux and
Libchaber (2004) from Rockefeller University were able to engineer
a DNA plasmid to express proteins and encapsulate this into lipid
membrane artificial cells. However, they could only produce proteins
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for a few hours because the source material inside the artificial cells
could not be replaced. They solved this problem by incorporating a
channel-forming protein, alpha hemolysin, into the lipid artificial cells
membrane.This way, the artificial membrane could become permeable
to larger molecules like nucleotides. As a result, they could function for
up to four days. The use of selectively permeable crosslinked protein
membrane or polymeric membrane artificial cells as described in
Section 11.3 above (Chang, 1964, 1972a, 2005i) can result in an even
more efficient supply of external substrates.

In another study, Griffiths and Tawfik (2000) used compartment-
alization to load the transcription/translation system into a water-in-
oil emulsion. This way, each gene could occupy a separate water
emulsion to carry out its function. A more efficient approach may be
possible by using the polymeric compartmental system of artificial
cell where each artificial cell contained “subcellular compartments”
with ultrathin polymeric membranes (Chang 1965, 1972a; Chang
et al., 1966, 2005i) (Fig. 2.4). This way, biologically active systems
could be enclosed separately or in combination into each of these
artificial subcellular compartments. Since the permeability of each of
the compartments could be individually and separately adjusted, this
might allow for more efficient stepwise functions.

The most difficult steps will be attempts to prepare artificial cells
that can reproduce themselves and divide.To do this, the artificial cells
have to contain genes and enzymes that can be replicated and shared
among daughter cells. One possible way is to use a self-replicating
ribozyme that can duplicate itself and act as both genetic material
and the catalyst for replication. Johnston et al. (2001) used a ribozyme
to catalyze the replication of another RNA template molecule. Their
next step is to verify that the RNA can continue with the process of
replication. Rasmussen et al. (2003) of Los Alamos National Laboratory
used computer simulation to design a micelle with information coding
and metabolic machinery on its exterior. They used DNA-mimics
conjugated to a light-sensitive molecule. In theory, light would trigger
the conversion of substrates into peptide nucleic acid (PNA) based on
the PNA template. These are incorporated into the micelle that would
grow and divide. The next step is to test this theoretical simulation
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experimentally. Ishikawa et al. (2004) of the University of Osaka, Japan
used a lipid membrane artificial cell containing a bacterial plasmid and
SP6 RNA polymerase, which acted as a driving force for the production
of a T7 RNA polymerase needed to catalyze the transcription of a
gene. Thus, this membrane-bound system shows both gene expression
and a two-stage genetic cascade of events. Information regarding
the minimal number of genes needed for a “living” artificial cell is
important. Kobayashi et al. (2003) identified the minimum set of genes
in Bacillus subtilis, narrowing the number to 271 and only 4% of these
have unknown functions. It would help if this number can be narrowed
down even further to allow for the preparation of a primitive “living”
artificial cell.

All these exciting and ambitious efforts show that many of the criteria
for a “living” artificial cell can possibly be met. The most difficult
criterion is the ability of the “living” artificial cell to reproduce itself
and divide. Instead of using lipid membrane artificial cells alone,
a combination with crosslinked-protein membrane or polymeric
membrane artificial cells could be used — either individually or in
combination.

11.10. New Generations of Computer System and
Nanoscale Robotics Based on Artificial Cells

Researchers in this field suggest that next generation self-repairing
computer and robotics technology requires the use of intelligent
technical systems based on artificial cells. Toward this end,
the European Commission is supporting an integrated program
of “PROGRAMMABLE ARTIFICIAL CELL EVOLUTION” (PACE)
(http://wills.gex.gmd.de/bmcmyp/Data/PACE/Public/). This is aimed
at a new generation of embedded information technology using
programmable, self-assembling artificial cells. To achieve this, the
PACE project focusses on the intelligent technical (IT) potential of
artificial cells that are truly “artificial” and not replicates of biological
cells. This project consists of a consortium of 13 partners and two
cooperating groups from eight European countries and the USA. The
group includes expertise in complex systems, embedded systems,
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robotics, evolution, statistics, chemical kinetics, physical simulation,
microfluidics, organic and bioorganic chemistry, computer interfaces
and control systems. With this interdisciplinary approach, they plan to
prepare microscopic artificial cells as chemical information processing
systems. They suggest that for the next-generation robotics and
nanoscale technologies to be realized, they would need distributed
processing systems with self-organizing properties in the form of
artificial cells. These will be designed and assembled automatically
from non-living materials.

They have developed a computer-programmable closed-loop
controller, based on microfluidic technology. This can be used to
observe and control the local physical environment of cell-sized
chemical subsystems. They have also shown that an artificial peptide
nucleic acid (PNA) can synthesize or direct the information in the
synthesis of another copy of itself — a step towards self-replication.
They have also developed simulation models to describe artificial cells
on an intermediate physical level to follow the control, stability and
breakdown of the subsystems.They are also studying the use of artificial
cells as a novel platform for self-assembling microscopic robots, both
in simulation and experiments. On an ethical level, they emphasize
that “What we are talking about is not chemically making a copy of an
existing artificial cell, but chemically synthesizing something which
we could call an artificial cell.”

11.11. The Future of Artificial Cells

Nature’s creations are complex, intricate and ingenious. For ages,
humans have tried to reproduce exact replicates of some of these
without success. Success only comes to those who are humble enough
to use the principles learned from nature to produce much simpler
systems instead of trying to replicate nature.

A good example is in the many unsuccessful and often fatal attempts
made by humans to fly like birds. The first initial success is when the
Chinese, instead of trying to fly like birds, use the principle to build
very simple kites that later can even carry humans. These evolve into
gliders. Since then, each major progress in flight is related to major
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progresses in other areas. Thus, the invention of the motor engine
in Europe allows the gliders to evolve into the first propeller driven
planes first in the US and then Europe. Centuries ago, the Chinese
invented fireworks and rocket-propelled weapons. This principle has
been applied to jet engine that allows the propeller planes to evolve
into the first jet-planes in Germany.These have now reached enormous
size and speed. Further developments allows human to travel to space
first in Russia and then the USA. This is an example of how progress
is made on both an interdisciplinary and international basis. Much
delay can be the result if there is not enough interaction between the
different disciplines and countries.

For many years, scientists have carried out tremendous amounts
of research on the structural and functional basis of biological cells.
However, attempts to reproduce exact replicas of biological cells have
not been successful. On the other hand, the purpose of the very
first humble “artificial cells” (Chang, 1957) was not to reproduce
biological cells, but to use available basic knowledge to prepare very
simple systems for possible uses in medicine and other areas. Each
major progress in other areas has led to stepwise progress in artificial
cells. First, there was the coming of age of polymer chemistry and
biomaterials. Then there was the recognition of the importance and
developments in biotechnology. There is the present ongoing progress
in molecular biology and genomics that will contribute to a quantum
leap in the area of artificial cells, including the recent efforts on “living”
artificial cells. One can expect that there will be important future
progress in other areas that will contribute to unlimited progress in
the area of artificial cells. One example is in the use of artificial cells
for next generation computer and nanoscale robotics.

The following prediction in my 1972 monograph on “Artificial
Cells” is already out of date: “Artificial Cell is not a specific physical
entity. It is an idea involving the preparation of artificial structures
of cellular dimensions for possible replacement or supplement of
deficient cell functions. It is clear that different approaches can be used
to demonstrate this idea”. In the last 50 years (Chang, 1957), artificial
cells have progressed way beyond this 1972 prediction. Artificial
cells can now be of macro, micro, nano and molecular dimensions.
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There are also unlimited possibilities in variations for the artificial
cell membranes and contents. Searching for “artificial cells” on the
Internet (for example, www.google.com) gives more than 50,000 hits
in all areas of artificial cells. Even then, we have only just touched
the surface of the enormous potential of artificial cells. One hopes
that the many arbitrary subdivisions of “artificial cells” under the guise
of different names can be brought together! When this takes place,
the result of the pooling of talents, specialized know-how in this very
interdisciplinary and international area will lead to progress beyond
anyone’s imagination.
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APPENDIX I

1957 Report on “Method for Preparing
Artificial Hemoglobin Corpuscles”

1957 Research Report for Physiology 43b for partial fulfillment of honors B.Sc. in
Physiology McGill University

Thomas M. S. Chang

(Figures scanned from original report with new fonts added for
clarity — text reformatted but with no change from original, except
errors in spelling, grammar and typing.)

The red corpuscle, once it has passed the reticulocyte stage,
is almost without metabolic activity and is little more than a
hemoglobin containing shell1. This pointed towards the possibility
that perhaps an artificially produced hemoglobin corpuscle may
be used as a physiologically functioning red blood cell. With this
possibility in mind, first, a survey of the literature concerning
erythrocytes, hemoglobin and possible artificial membranes was
made; then possible methods of getting hemoglobin into corpuscles of
microscopic sizes were tried.

ERYTHROCYTES

1. Structure

The normal human erythrocyte is a biconcave disc, with an average
diameter in dried films of 7.2 µ. The thickness of cell is l µ at the centre
and 2.4 µ near the edge. Although the cell membrane is not elastic, the
cell can become distorted in order to pass through narrow capillaries,

335
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also, the concave faces of the corpuscle can be distended to a convex
shape when the cell content increases as in the case of hypotonic
environment. The membrane is of lipoprotein, and when examined
with electromicroscope appears to be finely granular without folds.
The mean corpuscular volume of the cell has an average of
86 cubic µ.

