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FOREWORD

UR Living Chemistry Series was conceived by Editor

and Publisher to advance the newer knowledge of chemi-
cal medicine in the cause of clinical practice, The interdepedence
of chemistry and medicine is so great that physicians are turning
to chemistry, and chemists to medicine in order to understand
the underlying basis of life processes in health and disease. Once
chemical truths, proofs, and convictions become sound founda-
tions for clinical phenomena, key hybrid investigators clarify the
bewildering panorama of biochemical progress for application in
everyday practice, stimulation of experimental research, and ex-
tension of postgraduate instruction. Each of our monographs
thus unravels the chemical mechanisms and clinical management
of many diseases that have remained relatively static in the
minds of medical men for three thousand years. Our new Series
is charged with the nisus élan of chemical wisdom, supreme in
choice of international authors, optimal in standards of chemical
scholarship, provocative in imagination for experimental re-
search, comprehensive in discussions of scientific medicine, and
authoritative in chemical perspective of human disorders.

Dr. Chang of Montreal presents his own investigations and
the studies from other laboratories as fresh starting points for the
possible synthesis of the smallest unit of the human body capable
of independent function, the cell. It is the basic structural umit
of all living matter, the true locus of health and disease. Physical
systems of cellular dimensions desceribed as models of artificial
cells, theoretically and experimentally, are devised to supplement -
or replace defective or deficient cells in the body. Each must
provide the minimal equipment of at least three units: first, a
system of membranes for enclosing the cell, compartmentalizing
the interior, controlling the chemical economy, and packaging
the key catalysts of the cell; second, an apparatus for reproduc-
ing exact copics of the cell and for replicating key parts; and
third, a mechanism for powering the activities of the cell through
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viii Artificial Cells

coupled oxidations. As yet, the exact form, content, and loca-
tion of this equipment within the cell are difficult to delincate
and to reconstitute, The living cell within a selective and reten-
tive membrane contains a complete sct of the different kinds of
units necessary and sufficient to permit its own growth and re-
production from simple nutrients. Cell activitics are bhased on a
complex interplay, not of molecules alone, but of molecules or-
ganized into cellular subunits or organelles. It is the interplay of
these substructures, mediated through the intracellular flux of
molecules, that determines the behavior of the cell.

The line which separates the living from the nonliving has
become somewhat obscured by recent developments in the life
sciences. Contemporary investigators are hard put to say whether
or not a crystallized virus is a living organism or whether or not a
strand of nucleic acid reproducing itself in a test tube is alive. The
current creed of the scientist is that all phenomena which charac-
terize life processes can be described in chemical and physical
terms and that the principles of chemistry and physics which
apply to the inanimate world are equally valid for the world of
lifc. The cell is more than a container for the vital machinery,
It is veritably an expression of a universal set of mechanistic
principles and of a4 unique molecular architecture and structural
pattern. There may be alternative forms of life on other planets,
based on a unit other than the cell, but the only unit of life we
know is the cell. Cell scientists are as important as their dis-
coveries in teaching us the spirit of exploration in the effective-
ness of their techniques. There are the “achievers” who apply
established methods, the “creators” who work indepcndently
with their own methodology and the “problem-solvers” who {orm-
ulate cell problems for experimental solution. Thev are like
leaves, each putting for the leaf that is created in them. Their
imagination imitates but their critical spirit creates.

“In creating, the only hard thing is to begin;
A grass blade’s no easier to make than an ouk.”

I. NewTtox KuceLmass, M.D., Ph.D. Sc.DD., Editor



PREFACE

OME biomedical research workers are more interested in

investigating the clinical implications of basic advances in
chemical, physical, engineering, and medical scicnces. Back in
1956, I was surprised to find that despite the fundamental im-
portance of cells, serious attempts had not been made to use the
available basic knowledge in chemistry and biomedical sciences
to investigate the feasibility of preparing “artificial cells.” With
the naiveness of an uninitiated, I proceeded to look into this in a
corner of the physiology teaching laboratory at McGill Univer-
sity, equiped with a borrowed clinical centrifuge, a few chemi-
cals, and a few glasswares. After a few frustrating months in
1957, 1 finally came up with samples of artificial cells, each
consisting of hemoglobin and enzymes from red blood cells en-
veloped in an ultrathin spherical polymer membrane of cellular
dimensions. 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. Thus, different physical systems can be used to
demonstrate this idea. Indeed, further studies in this laboratory
and an increasing number of other lahoratories have resulted in
different physical systems, cach demonstrating the feasibility
of the idea of “artificial cell.” Onc of the approaches developed
in this laboratory is at present being tested clinically. The present
monograph will concentrate on those systems which have been
demonstrated experimentally to have potential in clinical appli-
cations.

The reasons for preparing this monograph arc many. There is
an increasing number of laboratories becoming interested in
the general arca of “artificial cells.” From discussions and ques-
tions raised, it is clear that details of unpublished materials and
updating of published materials from this laboratory can be
rather useful for those working in this area. Furthermore, many
of the publications on this topic from this and other laboratories
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have appeared in different specialty journals not readily available
to investigators in unrelated specialties. In addition, this area of
research is so interdisciplinary in nature that an attempt has
been made to prepare this monograph in such a way that it can
be useful to basic physical scientists, engineers, biomedical scien-
tists, and clinicians, both as an introduction to this area of re-
search, and also with sufficient up-to-date technical details for
those who want to carry out research in this area. The only ex-
ceptions are the chapters on the preparation and the biophysical
properties of the “artificial cell,” where, of necessity, more special-
ized terminology and descriptions arc required. The preparative
procedures have been updated and simplified so that some of them
can be reproduced by workers using only apparatus and chemi-
cals readily available in any research laboratories, for example a
magnetic stirrer, a clinical centrifuge, a few glasswares, and a
few chemicals. More elaborate and complicated approaches arc
also described.

The first part of this monograph is a consideration of the gen-
eral characteristics of artificial cells and specific theoretical exam-
ples of artificial cell systems. This is followed by examples of
typical preparative procedures which have been updated since
the original publications. The biophysical propertics of artificial
cells are characterized. They are then used in experiments de-
signed to test some of the theorctical examples. Recent results
of actual clinical application of one of the principles of artificial
cells will also be included. From these experimental and clinical
results, the implications of the general principle of “artificial
cell” in biomedical research and in clinical therapy will be dis-
cussed. Thus, besides factual description of preparative pro-
cedures and experimental results, cmphasis in this monograph
will also be on the principles involved, possible lines of exten-
sion, and unexplored areas for further investigations.

T. M. S. Crianc
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Chapter 1
GENERAL CONSIDERATION

INTRODUCTION

E all feel humble in the face of the ingenuity and com-

plexity of naturc. Yet, it need mot prevent us from
learning, exploring and even attempting to construct clinically use-
ful artificial systems having a few of the simpler properties of their
natural counterparts. Indeed, working on a molecular level,
chemically oriented investigators have already synthesized a
number of biological molecules, including those with the com-
plexity of polypeptides and enzymes. On the level of organ and
tissue substitutes, artificial kidneys, heart-lung machines, syn-
thetic heart valves, vascular replacements, cardiac pacemakers,
and others have become indispensable tools in the practice of
medicine. However, on a cellular level, despite the fundamental
importance of cells as wnit structures of organs and tissues, the
clinical potential of “artificial cells™ has not been intensively in-
vestigated. This may have been due to the general feeling that
such an endeavor would be premature, since our present basic
knowledge of biological cells is still incomplete. Yet, organ sub-
stitutes like artificial kidneys and hecart-lung mach’nes are by no
means cxact replicas of their biological counterparts. Despite
this, their clinical usefulness cannot be disputed. In the same
way, to prepare clinically useful artificial cells, one may not have
to reproduce exact replicas of biological cells. With this in mind,
I started in 1956 to preparc and study simple artificial cell sys-
tems. Starting with a simple system, modifications and exten-
sions have led to the experimental demonstration of possible
clinical applications and the recent clinical use of one of these
approaches.

BASIC FEATURES OF ARTIFICTAL CELLS

“Artificial cell” is not a specific physical entity. It is an idea
involving the preparation of artificial structures of cellular di-
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4 Artificial Cells

mensions for possible replacement or supplement of deficient cell
functions. It is clear that different approaches can be used to
demonstrate this idea. My initial attempts were to model the
simplest of biological cells, red blood cells. Each of the artificial
cells consists of a spherical ultrathin polymer membrane en-
veloping a microdroplet of hemoglobin and enzymes from hemo-
lysate. The membranes of artificial cells were initially made of
spherical ultrathin (500 A) cellulose nitrate (Chang, 1957).
Latcr, many other types of synthetic polymers such as Silastic®
rubber (Chang, 1966) and those prepared from interfacial poly-
merization (Chang, 1964; Chang et «l., 1966) were used. To
simulate biological cell membranes, biological materials were
also used as the enclosing membranes: protein (Chang, 1964,
1965, 1969e; Chang et al., 1966), polysaccharide (Chang et al.,
1967b), lipids (Mueller and Rudin, 1968; Pagano and Thomp-
son, 1968), a complex of lipid and cross-linked protein or of
lipid and polymer (Chang, 1969b). These later systems were
attempts to mimic morc closely the chemical compositions of
biological cell membranes of a complex lipoprotein structure
coated externally by mucopolysaccharides.

Artificial cells possess another feature of biological cells in
that they are membrane-enclosed aqueous compartments of micro-
scopic dimensions. In this form, besides having cell membranes
which can be very thin without losing any mechanical strength,
there is an cnormous surface area. Since, among other factors,
the rate of movement of permeant molecules across a membrane
is proportional to its surface area and inversely proportional to
its thickness, the rate of exchange across 1 ml of 20x diameter
artificial cells is many times faster than that across a single
sphere with a volume of 1 ml. Thus, 1 ml of artificial cells (20u in
diameter) has a total surface area of 2,500 cm® (Chang, 1966);
whereas, a single sphere 1 ml in volume has a surface area of
only about 5 em®. Furthermore, 200 A thick ulthrathin spherical
membranes have sufficient mechanical strength to form stable
mcmbranes for the microscopic artificial cells, but much thicker
membranes are required for the 1 ml sphere. In addition, the
small diameter of artificial cells, like its biological counterpart,
allows molccules, which equilibrate rapidly across this enormous
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surface arca of very thin membrancs, to diffuse quickly through-
out the very small intracellular space. In biological cells, the
advantage of a large surface-to-volume relationship is clearly
demonstrated by the observation that smaller red blood cells
have a greater velocity constant for the initial uptake of oxygen
than do the larger ones (Holland and Forster, 1966). Experi-
ments show that the large surface area of artificial cells also
allows for extremely rapid equilibration of permeant solutes
(Chang, 1966; Chang and Poznansky, 1968c).

Another general feature of biological cells has also been par-
tially mimicked in artificial cells. Biological cell membranes,
through passive restriction or special {ransport mechanisms,
create an intracellular environment that differs from the extra-
cellular, Thus, throngh passive restriction (Fig. 1), impermeant
intracellular macromolecules and organelles (I) are conserved
within both the biological and artificial cells and prevented from
coming into direct contact with impermeant cxternal materials
(E). The enclosed impermeant materials (I) are prevented from
escaping into the cxtracellular environment where they might
be excreted or metabolized or might develop harmful effects. At
the same time, by simple diffusion or special carrier mechanisms,
permeant molecules (s,p) can equilibrate rapidly across the
membranes to be acted upon by the cell content. For instance,
the mcmbranes of red blood cells and artificial cells do not al-
low the enclosed macromolecules (1) like hemoglobin or carbonic
anhydrase to leak out. Yet, the enclosed hemoglobin (1) can act
as an oxygen carrier by combining reversibly with extracellular
oxygen (s,p). Carbonic anhydrase (I), while retained within
both types of cells, acts enzymatically in converting carbon di-
oxide (s) to carbonic acid (p). Besides carbonic anhydrase,
many other enzyme systems (1) of biological and artificial cells
are also located intracellularly either in solution or in association
with intracellular membranes. While confined within the cells,
these enzyme systems act on permeant external molecules (s)
entering both types of cells, converting substrates (s} into suit-
able products (p). |

Manifold variations in the properties and the permeability
characteristics of the enclosing artificial membranes are possible,



6 Artificial Cells

= N
S Y I ) P
I - Intracellular impermeant materials
E - Extracellular impermeant materials
S,P- permeant molecules
Figure 1. Schematic representation of biological and artificial cells.

thus permitting the selective permeation of various types of
molecules. These include variations in polymers, proteins, lipids,
polysaccharides, charge, pores, thickness, and surface properties.
Transport carricr mechanisms like Valinomycin have also been
incorporated into artificial cell membranes (Chang, 1969b). The
mean diameters and contents of these artificial cells can also be
varied at will.

This general principle of artificial cells can form the basis of
a large number of artificial systems of cellular dimension. Some
of these might be briefly mentioned to illustratc the general
principle. Later chapters describe experiments for testing the
feasibility of these systems.
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ARTIFICIAL CELLS CONTAINING CELL HOMOGENATE OR
ENZYMES

My initial interest (Chang, 1957), was to place cell homog-
cnate inside artificial cells (Figs. 1 and 2). This way, the
biological cell membrane is replaced by an artificial membrane.
The artificial membrane does not possess the heterogeneous or
homologeous antigens present in the biological cell membrane.
Furthermore, the enclosed impermeant cell content (I) of heter-
ogeneous origins does not leak out to become involved in im-
munological reactions, and extracellular antibodies (E), if pres-
ent, would not enter the membrane to affect the content. At
the same time, permeant molecules (s,p) can cross the artificial
membrane to interact with the content (I). This system was
initially investigated using a model system in which red blood cell
contents were enveloped in spherical ultrathin artificial mem-
branes (Chang, 1957, 1964). This way, while permeable to
oxygen and carbon dioxide, the artificial membrane would re-
tain the enclosed hemoglobin and carbonic anhydrase intra-
cellularly. The enclosed hemoglobin and carbonic anhydrase
would thus be prevented from entering the extracellular environ-
ment and becoming involved in an immunological reaction, or
being excreted or metabolized. Furthermore, the artificial mem-
brane would lack the blood group antigens normally present in
the erythrocyte membranes. In addition, the artificial polymer
membranes would not become fragile after prolonged in wvitro
storage. It is obvious that this system of artificial cells contain-
ing cell homogenates, illustrated in the model system of enclosure
of red blood cell hemolysate, can also be investigated for the
enclosure of other cell contents, for instance, homogenate of
liver and endocrine cells with their complex system of enzymes
and intracellular organelles (Chang, 1965; Chang et al., 1966).

A large array of enzyme systems is pesent in the cell homog-
cnates enclosed in artificial cells. If an enzyme or enzyme
system can be obtained in the synthetic, purified, or crude state,
it can be added to supplement the original array of enzyme
systems in the cell homogenate, or simpler artificial cells can
be made to contain one enzyme system instead of the complex
system of cell homogenate (Figs. 1 and 2) {Chang, 1964; Chang
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the contents of red blood cells. Middle, artificial cells containing enzymes.

Lower, artificial cells containing detoxicant. (From Chang, 1966. Courtesy
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and Maclntosh, 1964b). The enclosed enzyme (I) would
similarly be prevented from lcaking out and from involvement
‘in immunological reaction (E) and yet would be able to act free-
ly on extracellular permeant substrate (s). This would avoid the
problems associated with protein scnsitization, anaphylactic re-
action, or antibody production as a result of the repeated ad-
ministration of a heterogencous enzyme.

Certain groups of inborn crrors in metabolism due to enzyme
deficiency are candidates for investigation along this line { Chang,
1964, 1969d; Chang and MacIntosh, 1964b; Chang and Poznan-
sky, 1968a). If the deficient enzyme has been synthesized, puri-
fied, or isolated, it can be easily enclosed in these artificial cells.
However, in many enzyme decficiency diseases the deficient
enzymes have not yet been purified or isolated. In these cases,
if the cellular location of these enzyme systems is known, arti-
ficial cells containing the homogenate or extracts of these cells
might be used. The most suitable cases for investigation would
be those where the substrate (s) and its products (p) are
molecules which can readily cross the membranes of the artificial
cells. There arc other conditions which might be investigated
by means of artificial cells, even though the conditions are'not
due to the deficiency of a particular enzyme system. Examples
of these conditions include the use of artificial cells containing
asparaginase to lower the asparaginc level in lymphosarcoma
(Chang, 1969c¢, 1971a), urease to lower the urea level in uremia
(Chang, 1966), and cholinesterase to trap the organic phosphate
in poisoning. In addition, there is the possibility of investigating
whether erythrocyte, hepatic, endocrine, or other organic and
cellular deficiencies could be replaced by artificial cells contain-
ing the respective cell homogenates (Chang, 1965; Chang, et al.,
1966).

ARTIFICIAL CELLS CONTAINING INTACT CELLS

Transplantation of endocrine cells within millipore chambers
has been attempted (Brooks, 1960a,b); however, these are al-
ways followed later by rejection of the graft. It has been sug-
gested that these rejections are due to diffusion limitation lead-
ing to failure of nutrition of the enclosed cells {Brooks and Hill,
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1960; Bassctt, et al., 1960; Stone and Kennedy, 1962). Restricted

diffusion of nutrient may be present from the outset because of
the thickness of the millipore filter (100p-150x thick) and the
low surface-to-volume ratio (1.75 cm in diameter). Later,
plugging of the filter by insoluble calcium salts and overgrowth
of fibrous materials might further impede diffusion. Furthermore,
millipore filters, though not permeable to leucocytes, arc pei-
meable to proteins, so that when antibodies are present in high
concentration in the body fluids, the enclosed homografts are
destroyed (Gabourel, 1961; Russell and Monaco, 1964). It has
been suggested (Chang, 1965) that the enclosurc of intact cells
and cell cultures in artificial cells of suitable size might offer a
solution to these difficultics. In the artificial cell system, the
semipermeable membrane can protect the enclosed material
from leucocytes and antibodies. In addition, biologically com-
patible membrancs (Chang et «l., 1967a,b) can be used to pre-
vent fibrous coating of the membrane. At the same time, the
large surface-to-volume ratio and the ultrathinness of the mem-
brane would allow rapid diffusion of essential nutrient for the
cells. Specific permeant cellular products of the enclosed intact
cells would also enter the general extracellular compartment of
the recipient. For instance, it would be interesting to see whether
endocrine cells placed within artificial cells might survive and
maintain an effective supply of hormone for the recipient (Chang,
1965). There would be the further advantage that implantation
could be accomplished by a simple injection procedure rather
than by a surgical operation. In addition, large-scale enclosure
of intact cells might be investigated for replaccment in organ
deficiency or enzyme deficiency diseascs. For example, a culture
of liver cells may be enclosed in such artificial cells.

ARTIFICIAL CELLS CCNTAINING BIOLOGICALLY ACTIVE
SYNTHETIC MATERIALS

There arc a number of biologically active synthetic materials
which may be used in vivo. Some of these may require enclosure
in an intracellular environment to permit sclective action without
any undesirable interaction with the environment.

Typical examples arc ion exchange resins and adsorbents like



(Gzeneral Consideration 11

activated charcoal. They can efficiently remove unwanted metab-
olites and toxins from blood perfusing over them. Unfortunate-
ly, many of these detoxifying agents also remove or adversely
affect some dissolved or formed elements of blood, 99p901allv
platelets and leucocytes. In addition, in the case of activated
charcoal granules, there are problems involved with the embol-
ism of fine powders. Using the general principle of artificial
cells (Figs. 1 and 2}, detoxifying agents (I) could be enclosed
in artificial cells, with membranes having a number of special
properties (Chang, 1966, 1969¢ }. Membranes should not absorb
or be permeable to essential elements of blood (E). They should
be impermeable to the enclosed detoxifying agent (I, but at
the same time freely permeable to external unwanted metabolites
or toxins (s,p). This way, unwanted extracellular metabolites
or toxins (s,p) would diffuse across the membrane of the arti-
ficial cells and be absorbed by the enclosed detoxicant (I). How-
ever, the artificial cell membrane would prevent the intracellular
detoxicant from coming into direct contact with impermeant
external material (E) like plasma protein, essential electrolytes,
formed elements, and other essential dissolved elements of
blood. This way, the enclosed detoxicant, while acting on per-
meant extracellular molecules (s,p) would be prevented from
having any detcriorating eflects on the essential elements of
blood (E). In addition, the membrane can be made nonthrom-
bogenic, so that no anticoagulants need to be added to the cir-
culating blood (Chang et «l.,, 1967a,b). Furthermore, any fine
powders escaping from particulate detoxicants like activated
charcoal are prevented from embolising (Chang, 1969e; Chang
and Malave, 1970). Many synthetic materials with other biologi-
cal functions might also be enclosed in the artificial cells in a
similar way to give them an intracellular environment.

Other biologically active synthetic materials which are bio-
logically compatible may not require enclosure in spherical ultra-
thin membranes. Thus solid silicone rubber microspheres
(Chang, 1966) and emulsion of fluorocarbon (Sloviter and Kam-
inote, 1967; Geyer et al,, 1968) have been used to replace red
blood cells. In these forms, although having no definite enclosing
membranes, the silicone rubber or fluorocarbon material is im-
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miscible with the extracellular environment. The materials them-
selves create an intracellular environment for oxygen and carbon
dioxide to diffuse into.

BASIC STUDIES IN MEMBRANE BIOPHYSICS

Many ingenious approaches have been used to study the bio-
physical and physiological properties of biological membranes.
Bungenberg de Jong and his co-workers used solid lipid coacer-
vates (1935) and soap micelles (1956) to study permeability
phenomena. Schulman and Rideal (1937) used the monolayer
technique to great advantage in studying the physicochemical
aspects of membranes. Others used permselective membranes
(Sollner, 1968; Carr et al., 1945) to study the ellects of charged
membrane on the movement of electrolytes. Bangham and his
co-workers (1965) found that liquid crystals, each consisting of
concentric shells of bimolecular lipid layers, are very useful for
various permeability studies. Tobias™ group (1964) coated Milli-
pore filters with diffcrent types of lipids while Mueller and
Rudin (1962) started the very popular membranc model of
black lipid films consisting essentially of forming a bimolecular
lipid film in a small hole.

The artificial cells (Chang, 1957, 1964) described in this
monograph consist of microscopic spherical envelopes of ultra-
thin membrane scparating an intracellular aqueous phase from an
external aqueous phase. Since thc membrane compositions can
be varied at will, they can scrve as additional models for the
study of biophysical properties of membranes. Indeed, work in
this laboratory shows that it is possible to vary the membrane
properties as to porosity, thickness, charge, lipid content, pro-
tein content, mucopolysaccharide content, and polymer com-
position. We have used artificial cells with different membrane
properties to study the biophysics of membrane transport
(Chang and Poznansky, 1968c), the rclationship of surface
properties to survival in circulation (Chang, 1965; Chang et al.,
1967b), and the rclationship of physicochemical properties to
the cffect on coagulation and formed elements of blood (Chang
et al., 1967b, 1968, 1969). Other workers have made use of these
artificial cells for the study of the mechanical and electrical
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properties of membranes (Jay, 1967; Jay and Edwards, 1968;
Jay and Burton, 1969; Jay and Sivertz, 1969). Recently, Mueller
and Rudin (1968) have adopted the procedure of the prcpara-
tion of artificial cells (Chang, 1964) to prepare artificial cells
having a bilayer lipid membrane. These are used in permea-
bility studies. Pagano and Thompson (1967), Seufert (1970)
and others have also prepared spherical ultrathin membranes of
lipids for the study of movement of electrolytes. Since biological
cell membranes consist of protein and lipids, we have recently
used artificial cells with lipid-coated ultrathin spherical polymer
or lipid-coated cross-linked protein membranes in membrane
transport studies using macrocyclic molecules (Chang, 1969D).

CELL PHYSIOLOGY

In cell physiology, there is much research being donc with the
problems relating to the origin of cellular responses; for instance,
the question of whether the triggering mechanisms are located
at the cell surface, in intracellular organelles, or in the soluble
constituents of the cytoplasm. The enclosure of cell contents
in artificial cells might well provide preparations with which
studies of this kind would become feasible (Chang, 1965). For
instance, it would be interesting to test the sites of action of
certain hormones; changes in extracellular electrolytes; and sub-
stances causing the release of certain intracellular material. This
would give information as to whether the substance acts on
specific surface receptors and only indirectly affects the intra-
cellular material or whether it directly affects the intracellular
material.

OTHER SYSTEMS

The general principle of artificial cells could be explored in
other areas (Chang, 1965). Thus microencapsulation of radio-
active isotopes or of antimetabolites might be used for intra-
arterial injection into tumour-bearing tissue. In this case some of
the microcapsules might lodge at the tumour site, while others
would be carried by lymphatic channels to metastases in regional
lymph nodes. Microencapsulation of radiopaque material would
provide a contrast medium. Provided microcapsules can be
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made that will circulate readily in the bloodstream, they might
be used as vehicles for contrast materials in angiography. The
microencapsulation of highly magnetic alloys might provide a
useful preparation for the measurement of hlood flow in un-
opened vessels by electromagnetic techniques, The weak ferro-
magnetism of hemoglobin has been used successfully for this
purpose, hut instrumentation could be much simplified if micro-
capsules containing magnetic alloys could be made to circulate.
If membranes of cross-linked protein can he made to retain the
immunological characteristics of the protein, there might be a
place for microcapsules in serological studies. Microencapsulation
of drugs for slow release {Luzzi, 1970a} after oral or parenteral
administration is another possibility.



Chapter 2
PREPARATION

GENERAL

HEN this study was started in 1956, a search of the

published scientific literature showed that no methods
had been reported for the preparation of agqueous suspensions of
structures of cellular dimensions, each consisting of a spherical
ultrathin semipermeable membrane enveloping an interior of bio-
logically active material. Thus the first problem was to devise a
method. My initial attempts used a spraying technique in which
a powder or emulsion of red blood cell hemolysate was sprayed
at right angles through a colledion spray (Chang, 1957), Later,
I used another approach consisting of three main steps (Fig. 3)
(Chang, 1957): first, the aqueous protein solution was emulsified
in an organic liquid to form aquecous microdroplets; then, on
the addition of a cellulose nitrate solution to the stirred emulsion,
a membrane was formed on the surface of the microdroplets
and allowed to set in butyl benzoate; and finally, the micro-
capsules were dispersed in an aqueous phase. With modifica-
tions (Chang, 1964; Chang et al., 1966), this general procedure
has heen varied for the preparation of artificial cells with a great
variation in membrane materials, content, and diameter. Obvious-
ly, it is not possible to describe in detail all the possible variations;
instead this chapter describes the basic principles of preparation
of artificial cells as illustrated by updated preparative procedures.
Possible variations will be briefly described. A brief review will
aiso bhe given describing the potentiality of industrial micro-
encapsulation technology for use in the preparation of artificial
cells.

It should again be emphasized that “artificial cell” is a concept.
The artificial cells prepared by the following procedures are but
physical examples for demonstrating this concept. There is no
doubt that modification of the present system or completely

15
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different systems can be made available to further demonstrate
the feasibility of artificial cells.

ORGANIC PHASE SEPARATION
(Interfacial Precipitation)

Introduction

In this process the formation of the membranc depends on the
lower solubility of a polymer, dissolved in a water-immiscible
fluid, at the interface of cach aqueous microdroplet in an emul-
sion (Chang, 1957). When suitable conditions are present, a
number of polymers can be used this way to form the enclosing
membranes of artificial cells. This principle is illustrated below,
with cellulose nitrate as the membrane material and an crythro-
cyte hemolysate as the internal phase. The following procedure
is updated and simplified from the one described carlier (Chang,
1957, 1964, 1965; Chang et al.,, 1963, 1966 ).

Typical Example

The starting materials are as follows: (1} Dissolve 1 gm of hemo-
globin (hemoglobin substrate, Worthington Co.) and 200 mg of tris
(hydroxymethyl aminomethane buse) in 10 ml of water, then Blter
through Whatman No, 42 filter paper. (Tris-buffered fresh red hlood
cell hemolysate containing 10 gm% hemoglobin instead of the hemo-
globin solution can also be used.) (2) Ceilulose nitrate solution is

prepared as follows: collodion U.S.P. is evaporated to 20 percent of
its orginal weight so that most of the ether and alcohol is removed;

it is then made up to its original volume with ether (US.P. from R.
Squibh & Sons, Ltd.). The presence of the original proportion of
alechol in the eollodion solution is undesirable bhecause it causes
precipitation of the protein in the aqueous phase. (3) Organie solu-
tion: 100 ml of ether (U.S.P.) is saturated with water by shaking
with distilled water in a separating funnel, then discarding the water
laver. Then, 1 1l of Span® &5 (Atlas Powder Co.) is added.

To a 150 ml glass beuker containing 2.5 ml of tris-buffered hemo-
globin solution is added 25 ml of the organie solution. The mixture
is immediately stirred using u Jumbo muagnetic stirrer (IFisher Co.)
with u speed setting of 7 and a 4 cm stirring bar. After the emulsifier
has been running for five seconds, 25 ml of the cellvlose nitrate
solution is added and stirring is continued {or another one minute.
The heaker is then covered and allowed to sland unstirred at 4°C for
45 minutes, During this period, the cellulose ester gradually pre-
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1.STARTING MATERIALS: -

T.WiO EMULSION.

Nk
K

AN A

I MEMBRANE FORMATION.

~
S

IZ FINAL SUSPENSIONIN .-
- TTAQUEOUS MEDWUM.

Figure 3. Summaries of typical procedures in the preparation of artificial
cells.

cipitates at the interface of each microdroplet. If the microcapsules
have sedimented completely by the end of the 45-minuts period, all
but 4 ml of the supematant can be conveniently removed. {In sime
cases the suspension may have to be centrifuged at 330 g for five
minutes before the supernatant can be removed.) After the removal
of most of the supernatunt, 30 ml of n-butyl benzoate (Eavtman)
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coutaining 1% {v/v) Span 85 is added and stirred with the suspen-
sion on the jumbo stirrer (speed 3) for 30 seconds. The suspension
is then allowed to stand uncovered and unstirred at 4°C for 30
minutes more to ullow the ether to evaporate and the cuter surfaces
of the artificial cells to set.

Ta transfer the artificial cells from the organic-liguid phuse into
s aqueous phase, the supernatant should first be removed. This
could be done readily if the artificial cells have sedimented com-
pletely, otherwise centrifugation is required. After the snpernatant
is removed, 25 ml of a dispersing solution prepured by dissolving
12.5 ml of Tween® 29 (Atlas Powder Co.) in an equal volume of
water is then added to the suspension. The aqueous suspension is
dispersed by stirring with the jumbo stirrer (speed 10 for 30 seconds).
Stirring s slowed cdown (speed 5) and 25 ml of water added. The
stirred suspension is Murther diluted with 200 ml of water. The
slightly turbid supernatant may now be removed by sedimentation
or centrifugation. The artificial cells ure washed repeatedly in 1%
Tween 20 solution until no further leakage of hemoglobin takes place.
Repeated washings remove the more fragile artificial cells, leaving
only those which are well formed (Fig. 4). These are suspended in
a 0.9 gm% sodinm chloride solution.

Variation In Contents

Proteins, enzymes, and other materials (in suspension or in
solution) to he enclosed in the artificial cells are added to the
10 gm% hemoglobin solution. If the material is soluble, a filtrate
(Whatman No. 42) of the final solution should be used. The re-
maining procedures are as described. Sufficient tris buffer should
be added to the aguecus solution to maintain a pH of more
than 8.5. All enzymes and proteins tested so far have been sne-
cessfully microencapsulated when they are added to the hemo-
globin solution. The hemoglobin, besides its necessity in the
microencapsulation procedure, stabilizes the microencapsulated
erl?',}-"meg and PT()t(_"-‘jﬂS.

Vanration In Diameters

Diameter of the artificial cells depends on the diameter of
the agueous microdroplets before membrane formation. Thus,
the mean diameter of artificial cells in this procedure can be
varied by the speed of the mechanical stirring (Fig. 5) or the
presence or absence of the emulsifying agent Span 85. For pre-
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Figure 4. Collodion membrane artificial cells, mean diameter 80p. (From
Chang ot «l., 1966, Courtesy of the National Research Council of Canada.)

paring artificial cells of diameter of less than 5x (Fig. 6), more
complicated procedures as described earlier (Chang et al., 1966)
are required,

Variation In Membrane Materials

Polymers other than cellulose nitrate can he used. However,
modification of the procedures will be required. For instance,
polystyrene membrane artificial cells can Dbe formed using a
modified procedure (Chang, ef al., 1966). Here, polystyrene is
dissolved in benvzene (0.2 gm/ml) and the procedures of organic
phase separation carricd ont with benzene substituted through-
out for cther, and polystyrene for cellulose nitrate.

INTERFACIAL POLYMERIZATION

Introduction

Morgan and his colleagues (1959, 1965) described their ex-
tensive studies in which they introduced interfacial polycon-
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Figure 5. Collodion membrane artificial cells, mean diameter 5u. (From
Chang et al., 1966, Courtesy of the National Research Council of Canada.)

densation to prepare nylon and other polymers at room tempcr-
ature. Thus they demonstrated that a diamine (e.g, hexa-
methylenediamine} in the agueous phase reacts at the interface
with a diacid halide (c.g. sebacoyl chloride) in the organic
phase to form nylon. Many other polymers can be prepared by
interfacial polycondensation (Morgan, 1959, 1965); for example,
polyamides, polyureas, polyurethancs, polysulfonamides, and
polyphenyl esters.