2. Function

Hemoglobin of the erythrocyte carries out the functions of trans-
portation of O2 to the tissues and that of transportation of CO2 from
the tissues to the lung to be excreted. This respiratory function of
the hemoglobin of the erythrocyte is the most important function.
Hemoglobin and electrolytes inside cell also act as a buffering
system to maintain the normal pH of 7.3–7.4. 60% of buffering
action of whole blood is due to red cell, the other 40% to plasma.
Carbonic anhydrase is highly concentrated in erythrocytes. This is
important since the reaction CO2 + H2O = H2CO3 is speeded up
2500 times, resulting in the transportation of CO2 to the lung to be
excreted.

3. Enzymes and inclusion bodies

Besides carbonic anhydrase, metabolic enzymes, dehydrogenases and
pyridine nucleotides; there are various other enzymes whose functions
are at the presence obscure. Also there are inclusion bodies in
circulating erythrocytes: Punctate basophilia, Cabot rings, Howell-
Jolly bodies, siderocyte, Heinz bodies. Quite a number of these are
associated with diseases, especially the Howell-Jolly bodies which are
associated with severe anemia of both the iron deficiency and the
pernicious type, and with leukemia, and are particularly common after
splenectomy. This is mentioned, because in an artificially produced
hemoglobin corpuscle it is possible to include in the cell content all
sorts of combinations of enzyme systems and inclusion bodies. This
way, the function and activity of the various enzymes and inclusion
bodies in the erythrocyte may be studied.
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HEMOGLOBIN

1. Molecular structure

Hemoglobin is the red coloring matter of the red blood cell. It is
a conjugated protein, consisting of a protein part called globin and
an iron-pyrrol compound known as hematin or heme5. Work by
Svodberg, Adair and others indicates that hemoglobin has a molecular
weight of 66,800 and that the molecule of hemoglobin contains four
molecules of hematin. The hemoglobin molecule is 64 Å in length,
48 Å in width and 36Å in thickness.

2. Hemoglobin content of the blood

Hemoglobin is held within the stroma of the erythrocyte. The normal
hemoglobin content of the blood is usually measured colorimetrically
depending upon the oxygen combining capacity or the blood. The
present assessment of normality is between 15 and l6 gm per l00 ml
for males and with a lower value for females. Knowing the hemoglobin
content of the blood the mean corpuscular hemoglobin (M.C.H.) and
the mean corpuscular hemoglobin concentration (M.C.H.C.) can be
calculated from the following formulae:

M.C.H. = (Hb in gms/1000 ml blood)/Red cells in millions per mm3.

This is expressed in µu and the normal value for male being 29 µu
(with a range or 27 to 32 µu) M.C.H.C. = (Hb in gms per 100ml blood
× 100)/(VOL in ml packed cells per l00ml blood) This normal value is
about 33% with a range of 32–38% and shows no variation with sex.

3. Methemoglobin

The ferrous iron in hemoglobin is readily oxidized by oxidizing agents
to the ferric state, which is methemoglobin. Methemoglobin is brown
in solution and has an absorption band with a maximum at 634 mu.
In normal human blood it is approximately 2% of the total Hb. Now,
since methemoglobin does not have the power to combine with O2, it
is important in the preparation of hemoglobin corpuscles to preserve
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the hemoglobin in the ferrous state. There are various enzyme systems
in the red blood cell for the purpose of reduction of methemoglobin to
hemoglobin. These are: triosephosphate and lactate dehydrogenating
system3, dehydrogenases and pyridine nucleotides. Other ways of
reducing methemoglobin to hemoglobin are by the action of sodium
sulphide, amyl nitrite in phosphate-saline solution, Na2S204, ascorbic
acid, or alkaline solution prepared from TiCl3. All these will readily
convert methemoglobin to hemoglobin which does combine with O2

and CO2.

4. Derivatives of hemoglobin

In the handling of hemoglobin during the preparation of the artificial
hemoglobin corpuscles, it is important to be able to tell whether
the hemoglobin inside the membrane is still hemoglobin, or if not,
it is helpful to be able to know what substance it is changed into.
The derivatives of hemoglobin may be OHb, methemoglobin, CO-
hemoglobin, nitric oxide hemoglobin, hemochromogen, hematin,
alkali-hematin, and hematoporphyrin. Each of these possesses a
specific absorption spectrum which serves as an aid in their
detection2.

MEMBRANE

1. Reason for using collodion membrane

After much searching around, collodion is chosen for the membrane,
since it has been studied quite extensively by a number of
physiologists.6,7,9,l0,11,12 It is also being widely used by bacteriologists
as membranes for ultrafiltration8. It is used despite the fact that being
a plastic material, it cannot be used as the membrane of cells to be
perfused into the circulation since once injected, it will remain as such
in the circulation. However, since the problem of finding a suitable
membrane would already be a project in itself and since the amount
of time available for this project is limited, collodion was used as
the membrane. Of course, a lipoprotein membrane would be most
suitable.
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2. Studies made on collodion membrane

Much can be made used of the information obtained by the
physiologists and bacteriologists concerning the permeability of
collodion to various molecules and methods of preparing collodion
membrane with any desired pore size. In 1907, Bechhold discovered
that porous membranes of collodion could be precipitated by water
from non-aqeous solution. His first paper (Bechhold H. Z. Physik Chem
60,257,1907; 64,328,1908) is still among the best on this subject,
here he sets forth many principles and applications. Elford8 classified
colloidal membranes into two main types:

1. Microgel: It is an acetic collodion membrane which has relatively
course structure with pores of microscopic order.

2. Ultragel: Which is ether alcohol collodion membranes. The
structure or this type or membrane is not resolved by microscopic
apparatus. Ultaviolet light microphotography show that it is built
up of particulate matter.

He also found that dilution of the ether alcohol Collodion with ether
gives a thinner and less permeable membrane, whereas thickness and
permeability increases with addition of amyl alcohol. Bauer6 found
that the addition or 1 ml of glacial acetic acid to 200 ml of diluted
collodion solution would reduce average pore size to 200 mµ. The
addition of 2 ml reduce the pore size to l00 mµ, and the addition of 3 ml
reduces pore size further to 15 mµ. Field made collodion membranes
which held back potassium chloride and sucrose. Kistler9 found that
collodion membrane can be made as dense as desired by filtering
through them solution of cellulose or of collodion.

3. Final constituents of collodion solution used in this
experiment

The collodion solution purchased is the commercially prepared
Collodion U.S.P. XI. It is a solution of 4 gms of pyroxylin (chiefly
tetranitropcellulose) in 100 ml of a mixture of 1 vol alcohol and 3 vol
ether. Its specific gravity is 0.765–0.775. When exposed in thin layers it
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evaporates and leaves a tough somewhat opaque and permeable film.
During the experiment it was found that the hemoglobin in solution
was precipitated by the addition of this collodion solution. To decide
the substance causing this precipitation, hemoglobin solution was
added to each of pure ether, alcohol and it was found that whereas
Hb is precipitated by alcohol, it is not precipitated when added to
ether. The collodion solution was then evaporated to dryness, and then
redissolved in ether, when hemoglobin is added to this ether collodion
solution, hemoglobin remains in solution without precipitating. Thus
it is concluded that it is the alcohol that precipitated the hemoglobin,
and from here on, only ether collodion solution was used.

METHOD

The basic problem is how to make a hemoglobin corpuscle of about
7 µ diameter with a thin and permeable collodion membrane. Various
methods were tried.

Method I

The arrangement for this method is as shown in the diagram (Fig.1).
A jet of air is sent into the funnel leading to a very narrow nozzle.

Hemoglobin crystals, which are finely ground to microscopic sizes, are
put in at X, so that the powder is sent through a stream of collodion. It
was hoped that, each crystal in passing through the stream of Collodion
would be coated with a coating of collodion which on drying would
form a membrane.

Three problems arise immediately in attempting this method. First,
using this method, the amount of Hb crystals required is quite
enormous, and attempts to crystallize a large amount of hemoglobin
from the solution was not too successful.

Secondly, a stream of collodion exposed to the air would be
evaporated very rapidly, and in order to maintain such a stream
approximately 1000 ml/3 mins is required, and the amount available is
only sufficient for very small scale experimentation. However, the most
severe problem is that for the hemoglobin crystals to be sent through
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Fig. 1. Arrangement of Apparatus.

Fig. 2.

the stream of collodion, it would be necessary for the jet of air to be
blown through the collodion at the same time. It was found that if the
force of the air jet was not strong enough, then it would not be able
to pass through the stream of collodion solution. However, when the
force is increased, nothing can penetrate the collodion stream until a
hole is made by the jet of air in the collodion stream, and the crystals
would then be sent through by the jet of air without coming into contact
with the stream of collodion. A sort of an all-or-none effect.
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Fig. 3.

The solution to this problem is to send the crystals through the stream
of collodion by means other than air pressure. One possible way is to
eject the crystals through the use of a very powerful spring, and one
was made as shown.

This way, the crystals are not carried by a jet of air, and it is hoped
that therefore each crystal might be able to pass through the stream
of collodion individually due to their force of momentum. However,
further experiments shows that this method will turn out to be rather
elaborate, since in order for the fine crystals to attain the necessary
speed to penetrate the collodion stream, they will have to be ejected
in a vacuum to avoid the resistance of air to such small particles.
However, instead of increasing the speed of the crystals, it would be
just as good to decrease the viscosity of the collodion stream. Thus
another method was attempted.

Fig. 4.