We (Chang, 1964; Chang et al, 1966) have adapted the
principle of interfacial polymerization into the procedure
(Chang, 1957, 1964) for the preparation ot artificial cells (Fig.
3).

Typical Example

The starting materials are as follows. (1) Hemoglobin {hemoglohin
substrate, Worthington Co.) solution {10 gm in 100 ml water) or
fresh red blood cell hemolysate containing 10 gm#% hemoglobin.
(2} An “alkaline diumine solution” is prepared as a 100 ml aqueous
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Figure 6. Collodion membrane artificial cells; effect of stirring speed on
diazmeter. Span 85 concentration at 1% (v/v). (From Chang ef at., 19686.
Courtesy of the National Research Council of Canada.}

solution containing 4.4 gm of 1,8-hexamethylenediamine (Eastman),
1.6 gm of NaHCO, and 6.6 gm of Na,CO,. This stock solution
is filtered and then stored in the refrigerator ut 4°C, but should be
discarded after 24 hours or as soon as it becomes slightly cloudy.
(3} A stock organic liguid te be made up of 1 part chloroform and 4
parts cyclohexane and containing 1% by volume of an emulsifying
agent, Span 85, is prepared just before use. (4) “Sebacoly chloride
organie liquid™ 0.018M, is prepared within 20 seconds before use
by adding 0.1 ml of pure sebacoyl chloride (Eastman) to 25 ml of
“stock organic liquid.” Failure to prepare satisfactery microcapsules
is frequently due to the deterioration of sebacoyl chloride after the
seul of the bottle has been opened. A new bottle of sebacoyl chloride
will usually solve this problem. {(5) Dispersing solution of Tween 20
is made up of eyual volumes of water and Tween 20.

The hemoglobin or hemaolysate solution (2.5 ml) is added to an
equal volnme of the alkaline diamine solution in a 150 ml beaker
placed in an ice bath, The two selufions are gently mixed with z
glass rod. Within ten seconds alter mixing the two solutions, 25 ml
of the stock organic liguid is added, The beaker with its ice bath is
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immediately pliced on a Jumbo magnetic stirrer, and a 4 cm stirring
har is placed in the beaker. The speed is set at 5 and stirring is car-
ried out for ouc minute. Then, while stirring is continued at the same
speed, 25 m! of the sebacoyl chloride organic liguid is added and
the stirring is continued, {The duration of the reaction determines the
characteristics of the membrane. If the reaction is too bricf, a leaky
mucroporous membrane is formed. On the other hund, prolonged
reaction viclds a thick and less porous membrane.) For the standard
nylon membrane artificial cells, exacily three minues after the addi-
tion of the sehacovl chloride organic liguid, the reaction s quenchexd
by the addition of 50 ml of the stock organic liquid, Stirring is dis-
continued, and the suspension is allowed to sediment, or it is centri-
fuged for 15 seconds at 350 g All the supernatant is discarded,
50 ml of the 50% Tween 20 solution is added, and the suspension is
stired at a magnetic strrer speed setting of 10 for 30 scconds.
The speed is then decreased to 3, 50 ml of distilled water is added
to the stirred suspension, and stirring is continued lor another 30
scconds. The suspension is then added to 200 ml of distilled wnter
and stirring is continued at the same speed for another 30 seconds.
200 ml of distilled water is then added, and stirring is continued at
the same specd for another 30 scconds. The suspension is allowed
to sediment or else to centrifuge for one minute at 350 g, and all the
supernatant is discarded. Alternatively, the suspension may be sieved
m a mesh sereen to remove the supernatant. The artificial cells are
finally resuspended in 0.9 gm#% NaCl The wtificial cclls may he
crenated in the hypertonic Tween 20 solution; Imt they regain
sphericity (Fig. 7) in the 0.9% NaCl if the period of contact with
the strong Tween 20 medium has been kept as short as possible.

Some comments should be made about the choice of solvents
and reactant concentrations. Although many organic liquids may
be used in interfacial polymerization, the combination of chloro-
form-cyclohexane which we have wsed satisfies the following
requirements, First, it should not readily denature proteins
when used in the given proportion. Secondly, it is desirable to
have a liquid with specific gravity fairly close to 1. Thirdly, the
partition coefficient of the organic liquid for the diwmine deter-
mines the properties of the memhrane {Morgan, 1965). Chloro-
form, which has a high affinity for diamine, produces strong but
coarse and thick membranes, whereas cyclohexane which has a
low affinity for diamine produces smooth and very thin but weak
membranes. We found that these two solvents combined in the
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Figure 7. Nylon membrane artificial cclls, mean diamoter 90u. {From
Chang, 1967. Courtesy of Science Journal, London.)

stated proportion give a fluid which has a satisfactory specific
gravity (0.91) and allows the production of a thin but sufficiently
strong membrane. Finally, carbon tetrachloride and benzene,
though capable of forming strong and useful membranes, are
not used because of their possible toxic effects,

Some comment should be made about the optimal ratio of the
two reactants in the polymerization, hexamethylene-diamine and
sebacoyl chloride. The significant ratio here is that of the con-
centrations of the reactants in their respective solvents, rather
than that of their total quantity in the system as whole. Our
selection of an optimal concentration ratio was partly based on
studies of Morgan (1939), who determined the ratio that pro-
duces polymers of the highest molecular weight. Morgan’s re-
sults were ohtained mostly with an unstirred interface, where
the aqucous phase contained only diamine with NaOH as the
hydrogen ion acceptor. In our case, however, the aqueous phase
contained proteins like hemoglobin, and cnzymes and bicarbo-
nate-carbonate buffer, and the rcaction was carried out at the
interface of the aqueous microdroplets. To prepare the best
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membrane, the optimal concentration ratio in our special case
was a diamine to acid-chloride ratio of 22:1. It should be em-
phasized that any variety in the rcaction condition or in the
composition of the material to be enclosed may alter the optimal
condition, and this will require readjustment.

It should be noted that the presence of a 10 gmf hemoglobin
solution greatly strengthen the membranes of the artificial cells.
A small fraction of the hemoglobin at this concentration partici-
pates in the interfacial polymerization. This results in cross-
linking of the linear nylon polymer, thus greatly strengthening
the membrane. Similar observations have later been made by
Sparks et al. (1969) and Shiba et al. (1970). In addition, the
high concentration of protein also stablizes some enzymes.

Control Of Diameters

Droplet size in mechanicaily prepared emulsion is never uni-
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Figure 8. Nylon membrane artificial cells; effect of stirring speed on
diametcr. Span 85 concentration at 15% (v/v). (From Chang et al., 1966.
Courtesy of the National Research Council of Canada.)
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form. Thus the artificial cells formed have a diameter with a
size distribution of = 50% S$D. However, using sieves (Fisher
Co.} of different meshes, artificial cells with a very narrow size
distribution (SD = 5%) have been obtained (Chang and Poz-
nansky, 1968c¢).

The mean diameter of artificial cells produced by this pro-
cedure can be varied by changes in the degrec of mechanical
emulsion, the wmount of chemical emulsifier, and the viscosity
of the continuous phase. This is illustrated in Figures 8 and 9.

Very small artificial cells of less than 5p diameters can be
prepared by using a more powerful emulsifier, c.g, Virtis ho-
mogenizer, However, in these cases more complicated proce-
dures as described in Chang, 1964 and Chang et ¢l., 1966 have
to be followed.

Very large artificial cells may be obtained by emulsifying in a
high-viscosity continuous phasc (Chang, 1965), e.g. one of the
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Figure 9. Nylon membrane artificial cells; effect on diameter of varying
Span 85 concentration. (From Chang ¢f af., 1966. Courtesy of the National
Rescarch Council of Canada.)
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siliconc fluids, which are available in a wide range of viscosities.
Since sebacoyl chloride is insoluble in these silicone fluids, it is
added to a small volume of the stock organic solution (0.18M).
This is then added to 10 volumes of silicone oil. In this way,
artificial cells of up to 0.5 cm diamcter may be obtained with
silicone fluid (Dow Corning 200 fluid) with the Jumbo magnetic
stirrer set at 1, and with no Span 85 in the stock organic liquid.
Large artficial cells can also be formed by the drop technique.

Drop Technique

Large artificial cells of uniform diameters can be prepared by
a very simple procedure (Chang, 1965; Chang et al., 1966).
Sebacoyl chloride organic liquid {0.018M) is prepared as before,
but Span 85 is omitted from the organic solution. Alkaline dia-
mine solution with or without hemolysate solution or hemo-
globin solution is prepared as described bhefore. The aqueous
solution is added dropwise throngh a needle placed about 1 cm
above the surface of the scbacoyl chloride solution. This can be
done manually, or by using a Harvard Perfusion Apparatus for
continuons drop formation. After a reaction time of five minutes,
during which the solution is shaken gently, the membrane-en-
closed droplets can be resuspended into an aqueous medium by
a number of procedures, depending on the nature of the enclosed
material. Supernatant of organic solution can be decanted, and
any trace amount allowed to evaporate completely betore adding
saline to suspend the droplets. Another way is to remove most
of the organic solution, then add liquid which is soluble both
in the organic and the aqueous phase (e.g. alcohol, acetone,
dioxane) to wash out the organic solvent and to allow resuspen-
sion into saline (Chang, 1965). Another way is to use a Tween
90 solution for this transfer. Material to he cnclosed is added
to the alkaline diamine solution before the liguid is dropped
into the sebaecoyl chioride solution, for instance, hemolysate solu-
tion, protein, enzymes, ion exchange resin,

An electrical emulsifier like the one deseribed by Nawab and
Mason (1958) has also been used to form microdroplets of uni-
form diameter for the drop technique (Chang, 1965). More
recently the drop technique has been extended and modified by
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Sparks’ group (Sparks et al., 1969). Here the aqueous phase
{ containing 1,6-hexanediamine (0.2M ), NaOII {0.4M ) and hemo-
lysate} is forced through a capillary or hypodermic needle. A
gas at constant pressure is fed through a larger concentric capil-
lary, moving past the inner capillary at constant velocity. As a
droplet begins to form, its surface extends into the annular
stream of gas and is detached by the drag force of the stream of
gas. The size of the droplet is controlled by the velocity of the
annular gas stream. The droplets fall into a tube (60 cm in
length, 1 em in diameter) containing cyclohexane, carbon tetra-
chloride, Span 85, and sebacoyl chloride. A gradient of sebacoyl
chloride exists in the tube, zero concentration at the top to
assist efficient droplet entry, and maximal sebacoyl chloride con-
centration (0.045M) in the collection flask at the bottom of the
tube. Artificial cells with mean diamcter between 100us and
1000x have been formed this way; size distribution is in the
order of =+ 14%.

Variation In Membrane Matcrials

The procedure described for nylon membrane artificial cells
gives the basic principle of preparation. Other diamines besides
hexamethylenediamine and other diacids besides sebacoyl
chloride can he adapted into this procedure (Chang, 1964;
Chang et al., 1966). This includes cross-linked protein mem-
branes (Chang, 1964; Chang et al., 1966), membranes with snl-
fonie acid groups (Chang, 1964; Chang et al., 1966; Koishi et al.,
1969), polyurethane and polyphenolester membranes (Suzuki
et al., 1968), and polyphthalamide membranes (Koishi et al.,
1968).

Variation In Content

As in the case of collodion artificial cells, material to be en-
closed can be added to the diamine-hemolysate mixture before
enclosure (Chang, 1964, 1965; Chang et al., 1966, Sparks et al,
1969). However, unlike the case of collodion artificial cells, a
number of enzymes become inactivated by the presence of
hexamethylenediamine. For example, uricase and catalase lose
most of their activity after enclosure in nylon artificial cells,
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although they remain active after enclosure in collodion artificial
cells. Other enzymes like urcase and asparaginase retained good
activity after enclosure, In the case of urease, 200 mg of urease
{Nutritional Biochemicals Corp., soluble wurecase, 1.5 Summer
units/mg) can be dissolved in 3 ml of the hemolysate-diamine
mixture, the rest of the procedure being as described, Proteins,
macromolecules, or suspensions can be added to the hemolysate-
diamine mixture before enclosure. In the drop technique, the
artificial cells can be prepared to contain only NaOH, and other
materials without the presence of hemoglobin.

SECONDARY EMULSION
Principle

Secondary emulsion is & well-known phenomenon in physical
chemistry. For example, a fine emulsion ot aqueous microdrop-
lets is dispersed in an organic phase. The organic phase contain-
ing the fine aqueous microdroplets is then dispersed in the form
of larger droplets in an aqueous phase. The final product is thus
an aqueous suspension of organic phase droplets, each of the
droplets containing finer aqueous microdroplets. If the organic
phase contains a polymer-forming solution it can be solidified
to form solid spheres, each containing a number of aqueous micro-
droplets. Unlike those described in the earlier section, this pro-
cedure does not give spherical ultrathin membranes enclosing an
aqueous interior. Instead it results in solid polymer micorspheres
containing from zero to several agueous microdroplets. The re-
quirements for double emulsion are such that a large proportion
of the solid microsphere consists of the polymer materials; also,
the aqueous content varies greatly from one microsphere to an-
other. Examples of artificial cells formed from this procedure
are given below,

Silicone Rubber

The silicones are available in the form of fluids, resins, and
rubbers, A thick liquid polymer, Silastic RTV, (Dow Coming),
can be vulcanized at rcom temperature by the addition of a
catalyst (dibutyl tin dilaurate or stannous octoate) to form a
rubber that has useful mechanical properties and is chemically
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and biclogically iuert (Braley, 1960). The propertics of silicone
rubber do not permit its use as a dialyzing membrane becausc
the material, though it can be formed into membranes, is cx-
tremely impermeable to water and aqucous solutes. However,
its affinity for oxygen and carbon dioxide is extremely high
(150 to 300 times more than polyethylene and 800 to 1000 times
more than cellulose acetate). It is also permeable to some lipid-
soluble materials. Thus, Folkman and Long (1963) found that
lipid-soluble drugs (e.g. tritodothyronine and digitoxin) sealed
in closed Silastic tubes of 3.3 mm internal diameter could pene-
trate the Silastic wall by solvation.

These desirable properties led to the preparation of artificial
cells with silicone rubber (Chang, 1966). Silicone rubber (Si-
lastic) artificial cells can be readily prepared as follows: protein
solution, suspension, powder, or other materials added dropwise
is emulsified in 2 volumes of Silastic {Dow Corning 5-5392);
while stirring is continued, 0.023 volumes of stannous octoate
catalyst (Dow Corning) is added. This is followed immediately
{ within two seconds) by 20 volumes of 50% Tween 20 solition
containing 50 mg/100 ml of sodium hydrosulfite. Stirring is then
continned at a slower speed for 20 minutes or more to attain the
“tack free time” of the Silastic polymer, ITemoglobin in Silastic
rubber microspheres prepared without too vigorous stirring re-
mains unaltered and can combine rcversibly with oxygen, and
it retains this ability for at least a few days of cold storage. Other
liquids or particles can also be similarly entrapped within sili-
cone rubber microspheres.

Other Polymers

The principle of secondary emulsion has also been used to
prepare microspheres with cellulose polymer material containing
erythrocyte hemolysate (Chang, 1965). This principle has also
heen used to form artificial cells by another group of workers
in Japan (A. Kondo, 1968; Kitajima et al., 1969). Like our pro-
cedure of secondary emulsion, an aqueous solution of hemo-
globin or enzymes is cmulsified in a solution of a film-forming
polymeric material (e.g. polystyrene, ethyl cellulose, dextran
stearate dissolved in organic solvent like benzene or ethyl ether),
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forming a water-in-oil emulsion. This emulsion is then emulsified
in an aqueous solution consisting of 1%-4% gelatin solution and
0.5%-0.02% anionic or nonionic surfactant solution to form the
secondary emulsion. Finally, the temperature of the emulsion is
raised up to 40°C for one to two hours to evaporate the organic
solvent.