April 6, 2007 17:17 SPI-B446Artificial Cells: Biotechnology, Nanotechnology, Blood Substitutes, Regenerative... Appendix1 1st Reading

1957 Report on “Method for Preparing Artificial Hemoglobin Corpuscles” 343

Method II

Instead of using a stream of collodion, a spray of collodion is used.
Here the viscosity of the collodion is extremely small.

But here, there is a serious problem, since it takes a considerable
amount of time for the collodion membrane to be perfectly set. When
hemoglobin covered by a membrane of collodion which has not set
touches water, the hemoglobin would just simply dissolve in water.
Another problem is that, the droplets are so close together that once
they are coated with collodion they would stick together.

Experimentation with collodion

Knowing that one of the important problem is the ‘setting’ of the
collodion as a membrane, a study was made of the way in which a
collodion membrane is set. Two useful observations were made. First
it was observed that a thin collodion layer sets slowly (10 to 15mins)
after it comes in contact with water. Secondly, a film of collodion is
attached to the surface of water when it comes in contact with it. With
these facts in mind, it was felt that it might be more feasible to approach
the problem from a different angle.

Method III

Collodion was placed on top of a liquid which is immiscible with water
and which has a specific gravity greater than collodion but less than
saline. (In this case paraffin oil was used.) A small drop of hemoglobin
solution was dropped about 1/2 feet from the surface of the collodion
solution. This height is to give the hemoglobin droplet the neccessary
force to penetrate the collodion solution. As the hemoglobin droplet
passes through the collodion solution a film of collodion is attached
to its surface. Due to the force of gravity, this droplet falls into the
paraffin oil through the collodion layer. The purpose of the paraffin oil
is to allow the collodion membrane time to set on the droplet of the
hemoglobin solution since if this droplet was to enter water right away
the membrane would rupture since it is still immaturely set. About 30
minutes was allowed for the droplet to remain in the paraffin oil. At
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Fig. 5.

the end of this time the membrane was perfectly set, and the collodion
layer together with as much as possible of the paraffin oil was removed.
The remaining paraffin oil, together the hemoglobin corpuscle was
then emulsified in saline, the paraffin oil having been emulsified and
float to the surface leaving behind the hemoglobin corpuscle in saline.

With this method, it was successful in preparing hemoglobin
corpuscles with size of about 0.2 mm in diameter. The trouble with this
method being that the surface tension between collodion and paraffin
oil was such that only hemoglobin droplets of appreciable size would
be able to penetrate the collodion-paraffin oil interface.

Method IV — successful method

With the above principle, methods for obtaining hemoglobin
corpuscles of microscopic sizes were then attempted.

Introduction: A possibility that comes into mind was the method
of emulsion. Books on colloidal chemistry were read. For a while the
method of emulsion appeared to be rather impractical in this case,
since in the emulsions used by the chemists, it is only possible to
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emulsify one liquid in another and the emulsion would only remain in
the liquid in which it is emulsified. While on the verge of discarding
the method for emulsion, the principle found in using collodion layer
and paraffin layer comes into mind. Many attempts were then made
to combine this principle with the principle of emulsion.

After many fruitless and unsuccessful attempts, a method was
found. This method is based entirely on the principle of the previous
method.

Procedure

1. Place one part of concentrated hemoglobin solution in 10 parts of
ether. Shaking this gives a dispersion of hemoglobin in ether, but
this dispersion is unstable, since as soon as shaking is stopped ether
and hemoglobin separate into two layers almost immediately

2. Collodion solution (ether-collodion) is put in drop by drop
while shaking continuously. Collodion on entering the solution
and coming into contact with the aqueous hemoglobin solution
dispersed in ether, would form a layer of collodion around the
hemoglobin droplets.( As shown by the observations obtained in
method III). When enough collodion is adhered to the surface of
the hemoglobin droplets, the dispersion becomes stable, i.e. the
dispersion remain as such after shaking is discontinued, since now
around each droplet is a thin layer of collodion acting as a sort of
emulsifier.When about 1 part of collodion to 10 parts of solution has
been added it was found that a collodion membrane with sufficient
strength would be formed.

3. The problem now is to remove the hemoglobin droplets with the
collodion membrane from the ether. Here, two problems were
encountered. Collodion is soluble in ether, thus there is collodion
in the ether containing the hemoglobin droplets. Now, collodion
sets when comes in contact with water, thus water cannot be used
to separate the droplets of hemoglobin from the ether since on the
addition of water, the whole solution would “coagulate”. Another
problem is that since collodion is soluble in ether, the collodion
membrane of the hemoglobin droplets would be incompletely set
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Fig. 6.
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i.e. the part that is in contact with the hemoglobin solution is set,
but the part in contact with ether is not set. To solve this problem,
the ether containing the hemoglobin droplets with their membrane,
is placed on top of n-butyl-benzoate which has been recommended
as a good emulsifier. This is put in for centrifuging, so that the
microscopic hemoglobin droplets could pass through the interface
into the n-butyl-benzoate.
(After centrifuge, the corpuscles are in the n-butyl-benzoate. Since
the collodion outside being in contact with ether previous to
centrifuging is not completely set and thus is still adhesive. As a
result, they tend to stick together. Here is where n-butyl-benzoate
comes into use. Being a good emulsifying liquid, on shaking this,
the corpuscles would be dispersed in the n-butyl-benzoate. Quite
a bit of shaking is required to disperse the corpuscles which
have adhered together. This dispersion allows the corpuscles to be
separated from one another and thus when the collodion membrane
sets, they would not be stuck together. After leaving it in this
condition for 15 mins the membrane would be set completely.)

5. The dispersion of corpuscles in n-butyl-benzoate is placed over
saline and centrifuge. The hemoglobin corpuscles would then be
centrifuged into the saline. Now, some n-butyl-benzoate would
be stuck to the corpuscles resulting in the corpuscles having
the appearance of being in an aggregation in the saline. Here,
another advantage is made use of n-butyl-benzoate, since on
shaking the corpuscles inside the saline, the n-butyl-benzoate
which may have adhered to the surface of the corpuscle would
be emulsified in saline leaving behind the corpuscles with their
collodion membrane.

Proof that collodion membrane is formed

To ensure that the membrane of the corpuscle is collodion and not
n-butyl-benzoatel the following experiment was done:

1. Disperse hemoglobin in n-butyl-benzoate
2. Centrifuge over saline as before.
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3. Hemoglobin inside n-butyl-benzoate would be centrifuged into the
saline, but when this is shaken as before, the n-butyl-benzoate is
emulsified and hemoglobin is left behind and dissolves in saline.
From this experiment it is concluded that the membrane in the
previous method was not n-butyl-benzoate. Since, collodion is the
only other alternative, it may be concluded that a membrane of
collodion has been formed around each hemoglobin droplet.

RESULTS

i. Size of corpuscles

Microscopic studies show that the size of the corpuscles approximates
that of the red blood cells. However, there are some which are either
too big or too small. It is suggested that a solution with an uniform size
of corpuscles could be obtained as follows: Using the ultrafiltration
membrane of the bacteriologists, first the solution could be filtered
through filter which allows all particles smaller than 8 µ to pass
through — this gets rid of the large corpuscles. Following this the
solution is filtered through filter which allows anything smaller than
5 µ to pass through. Thus what is left behind in the filter would be
corpuscles with diameters of between 5 µ and 9 µ.

ii. Content of corpuscles

Microscopic studies show that the corpuscles contain a colored
material. Spectrometric studies show that these pigments are
oxyhemoglobin. (This is observed after the alcohol-ether solvent of
the collodion solution is replaced by ether.)

iii. Oxygen content

It was found that using the principle of oximetry, a dissociation curve
was obtained. However, it must be mentioned that this particular
experiment is extremely unreliable, since it is found that during the
experiment there has been a considerable amount of hemolysis of the
corpuscles due to too much shaking.
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Fig. 7. Arrangement of Apparatus for Oxygen Dissociation Curve.

Method: The solution was placed in container(C) the atmospheric
pressure in the container was adjusted by the syringe, and, at low
pressures, by vacuum pump, to the desired pressure which is read from
the manometer(M).The container was shook intermittently to allow for
equilibrium to set up. After 20 minutes, the solution was read in the
colorimeter with a wave length of 650 mu.

The dissociation curve obtained is then plotted as shown.
Actual amount of oxygen contained: Using a syringe with its needle

inside a stop cork, a vacuum can be made in the syringe and the gas
that evaporate from the solution can be measured. In one experiment
the amount of gas obtained for that of a fully oxygenated solution
of 0.6 ml is 0.l ml, and that for a fully reduced one is about 0.02 ml
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Fig. 8.

(very approximate.) It is realized that using such a small amount of
solution, the results obtained is extremely unreliable. However, the
solution of n-butyl-benzoate ordered has not as yet arrived and not
sufficient amount was left to prepare anything more than 0.6 ml. Since
it is quite inaccurate and impossible to do a dissociation curve with
the possible range of gas of less than 0.08 ml, this was forced to be
omitted.