MEMBRANES WITH FIXED CHARGE

Collodion membrane artificial cells prepared as described
(Chang, 1957, 1964, 19653) containcd a ncgative charge be-
cause of the carboxyl groups in the polymer. Nylon membrane
artificial cells (Chang et al., 1963, 1966; Chang, 1964) contain
both carboxyl groups and amino groups. By the proper selection
of polymer materials, membranes with the desired fixed charge
can be obtained. For example, artificial cell membranes with
strong negative charge groups have been prepared by using a
sulfonated diamine such as 4,4’-diamine-2,2’-diphenyldisultonic
acid (Chang, 1964, 1965; Chang et al., 1966). Thus “sulfonated-
nylon” membrane artificial cells of varying surface negative
charge can be prepared by adding different amounts of the sul-
fonated diamine {e.g. 3mM/liter) to the alkaline 1,6-hexanendi-
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Figure 10. Upper, schematic representation of nylon artificial cell mem-
brane. Lower, schematic representation of sulfonic nylon artificial cell
membrane,
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amine solution, then following the standard procedure described.
The reaction of hexamethylenediamine and 4,4’-diamino-2,2’-
diphenyldisulfonic acid with sebacoyl chloride may be repre-
sented by the equation in IMigure 10. Koishi et al. (1969) sup-
ported and extended our approach for the preparation of sul-
fonated membrane artificial cells by using a combination of
diethylene-diamine and 4,4'-diaminostilbene-2,2’-disulfonic acid
in varying ratios. A number of ion-selective membranes (Chang,
1965) can also be used to incorporate into the membrane of the
artificial cell system. Polysaccharides with strong sulfonated
groups have also been successfully incorporated into the mem-
brane {Chang et al., 1967b}. Quaternarisation or addition of ca-

tionic group to the membhrane gives strong positively (:]‘.arged
membranes.

MEMBRANES OF PROTEIN, LIPID, AND POLYSACCHARIDE
Introduction

In natare, cell membrane is made up of a complex lipopro-
tein structure coated cxternally by muocopolysaccharide. The
lipoprotein portion is classically considered to be arranged in a
bimoleeular pattern, with two monolayers of lipid molecules
sandwiched between monolayers of nonlipid melecules (Davson
and Danielli, 1943; Robertson, 1960). Alernative theoretical
models of cell membranes include a unit membrane with the
lipid component in the form of globular micelles surrounded by
the protein component of the membrane (Sjostrand, 1963; Lucy,
1964) or a protein matrix coated with lipid (Lenard and Singer,
1966; Korn, 1968 ). It is clear that at present, the cxact structure
of the lipoprotein complex is far from being cstablished.

As a further step towards reconstitution of biological cells be-
sides use of the contents of biological cells, the artificial cell
membranes have also been formed from biological materials.
Thus, cross-linked protein (Chang, 1964, 1965; Chang et al,
1966), absorbed protein (Chang, 1969¢), lipid-polymer or lipid-
protein complex (Chang, 1969b), lipids ( Mueller, 1968; Pagano
and Thompson, 1968}, and polysaccharides (Chang et al,

1967b) have all been incorporated into the artificial cell mem-
banes,
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Artificial Cell Membranes Of Proteins

Protein is an important component of biological merabrancs.
Thus in the preparation of artificial cells, protein has been in-
corporated into the membranes. Since proteins are in fact poly-
amines containing free amino groups, protein molecules have
been incorporated into the artificial cell membranes hy cross-
linking with diacids. Thus, in the standard procedure of prepar-
ing nylon membrane artificial cells (Chang, 1964, 1965; Chang
et al., 1966; Shiba et al., 1970} the membrane contains cross-
linked protein (Fig. 11). The presence of protein in these mem-
branes has been found to greatly strengthen the artificial cell
membranes, since it serves to cross-link the linear nylon polymer
molecules. Artificial cell membranes have also been formed en-
tirely of cross-linked protein (Chang, 1964, 1965; Chang et al.,
1966). Here, no alkaline diamine is used, and only 10 gm% hemo-
globin solution is used. If the standard procedure is to be used,
very small artificial cells of less than 5x, as described in detail
elsewhere (Chang et al., 1966), have to be formed in order for
the cross-linked protein membranes to have sufficient mechanical
strength. If larger artificial cells are to be formed, the drop tech-
nique should be used. Here again, the alkaline diamine solution
is omitted and only the 10 gm% hemoglobin solution is used. In
this case, the concentration of the sebacoyl chloride in the
scbacoyl chloride organic liquid is increased to 0.5M from the
original 0.018M.

Proteins can also be incorporated into artificial cell membrances
by physical absorption. Thus, albumin has been incorporated into
artificial cell membranes by physical adsorption {Chang, 196%;
Chang et al., 1970), making the artificial cells biologically com-
patible. The details of this procedure will be deseribed in a later
chapter, Physical adsorption can be combined with glutaralde-
hyde trcatment to give a more permanent membrane. Another
way that may be used is to covalently bind the protein.

Nat,K*activated SATPase, an important enzyme system in
biological cell membranes has also been incorperated into the
artificial membrane (Chang and Rosenthal, 1969 ). Here Na* K
activated SATPase is prepared from red blood cell membranes.
Artificial cells are suspended in the Na’ K'-activated SATPase.
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Iigure 11. Schematic representation of cross-linked protein artificial cell
membrane. Hb—protein molecules,

The amount of SATPase adsorbed onto the artificial cell mem-
brane is increased further by the removal of calcium in the
SATPase solution. This way, more SATPase is precipitated on
the artificial ccll surface. A significant amount of SATPase ac-

tivity is present in the membranes of artificial cells prepared
this way.

Artificial Cell Mc¢mbranes With Polysaccharides

Mucopolysaccharides coating biological cells are important
components of cell membranes (Cook et gl., 1961; Rambourg
et al.,, 1966). Our interest in biologically compatible membranes
has led us to prepare artificial cell membranes with a polysac-
charide, heparin (Chang et ¢l., 1967h, 1968}. This has been pre-
pared by a number of procedures, the details of which will be
discnussed later under the appropriate chapter.

Artificial Cell Membranes Of Lipids

Mueller and Rudin (1968) used a modification of our stan-
dard procedure (Chang, 1964) to prepare artificial cells with
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lipid membranes enveloping erythrocyte hemolysate or other
proteins. These are preparcd as follows (Mueller and Rudin,
1968): 0.1 volume of 1% to 10% erythrocyte hemolysate is added
to 0.1% to 1% solution of brain or beef heart Iipids in hexane or
octane. The mixture is emulsified by shaking, then centrifuged
at 300 to 500 rpm. Most of the organic solvent is removed, then
10 volumes of ¢.1M NaCl is added to the lipid-enclosed artificial
cells. This is gently shaken, centrifuged, and washed three times
to separate the artificial cells from the lipid layer and to remove
the hexane. Aggregation or separation of these artificial cells
can be controlled by calcium and EDTA. Other organic solvents
like triolein or alcohol can be used. Other solutions like egg
white or cytoplasmic constituents can be enclosed. Electromi-
croscopic pictures show that the enclosing lipid membranes are
usually 60 to 100 A thick with a typical osmic stain. Because of
their lipid composition and their ultrathin membranes, artificial
cells formed this way are rather fragile, and remain intact for
only a short period of time (Mueller and Rudin, 1968).
Pagano and Thompson (1967, 1968) prepared large spherical
ultrathin lipid membranes (a few millimeters in diameter)
using the drop technique. Unlike the artficial cells reported in
this monograph, these spherical uwltrathin membranes contain
only sodium chloride solution. First a NaCl density gradient (1.0
to 2.0 gm/ml) is formed and kept at 36°C = 1 degree. A micro-
burette syringe connected to a polyethylene tube is filled with a
3.5M NaCl solution. A lipid solution (containing 4 gms egg
phosphatidyl] choline, 28 ml n-tetradecane, 42 ml chloroform and
28 ml methanol) is used to coat the end of the polyethylene
tubing. The tubes are placed into the NaCl density gradient. A
droplet of the NaCl solution is discharged from the tubing. The
droplet, which is coated with the lipid solution at the end of the
polyethylene tubing, falls through the density gradient, resting
at a given point. Spherical membranes of about 4 mm are formed
this way. Initially the lipid membrane is more than 2000 A in
thickness. However, the lipid phase gradually moves to the top
of the sphere to form a cap, leaving the remaining spherc a very

thin lipid membrane. Using light reflections, the membrane
thickness was found to be about 90 A,
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Artificial Cell Membranes Of Lipid—Macromolecule Complexes

Biclogical cell membranes are not made up solely of protein
or solely of lipid; instead, they are made up of a lipoprotein com-
plex. Thus artificial cell membranes formed of a lipoprotein or
even a lipid-polymer complex will be more similar to hiological
cell membranes. Studies have been carried out along these lines.
Thus nylon membrane artificial cells or cross-linked protein
membrane artificial cells have been prepared and then com-
plexed with naturally occurring lipids (Fig, 12) (Chang, 1969b).
The artificial cells are first formed by the standard drop tech-
nique described earlier but omitting the final steps of transfer
into the aqueous phase. Instead they are left in the organic
liquid. The organic liquid is removed and the artificial cells
washed with n-tetradecane, then suspended in a n-tetradecane
solution containing an equimolar amount of cholesterol-lecithin.
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ﬂ -Lipid molecule

OQ- Polymer or protein

Figure 12. Upper, proposed arrangement of lipid molecules in spherical

ultrathin lipid membranes; similar to the classical bimolecular lipid theory

for biological membranes, Lower, proposed arrangement of lipid-protein or
lipid-polymer artificial cell membranes.
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This is left for one hour. Then, most of the supernatant is re-
moved. The cells are than gently transferred into a Ringer solu-
tion. By gently stirring, excess lipid solution fleats to the top,
whereas the artificial cells with lipid-macromolecule complex
membranes settle to the bottom. Further thinning of the lipid
takes place as excess lipid gradually accumulates at the top of
the artificial cells. Macroeyclic molecules, like Valinomycin, can
be incorporated into the lipid component. They are either dis-
solved in the lipid solution before membrane formation, or added
to the aqueous suspension. Further details will be deseribed in

papers being prepared.

MICROENCAPSULATION OF PARTICULATE MATTERS
Principle

Particulate matter may be enclosed in artificial cells. One way
is to add the suspension to the aqueous phase at the outset of the
procedure {Chang, 1964, 1965, 1966; Chang et al., 1966, 1967h).
Thus, no particular difficulty was encountered in this laboratory
with the encapsulation of suspensions like cell hemogenates, mi-
crocrystalline materials, activated charcoal, resin, insolubilized
enzymes, and others. Another way to enclose biologically active
particulate matter is by polymer coating {Chang, 1969e; Chang
et al., 1968, 1970). A few typical examples are discussed in the
following sections.

Microcapsules Within Artificial Cells

Nylon membrane artificial cells of 20 mean diameter contain-
ing hemolysate were prepared by the usual procedure {stirring
speed of 5 and Span 85 concentration of 15% v/v). A 25% (v/v)
suspension of these artificial cells was placed in the hemoglobin-
diaminc-buffer mixture prepared as described and then encapsu-
lated by the standard procedure, with a stirring specd of 1 and
Span 85 concentration of 1% (v/v). Such artificial cells are shown
in Figure 13. Mean diameter was about 20x for the enclosed
microcapsules and about 100 for the artificial cells. The en-
closed microcapsules might be considered to be analogous to
intracellular organelles. If the outer artificial cells are ruptured
by pressing on the overlying cover-slide, the enclosed micro-
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Figure 13. Upper, nylon membranc artificial cells enclosed in larger ones,

(From Chang et al., 1966. Comtesy of the National Research Council of

Cunada.} Lower, outer membrane ruptured mechanically, veleasing enclosed
artificial cells.
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capsules can be observed under the microscope  to flow out
through the ruptured outer artificial cells.

Microencapsulation Of Intact Cells

The microencapsulation of mammalian erythrocytes using the
interfacial polymerization technique is a typical example. The
standard technigue [or making large nylon membrane artificial
cells cannot be used for enclosing erythroeytes for two reasons:
(1) erythrocvtes undergo at least partial Iysis when emulsified
in the stock organic liquid of chloroform and cyclohexane, and
(2} ervthrocvtes arve rapidly and completely lysed by the alkaline
diamine solution. After a number of trials, the f(lﬂ()‘WlI]E solutiom
was found for these problems (Chang, 1965). The ervthroeyies
were suspended in an isotonic solution of hemolysate containing
10 gm% hemoglobin rather than in the diamine solution, and 2
silicone oil (Dow Corning 200 Fluid) was substituted for the
stock organic liquid. The interfacial polymerization was then
carried out using silicone fluid as described carlier for cross-
linked protein membranes.

Figure 14 shows a large number of human erythrocytes
suspended in hemolysate within an artificial cell of about 500g
diameter prepared by the drop technique.

Artificial Cells Containing Synthetic Particulate Material

Biologically active synthctic particulate matter can be en-
closed in artificial cells (Chang, 1966, 1969e; Chang et ¢l., 1967,
1968, 1970; Levine and LaCourse, 1967; Sparks et al., 1969).
Fxamples are the enclosure of jon exchange resins and activated
charcoal. The exact details of the procedure will be described
in the chapter about detoxicants.

INDUSTRIAL MICROENCAPSULATION TECHNOLOGY

Therc is a substantial amount of very elegant industrial tech-
nology in microencapsulation which until recently appeared
mostly in patent literature, Industrial microcapsules are prepared
with special properties to suit their parﬁcu]ar app]ications and
as a result are different from the type of artificial cells described
in this monograph, For instance, the industrial microcapsules
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Figure 14. Iluman erylhrocyles suspended in hemolvsate and enclosed in a
large artificial cell with cross-linked protein membranes. {From Chang ef al.,
1966. Courtesy of the National Research Couneil of Canada.}

function as microscopic inert containers, scparating the enclosed
materials completely from the external environment. The cn-
closed material can act only when the enclosing wall is disrupted,
releasing the enclosed material. The best known example is the
NCR carbonless carbon paper. Ilere, microcapsules containing
oil are coated on paper. Mechanical pressure ruptures these mi-
crocapsules, releasing their oily contents to interact and form a
print. Other cxamples are the microencapsulation of pharma-
ceuticals, nuclear fuel particles, battery separators, food products,
perfumes, adhesives, agricaltural products, petroleum, and
others, In all cases, the enclosing walls of the industrial micro-
capsules are made as impermeable as possible. They differ from
the artificial cells described in this monograph in a number of
important points. In artificial cells, the enclosed materials are
biologically active materials like enzymes, other proteins, and de-
toxicants. The enclosed materials of artificial cells do not depend
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on being released from the enclosing membrane for action. While
yemaining at all times cnveloped by the enclosing membranc
and prevented from coming into direct contact with the external
environment, the enclosed materials act on external permcant
molecules diffusing into the artificial cells. The enclosing mem-
brane of artificial cells is prepared in such a way that while im-
permeable to macromolecules or suspensions, it is extremely
permeable to most of the solutes normally present in the bio-
logical fuid. This high permeability is a resnlt of the ultrathin-
ness (200 A) and porosity (radius of 16 A) of the enclosing
membrane of the artificial cclls, Despite these major differcnces
hetween industrial microcapsules and the artificial cells described
in this monograph, omne should not overlook the tremendous
potentiality of using the available technology of industrial mi-
croencapsulation for preparing artificial cells. This technology
has not previously been used in the preparation of the type of
artificial cells described in this monograph. After the clinical po-
tentiality of artificial cells has been demonstrated by studies in
our laboratory, the possibility of applying the industrial micro-
encapsulation technology for the large-scale production, im-
provement, or modification of artificial cells is beginning to be
explored. Thus, a very brief introduction to industrial microen-
capsulation technology might be nseful. This monograph covers
only published scientific literatures and not the patent literatures.
The various patented industrial microencapsulation procedures
can he found in recent reviews (Chemical Week, 1965; Flinn
and Nack, 1967; Nack, 1970; Luzzi, 1970; Herbig, 1968; Bakan
and Anderson, 1970). Very briefly, the typical groups are as
follows. First, there is the aqueous phase separation principle de-
veloped by Green and Schneidcher of the National Cash Reg-
ister Company (1957). This is the first industrial microencapsu-
lation technology developed. This technique is limited to the
encapsulation of water-immiscible liquids or solids. A typical
cxample is to form emulsion of an oil in an equeous medium
containing dissolved gelatin. By a change in the composition,
pH, or temperature, the gelatin is deposited on the emulsified
oil droplets and then hardened. The best known practical example
is the NCR carbonless carbon paper. Secondly, there is the organic
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phase scparation principle involving the precipitation of dis-
solved polymer membranes on emulsified aqueous microdroplets;
this is limited to the encapsulation of aqueous solutions or solid
particles. The same principle has been used in this laboratory
since 1956 (Chang, 1957) for the preparation of artificial cells
with collodion membranes. In industry this principle has been
used for microencapsulation by the procedure of nonsolvent
addition (IBM in 1964) and polymer incompatibility (NCR in
1964 ). Thirdly, there is the interfacial reaction process similar
to that first used in this lTaboratory for the preparation of nylon
membrane artificial cells (Chang et «l., 1963, 1964, 1966). In
industry it is used for the coating of fibers by reacting adsorbed
catalyst with ethylene gas bubbles, cncapsulating aerosol parti-
cles by in situ polymerization of monomers (Standard Research
Institute in 1964), and encapsulating various materials with a
dense impervious coating by chemical vapor deposition. The
IIT Research Institute (in 1964) produced aerosol microcapsules
by the principal of electrostatic encapsulation, which means that
one type of aerosol is coated by another with opposite charge and
than allowed to solidify. Finally, there are numerous physical
methods; a few of these might be mentioned. A large number
of spray-coating methods are being used. There is the spray-
drying techmique where the material to be microencapsulated
is suspended in the vaporizable solvent in which the enclosing
material is dissolved. By spraying this into a heated chamber,
the solvent evaporates, leaving a film on the particles. This has
been used since 1962 for colour-forming systems for the office
copying field. The fluid-bed spray-coating encapsulation used at
Battelle-Columbus involves fluidizing core particles by a stream
of air or other gas, spraying the particles with the wall material,
and evaporating the solvent. Liquid can be frozen and the par-
ticles spray-coated. In the diffusion exchange microencapsulation
method, microcapsules with solid cores are formed by spray; the
cores are then exchanged for a fluid by diffusion, followed hy
coating of the microcapsules with a material which is imperme-
able to the {luid, Particles with a temperature above the melting
point of the coating material cause the material to coat the
particles by fused coating. In the extrusion method, two streams
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consisting of the coating material and the core material are ex-
truded either by centrifugal force or by an extrusion nozzle de-
vice, resulting in the coating of the core material. Other physical
methods are vacuum metalizing processcs and capsulet processes.
The exact details of nearly all industrial microencapsulation
technology have not been published, but they can be found in
patent literatures.



Chapter 3
BIOPHYSICAL PROPERTIES

MECHANICAL PROPERTIES

RTIFICIAL cells prepared by the methods described and

suspended in an aqueous medium are usually spherical.
Preliminary observations suggest the membrane thickness in 80
nylon membrane artificial cells made by the standard procedure
is ahout 200 A. That this ultrathin membranc is extremely flexi-
ble is demonstrated when the artificial cells are ruptured by dis-
secting needles to remove the contents, The membrane left is
extremely flexible and does not retain the original spherical
shape.

The sphericity of the artificial cell membrane is due to the
colloid osmostic pressure gradient generated by the enclosed pro-
tein. Thus, when spherical artificial cells are placed in a hyper-
tonic solution, the outward movement of water results in the
folding of the spherical membranes (Fig. 15). In addition, when
spherical nylon membrane artificial cells of about 100y diameter
are forced under hydrostatic pressure to flow slowly through the
narrow portion of a glass tube, thc membrane is seen to fold
(Fig. 16). After passing through the narrow portion of the tub-
ing, the artificial cells gradually return to their spherical shape.
The time course of the change makes it apparent that water is
forced out of the artificial cells as they pass through the con-
striction and returns after the artificial cells have emerged.
Another observation illustrating the flexibility of the artificial
cell membrane is shown in Figure 17. Here two large nylon
membrane artificial cells {diameter about 1 mm) are suspended
in silicone fluid and subjected to sheer stress and collision in a
Couette flow situation. In Fignre 17 it can be seen that artificial
cells which are under sheer stress applied in opposite directions
elongate in the line of sheer stress; and on collision, the mem-
branes flatten at the point of contact.

Jay and Edwards {1968) have used a ccll elastometer to study

43
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I'igure 13, Nylon membrane artificial cells shartly after being placed in
hvpertonic solution. {From Chang, 1964, Copyright 1961 by the American
Assoctation for the Advancement of Science.)

more quantitatively the mechanical properties of nylon mem-
brane artificial cells prepared by the standard procedure { Chang,
1964; Chang et al, 1966). Their cell elastometer is similar to
that used for studying the mechanical properties of urchin egg
membranes (Mitchison and Swann, 1954) and erythrocyte
membranecs { Rand and Burton, 1963). The apparatus {Fig. 18)
consists essentially of a micropipette (radius, R, of 50u to 260p)
connected to a mercury column which can he varied to adjust
the presswre (P)) inside the micropipette. Microcapsules of
radius R. are suspended in an aqueous medium having a hydro-
static pressure of P The micropipette is then applied to the
sutface of an artificial cell, and by varving the negative pressure
in the micropipette, a small tongue of membrane of length x
can be drawn into the micropipette (17igs. 19 and 20).

A small negative pressure of 1 mm Hg can easily draw the
whole artificial cell into the micropipette, if the artificial cell
membranes are not under the tension of the osmotic pressure
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gradient. Thus the bending stress of the artificial cell membrane
is negligible. On the other hand, when artificial cell membranes

Tigure 16. Dcformability of a nylon membrane artificial cell. The artifivial
cell, about 100, in diumeter and suspended in saline, is moving from left
to right along a tapering glass capillary and is subjected to a hydrostatic
pressure gradient from left to right. Note flattening of upstream surface,
bulging of downstream swface, longitudinal folding of membrane, and
smaller volume of artificial cell as a result of fileration of fluid through
downstream surface into capillary. (From Chang, 1965, Chang et ol., 1960.
Courtesy of the National Rescarch Council of Canada.)

Figure 17. Deformabhility of nylon membrane artificial cells. Two artificial

cells about 1 mmn in diameter, suspended in silicone oil und placed in

Couette flow apparutus. Left fo right, zero How: onset of Couette flow; colli-
sion; separation after collision: cessation of flow. {From Chang, 1965.)



46 Artificial Cells

cathetometer
woter - —
objective )
vulve—J-} gegred digl
micropipette
microcapsule
mercury

micromanipulator

condenser

Figure 18, Schematic representation of cell elustometer. {From Jay and
Edwards, 1968. Courtesy of the National Research Council of Canada.)

Figure 19. Schematic representation of artificial cell with a portion of the

membrane drawn into the elastometer micropipette. Parameters involved

are described in detail in text, (From Juy and Edwards, 1968, Courtesy of
the National Research Council of Canada.)

are under an osmotic pressurc gradient, the hydrostatic pressure
required is as follows. When the pressure difference P.—Py is
plotted against the length of the tongue of the micracapsule
membrane {x) sucked into the micropipette, the characteristic
curve is shown in Figure 21. Initially, the relationship is linear,
but with a further incrcase in the pressure difference (P.—P.),
a point is reached when the slope of the curve suddenly decreases.
Further increase in pressure beyvond this point results in ruptur-
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Figure 20. Upper, microphotograph of artificial cell with a portion of the

membrane drawn into the elastometer micropipette {4 much higher magni-

fication was used in the experiments). Lower, a ruptured artificial ccll

showing the absence of any rigidity in (he membrane. Spherical shape is

maintained by the colloid osmotic pressure. {From Jav and Edwards, 1968,
Courtesy of the National Rescarch Council of Canada.})

ing of the artificial cclls. Using equation P.—P=2T, the mem-
brane tension (T) at which the slope of the curve suddenly de-
creases is 2520+20 dynes/cm. This same value is obtained for
artificial cells of different diameters. The y-imtereepts of these
pressure deformation curves correspond to the pressure dif-
ferences across the artificial cell membrane when the artificial
cells are not deformed by the micropipettes. This is the internal
pressure of the artificial cells (Ps). Micropipettes of different
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radii (R,) tested on artificial cells of the same radius (R.) give
the same v-intercepts, thus the same internal pressures. On the
other hand, when micropipettes of the sume radius are used on
artificial cells of different radii, different values of internal pres-
sures {y-intercepts} are obtained (Fig, 21). When internal
pressures are plotted against the rcciprocals of the artificial cell
radii, a straight line relationship is obtaincd, showing that the
internal pressure is in inverse relationship to the diameter. From
the equation P;—P.=1T./R., 2 membrane tension of 1840 dy-
nes/cm is obtained. It should be noted that in these tests the
high membrane tension is due to the vsmotic pressure gradient
across the membrane, When this osmotic pressurc gradient is
removed, c.g. in crenated artificial cells, this tension is no longer
present.

In summnary, Jay and Edwards show that the membranes of
artificial cells prepared from different batches having a range
of diameters all appear to have the same stiffness, the same ten-
sion, and the same critical tension—a remarkable uniformity in
the mechanical properties of artificial cells. Despite the ultrathin
membrane, it can withstand a membrane tension of up to
252020 dynes/cm.

OPTICAL PROPERTIES

Anderson and Selkey (1967} studied the light transmission
and scattering properties of 40p diameter nylon membrane arti-
ficial cells prepared in this laboratory (Chang, 1964; Chang ef al.,
1966). The optical density was measured in the integrating
sphere at four wave lengths, 5400 A 3600 A, 5700 A, and 5800
A, at a sample depth of 0.071 cm. The hematocrit of the artificial
cells was varied from 4% to 44%,

The optical density was plotted against the percentage he-
matocrit values. As in the case of erythrocytes, the experimental
results obtained for artificial cells agreed well with values cal-
culated theoretically.

ELECTRICAL PROPERTIES

We lave used a cell electrophoresis apparatus to study the
surface properties of artificial cells with different membrane
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Figure 21. Pressure-deformation curves for various sizes of artificial cells.
R,=105,. Note the abrupt change in slepe at high pressures. (From Jay
and Edwards, 1968. Courtesy of the National Rescarch Council of Canada.)

compositions (Chang, 1965; Chang et «l., 1967b). In one set of
cxperiments, it has been observed that whereas the electropho-
retic mobilites for erythrocytes or artificial cells with sulfonated
nylon membranes are 0.85:%0.08p/sec/volt/em and 1.18px=
(.24, /sec/volt/cm respectively, artificial cells with nylon mem-
branes do not have any measurable net surface charge. In an-
other set of experiments, the electrophoretic mobilities of dog
erythrocytes, of artificial cells with collodion membranes, and of
artificial cells with heparin-complex {BHC) collodion mem-
branes are found to be 0.93p=219./sec/volt/em, 0.93p=0.06x/
sec/volt/em, and 0.55u+0.11u/sec/volt/cm, respectively, when
measured in a phosphate buffer solution. The addition of dog
plasma to the buffer solution (1/1000) does not significantly alter
the electrophoretic mobility of the dog erythrocytes and of the
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artificial cells with BHC-collodion membranes {1.10x+.0.10x and
0.53x+0.11p/sec/volt/em respectively), but lowers the electro-
phoretic mobility of the artificial cells with collodion membranes
to below the measurable limit. Albumin has been incorporated
into the microcapsule membrancs {Chang, 1969e; Shiba et al.,
1970). The electrophoretic mobility of artificial cells with a mem-
brane component containing albumin shows a negative surface
charge (Shiba ef 4l., 1970).

Using 3M-KC1 microclectrodes, Jay and Burton (1969} have
investigated the potential diffcrences across the membranes of
human red blood cells and artificial cells, The nylon membrane
artificial cells (10p—300x diameter) containing hcemolysate are
prepared as described (Chang, 1964; Chang et al, 1966). In
the casc of human red bload cells, the potential difference across
the cell membranes is —8.0£0.21 mV (SEM), the inside being
negative with respect to the outside. When the microclectrode
penetrates the artificial cell membrane, a sharp spike is observed.
This is followed immediately by a deﬂechm] which reaches a
maximal negative value of —2 to —4 mV by about five seconds.
This then decays in less than ten seconds to a constant value of
—0.52-+0.02 mV {SEM) (33 measurements ). This value remains
unchanged until the microelectrode is retracted. As soon as the
microelectrode is retracted, the deflection returns to the base
linc. Jay and Burton suggest that the potential difference of
0.52+=0.02 mV (SEM) is due to Donnan equilibrium as a result
of the presence of the nondiffusible hemoglobin in the nylon
membrane artificial cells.

In further studies, Jay and Sivertz (1969) measure the elec-
trical resistance of membranes of artificial cells (80p—350p di-
amcter) prepared as described (Chang, 1964; Chang et al,
1966). A suction-pipette holds the artificial cell for impalement
by the 3M-KC1 microelectrodes having a tip diamcter of 0.5p.
The larger end of the microclectrode is scaled in a 3M-KC1
filled micropipette holder to prevent entry of fluid from the arti-
ficial cells. Having measured the electrode resistance, R, they
impaled the artificial cell membranes and obtained the total
resistance of the electrode and nylon membranes, R. + Ra. On
withdrawal of the microelectrode, the electrode resistance was
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checked again. The membrane resistance, R., for artificial cells
of different diameters was plotted against the reciprocal of the
membrane area of each artificial cell, /A, A straight line passing
through the origin was obtained. Thus the relationship follows
the equation Rw = px/A (p is the resistivity of the membrane
and x is the thickness of the membrane, and px is the specific
resistivity of the membrane). The specific resistivity was found
to be 5.6 X 10" ochm-cra®. Using the value of 200 A for the mem-
brane thickness (Chang et «l., 1966), Jay and Sivertz calculated
that the resistivity, p, was 3 X 10 ohm-cm.

Mueller and Rudin (1968) used an internal microelectrode
technique to study lipid membrane artificial cells containing red
blood cell hemolysate. They found that these membranes have the
same electrical propertics as the planar bilayer lipid membranes.
Pagano and Thompson {1968) studied the transmembrane elec-
trical properties of spherical hilayer membranes several milli-
meters in diameter. They found that the specifie resistance was
3.5—6.8 X 10° ohm-cm®, capacitance was 0.5:F/cm’, and voltage
breakdown potential was 200 mV.,

GENERAL PERMEABILITY CHARACTERISTICS

Artificial cells suspended in distilled water present a sinooth,
spherical surtace; but artificial cells placed in a hypertonic solu-
tion quickly shrink and show folding of their membranes, This
is very striking in the case of nvlon membrane artificial cells {Fig.
15), but much less obvious in the case of collodion membrane
artificial cells, which have thicker membraues, The shrinkage and
the folding are clearly analogous to the phenomena of crenation
in crythrocytes and plasmolysis in plant cells. As a result of the
osmotic pressure gradient, water is withdrawn from the artificial
cells. The shrinkage in Figure 15 exceeds 50 percent of the initial
volime as indicated by centrifugation of the suspension in a
hewnatocrit tube. When artificial cells are suspended in a hyper-
tonic solution containing a solute of large molecular or ionic
radivs, crenation is Jong-lasting, since penetration of the artificial
cells by the solute is slow. But when this solute is of smaller
molecular or ionic radius, penetration of the solate is faster and
crenation is more guickly reversible, the artificial cells sweiling
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to recover their original form. As would be expected, the duration
of crenation is related to the artificial cell diameter, the smaller
artificial cells recovering their spherical form more quickly be-
cause of the more rapid equilibration of solute across the mem-
branc. There is a satisfactory correlation with molecular weight
in the case of the nonelectrolytes tested, and a similar correla-
tion with the hydrated ionic radii in the case of the three alkali
metals—Li©, K- and Na'—tested as the chlorides (¥ig. 22}
Similar studies show that the ionic properties of the carboxyl
and amino groups in the nylon membrane of the artificial cells
are such that the membrane can become anion-selective or ca-
tion-selective hy changes in the environmental pH. The per-
meability characteristics of the artificial cell membranes are
further characterized by the more detailed studies discussed in
the following sections.

EQUIVALENT PORE RADIUS

According to Van Hoff's equation, a solution with a solute con-
centration of C can exert an osmotic pressurc of =. where ==
RTC. This equation only holds when the osmotic pressurc is
measured across a membrane which is permeable to water but
not to the solute. For a membrane which is permeable to both
the water and the solute, the effective osmotic pressure {m.) is
less than the theoretical osmotic pressure (=) calculated from
this equation. The ratio of the effective osmotic pressurc to the

T

theoretical osmotic pressurc is the reflective coefficient {(-—=0)
!

(Staverman, 1957). The reflective coefficient is unity for an
impermeant solute, but is less than unity and approaches zcro
the mo1e permeant the solute. The reflective coefficient is thus
a quantitative expression of the permeability characteristics of
a membrane, and so much so that experiments demonstrate that
the equivalent pore radius of hiological membranes can be cal-
culated from reflective coefficients {(Solomon, 1961, 1969). We
have used this concept to measure the equivalent pore radius
of artificial cell membranes (Chang, 1965; Chang and Poznan-
sky, 1968¢).