(N.B. Many other possible experiments on this preparation could
and should be done, but with the sudden realization that more than
120 hours have been unknowingly spent on this project at the expense
of other work, and with the approaching of the final, it was necessary
to put and end to this project — not without reluctance!! )

DISCUSSIONS

How far does this preparation fulfill the function of the red blood cells?
Those prepared in this experiment are so crude that nothing can be
said of them. However, further perfection may lead to the fulfillment
of most of the main functions of the red blood cells, as discussed in
the following sections.
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Transportation of O2 and CO2

The kinetics of the formation of oxyhemoglobin from hemoglobin in
the red blood cells is different from that in solution. With a pO2 of
75 mm Hg and at 10–20◦C, and with the same concentration, the half
time for oxyhemoglobin saturation of the corpuscles is 0.05 seconds
(i.e. for the erythrocytes), whereas that for hemoglobin solution the half
time is 0.004 second. This difference in speed could be due to one or
more of the following factors5

1. Presence of gradients of dissolved gas in the fluid surrounding the
corpuscles thus leading to retardation owing to the limiting effect
of diffusion.

2. Delay due to time of diffusion through membrane.
3. Dissolved gas that enter first combine with hemoglobin on the

periphery of the erythrocyte and succeeding dissolving gas having
to penetrate a finite distance into the corpuscle before combining
with hemoglobin.

Thus in preparing artificial hemoglobin corpuscles, these factors
have to be considered. Now, in the circulation the cells are well stirred
and thus there is no appreciable concentration gradient of dissolved
gas in the fluid surrounding the corpuscles, thus factor one can be
disregarded. As far as factor 2 is concerned, that of delay due to time
of diffusion through membrane, the artificial membrane used must be
such that it allows easy passage of dissolved O2 and CO2. Also it should
not be thicker than necessary, since according to Fick’s equation:

rate of diffusion = D(C1 − C2)/dx

Where x is the thickness of the cell membrane. The studies of
Weech and Michaelis10, shows an interesting factor of permeability
of collodion. He found that urea passes through the collodion
membrane many times more rapidly than glycerine and about 250
times faster than for glucose. Also, he found that collodion is freely
permeable to water molecules. From these observations it would
appear that there shouldn’t be too much trouble for O2 or CO2 to
pass through the membrane. However, it would be interesting to
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find out the permeability of the collodion membrane to dissolved
O2 and CO2, and to prepare a membrane (by method described
under the section “Membrane”) which affords the best permeability
to O2 and CO2 without allowing hemoglobin molecules to leak
through.

As far as factor three, that of dissolved gas which enter first combine
with hemoglobin on the periphery of corpuscle, and succeeding
dissolved gas that enter having to penetrate a finite distance into
the corpuscles before combination with hemoglobin occurs. The
solution is to have the greatest surface area for a given volume
of hemoglobin solution, and to have a shape which is such that
it gives the smallest depth. Of course, the biconcave disc shape
of the erythrocytes is the best solution to this problem, since with
this shape all the requirements mentioned are fulfilled. Would it be
possible to make a biconcave hemoglobin corpuscle artificially? It
has been observed under the microscope that some of the artificial
corpuscles have a sort of biconcave shape-others have surface as
shown:

This may have resulted from the fact that the collodion when set,
tends to shrink slightly — Since the setting of membrane does not
take place simultaneously in the surface of any single corpuscle. The
part that still has not set is still very elastic, thus when one part of the
membrane is set the volume of the corpuscle is decreased slightly, and
a pressure is exerted on the enclosed solution. This pressure in turn
is transmitted from the solution onto the part of the membrane which
has not yet set, thus causing them to bulge out slightly. Thus it is a
matter of pure chance for the biconcave, triconcave or tetraconcave
and ‘polyconcave’ shape of the corpuscles. These shapes may in a
way compensate for the lack of the actual biconcave disk shape of the
erythrocytes.
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Enzyme systems in the erythrocyte

As tar as the various enzyme systems present in the erythrocyte are
concerned, it wouldn’t be too much of a problem since it is possible
to include any enzyme system in the hemoglobin solution when
preparing the corpuscles. One of the most important enzyme in the
erythrocyte is carbonic anhydrase in the way of transportation of CO2,
this can easily be included in the hemoglobin solution.

Buffering action of erythrocyte

Hemoglobin and potassium ions in the erythrocyte play an important
part in the buffering of the pH of the body. Now, in the prepared
corpuscles only hemoglobin is present for this action, and potassium
ion is absent. (This may be simply a speculation, however, from the
wide variety of potassium concentration in different species of animal
and from the fact that hemoglobin may be present as a potassium
salt — it is suspected that perhaps part of the potassium ions are
kept inside the cells despite the higher concentration because of
their loose ionic association with hemoglobin; the other part being
kept in by the metabolic activity of the membrane. Even before
this project was started, this question has always been present. Thus
it would be interesting to see whether there is any concentration
gradient of potassium ions in the case of an artificial membrane.
If there is a gradient in concentration in the case of an inactive
collodion membrane, then it may point towards the possibility of
the potassium ions being present in an ionic association with the
hemoglobin.)

From what has been said before, it would appear that further
perfection may make it possible for the artificially produced corpuscles
to meet the requirement of the erythrocytes as far as the physiological
function is concerned. However, to perfect this for perfusing is quite
another question. Predominant of the numerous problems would
be the problem of finding a suitable membrane — a lipoprotein
membrane. Although it is not a hopeless case, a tremendous amount
of work has to be put in before anything could be perfected.
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SUMMARY

I. Four methods for preparing artificial hemoglobin corpuscles were
attempted.

II. One of the four methods was practical and appeared to be usable.
III. From this method, corpuscles approximating the size of

erythrocytes were produced.The content of these corpuscles inside
the collodion membrane was found to be oxyhemoglobin under
spectrometric studies.

IV. An oxygen dissociation curve was obtained and the oxygen content
of these preparations was found. But it is felt that the results
obtained in IV is not reliable, since only one set of result was
done on these, since there was not enough time for repeating these
measurements.
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APPENDIX II

Methods not Described in Detail in the
11 Chapters

The available methods of preparation of artificial cells are based on
the original principle of emulsion for small dimension cells and the
drop method for larger dimension cells. Appendix I is a reprint of
this first report (Chang, 1957). There are now numerous extensions,
improvements and developments of this principle and books can be
written on these. Thus, Appendix II can only describe a few simpler
laboratory examples. Once these are mastered, other methods can be
easily reproduced from the literature.

A. EMULSION METHODS FOR ARTIFICIAL CELLS

A.1. Cellulose nitrate membrane artificial cells of micro
dimensions

Cellulose nitrate membrane artificial cells are prepared using an
updated procedure based on earlier publications (Chang 1957, 1964,
1965, 1972a, 2005a).

A.1.1. Materials

1. Hemoglobin solution containing enzymes: 15 g of hemoglobin
(Bovine Hemoglobin Type 1, 2x crystallized, dialyzed and
lyophilized) (Sigma; St. Louis, MO) is dissolved in 100 ml of distilled
water and filtered through Whatman No. 42 (Whatman; Kent, UK)
(see Note).

355
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2. Water saturated ether: Shake analytical grade ether with distilled
water in a separating funnel, and then leave the mixture standing
for the two phases to separate so that the water can be discarded.

3. Fisher magnetic stirrer.
4. Cellulose nitrate solution: Spread 100 ml of USP Collodion (USP) in

an evaporating dish in a well ventilated hood overnight. This allows
the complete evaporation of its organic solvents leaving behind a
dry thin sheet. Cut the thin sheet of polymer into small pieces and
dissolve them in a 100 ml mixture containing 82.5 ml analytical
grad ether and 17.5 ml analytical grade absolute alcohol (see Note).

5. Tween 20 solution.The 50% (v/v) concentration solution is prepared
by mixing equal volumes of Tween 20 (Atlas Powder; Montreal,
Canada) and distilled water, and then adjusting the pH to 7.
For 1% (v/v) concentration solution, mix 1% of Tween 20 to
the buffer solution used as the suspending media for the final
microencapsulated enzyme system.

A.1.2. Procedure for microscopic dimension artificial cells

1. Enzymes and other materials to be microencapsulated are
dissolved or suspended in 2.5 ml of the hemoglobin solution. The
final pH is adjusted to 8.5 with Tris HCl, pH 8.5, and hemoglobin
concentration adjusted to 100 g/l.

2. 2.5 ml of this solution are added to a 150 ml glass beaker, and
25 ml of water saturated ether is added.

3. The mixture is immediately stirred with a Fisher magnetic stirrer
at 1200 rpm (setting of 5) for 5 sec.

4. While stirring is continued, 25 ml of a cellulose nitrate solution is
added. Stirring is continued for another 60 sec.

5. The beaker is covered and allowed to stand unstirred at 4◦C for
45 min.

6. The supernatant is decanted and 30 ml of n-butyl benzoate added.
The mixture is stirred for 30 sec at the same magnetic stirrer setting.

7. The beaker is allowed to stand uncovered and unstirred at 4◦C
for 30 min. Then the butyl benzoate is removed completely after
centrifugation at 350 g for 5 min.
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8. 25 ml of the 50% (v/v) Tween solution are added. Stirring is started
at a setting of 10 for 30 sec.

9. 25 ml of water is added and stirring is continued at a setting of 5
for 30 sec, then 200 ml of water is added.

10. The supernatant is removed and the artificial cells are washed 3
more times with 200 ml of the 1%Tween 20.The artificial cells are
then suspended in a suitable buffer, e.g. phosphate buffer (pH 7.5).
In properly prepared artificial cells, there should not be leakage
of hemoglobin after the preparation (see A.1.3. Comments).

A.1.3. Comments

1. Hemoglobin at a concentration of 100 g/l is necessary for the
successful preparation of cellulose nitrate membrane artificial
cells. Furthermore, this high concentration of protein stabilizes
the enzymes during the preparation and also during reaction and
storage (Chang, 1971b). When the material (e.g. NADH) to be
encapsulated is sensitive to the enzymes present in hemoglobins,
highly purified hemoglobins are used. Purification using affinity
chromatography on an NAD + sepharose column will be required.