Nylon membrane artificial cells of 270:4=87x diameter pre-
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NYLON MICROCAPSULES: PERMEABILITY
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Figurc 22, Lejt, permeability of nylon membrane artificial cells to nonelec-
trolytes. Right, permeability of nylon membrane artificial cells to electrolyes:
KCl, NaCl, and LiCl. {From Chang, 1965.}

pared by the standard method are dialyzed overnight in 100
volumes of distilled water to remove dialyzable contents. Im-
mediately before use, the artificial cells are washed three times
with 10 volumes of distilled water and suspended in 2 volumes
of distilled water and kept at 37°C=+0.35 degree. At zero time,
0.15 ml of the suspension is added to 1 ml of different test solu-
tions kept at 37°C. A microphotograph is taken at exactly 60
seconds (stopwatch) after the addition of the artificial cells to
the test solutions. Observations show that well-prepared nylon
membrane artificial cells suspended in water have a smooth
membrane and are perfectly spherical, but when they are su-
spended in solutions of increasing concentrations, folding of the
membranes can be observed, somewhat analogous to crenation
in erythrocytes or plasmolysis in plant cells. At first this folding
occurs in a small proportion of the artificial cells, but as the
solute concentration is progressively increased, both the propor-
tion of artificial cells with folded membranes and the degree of
folding of the membranes increase. All the artificial cells on each

microphotograph can be classified as collapsed or not collapsed,
1
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coliapsed artificial cells being defined here as the presence ol
any obscrvable foldings in-the memhbrane. At least 100 artificiai
cells are counted for each coneentration of solution, Control
studies show that counts of the pereentage of collapsed artificial
cells on the same niicrophotograph presented to the- observer at
different times without kLis being aware give a standard deviation
of 4:1,13% in five trials. Once collapsed, the artificial cells remain
so for at least one minute when four test solutes are used at the
stated concentrations. Tt should be noted at this point that al-
thongh collapsed artificial cells gradually return to their original
spherical shape if the solute can cross the membraxes, the recov-
cry of the folded membranes is much -slower than would "be
expected from permeability studics of the undeformed artificiual
cells. In the folded form, the membranes are no longer stretehed
by the teusion created by the colloid osmotic pressure. The
permeability of the folded membranes -is thus much less than
those of the spherical [orms. This makes it possible-for the present
study to be carried out without a rapid mixing technigue.

With glucose as the standard solute, all points fit well on a
probit graph by a.straight line (Fig. 23). The explanation for
this relationship is as follows. The diameters of artificial cells
prepared follow a hell-shaped distribution: curve with a standard
deviation. of =30%. Tf a curve is made relating 1/R {R=radins
of artificial cells) -and the.percentage of artificial cells-with di-
ameters of more than a given radius, the results fit well into a
straight linc when plotted on a probit graph. The slope corre-
sponds quite well with the slope of the relationship between
pereentage of collapsed artificial cells and concentration. of glu-
cose solution. Since nvlon membrane artificial cells have internal

-

Fignre 23. Upper, percentage of collapsed nylon membrane artificial cells
ag a function of glucose congentration in the medinum, Abscissae: concen-
tration of @lucose in suspending medium. Ordinates (plotted on -probit
scale}: percentage of artificial cells found to be coltapsed in the glucose
medium. FLotwer, percentage of collapsed. artificial cells in nonelectirolvte
solutions plotted on probit scule. @ —sucrose; a = glucose; ¢ = propy-
lene glycol; ¥ = ethylene glyeol. {From Chang, 1565; Chang and Poznan-
sky, 1988. Courtesy of Tnterscience Publishers, New York. }



: OO | APSED

ey

s ZC__AFSEC

3

a8

Sor

8Qr
or
50
S0
A0

20

W

{

Biophysical Properties

BINOMINAL 95 %
CONFIDENCE LIMIT

L . s 1 . L. _ L |

G5 |

Qo

H0r

e L i 1
02z o3 o4 o5 O©o&5 O7 0B

I

CONCENTRATION (MOILAL)D

BINOMIMNAL S5 %, 7
COMFIDENCE LIMIT

|
02 0-4 oG 08 10 2:0
CONCENTRATION (MOLALD

FROBIT

PROBIT

55



56 Artificial Cells

pressures which are inversely proportional to their radii (Jay
and Edwards, 1968), the smaller the artificial cells, the greater
is the internal hydrostatic pressure, and thus the greater is the
external effective osmotic pressure required to collapse the arti-
ficial cells (Chang, 1965; Chang and Poznansky, 1968c¢). The
artificial cells are thus microscopic membrane osmometers, each
having an internal hydrostatic pressure inversely proportional to
its diameter, and each can be collapsed only if the citective ex-
ternal osmotic pressurc exceeds that of the internal hydrostatic
pressure. The percentage of artificial cells collapsed at a given
solute concentration depends on the percentage of artificial cells
having an internal pressure which is less than the effective os-
motic pressure of the suspending medium. In other words, solu-
tions having the samc effective osmotic pressure should cause
the same percentage of artificial cells to collapse.

The results obtained from different test solutes are shown in
Figure 23. The cxtrapolation to the x-axis is taken as the thres-
hold concentration. The results obtained are summarized in
Figure 23. Each threshold concentration represents the statistic-
ally obtained concentration of a given solute which just fails to
cause any collapse of artificial cells. As discussed earlier, solu-
tions having the same effective osmotic pressure cause the same
percentage of artificial cells to collapse. These statistically ob-
tained threshold concentrations of the four test solutions, sucrose
(C.), dextrose {Ca), ethylene glycol (C.) and propylene glycol
(Cv), thus represent concentrations of these solutes which give
the same effective osmotic presure (me).

Since =.=oRTC, and since the effective osmotic presures (=.)
are the same for the four test solutes, sucrose (s), dextrose (d),
ethylene glvcol {e), and propylene glycol (p), at their threshold
concentrations (C), it follows that

7e = 0. RTC: = 0a. RTCa = 0. RTC. = 0. RTCo
(1)
The reflection coefficient is related to the equivalent pore radius
(r) of a membrane by the following equation:
Lo= (2(1-a/r)%(1-a/r)" 1-2.104a/r+2.09(a/r)*0.95(a/r)’
T S e /)2 (Law/ )¢ 1-2.10484/1+2.09( aw/1)*-0.95 (aw/1)°
(2)
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where a is the radius of the solute in guestion and a. the radius
of water. Using a modification of Solomon’s principle (1961),
the equivalent pore radius of artificial cells is estimated from
the results obtained in the following way.

From equation 1 six ratios {o./cq = Ca/Cs; 05/0e = CofCs;
UH/UI' — CI)/C-E; Udflgﬂ = G—H/Ccl; f?d/ﬂ'e. == JP/C-;T; “d/f’i' — CL-/CG
and o./op = Ce/C.) can be obtained. From equation 2, these
ratios can be related to the equivalent pore radius as follows:

2(1—a rE—{1l~a r}* 1—2.104 a/r+2.09(a /)P —085(a /r)°

C, o YT2(1-a )= (T=a_ii® 1—2.104 a_/r12.09(a,/r)°—005(a /1)

C, "o, T 2(l-agr)'—(l-a,/r)* [—2.104 a/r+2.09(a,/r)*—0.95(a,/r}

To(l—a )i (1—a /Tt 1.-2.104 a/112.08(a,/r)5—0.95(a, /)8

(3)

where x and y are two nonelectrolytes with known radii ax and
ay.

Theoretical values for each ratio (Cx/C:) at different equiva-
lent pore radii can be calculated from equation 3 and plotted
(Fig. 24). This way, six thcoretical curves are obtained, but of
these, two curves (C./Cr and Ci/C.) give no useful informa-
tion because the slopes of the lines are too flat. For the remaining
four pairs, the observed ratios obtained experimentally fall on
the curves corresponding to an equivalent pore radius of be-
tween 17 A and 19 A, Perhaps the best single estimate for the
equivalent pore radius is 18 A,

The equivalent pore radius of the artificial cells prepared by
the standard procedure is optimal in serving as a dialyzing mem-
brane which is impermeable to proteins but extremely permeable
to small biological molecules. If required, the equivalent pore
radius can be varied by varying the time of reaction in the case
of nvlon membrane artificial cells, Other modifications include
the use of membrane materials with different permeability char-
acteristics.

PERMEABILITY CONSTANTS

Because of the rapid equilibration of permeant solutes across
artificial cells, a rapid mixing and sampling apparatus is re-
quired to study the permeability constants of the enclosing
membranes {Chang and Poznansky, 1968¢}. Nylon membrane
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Figure 24. Analysis of equivalent pore radius for nylon membrane artificial

cells prepared by the standard procedure. (For explanation see text.) Each

of the 4 theorctical curves relates the ratio of reflection coefficients for a
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for 4 solute pairs. (From Chang and Poznansky, 1968. Courtesy of Inter-
seience Publishers, New York. }

artificial cells with diameters of 210.9p = 754 SD are prepared by
the method described at a jumbo magnetic stirrer speed setting
of 2.5 and Span 85 concentration of 1 percent. Collodion mem-
brane artificial cells with diameters of 214, =+ 18 SI> are pre-
pared as described at a jumbo magnetic stirrer specd setting of
2.5, but without the use of Span 85. The artificial cells are finally
suspended in a 300mM sodium chloride solution and allowed to
stand for 12 hours while the sodium chloride equilibrates com-
pletely across the artificial cells. In these experiments, final sus-
pensions contain 110,000 artificial cells per milliliter. A higher
concentration of artificial cells is less convenient for rapid mixing
and sampling. The results obtained are as shown for nylon mem-
brane artificial cells {Fig. 25 and Table I). Similar results are
obtained for collodion membrane artificial cells. In the case of
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TABLE I
NYLON MEMBRANE ARTIFICIAL CELLS: PERMEABILITY DATA
Half-time for Permeability Solute Permeability
Equilibration T: Constant (F) Coefficient (W)
Sofute {Sec.) (emfsec) (moles/dyne-see,)
Ures 4.3 201 > 10 823 X 10"
Creatinine 175 .81 > 10+ 2.52 % 100
Udc acid 42,5 019 > 107 077 > 100
Creatine 16.6 0,75 » 10 3.08 X 10
Clucose 26.2 054 < 107+ 2,17 X 10°¥
Sncrose 35.5 0,37 > 10°° 1.62 > 10°*
Acetylsalicylic acid 38.0 0.32 » 10 1.31 > 10°™

Tritiated water {'ITHO) <1.0 — =

From Chang and Poznansky ({1968c). Courtesy of the Interscience Publishers,
New York.

polyurcthane membranes, the permeability constants (10® cm/
min) are 0.32 for CsCI, 0.30 for NaCl, 0.25 for LiCl, 0.31 for
NaBr, 0.28 for Na.SO,, 0.20 for Na:CrO. (Shigeri and Kondo,
1969).

LIPID MEMBRANES
Spherical Lipid Bilayer Mcembranes

Mueller and Rudin {1968) combined their technigue of planar
bimolecular membrane formation (Mueller et al., 1962) with
the technique for preparing artificial cells (Chang, 1964) to
form “cellules” of about 90x diameter. Each of these consists of
red blood cell hemolysate enveloped in a spherical ultrathin
lipid membrane which is 60 to 100 A thick. When these cellules
are exposed to a hypertonic sodium chloride solution, there is a
reduction in size within 15 scconds. The reduction in size per-
sists indefinitely, showing good permeability to water but very
limited permeability to sodium chloride. Internal microelectrode
studies show the same electrical properties as the planar bilayers.

Pagano and Thompson (1967) studied another form of spheri-
cal lipid bilayer membranes of much larger diameters of 4 mn,
In preliminary studics they found that the water permeability
coefficients are 10z/sec; the specific resistance is 0.35—0.68 ochm—
cm’; capacitance is about 0.5:F/cm?®; breakdown potential is



60 Artificial Cells

ARM 2
- —P
ATt
FrEssuRe | SSURE
VALVE 2
SAMPLING 1
STRINGE
MICAROCAPSULE
SUSPENSION
MUING
CHAMBER
BEAKER
WITH STIRRER
30, 10
URE & CREATININE
o kL
o 25 Qasl
) o
£ E
o a
w L7
L 1 i i
0 W0 20 0 1 20
TIME IN SECONDS TIME IN SECONDS
30
w
k|
L=
w sl
E
2
w
) 1 A )
o 0 20 30 Ao

TME IN SECONDS

Figure 25. Upper, rapid mixing and sampling apparatus used in the determ-
ination of permeability constants. Rotating arm (1) opens valve (1) to air
pressure and triggers the rapid injecton of artificial cell suspension and
test solution through the mixing chamber into a collecting beaker. After a

-



Biophysical Properties 61

200 mV. Thus the properties arc very similar to those of the
planar system. In further detailed studies Pagano and Thompson
(1968) studied the isotopic fluxes of *Na and *Cl and found
that the unidirectional fluxes My, and Ma were respectively 0.39
+ 0.02 and 90.2 = 0.8 pmoles/cm’/sec at 30°C. The chloride
flux was also studied as a function of temperature, and the acti-
vation energy for chloride permeation across the hilayer was cal-
culated to be 10.7 := 0.4 kcal/mole. Other studies were made
by Pagano and Thompson to compare the experimental results
of the sodium and chloride flux measurements with the theoreti-
cal values as calculated from the electrical parametcrs of the
spherical bilayer membrane. It was found that while the sodium
flux falls within the range of values calculated from the electrical
data (0.0298—1.194 pmoles/cm?/ses); the chloride flux is of
much greater magnitude than the theoretical value (0.061—0.245
pmoles/cm®/sec). In fact, the chloride flux is more than 300
times greater than the calculated value. The authors postulated
that the chloride flux consists of an ionic component to account
for the electrical parameters, and an exchange diffusion com-
ponent. They then carried out experiments to examine Ma as a
function of chloride ion concentration within the spherical bi-
layer. The chloride influx is very small when no chloride ion is
in the interior aqueous phase. They found that the addition of
0.05M NaCl to the internal aqueous phase increases the observed
chloride flux markedly. In addition, the chloride flux exhibits a
saturation kinetic mechanism reaching a maximal rate by 0.IM
NaCl internal concentration. All these observations have led the
authors to propose that a carrier mechanism is present for chloride
permeation acros the bilayer spherical membranes. Pagano and
Thompson (1968) suggested the following as possible carriers:

predetermined interval, rotaring arm (2) of kymograph triggers the sampl-
ing syringe to aspirate an aliquot of artificial cell free supernatant through
the filter. Lower, permeahility constants, example of results obtained. Rate
of entry of solute measured as the rate of decrease of radioactivity in the
suspending medium, Concentration of artificial cells (diameter 210.9, -
75.0¢) in the suspension after the addition of an equal volume of the test
solution is 53,000/ml, (From Chang and Poznansky, 1968, Courtesy of
Interscience Publishers, New York.}
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(1) sedium ion, (2) a small unknown molecule present in the
membrane, (3) the phospholipid, or (4) a heavy metal phos-
pholipid complex.

Lipid-Macromolecular Complex Membranes

The exact molecular organization of hiological cell membrancs
is not known. However, that biological membranes are not com-
posed of lipids alone is without dispute. Recently, Korn {1968}
proposed a possible model in which he suggested that in the bio-
synthesis of biological cell membranes the protein unit of the
membrane is formed first, followed by the addition of the lipid
components. If this theory is correct, then it would be of experi-
mental interest to form a spherical ultrathin membrane of poly-
mer or cross-linked protein, then coat this with natural lipids.
This has been done (Fig. 12) (Chang, 1969b), and experiments
have ben carried out on these model systems (Fig. 26). In a 150
mM NaCl medium, sodium influx across uncoated spherical ultra-
thin polymer membranes is about 6 X 10”"'mM/hr-mm®, Coating
with an equimolar lecithin-cholesterol mixture reduces the
sodium influx to about 4 X 10° mM /hr-mm?, This value obtained
for lipid-coated artificial cells is comparable to the value obtained
for red blood cell membranes. It is interesting to note that in the
membranes formed by lipids alone, the sodium influx is many
orders of magnitude lower than that of biological cell membranes
or lipid-coated artificial cell membranes. Further detailed studies
have been carried out (Rosenthal and Chang, 1971) using rmbid-
jum. These lipid-coated artificial cell membranes do not cxhibit
any significant degrees of selectivity between sodium and rubid-
ium. On the other hand, in the presence of Valinomyecin, the
rubidium influx is enhanced to a much greater extent than the
sodium influx. Thus, the permeability coeflicients of control nylon
membrane artificial cells and of lipid-coated nylon membranc
artificial cells to rubidium are respectively 195 = 2.1 X 10°
cm/sec and 145 = SD 0.56 X 10° em/sec. Valinomycin at a
concentration of 5 X 10* M significantly increases the permea-
hility coefficient of the lipid-coated microcapsules to 4.91 = 1.60
X 10 em/sec. Tn the same studies (Rosenthal and Chang, 1971 )
it has been demonstrated that the lipid-coating reported (Chang,
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Figure 26. Rate of equilibration of **Na across artificial cells. Coniral nylon
membrane artificial cells (®) compared lo lipid-coated nylon membrane

artilicial cells { o ). (From Chang, 1969Db.)

1969b) corresponds to an ultrathin coating of lipid molecules on
the artificial cells.

DIFFERENTTAL IMALYSIS

The different permeability of artificial cells for substances of
different molecular size suggests their possible use in differential
dialysis. Solutes of large molecular size that cannot penetrate the
artificial cells are excluded and emerge from the column without
retardation, while solutes capable of diffusing into the interior
are retarded. Figure 27 shows that a column of artificial cells can
separate hemoglobin from glucose almost completely in a single
passage (Chang, 1965). The characteristics of the column are
given in the legend. In other tests partial separation was ob-
tained of glucose and sucrose, and of sucrose and urca; obviously,
the size, permeability, and flow rate of the solute molecules are
important parameters. Although this is in theory somewhat
stmilar to those employed in chromatography using Sephadex
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Figure 27. Column with dimensions as shown, packed with nylon mem-

brane cells of mean diameter about 90., prepared by the standard method

using 1% (v/v) Span 85 and jumbc magnetic stirrer speed setting of 1.

Flow rate 0.09 ml/min; eluate collected in 0.2 ml fractions., (From Chang,
1965.)

granules, the solid polymer matrix of the Sephadex granules can-
not be expected to have anything close to the high permeability
characteristics of the ultrathin membranc of artificial cells.
Furthermore, the artificial cell contents can modify permeant
materials entering the artificial cells.

Craig (1964) discussed differential dialysis using hollow tubu-
lar membranes. Here, the speed of diffusion equilibrim was se-
cured by the use of the tubular membranes separating two
aqueous phases in counter-current flow. Recent analysis {Flion
and Cherry, 1970) demonstrated the efficiency of artificial cells
over a tubular system of membranes. The smallest useful hollow
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fibers have a diameter of 50p with a wall thickness of 10z, A
much thinner membrane is possible with microscopic spherical
membranes like artificial cells, Thus 4600 spherical membranes
3.45y in diameter and having a wall thickness of 0.5z would cqual
the core volume of the hollow fiber section. The rate of material
transport across the total membrane surface of this number of
spheres is nearly 400 times that for the hollow fiber. For artificial
cells of 0.02x wall thickness as prepared in this laboratory
(Chang, et ol,, 1966 ), the rate would even be greater. The main
advantage of artificial cells is the combination of high surface
arca to volume relationship and ultrathin membranes. No other
membrane systems can at present have a comparable efficiency.

DISCUSSION

From the results obtained so far, artificial cells possess some of
the simpler hiophysical properties of biological cells. Of special
importance are their permeability characteristics. The results ob-
tained are as shown {Figs. 22, 24, 25, and Table I}.

The equivalent pore ladlua of 18 A for the membranes of nylon

artificial cells is midway between that for human erythrocyte
I]]L[l'lbl’dl]tb (42 A) and glomerular capillary walls (355 A).
Thus although molecules of small molecular dimensions can
readily cross the membranes, macromolecules like ovalbumin
{ olecular radius of 28.5 A), hemoglobin {molecular radius of
32.5 4), and a number of cnzymes studied, cannot leak out of
the artificial cells in which they have heen enclosed {Fig. 28).
The equivalent pore radius of 18 A is slightly smaller than that
of cellulose membranes; however, the much thinner nylon mem-
brane (200 A} results in a permeability constant P for urea of
2 X 10* em/sec, and the large surface area to volume relation-
ship of the artificial cells results in an extremely rapid equilibra-
tion of solute (c.g. for urea, half-time of 4.3 seconds across arti-
ficial cells of 207p mean diameter). Preliminary experiments
indicate that, as would be expected, the half-time for equilibra-
tion is reduced even further when artificial cells of smaller diam-
eters are tested. The permeability properties of such enclosing
polymer membranes thus fulfill most of the requirements for arti-
ficial cells described in the introductory section. Thus protein,
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Figure 28, Schematic representution comparing equivalent pore radius
(EPR) to solute molecules.

enzyme, or suspension enclosed within these artificial cells would
not leak out, but small molecules like substrates or toxins can
equilibrate rapidly across the artificial cell membrancs. Perrnea-
hility characteristics of artificial cells can he modified by lipid
coating, charge, carrier molecules, and others.



Chapter 4

BIOLOGICAL ACTIVITY OF
ARTIFICIAL CELLS

INTRODUCTION

AVING characterized some of the biophysical properties

of artificial cells, we are now in a position to examine
their hiological properties. Whether in solution or imbedded in
membranes of intracellular organelles, enzymes in nature are lo-
cated most abundantly within biological cells. While rctained
within the cells and protected from extracellular environments,
enzvmes act eﬂicient]y on permceant substrates entering through
the cell membranes by diffusion or special transport mechanisms.
Initially, T was interested in studying an artificial system of
cellular dimensions in which individual microdroplets of erythro-
cyte hemolysate with its hemoglobin and complex enzyme sys-
tems are enveloped in spherical ultrathin polymer membrancs
(Fig. 2) (Chang, 1957). In this way, the enveloped proteins are
retained within cell-like microscopic dialysis bags and prevented
from coming into direct contact with the extracellular environ-
ment. Permeant external molecules, like oxygen and carbon di-
oxide, can difluse rapidly across the enclosing membrane to inter-
act with the enclosed erythrocyte hemolysate. Additional enzyme
systems can also be added to the red hlood cell hemolysate to be
enclosed in artificial cells. Thus enzvmes could be enclosed in
artificial cells by first dissolving or suspending them in the hemo-
lysate solution and then proceeding as described for the prepara-
tion of artificial cells. It should be emphasized that the prepara-
tion of stable artificial cells is facilitated by the presence of a
high concentration of protein in the aqueous phase. A small frac-
tion of the protein takes part in the formation of the cell mem-
brane by cross-linking or by eoaccrvation. The osmotic pressure
of the colloid also helps to retain the turgor of the artilicial cell
membranes, which would otherwise tend to collapse in au
agueous environment. Thus, dilute enzyme preparations can be
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most conveniently enclosed in artificial cells if they are first added
to the hemoglobin solution or hemolysate. Only in a very few
cases can enzyme solutions (e.g. Sigma type V urease 0.13 gm/
ml) be microcncapsulated inside artificial cells without the addi-
tion of further protein. In these cases, the membranes are usually
not well formed, even though a high concentration of the enzymes
has been used. Another point which should be emphasized is that
the chemicals used in the interfacial polymerization procedure
may inactivate some tvpes of enzymes, e.g. catalase and uricase,
but have no marked effects on other tvpes of enzymes, e.g. urease
and asparaginase. The interfacial precipitation procedure, on the
other hand, did not have any major adversc effect on all the
enzymes tested so far, for instance, carbonic anhydrase, catalase,
trypsin, uricase, urease, and asparaginase, Ilowever, in the case
of the interfacial precipitation procedurc, the physicochemical
properties of the solution to be encapsulated are extremely im-
portant. One of these is the pII of the solution. For example,
when 1.8 gm of urease (Sigma type II powder, 1720 units/gm)
was dissolved in 10 ml of hemolysate containing tris buffer
(0.08M), the high acidic content of Sigma type III urcase low-
ered the pH of the final solution to 6.2. The collodion membrane
artificial cells prepared from this solution were very fragile and
casily ruptured. On the other hand, if the pH was maintained at
9 by the use of a high concentration of tris buffer (0.48M), the
artificial cells prepared had much stronger membranes.

Besides enzymes and hemolysate, cell extracts, cell homogen-
ates, or insolubilized enzymes have bheen added to the hemoly-
sate and then enclosed in the artificial cells. Some of the enzymes
and proteins enclosed in artificial cells arc summarized in Table
II. Enzvmes can be microencapsulated, then stabilised by treat-
ment with glutaraldehyde (Chang. 1971d)}.

MODEL SYSTEM

Artificial Cells Containing Urease
Urcase, which catalyzes the hydrolysis of urea, is a globulin
with a molecular weight of 480,000. It is unstable in solution,
losing 50 percent of its activity in 24 hours at 37°C, but is more
stable in the presence of 2 percent gum arabic or 5 percent egg
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TABLE 11
ENZYMES AND PROTEINS ENCLOSED iN ARTIFICIAL CELLS

1. Hemoglobin and cnrymes uf :,wthroqtr- Iwmolymtes (Fhang, 1957, 1964,
1865, Chang et ol., 1963, 1966; Toyoda, 1966; Jay and Edwards, 1968; Jay
and Burton, 1969; Jay and Sivertz, 1969; Mueller and BRudin, 1968; Kita-
jima et al., 1969, Sparks, et al., 1969).

2. Urease (Chdng et al., 1963; Chang and Maclntosh, 1964; Chang, 1964, 1965,
1966, 19689d; Chang et af, 19687b; Chang and Loa, l.}'?(J Levine and T.a-
Course, 1967; Sparks et al., 1869; Fulb et al., 1988, Kitajima et al., 1968},

3. Carbonic anhydrase {Chang, 19684, 1965},

4, Uricase {Chang, 1964, 1965; Chany i ¢f., 1966).

5. Trypsin (Chang, 1964, 1963).

6. Catalasc (Chang, 1967; Chang and Poznansky, 1968:; Kitajima et al., 1969).
7. Asparaginase {Chang et el., 1968; Chang, 1989c, 1969d, 1969f, 1971h).
8. Albumin ( Chang, 1984, 1865, Chang et al., 19686; Shiba ef al., 1965).

9, Lipase {Kitajima et al., 1969).

10. a-glicosidase {Ryman, 1968},

albumin and very stable in the insolubilized form. Its substrate,
urea, is the major diffusible nitrogenous constituent of the body
fluid, and the interesting possibility of a demonstration of an in
vivo action of urease enclosed in artificial cells has prompted the
investigation of the efficiency of this system {Chang, 1963).
Ureasce dissolved in hemolysate was enclosed in nylon mem-
brane artificial cells by the methods deseribed in the previous
section. After washing with phosphate buffer to remove any
broken artificial cells, urease activities were analysed by the pro-
cedure of Van Slyke and Archibald (1944 ), as the rate of rise of
pH of a buffered urea solution. The result is shown in Figure 29.
Five Sumner units of the enzyme enclosed in artificial cells had
an activity corresponding to that of 1.83=0.10 Summer units ot
enzyme in free solution. Thus the activity of the artificial cell
urease was about 37 percent of the activity of the same amount of
enzyme in free solution. It also shows that a sample of buffer in
contact with its own volume of wrease-loaded artificial cells for
12 hours acquires no measurable enzymatic activity, showing
that the enzyme does not leak to a significant degree out of the
stored nylon membrane artificial cells {Chang, 1965). In another
set of experiments, nylon membrane artificial cells containing
urease were ruptured in a cell homogenator (glass-pistal). The
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Figure 29. Urease activity, measured as rate of rise of pH of urea-buller
medium. No pH change in the presence of supernatant from a 50% suspen-
sion of artificial cells stored for 12 hours, The artificial cclls are homogenized
and separated into the membrane fraction and homogenate fraction. Nearly
all the enzyme activity is located in the membrane-free homegenate.

homogenate was recovered and the membranes washed three
times with phosphate buffer. No measurable urease activity was
found in the isolated artificial cell membranes. The urease activity
was all in the homogenates. Since the enclosed urease did not
leak out of the artificial cells and since the membranes of the
artificial cells did not contain any measurable enzyme activity, it
appears that in order for the urea to be acted on by the enclosed
enzyme, it has to diffuse into the artificial cells. Further experi-
ments were done to test the effect of artificial cell diameter on
the activity of the enclosed enzyme. In the case of the smaller
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artificial cells (27.1p=11.9u), the rate of cnzymatic conversion
was about 39 percent of the same amount of cnzyme activity in
free solution. In the case of the larger artificial cells (89.8x=+
26.0), the activity was about 21 percent of the activity in free
solution,

Additional experiments were done to test the stability of the
urease enclosed in artificial cells (Chang, 1965). Urease en-
capsulated alone without the presence of hemolysate lost its
activity rapidly with a half-time of three hours when stored at
37°C. When urease was enclosed together with hemolysate in
artificial cells, the stability of the enclosed enzyme was greatly
improved. This is shown in Figure 30. It was found that the half-
time of the hemolysate-stabilized microencapsulated urcase was
about one week when kept at 37°C and two wecks when kept
at 4°C. Urease cnveloped in collodion membrane artificial cells or
BHC-collodion membrane artificial cells also showed similar in
vitro activities,

Site of in vivo Introduction

In order to study the in vive action of artificial cells, a site has
to be selected for their in vivo introduction. Except for blood
cells, other cells are bathed in interstitial fluid, an ultrafiltrate ol
blood plasma. Peritoneal fluid is an ultrafiltrate of blood plasma
(Maurer, ¢t al, 1940}, Small molecular weight substances ex-
change rapidly between the peritoneal blood vessels and the peri-
toneal fluid in the peritoneal cavity (Courtice and Simmonds,
1954}. In addition to the demonstrated efficient exchanges be-
tween blood plasma and peritoneal flnid, the peritoneal cavity has
the potential capacity to hold a large volume of artificial cells.
Thus it appears that the peritoneal cavity would be an ideal ex-
perimental site for the in sivo introduction of artificial cells
(Chang, 1965).

Effects And Fates Of Injecied Artificial Cells

Before the in vivo action of artificial cells could be investigated,
a knowledge of the toxicity and fate of intraperitoneally injected
artificial cells would assist in the interpretation of the results.
Nylon membrane artificial cells were chosen for these studies for
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Figure 30. Stability of urease enclosed in nvlon membrane artificial cells,

stored in phosphate buffer at pH 6.7. Continuous lines represent activity

after storage at 0°C (upper line) and at 37°C {lower line} for enzyme en-

capsulated with hemclysate. Discontinuous line represents activity after

storage at 37°C for enzyme encapsulated without hemolysate. (From Chang,
1965.)

the following reason: Teflon® and silicone rubber, though ex-
tremely inert biologically, are not semipermeable to water or to
aqueous solutes. Nylon, though it causes some tissuc reactions
in the sheet or block form, is nearly inert when used as a suture
material.

Since particles the size of ervthrocytes are removed from the
peritoneal cavity, we have used larger nylon membrane artificial
cells of 100x mean diameter prepared as described. After wash-
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ing to remove Tween 20, the enclosed hemoglobin was tagged
with sodium chromate Cr 51. Male rats of average weight 130 gm
were divided into six groups. The animals of five groups were
cich givenn 1 ml intraperitoneally of the 25 percent suspension
of nylon membrane artificial cells. Each rat of the sixth group
reccived 1 ml of the supernatant from the suspension. All the
animals remained active and healthy, without significant changes
in weight, abdominal tenderness or rigidity, or alteration of bowel
movements. On opening the abdomens, there were no signs ot
inflammation in any abdominal structure, except for one case in
which all the artificial cells had been injected accidentally into a
small pocket of omentum resulting in some local inflammation
and fibrosis. In all other animals, larger individual nylon mem-
brane artificial cclls and small aggregates could be seen loosely
sticking to the abdominal wall or omentum and could easily be
picked up with fine forceps, leaving no signs of fibrosis or in-
flammation at the sites. After the first week, the artificial cells
were well dispersed over the whole peritoneal cavity, but at the
secondd week and thereafter there was some tendency for them
to be found in larger numbers in the upper part of the peritoneal
cavity, where many of them were located at the upper surface of
the liver and spleen just below the diaphragm. None were ob-
served on the peritoneal surface of the diaphragm. No significant
radioactivity was detected in the lung, liver, spleen, lvmph nodes,
blood, or saline wash fluid. Recovered radioactivity was associ-
ated wﬂh the artificial cells or small aggregates of artificial cells
which stuck loosely to the abdominal structures.

A dog was given intraperitoneal injections of nylon membrane
artificial cells at weekly intervals for three weeks. It was then
followed for one year. The dog continued to be active, gained
weight, and showed no signs of abdominal tenderness or rigidity.
Examination after one vear showed no fibrosis or chronic inflam-
mation in the peritoneal cavity.

in vivo Action Of Artificial Cells Containing Enzymes

Artificial cells containing urease were tested (Chang and Mac-
Intosh, 1964b, Chang, 1965). The principle is shown diagrammati-
cally in Figure 31. The enzyme urease does not leak out from
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Figure 31. Schematic representation of the action of intruperitonally injected
artificial cclls loaded with nwrease, { From Chang, 1965.)

the artificial cells. The size ot the artificial cells (100x average
diameter) prevents the artificial cells from leaving the peritoneal
cavity. Thus, for the urease in the artificial cells to have signifi-
cant in vivo activity, its substrate, urea, would have to diffuse into
the peritoneal cavity from the blood and then across the artificial
cell membrane to be acted upon by the enclosed enzyme. The
product, ammonium carbonate, would have to diffuse in the
reverse direction to raise the blood ammonia level. Thus, the
in vivo activity of the cnclosed enzyme could be assessed by
following the blood ammeonia levels.