2. The long-term stability of microencapsulated enzyme activity can
be greatly increased by cross-linking with glutaraldehyde (Chang,
1971b). This is done at the expense of reduced initial enzyme
activity.

3. When using cellulose nitrate artificial cells containing enzymes for
oral administration, the permeability of the membrane may need to
be decreased so as to prevent the entry of smaller tryptic enzymes.
Permeability can be decreased by decreasing the proportion of
alcohol used in dissolving the evaporated cellulose nitrate polymer.

A.2. Polyamide membrane artificial cells of micro
dimensions

Polyamide membrane artificial cells are prepared using an updated
procedure based on earlier publications (Chang, 1964, 1965, 1972a,
2005a).
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A.2.1. Materials

1. Span 85 organic solution: 0.5% (v/v) Span 85 (Atlas Powder;
Montreal, Canada) in chloroform: cyclohexane (1:4).

2. Terephthaloyl organic solution: Add 100 mg of terephthaloyl
chloride (ICN Pharmaceuticals Inc., Costa Mesa, CA, U.S.A.) to a
30 ml organic solution (chloroform:cyclohexane, 1:4) kept in an ice
bath. Cover and stir with a magnetic stirrer for 4 h, and then filter
with Whatman no. 7 paper (Whatman). Prepare just before use (see
A.2.3.Comments).

3. Diamine-polyethyleneimine solution: Dissolve 0.378 g NaHCO3

and 0.464 g 1.6-hexadiamine (J. T. Baker Chemical) in 5 ml distilled
water that contains the material to be encapsulated. Adjust pH to
9. Add 2 ml 50% polyethyleneimine (ICN K+K Inc.) to the diamine
solution, readjust pH to 9, and make up the final volume to 10 ml
with distilled water. Prepare just before use (see A.2.3. Comments).

4. Hemoglobin solution 10 g/100 ml: Prepare as described above
(A.2.1) for cellulose nitrate artificial cells, but the material to be
encapsulated is dissolved in 5 ml of hemoglobin solution instead of
distilled water. The final pH is adjusted to 9.

A.2.2. Procedure for preparing microscopic polyamide membrane
artificial cells

Polyamide membrane artificial cells of 100 µM mean diameter are
prepared using an updated method based on the earlier methods
(Chang, 1964, 1965, 1972a; Chang, et al., 1966).

1. Enzyme is added to 2.5 ml of the hemoglobin solution with pH and
concentrations adjusted as in A.1.1.

2. 2.5 ml of the diamine-polyethyleneimine solution are added to the
above solution and mixed for 10 sec in a 150 ml beaker placed in
an ice bath.

3. 25 ml of Span 85 organic solution, prepared as described in Section
A.2.1, are added and stirred in the Fisher magnetic stirrer at a speed
setting of 2.5 for 60 sec.

4. 25 ml of terephthaloyl organic solution are added and the reaction
is allowed to proceed for 3 min with the same stirring speed.
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5. The supernatant is discarded and another 25 ml of the terephthaloyl
organic solution are added.

6. The reaction is carried out with stirring for another 3 min. The
supernatant is discarded.

7. Then, 50 ml of the Span 85 organic solution are added and stirred
for 30 sec. The supernatant is discarded.

After this, the same procedure for the use of Tween 20 as described
for cellulose nitrate artificial cells (A.1.1) is used for the transfer of the
artificial cells into the buffer solution.

A.2.3. Comments

1. Failure in preparing good artificial cells is frequently due to the
use of diamine or diacids that have been stored after they have
been opened. A new unopened bottle will usually solve the
problems. Unlike the cellulose nitrate artificial cells, in interfacial
polymerization the hemoglobin solution can be replaced by a 10%
polyetheleneimine solution adjusted to pH 9. However, the artificial
cells prepared without hemoglobin may not be as sturdy. Cross-
linking the microencapsulated enzymes with glutaraldehyde after
the preparation of the enzyme artificial cells could also be carried
out to increase the long-term stability of the enclosed enzymes
(Chang, 1971b), although this will decrease the initial enzyme
activity.

2. In multienzyme reactions requiring co-factor recycling, the cofactor
can be crosslinked to dextran-70 and then encapsulated together
with the enzymes. For example, NAD+-N6-[N-(6-aminohexyl)-
acetamide] is coupled to dextran T-70, polyethyleneimine or
dextran to form a water soluble NAD+ derivative and then
encapsulated together with the multienzyme systems in the artificial
cells. This way both the cellulose nitrate artificial cells and
polyamide artificial cells can be used, and a high permeation to
substrates and products is made possible. However, linking cofactor
to soluble macromolecules will result in significant increases in
steric hindrance and diffusion restrictions of the cofactor.
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A.3. Lipid-polymer membrane artificial cells of micro
dimensions that retain ATP and NAD(P)H

As described under B.2, large lipid-polyamide membrane artificial
cells have been prepared (Chang 1969d, 1972a). Lipid-polyamide
artificial cells of 100 µm mean diameter containing multienzyme
systems, cofactors and alpha-ketoglutarate can also be prepared (YT
Yu and Chang 1981) as a modification of A.2. above for microscopic
polyamide artificial cells.

A.3.1. Materials

1. See A.2.1. above.
2. Glutamic dehydrogenase, bovine liver, type III, 40 U per mg

(Sigma).
3. Alcohol dehydrogenase, yeast, 330 U per mg (Sigma).
4. Urease, 51 U per mg (Millipore).
5. Lipid-organic liquid: 1.4 g lecithin and 0.86 g cholesterol are added

to 100 ml tetradecane and stirred for 4 h at room temperature. If a
more permeable lipid membrane is required to allow urea to diffuse
across, then the lipid compositions should be 0.43 g cholesterol and
0.7 g lecithin.

A.3.2. Procedure

The first part is similar to the procedure described in A.2.2. for
polyamide artificial cells.

1. To 2 ml of the hemoglobin solution is added 12.5 mg glutamic
dehydrogenase, 6.25 mg alcohol dehydrogenase, 0.5 mg urease,
1.18 mg ADP, and either NAD+ (0.52 mg, 105 mg, 2.11 mg or
21.13 mg) or NADH (21.13 mg) dissolved in 0.25 ml of water.
Finally, 56.5 mg alpha-ketoglutarate, 2.5 mg MgCl2, and 0.93 mg
KCl are added to the 0.25 ml solution.

2. 2.5 ml of the hemoglobin-enzyme solution so prepared is added
to 2.5 ml of the diamine-polyethyleneime solution. The remaining
steps are the same as described above (A.2.2) except that theTween
20 steps are omitted here. Instead, after washing with the Span 85
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organic solution, the following steps are carried out to apply the
lipids to the polyamide membranes.

3. The artificial cells are rinsed twice with 10 ml of the lipid-organic
liquid.

4. Then, another 10 ml of the lipid-organic liquid are added and the
suspension is slowly rotated for 1 h at 4◦C on a multi-purpose
rotator.

5. After this, the supernatant is decanted and the lipid-polyamide
membrane artificial cells are recovered and left in this form at 4◦C
without being suspended in an aqueous solution until it is added
to the substrate solution just before the reaction.

The procedure takes practice and the artificial cells prepared must be
tested for the absence of leakage of enzymes or cofactors before being
used in experimental studies.

A.3.3. Comments

Lipid-polyamide membrane artificial cells containing multienzyme
systems, cofactors and substrates can retain cofactors in the free form.
Thus, analogous to the intracellular environments of red blood cells,
free NADH or NADPH in solution inside the artificial cells is effectively
recycled by the multistep enzyme systems which are also in solution.
However, only lipophilic or very small hydrophilic molecules like urea
can cross the membrane.

A.4. Double emulsion methods

This is based on the use of polymers that are soluble in organic
solvents resulting in a solution that is not soluble in the aqueous
phase. An aqueous solution containing a solution or suspension of the
material to be encapsulated is added to a larger volume of this polymer
solution. The aqueous phase is emulsified in the polymer solution.
After this the polymer solution containing the aqueous emulsion is
placed into a larger volume of aqueous phase containing an oil in
water emulsifier to form a double emulsion. Each microdroplet of
polymer solution contains a smaller emulsion of the aqueous material.
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As the organic solvent is evaporated (polystyrene, polylactidie) or
as polymerization takes place (e.g. silastic), the polymer solidified
resulting in microspheres each containing an emulsion of the aqueous
material. Instead of material dissolved or suspended in the original
aqueous solution, crystals or power of the material can also be
added directly to the polymer solution. This way, the resulting final
microspheres will each contain crystals or powder. The original
methods reported for polystyrene (Chang, 1965, 1972a), silastic
(Chang, 1966), and biodegradable polymer (e.g. polylactide, Chang,
1976a) have been greatly extended and improved upon especially by
those in the field of drug delivery. This is now a very extensive area,
but is not directly related to the discussion of artificial cells in this
monograph. Thus, no attempt is made here to describe the details of
the methods.

B. DROP METHODS FOR LARGER ARTIFICIAL CELLS

B.1. Polymer membrane artificial cells

B.1.1. Materials

1. Hemoglobin solution: 10 g hemoglobin substrate (Worthington Co.)
in 100 ml aqueous solution. Filter with Whatman #42 paper.

2. Diamine solution I: Solution containing 1,6-hexanediamine (0.38
M) (Eastman Kodak Co.), NazC03 (0.62 M), NaHC03 (0.17 M). Filter
with Whatman #42 paper.

3. Diamine solution II: Solution containing 1,6-hexanediamine
(0.1 M), NaOH (0.2 M). Filter with Whatman #42 paper.

4. Mixed organic solvent: cyclohexane-chloroform (4:1).
5. Sebacoyl chloride solution I: formed by adding 0.4 ml of sebacoyl

chloride (Eastman Kodak Co.) to 100 ml of mixed organic solvent
immediately before use. (Glass syringe used.)

6. Sebacoyl chloride solution II: formed by adding 0.4 ml sebacoyl
chloride to 30 ml of the mixed organic solvent immediately before
use. (Glass syringe used.)
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7. Suspending aqueous solution containing NaCI (147 mM), CaClz
(2.2 mM), and glucose (1 M).

B.1.2. Procedure

1. Immediately before use, equal volumes of the hemoglobin
solution and diamine solution are mixed and placed in a 30 ml
glass syringe. The syringe is fitted with an 18-gauge stainless steel
needle bent at right angles and placed in a Harvard infusion
pump.

2. 80 ml of the sebacoyl chloride solution is added to a 140 mm
diameter glass petri dish.

3. The tip of the 18-gauge needle is placed 5 mm above the surface
of the sebacoyl chloride solution.

4. The infusion pump is operated at a flow rate of 2.6 ml/min for
1.6 min to produce 250 aqueous droplets. As the droplets fell
into the sebacoyl chloride solution, a nylon membrane is formed
around each droplet.

5. The petri dish containing the newly formed artificial cells is gently
agitated by hand for 5 min. After this, 20 ml of the sebacoyl
chloride solution containing 1 ml Span 85 (Atlas Powder Co.) is
added.

6. The polymerization is allowed to continue with intermittent gentle
agitation of the petri dish by hand for a further 10 min.

7. To stop the reaction, the sebacoyl chloride solution is decanted
and the artificial cells are washed three times with 100 ml of
cyclohexane.

8. The cyclohexane is discarded after 15 min and replaced with the
same volume of fresh cyclohexane. This is repeated twice. After
the last wash with cyclohexane, all the cyclohexane is removed
by aspiration followed by evaporation with an air current.

9. The artificial cells are then suspended in 100 ml of the suspending
aqueous solution and washed three times with the same solution.

10. The artificial cells are then used immediately for the flux
measurements. The diameters of these large artificial cells are
3.1 ± 0.1 mm (mean:t S.D.).
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B.2. Lipid-polymer membrane artificial cells

Polymer membrane artificial cells are prepared by the drop method of
B.1. followed by incorporation of the lipid component as follows.

B.2.1. Materials

1. As in B.1.1.
2. Lipid solution containing 1.4 g egg lecithin (Nutritional Bio-

chemical Co.) and 0.86 g cholesterol (Sigma Co.) in 100 ml of
tetradecane are prepared on the day of use.

B.2.2. Procedure

1. These are prepared using the procedure described above with
the following modifications. After the removal of cyclohexane by
aspiration and evaporation, 50 ml of lipid dissolved in tetradecane
is added.

2. The artificial cells are kept in a lipid solution in the same open glass
petri dish in a fume cabinet for one hour with occasional agitation.
The petri dish is tilted to keep the artificial cells completely
submerged in the lipid solution.

3. At the end of 1 h the lipid solution containing the artificial cells is
carefully layered over 80 ml of the suspending aqueous solution in
a 150 ml glass beaker. The artificial cells are transferred from the
upper non-aqueous layer to the aqueous medium below by gentle
stirring with a glass stirring rod, being careful not to rupture the
artificial cells. As the artificial cells entered the aqueous medium,
excess lipid tends to accumulate on the top of the artificial cells.
As the excess lipid is removed by gentle stirring and washing with
the aqueous solution, the artificial cells settle to the bottom of the
beaker.
(The lipid content of the artificial cells can be measured.The lipid is
extracted from the artificial cells with chloroform. The chloroform
extract is dried and analyzed for phospholipid by digestion and
inorganic phosphate determination.)
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B.3. Lipid-polymer membrane artificial cells with
macrocyclic carrier

Lipid-polymer membrane artificial cells are first prepared using the
method described in B.2. above. These are then suspended in an
aqueous medium containing 5 × 10−6 M valinomycin and 0.4%
ethanol to allow the valinomycin to be incorporated into the lipid
component of the lipid-polymer membrane. In flux studies, the control
polyamide artificial cells and control lipid-polyamide artificial cells are
also suspended in an aqueous medium with 0.4 ethanol but with no
valinomycin.

B.4. Incorporation of Na-K-ATPase to membrane of artificial
cells

B.4.1. Materials

1. Diamine solution is not the same as that in B.1.; instead it contains
1,6-hexanediamine (0.1 M), NaOH (0.2 M). Filter with Whatman
#42 paper.

2. Sebacoyl chloride solution is also not the same as that in B.1.;
instead, it is formed by adding 0.4 ml sebacoyl chloride to 30 ml of
the mixed organic solvent immediately before use. (Glass syringe
used.)

3. ATPase is obtained from blood bank human red blood cells using
the method of Nakoa et al. (1963).

B.4.2. Procedure

1. A 30 ml glass syringe fitted with an 18-gauge stainless steel needle
and placed in a Harvard infusion pump, contains diamine solution
(from B.4.1.) but with no hemoglobin.

2. Sebacoyl chloride solution (from B.4.1.).
3. The steps after this are the same as the procedure for polyamide

artificial cells (B.4.2.) all the way to the step of suspension in the
aqueous solution.

4. The following steps are for the incorporation of the ouabain-
sensitive Na-K-ATPase into the artificial cell membranes.
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5. The artificial cells are placed in a 3 ml beaker and all the suspending
aqueous solution is removed. A solution consisting of 1 ml of
diamine solution (from B.4.1.), 1 ml of the hemoglobin solution
(from B.1.1.), and 0.2 ml of the ATPase solution containing 400 mg
of protein (from B.4.1.) is added to the beaker containing the
artificial cells.

6. Individual artificial cells with a thin layer of diamine, hemoglobin,
and ATPase on the surface are picked up using a hollow glass
rod of 5 mm internal diameter and gently dropped into a petri
dish containing 100 ml of sebacoyl chloride solution (from B.4.1.).
The polymerization is allowed to continue for 15 min. During this
time, the Na+-K+-ATPase is incorporated in the membrane of each
artificial cell.

7. Finally, the artificial cells are washed three times with 100 ml
cyclohexane and the cyclohexane is decanted and evaporated after
the final washing. To transfer the artificial cells from the organic
to the aqueous medium, 10 ml of Tween 20 in 90 ml of distilled
water are added.The artificial cells are washed 10 times with water,
stored overnight in 500 ml of water at 4◦C, and then washed another
three times with 100 ml of water to remove any remaining traces of
Tween 20.TheATPase-incorporated artificial cells are then analyzed
for ATPase activity.

B.5. Standard alginate-polylysine-alginate artificial cells
(tissues, cells, microorganisms)

B.5.1. Materials

1. Calcium-free perfusion solution:142 mM NaCl, 6.7 mM KCl, and
10 mM HEPES, pH 7.4.

2. Collagenase perfusion buffer: 67 mM NaCl, 6.7,mM KCl, 5 mM
CaCl2, 0.05% collagenase, and 100 mM HEPES, pH 7.5.

3. William’s E medium (Gibco Laboratories; Burlington, ON).
4. Streptomycin and penicillin (Gibco).
5. Nylon monofilament mesh 74 µM (Cistron Corp.; Elmford, NY).
6. Buffered saline: 0.85% NaCl, 20 mM D-fructose, and 10 mM

HEPES, pH 7.4.
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7. Stock solution of sodium alginate: 4% sodium alginate, and 0.45%
NaCl.

8. Iscove’s Modified Dulbecco’s Medium (IMDM) (GIBCOBRL, Life
Technologies, NY).

9. Nylon filter 85 µm.
10. Hepatocytes: Obtained from Wistar rats as described under

method in B.5.2.1.
11. Bone marrow stem cells:These are obtained from the bone marrow

of Wistar rats as described in B.5.2.2.
12. Luria Bertani (LB) medium: 10 g/L bacto tryptone, 5 g/L bacto yeast

extract, and 10 g/L sodium chloride. Adjust pH to 7.5 with 1 N
NaOH.

13. Genetically engineered E. coli DH5. E. coli DH5 is a nonpatho-
genic bacterium (Section B.5.2.3).

14. Alginate solution: 2% sodium alginate, and 0.9% sodium chloride.
Sodium alginate is Kelco Gel� low viscosity alginate, Keltone LV,
MW 12,000-80,000 (Merck & Co.; Clark, NJ). Sterilize before use,
either by filtration or by heat for 5 min.

15. Syringe pump, compact infusion pump model 975 (Harvard
Apparatus; Mill, MA).

16. Poly-L-lysine, Mw 15,000–30,000: 0.05 % poly-L-lysine (Sigma),
and 10 mM HEPES buffer saline, pH 7.2.

17. Citrate solution: 3% citrate, and 1:1 HEPES buffer saline, pH 7.2.
18. Calcium chloride solution: 1.4% calcium chloride, pH 7.2.
19. Poly-L-lysine, Mw 16,100: 0.05% poly-L-lysine (Sigma), and

10 mM HEPES buffer saline, pH 7.2.
20. CaCl2 solution: 100 mM CaCl2, 20 mM D-fructose, and 10 mM

HEPES buffer, pH 7.4.
21. Hank’s Balanced Salt Solution.
22. Poly-l-lysine-fructose solution: 0.05% poly-L-lysine, 0.85% NaCl,

20 mM D-fructose, and 10 mM HEPES buffer, pH 7.4.
23. Sodium alginate 0.2%: 0.2% sodium alginate, 0.85% NaCl,

20 mM D-fructose, and 10 mM HEPES buffer, pH 7.4.
24. Sodium citrate solution: 50 mM sodium citrate, 0.47% NaCl, and

20 mM D-fructose, pH 7.4.
25. Collagenase: type IV (Sigma).
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26. Trypsin: Type I-S trypsin inhibitor (Sigma).
27. HEPES: (4-(2-hydroxyethyl)-1-piperazine ethane sulphonic acid)

buffer (Boehringer Mannheim; Montreal, PQ).
28. Droplet generator 1: Contains 2 co-axially arranged jets: (i) the

central jet consisted of a 26G stainless steel needle (Perfektum)
(Popper & Sons, Inc.; New Hyde Park, NY), and (ii) a 16G
surrounding air jet, through which the sample and air are
respectively passed. To prevent the extruding sample from
occluding the outlet of the surrounding air jet, the tip of the sample
jet is constructed such that the tip projects 0.5 mm beyond the end
of the air jet.

29. Droplet generator 2: It is a larger and slightly modified variant of
the droplet generator 1. It is constructed with a 13G sample jet,
and an 8G surrounding air jet. The ends of the jets are cut flush
to each other. A 1.7×1.1 mm PTFE capillary tube (Pharmacia P-L
Biochemicals; Montreal, PQ) is inserted into the sample jet until
it protrudes approximately 15 mm from the outlet of the sample
jet. The end of the capillary tubing is tapered to facilitate shearing
by the flow of passing air from the air jet. The capillary tubing is
approximately 3.2 m in length, and has the capacity to be filled
with microspheres suspended in 2.5 ml of sodium alginate.

30. Commercial generators are now available. They are easier to use
and more reproducible.

B.5.2. Procedure

Preparation of rat hepatocytes

1. Each rat is anesthetized with sodium pentobarbital and cannulated
via the portal vein.

2. The thoracic vena cava is cut and the liver is perfused with a
calcium-free perfusion buffer for 10 min at 40 ml/min.

3. Afterwards, the liver is perfused with the collagenase perfusion
buffer for an additional 15 min at 25 ml/min.

4. The liver is then excised, placed in William’s E medium
supplemented with 100 µg/ml streptomycin and penicillin, and
gently shaken to free loose liver cells from the liver tissue.
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5. The cells are collected, filtered through a 74 µm nylon
monofilament mesh, and centrifuged to remove connective tissue
debris, cell clumps, non-parenchymal cells, and damaged cells.

6. Isolated hepatocytes are prepared for encapsulation by first washing
and suspending the cells with buffered saline.

7. The cells are then mixed with a 4% stock solution of sodium
alginate, to make a cell suspension consisting of 20×106 cells/ml
of 2% sodium alginate.

Preparation of rat bone marrow stem cells

Each rat is anesthetized with sodium pentobarbital, and both femurs
are isolated. Iscove’s Modified Dulbecco’s Medium (IMDM) is used
to flush out bone marrow cells from the femurs using a 5 ml syringe
with a 22-gauge needle. The cell suspension is filtered through a nylon
filter (85 µm). The bone marrow cells are then washed with IMDM and
centrifuged at 50 g for 10 min at 4◦C; this is repeated three times. After
the last wash, the bone marrow cells (nucleated cells) are kept on ice
until use.

Genetically-engineered E. coli DH5 cells and
microorganism

1. Genetically-engineered bacteria E. coli DH5, containing the
urease gene from K. aerogenes, is used. LB growth medium is
used for primary cell cultivation. Incubation is carried out in 5 ml
LB in 16 ml culture tubes at 37◦C in an orbital shaker at 120 rpm.
For the large-scale production of biomass, for microencapsulation
purpose, a 250 ml Erlenmeyer flask containing 100 ml of the
suitable medium is used.

2. Log phase bacterial cells are harvested by centrifuging at 10,000 g
for 20 min at 4◦C.

3. Discard the supernatant, and wash the cell biomass with sterile
cold water 5 times to remove media components by centrifugation
at 10,000 g for 10 min at 4◦C.

4. Suspend the bacterial cells in an autoclaved sodium alginate ice
cold solution.
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5. The viscous alginate-bacterial suspension is pressed through a 23-
gauge needle using a syringe pump.

6. Compressed air through a 16-gauge needle is used to shear the
droplets coming from the tip of the 23-gauge needle.

7. The droplets are allowed to gel for 15 min in a gently stirred ice-
cold solution of calcium chloride (1.4%).

8. After gelation in the calcium chloride, alginate gel beads are
coated with poly-l-lysine for 10 min.

9. The beads are then washed with HEPES and coated with an
alginate solution (0.1%) for 4–8 min.

10. The alginate-poly-L-lysine-alginate capsules are then washed in a
3% citrate bath to liquefy the gel in the artificial cells.

Encapsulation using the standard method

1. Hepatocytes, hepatocytes and bone marrow cells, or bacterial cells
are suspended in an autoclaved 0.9% sodium alginate ice cold
solution.

2. The viscous alginate suspension is pressed through a 23G stainless
steel needle using a syringe pump. Sterile compressed air, through
a 16G coaxial stainless steel needle, is used to shear the droplets
coming out of the tip of the 23G needle.

3. The droplets are allowed to gel for 15 min in a gently stirred, heat
sterilized and ice cold calcium chloride solution. Upon contact
with the calcium chloride buffer, alginate gelation is immediate.

4. After gelation in the calcium chloride solution, alginate gel beads
are reacted with poly-L-lysine (PLL), Mw 16,100 for 10 min
The positively charged PLL forms a complex of semipermeable
membrane.

5. The beads are then washed with HEPES, pH 7.2 and coated with an
alginate solution (0.1%) for 4 min.

6. The alginate-poly-L-lysine-alginate capsules so formed are then
washed in a 3% citrate bath to liquefy the gel in the artificial cells.

7. The APA artificial cells formed, which contains entrapped
hepatocytes or bacterial cells, are stored at 4◦C and used for
experiments. The conditions are kept sterile during the process of
microencapsulation.
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B.5.3. Comments

1. Alginates are heteropolymer carboxylic acids, coupled by 1–4
glycosidic bonds of β-D-mannuronic (M) and α-L-gluronic acid
unit (G). Alkali alginate are soluble in water, whereas alginic acids
and the salts of polyvalent metal cations are insoluble.Thus, when a
drop of sodium alginate solution enters a calcium chloride solution,
rigid spherical gels are formed by ionoirotpic gelation.

2. All the solutions are kept in an ice-cold bath before use and during
the process of bioencapsulation. The pH of the solutions is kept
at 7.4 by buffering with HEPES. Except for sodium alginate, the
solutions are sterilized by filtering through a sterile 0.2 µm Millipore
filter.

3. Alginate concentration in the tested range, 1.00–2.25% (w/v), does
not affect the bacterial cell viability or cell growth. The quality
of artificial cells improves with increasing alginate concentration
from 1% to 1.75% (w/v). The use of 2% (w/v) alginate resulted
in perfectly spherical shaped and sturdy artificial cells, with the
maximum number of encapsulated bacterial cells. An increase
in liquid flow rate of the alginate-cell or bacterial suspension
through the syringe pump from 0.00264 to 0.0369 ml/min resulted
in increase in artificial cell diameter. The flow rate in the range
of 0.00724 to 0.278 ml/min resulted in good spherical artificial
cells. At an air flow rate of 2 l/min., the artificial cells have an
average of 500 ± 45 µm diameter. At the air flow rates increase
to above 3 l/min, the artificial cells become irregular in shape.
These results indicate that alginate concentration, air flow rate, and
liquid flow rate are critical for obtaining artificial cells of desired
characteristics and permselectivity (Prakash and Chang, 1996).
We find that the following composition is most suitable for our
purpose: 2% (w/v) alginate, 0.0724 ml/min liquid flow rate, 2 l/min.
air flow rate. Artificial cells prepared in this way are permeable
to albumin, but impermeable to molecules with higher molecular
weights (Coromilli and Chang, 1993).Thus, larger molecular weight
hepato-stimulating factors (Kashani and Chang, 1991) and globulin
(Coromilli and Chang, 1993) cannot cross the membrane of the
standard artificial cells.
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B.6. Two-step method for alginate-polylysine-alginate
artificial cells (tissues, cells, microorganisms)

B.6.1. Procedure

The standard method described above is not optimal for
encapsulating high concentrations of cells or microorganisms. Cells
or microorganisms may be trapped in the membrane matrix. This can
weaken the membrane. If the cells are exposed to the surface, this
may also result in loss of immunoisolation and rejection. As a result, a
two-step method has been developed to prevent this problem (Wong
and Chang, 1991; Chang and Wong, 1992).

1. The hepatocytes or hepatocytes and bone marrow stem cells
suspended in sodium alginate are entrapped within small solid
calcium alginate microspheres. This is done by filling a 5 ml
syringe with the cell suspension, and extruding the sample
with a syringe infusion pump through the sample jet of the
first droplet generator. The droplets formed at the end of the
sample jet are allowed to fall drop-wise into a Pyrex dish
(125.65 mm) containing 300 ml CaCl2 solution. Every 5 min the
cells in the syringe are resuspended by gentle inversion of
the syringe to minimize the effect of cells sedimenting in the
alginate solution. To prepare smaller droplets, the air flow and
infusion rate through the droplet generator are 2–3 l/min and 0.28–
0.39 ml/min, respectively; the clearance height between the end
of the sample jet and the surface of the calcium solution is set
approximately at 20 cm. A strainer cup is fitted inside the dish to
collect the droplets, and to facilitate the removal of the formed
microspheres.

2. The microspheres are allowed to cure for approximately 15 min,
after which they are removed and temporarily stored in Hank’s
Balanced Salt Solution supplemented with 10%, 100 mM CaCl2.

3. 1.0 ml of formed microspheres are collected and washed three
times with buffered saline.

4. The final saline washing is aspirated and 1 ml of 1.2–1.6% sodium
alginate is added to 1.0 ml of washed microspheres. The sodium
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alginate is prepared by diluting the 4% stock solution with buffered
saline. With a 5 ml syringe, the length of the PTFE capillary tubing
is filled with the sodium alginate and a suspension of microspheres.
The tapered end of the capillary tubing is inserted through the
top of the sample jet of the second droplet generator until the
tip of the tubing extended approximately 15 mm beyond the end
of the sample jet. In order to prepare larger droplets that contain
the smaller alginate microspheres, the air flow and extrusion rate
through the modified droplet generator should be 7–9 l/min and
0.28–0.39 ml/min, respectively. The tip of the capillary tubing is set
approximately 20 cm above the surface of the calcium solution.
With a 5 ml syringe still attached to the other end of the tubing, the
microspheres suspension in the tubing is extruded with a Harvard
infusion pump. Similarly, the drops formed at the end of the sample
jet are allowed to fall dropwise into a Pyrex dish containing a
strainer cup and filled with 300 ml of 100 mM CaCl2.

5. The spheres are allowed to cure in the calcium solution for
approximately 15 min, after which they are removed and washed
with buffered saline.

6. The alginic acid matrix on the surface of the sphere is stabilized with
poly-l-lysine by immersing 5 ml (settled volume) of macrospheres
in 80 ml of 0.05% poly-l-lysine-fructose solution for 10 min.

7. The spheres are then drained, washed with buffered saline, and
immersed into 200 ml of 0.2% sodium alginate for 10 min to apply
an external layer of alginate.

8. After 10 min, the spheres are collected and immersed in 200 ml
50 mM sodium citrate solution to solubilize the intracapsular
calcium alginate. This may require up to 30 min with frequent
changes of the sodium citrate solution.

B.6.2. Comments

The two-step method prevents the entrapment of small cells in
the membrane matrix. Artificial cells prepared in this way, when
implanted, are much more stable and with reduced rejection (Wong
and Chang, 1991; Chang and Wong, 1992).
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B.7. Macroporous agar membrane artificial cells

When using cells or microorganisms to act on macromolecules, the
above methods cannot be used. Thus, in using microorganisms to
act on cholesterol bound to lipoprotein, the microorganisms have to
be encapsulated in macroporous artificial cells (Garofalo and Chang,
1991).

B.7.1. Materials

1. A solution of 2% agar and 2% sodium alginate is autoclaved for
15 min and cooled to 45◦C to 50◦C.

2. Pseudomonas pictorum is cultured in nutrient broth at 25◦C,
followed by harvesting and resuspension in a cholesterol medium.
After the suspension is cultured for 15 days at 25◦C, it is used
as an inoculum for biomass production. The culture is grown
in bovine calf serum at 37◦C for 36 h, and then harvested. This
is used to prepare bacterial suspensions for immobilization. The
concentration is about 0.4 mg of dry cell/ml (see comments) .

B.7.2. Procedure

3. P. pictorum suspended in 0.4 ml of 0.9% NaCl is added dropwise
to 3.6 ml of agar alginate solution at 45◦C, with stirring carried out
vigorously.

4. 3 ml of the mixture obtained is kept at 45◦C while it is being
extruded through the syringe. The extruded drops are collected into
cold (4◦C) 2% calcium chloride and allow to harden. These agar-
alginate beads are about 2 mm in diameter.

5. After 15 min, the supernatant is discarded and the beads are
resuspended in 2% sodium citrate for 15 min.

6. Then, they are washed and stored in 0.9% saline at 4◦C.

When testing for immobilized bacterial activity, 1 ml of beads/artificial
cells is placed in a sterile 50 ml flask. 5 ml of serum are added and a
foam plug is fitted. Samples are withdrawn at specified intervals. When
empty beads or artificial cells are prepared, the bacterial suspension
is replaced by saline, and all the other steps are kept the same.
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B.7.3. Comments

1. Temperature is a very critical parameter in the immobilization of P.
pictorum (Garofalo and Chang, 1991). A low temperature produces
gelation of the polymer in the syringe or conduits. A high temperature
prevents gelation but increases the mortality rate of P. pictorum.
Exposing P. pictorum to 55◦C for 10 min or more can completely
inhibit enzymatic activity. However, up to 20 min of exposure to 45◦C
does not significantly inhibit cholesterol activity. Open pore agar beads
stored at 4◦C did not show any sign of deterioration. The beads retain
its enzymatic activity even after 9 mth of storage.
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kidney failure 256, 257
middle molecules 283, 284, 287,

288
hemoperfusion in poisoning 252–256,

266, 277
adult patients 255–277
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experimental designs 53, 54
method 59, 60
result 52, 53
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hyperbilirubinemia 229–231
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intestine ischemia-reperfusion 67–69

hemorrhagic shock and intestine
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intracellular compartments in artificial
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see also modified hemoglobin
iron release measurement 88
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see polyhemoglobin with
antioxidant enzymes
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vasoactivity and tetrameric

hemoglobin 40–42
vasopressor effects 39–43
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tetrameric hemoglobin and

vasoactivity 40–42
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recycling 8–10, 19, 20, 320–327
multienzymes in artificial cells 8–10,

19, 20, 320–327

n

NA-K-ATPase in membrane of artificial
cells 9, 28, 310–312
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nanoparticles 29, 316, 317
nanoscale robotics based on artificial

cells 331, 332
nanotechnology 15–18
negative charge membrane 312
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neurological disorders 210, 211
new generation computer system based

on artificial cells 331, 332

o

oral administration 208, 209
oxygen affinity 117, 118
oxidants 16, 17, 62–92
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oxygen dissociation curive 95, 96
oxygen radicals 16, 17, 62–92

see polyhemoglobin with
antioxidant enzymes

oxygen radical measurement 89, 90
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pancreatic CA and activation of
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pediatric theophylline overdose

hemoperfusion 273–275
PEG and membrane 313, 314
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PEG-PLA artificial red blood cell

circulation time 121–127
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method 56–58
methb prevention 58
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melanoma 172–179
polyhemoglobin with antioxidant
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superoxide dismutase 16, 17,
86–92

salicylate hydroxylation 84, 85
superoxide scavenging 79, 80
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blood brain barrier 72, 73
brain edema 73, 74
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69–71
duration of stroke and reperfusion

injuries 71, 72
hemorrhagic shock and intestine

67, 68
hemorrhagic shock and stroke rat

model 67, 69–75
intestine ischemia-reperfusion

67–69
intravenous injections 64–66
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polylesters as biodegradable polymer
membrane 112, 113

polymer membrane method 343, 344,
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polymerases in artificial cells 328–331
polymeric membrane artificial cells

300–304
polymeric semipermeable

microcapsules 28
polymersomes: polymeric membrane

artificial cells 319, 320
polysaccharide incorporation 102, 103
polysacharide and membrane 313, 314
porosity of polymeric membrane

artificial cells 300–304
preclinical studies of hemoperfusion
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predictions 333, 334
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principle of hemoperfusion 252–254,

258–261
procedure for hemoperfusion 297, 298
procedures for hemoperfusion device

295–297
prodrug for tumour 211, 212
prodrugs activation 186–188
programmable artificial cell evolution
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recombinant human hemoglobin 35,
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recovery of consciousness in hepatic
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artificial cells 324, 326, 327

recycling of ATP in artificial cell 320,
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recycling of NAD(P)H in artificial cell
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red blood cell problems 2–5
reducing agents for methemoglobin
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Regenerative medicine: hepatocytes
aggregation after implantation

233, 234
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Gunn rats with hyperbilirubinemia
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immunoisolation 231–236
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Gunn rat model 240, 241
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247–249
PAS glycogen stain 248, 249
plasma hepatic growth factor (hgf)
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possible mechanisms 248–251
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regional differences 53–56
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reproduce and divide 330
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ribosomal translation in artificial cell
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ribosomes in artificial cell 328–331
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safety, efficacy 53–56
self-replicating ribozyme in artificial
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simple RNA enzyme in artificial cell
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spray dry method 340–343
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blood brain barrier 72, 73
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substrate-dependent tumours 160–185,

189–194
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superoxide dismutase

see polyhemoglobin with
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surface charge and circulation time
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antigen 313, 314
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PEG 313, 314
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T7 RNA polymerase and templates in
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tetrameric hemoglobin and vasoactivity
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tetrameric hemoglobin <2% 43
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glucose-6-phosphate dehydrogenase
321, 322

uremic metabolites and hemoperfusion
283

uremic symptoms removal 285

v
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vasopressor effects 39–43
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viability of encapsulated cells 237–239

w
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