The results obtained from anesthetized dogs are shown in
Figurc 32. Contral artificial cells containing red blood cell hemo-
lysate (0.25 ml/kg) injected intraperitoneally produced no signifi-
cant changes in the arterial blood levels of the animals. How-
ever, after the intraperitoneal injection of artificial cells containing
both hemolysate and urease {100 Sumner units in 0.25 ml/kg),
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Figure 32. Effect of urease-loaded artificial cells on hlood ammonia in

dogs anesthetized with Nembutal; the graph summarizes data from 3

experiments (mean —+ SD}. ' = injection of control artificial cells {no

urease, 0.25 ml/kg). U = injection of urcase-loaded artificial cells {0.25
ml and LO0 Sumner units kg). {From Chang, 1965.)

the arterial blood ammonia levels rose. At the end of the expcri-
ments, three to four hours after the injection of the artificial cells
containing urease, the blood amonia level was still rising. No
significant changes were observed in blood pressure, electro-
cardiogram, ov respiration, As a test for leakage of protein from
the injected artificial cells, the enclosed hemoglobin was tagged
with Cr 51. No radioactivity was detectable in the circulating
hood.

The changes in blood ammonia obtained in an unancsthetized
dog are shown in Figure 33. The intraperitoneal injection of the
control artificial cells had no significant effect on either the blood
ammonia level or the general state of the dog. When the artificial
cells containing urease were injected (0.5 ml containing 50
Sumner units/kg), there was likewise no immediate effect on
the hehavior of the animal. Later, corresponding to the peak of

&
the blood ammonia level, the animal hecame more sedated and
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Figure 33. Effect of artificial cells on blood ammonia in an unanesthetized
dog. C= control artificial cells (0.5 ml/kg). U = urease-loaded artificial

cells (0.5 ml and 30/ Sumner units/kg}. In this test, the urease preparution
{NBC) was stahilized by the addition of hemolysate. {From Chung, 1965.)

walked with an unsteady gait. Twenty-four hours later, even
though the blood ammonia level remained high, the animal ap-
peared to be perfectly normal and has remained so up to one vear
after the injection. It is seen that the in vivo activity of the urease
in the artificial cells, as indicated by the blood ammonia level, has
declined slowly with a half-time of two to three days. This
decrease in activity is not entirely related to the decrease in
enzyme activity when stored at 37°C (half-time of about seven
days); it could be due to the coating of the artificial cells hy
protein, fibrin, or phagocytes, thus reducing the permeability of
substrates across the membrane.

The results of these experiments show conclusively that urcase
in the artificial cclls when injected intraperitoneally can act effi-
ciently on endogenous urea, converting it into ammonia. Only a
small proportion of the body’s urea was changed to ammonia in
these tests, but it must be remembered that the intact liver was
simultaneously reconverting ammonia to urea. In addition, the
in vivo action of urease appeared to rise steeply with enzyme
dosage. The greater effectiveness of the higher dosage indicates



Biological Activity of Artificial Cells 77

that the rate-limiting factor for ammonia formation under the
conditions of these tests was the amount of enzyme present in the
peritoneal cavity rather than the ratc of transfer of urea or am-
monia across the peritoneal membrane.

These results led us to suggest that artificial cells containing
enzymes might be useful for enzyme replacement therapy
(Chang, 1964, 1965; Chang and MacIntosh, 1964h). In this form,
the enzyme, while acting on external permeant substrate, cannot
leak out of the artificial cells to become involved in allergic or
immunological reactions (Fig. 2).



Chapter 5

EXPERIMENTAL ENZYME THERAPY
INTRODUCTION

APID progress has been made in the field of enzymology.

In the face of all this progress, enzymes, despite their
tundamental importance, still have not gained their rightful place
as one of the important tools in clinical therapy. There are many
problems which limit the therapeutic nse of enzymes. Unless they
are highly purified, the contaminants may give rise to unwanted
reactions, Since, at present, substantial amounts of cnzymes are
morc plentiful in the form of foreign proteins obtained [rom
heterogeneous sources, there may be problems associated with
lwpersensitivity reactions, immunological reactions, and rapid
removal and inactivation. Further, there is the problem of keeping
the enzymes in the body at the sites where they can function
efficiently. There are a few situations where these problems are
not as important: when digestive enzymes arc used orally to
supplement deficient exocrine pancreatic  secretions; when
enzymes are given by cxternal application; when highly purified
enzymes are used for short periods of time; or when enzymes
from homologous sources are nsed. Unfortunately, in most other
situations these problems prevent the therapeutic use of enzymes.
However, in recent years it has been shown that with farther
development there is the possibility that some of these problems
might be circumvented (Chang, 1964, 1969d; Chang and Mac-
Intosh, 1964b; Chang and Poznansky, 1968a). In natare, most of
the enzymes act while remaining in an intracellular environment.
Thus, the possible uses of enzyme-loaded artificial cells for enzyme
therapy has been investigated cxperimentally in two typical
model systems, one involving enzyme replacement for congeni-
tul enzyme deficiency diseases; another involving enzyvme therapy
for the suppression of substrate dependent tumours. This chap-
ter gives an outline of the results obtained.

s
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ARTIFICIAL CELLS FOR INBORN ERRORS OF METABOLISM

Introduction

Since Garrod’s introduction {1909) of the concept or inborn
errors of metabolism, an increasing number of diseases have
heen added to this group. Many of these have been shown to
be due to specific enzyme defects. Enzyme defects nced not
necessarily imply the absence of the cnzymes. It may be due to a
structural genetic mutation at the reactive site, resulting in an
enzymatically inactive molecule. In other cases, normal cnzymes
may be present, hut cannot act, either becanse of the presence of
an inhibitor or because of the deficiency in cofactors. In all cases,
the enzyme defects result in either an accumulation of substrates
to a toxic level or the deficicncy of essential products (Fig. 34).
At present, clinical treatment of these diseases is by “environ-
mental engineering” (cf. Scriver, 1969). This includes restricting
the intake of the substrate (e.g. dictary restriction ), replacing the
deficient product (e.g. hormonal replacement), or supplementing
the cofactor (e.g. vitamin B administration ), Even if the enzymes
which are deficient in “inborn errors of metabolism™ become
available, they will have to be administered in a form which
can reach the relevant sites of action without being rapidly in-
activated and removed and without involving immunological and
hyperscnsitivity recations. One line of research in this laboratory
(Chang and Poznansky, 1968a) involves the use of artificial cells
for experimental replacement therapy in mice with a congenital

HEREDITARY EMZYME DEFECTS
{eg phenylketonuria acatalesemia etc etc)
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Figure 34. Schematic represeniation of the available approaches in the
treatment of enzvme deficiency diseases.
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deficiency in the enzyme catalase. These acatalesemic mice have
been recently developed by Feinstein et al. (1966a). One of the
mutant strains, C.°, has a blood catalase activity about 2 percent
of normal and a total body catalase activity 20 percent of normal.
This is an example of enzyme polymorphism (Feinstein et al,
1968) since, despite the lack of cataluse activity in the blood, the
mutated catalase molecules are still present in an inactive form.
Using this strain of mice they (Feinstein et al., 1966b) showed
that these mice are ideal for the investigation of enzyme replace-
ment therapy. For example, they showed that injections of cata-
lase solution protected the animals from hyvdrogen peroxides,
whereas injections of a form of insoluble catalase derivative did
not offer any significant protection. Repeated injections of beef
catalase produced antibodies to the enzyme. Since catalase has
been microencapsulated in collodion membrane artificial cells
(Chang, 1967), we started investigations to study the various
aspects of enzyme replacement in these acatalasemic mice C.°
using artificial cells containing beef catalase (Chang and Poz-
nansky, 1968a; Poznansky and Chang, 1969; Poznanskv 1970;
Chang, 1971c¢).

Preparation

As discussed under the section of artificial cells containing cell
homogenate, catalase of red Dblood cell hemolysate enclosed in
artificial cells retains its activity in the case of collodion membrane
artificial cells, Further studies were done in this laboratory to
artificially incrcase the concentration of catalase in the hemoly-
sate of the artificial cells {Chang, 1967; Chang and Poznansky,
19684). This was done by dissolving crystalline lyophilized cata-
lase (Nutritional Biochemical Co.) 500 mg in 10 ml of tris-buf-
fered (0.495M 2-amino-2-hydroxymethyl-1,3-propancl) 10 gm’®
hemoglobin { Worthington Co.) solution, The final solution was
filtered through No. 42 Whatman filter paper to remove any un-
dissolved particles, Three milliliters of the filtrate were enclosed
in collodion membrane artificial cells by the procedure already
deseribed for preparing 80: diameter artificial cells. The inter-
facial polvmerization procedure that has been described for nylon
membrane artificial cells was unsuitable for the preparation of

g
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catalase-loaded artificial cells, because it inactivated the enclosed
catalase. Belore use, the artificial cells were washed at least six
times with 10 volumes of saline or until there was no visible
Jeakage of hemoglohin from the small proportion of imperfcet
artificial cells.

in vitro Studies

Sodium perborate is one of the substrates used for assaying the
enzymatic activity of catalase. In vitro, microencapsulated cata-
lase acted on this substrate at a rate 25 percent as efficient as that
of the same amount of enzyme in free solution. No detectable
catalase leaked out of the artificial cells during the test period,
but sodium perborate equilibrated across the artificial cell mem-
brane with a half-time of about 18 seconds. It was also noted that
the erythrocyte hemolysate in artificial cells containing added
catalase retained the red color of oxyhemoglobin, whereas when
no catalase was added, a higher proportion of the enclosed hemo-
globin was in the form of methemoglobin. In vifre studies on poly-
styrene artificial cells containing either hemolvsate or catalasc
cdone in another laboratory (Kondo, 1968 ) show ‘that the enclosed
catalase also acted efficiently on its substrate, hydrogen peroxide.
They found that the reaction rate was proportional to the amount
of artificial cells containing the enzyme.

in vivo Studies

In vivo experiments were performed in this laboratory (Chang
and Poznansky, 1968a) using the Feinstein strain of acatalasemic
mice C." and the corresponding normal strain Ci*. In onc set of
experiments, onc group of normal mice and three groups of acata-
lasemic mice were used (5 mice per group ). Each mouse received
a subeutancous injection of 0.014 mM/gm body weight of sodium
perborate (0.1M aqueous solution) as substrate for catalase. As
controls, one group of acatalasemic mice and the group of normal
mice received no other treatment. In the second group of acata-
lasemic mice, each animal had been given an intraperitoneal in-
jection of 0.15 ml/gm body weight of a 50 percent suspension of
artificial cells loaded with catalase just before recciving the per-
borate injection. In the third acatalasemic group, cach mouse re-
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ceived just prior to the subcutancous injection of perborate 0.75
mg,/gm of liquid catalase intraperitoneally.

It was observed that in acatalasemic mice which were given
an injection of sodium perborate without the previous protection
of catalase, the red color of the pupils turned brown and the
animals became increasingly immobile, so that after 20 minutes
many of them were flaccid and in respiratory distress. Acatala-
semic mice protected by the intraperitoneal injection of miero-
encapsulated catalase responded difterently to the subcutaneous
injection of perborate. Five minutes after the injections they
ecame slightly immobile and the color of the pupils darkened;
in 10 minutes, however, the mice became more active, the pupils
returned to their normal color, and, except for one mouse, the
animals were moving about freely at the end of the 20 minutes.
Acatalasemic mice injected with catalase solution and normal
mice recovered even faster.

Exactly 20 minutes after the injection of perborate, cacl animal
was homogenized for two minutes in four times its weight of IN
sulfuric acid. Three milliliters of the homogenate was added to
6 ml of solution containing sulfuric acid {IN) and trichloroacetic
acid {5%). This suspension was filtered and 6 ml of filtrate was
titrated with potassiwn permanganate (0.005N}. All measure-
ments were performed in triplicate. For these measurements, two
controls were used. First, titratable material in the homogenate
other than sodium perborate was measured in normal and acata-
lasemic ice which had not received any injected perborate. This
value was used as a blank in the caleulation of total body sodium
perborate. Tn another control measurement sodium perborate was
added to the homogenate, the catalase of which had bheen inac-
tivated hy the presence of sulfuric acid (1N). When the filtrate of
this homogenate was titrated, more than 95 percent of the per-
borate added could Dhe titrated by potassium permanganate
(0.005N).

The results of the in vivo experiments showed that when the
total body perborate was measured in control animals 20 minutes
after the injection of sodium perborate, only 2.5 percent2.5
percent (SD) of the injected substrate could be recovered from
the normal mice, whereas 70 percent+8.2 percent (SD) could
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be recovered from the acatalasemic mice. When the acatalasemic
mice had received injections of liquid catalase or catalase-loaded
artificial cells just before the injection of the sodium perborate,
only 7 percent=3.6 percent (SD) and 16 percent==3.5 percent
{SD) of the perhorate could be recovered from the respective
groups. Further detailed studies using a more sensitive method
of analysing perborate have heen carried out (Poznansky and
Chang, 1969) and are being prepared for publication. Recently,
mote precise and quantitative values of perborate recovery were
obtained for the control and treated acatalasemic mice (Fig. 35)
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10f

PERBORATE RECOVERED p Moles /gmbody wi.
(N
o
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t i t 1
Control Control Cataiase Cata'ase
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Figure 35. Injected sodium perborate recovered [rom normal G, and acatala-
semic G, mice 20 minutes alter injection. (From Chang, 1971h.)
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(Chang, 1971b}. These results again supported the earlier pre-
liminary findings that artificial cells containing catalase acted
efficiently in replacing the enzvme deficiency.

Thus intraperitoneally injected ligquid catalase and artificial
cells containing catalase both acted efficiently in replacing the
deficient enzyme. However, 20 minutes after the intraperitoneal
injection of catalase-loaded artificial cells, there was no increase
in blood catalase level; on the other hand, 20 minutes after the
intraperitoneal injection of catalase in free solution, there was a
significant increase in the blood catalase level. Thus intraperi-
toneally injected catalasc-loaded artificial cells, unlike catalase in
free solution, acted efficiently in vivo without leaking out of the
artificial cells. This is an important difference, because repeated
injections of free enzymes like catalase from heterogeneous
sources induce the formation of antibodies in the recipient. In the
casc of enzyme-loaded artificial cells, our earlier and present
studies show that enclosed enzymes do not leak out but still act
efficiently on external permeant substrates. Furthermore, gamma
globulins canmot cross the artificial cell membrane because of the
small equivalent pore radius. Thus, enzyme-loaded artificial cells
should have the advantage of not becoming involved in immuno-
logical reactions. Detailed studies on the immunological aspects
of microencapsulated enzymes show that catalase enclosed in
artificial cells is not involved in immunological reactions (FPoz-
nansky and Chang, 1969),

Patients with the inborn error of metabolism, acatalasemia,
suffer only from characteristic oral lesions due to the local action
of H.O. prodced by bacterials. Experiments done in acatalase-
mic mice show that artificial cells containing catalase, when
applied locally to oral lesions, acted efficiently on H.O. {Chang,
1972a}. In the same study, artificial cells containing catalase
applied locally to the oral mucosa of an human subject { TMSC)
did not produce any irritation or adverse effects, but contimied
to act efficiently on I.O.. With the preparation of stabilised
catalase artificial cells {Chang, 1971d), the possibility of long
term replacement therapy is even greater.
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Co_nclusion

The results obtained indicate that in acute experiments, arti-
ficial cells containing catalase efficiently replace catalase defici-
ency in acatalasemic mice without being involved in immuno-
‘logical reactions. This model is of particular interest, for there is
also a similar enzyme deficiency disease, acatalasemia, in humans.

| ARTIFICIAL CELLS IN SUBSTRATE-DEPENDENT TUMOURS
B - Introduction

" Guinea pig serum suppresses the growth of mice lymphosar-

coma (Kidd, 1953) because asparaginase in the serum depletes
the extragellular supply of asparagine to asparagine-dependent
tumors (Broome, 1961). Asparaginase can be obtained in much
larger amounts from the bacteria Escherichia coli for use in
large-scale studies (Mashburn and Wriston, 1964). Recent re-
views (Broome, 1968; Adamson and Fabro, 1968; Haskell et al.,
1969; Whitecar et al., 1970) suggest that parenterally injected
E. coli asparaginase is removed rapidly as foreign protein and
that there appears to be a relationship between the antitumor
activity and the plasma half-life of L-asparaginase; in addition,
E. coli asparaginase may give rise to hypersensitivity and im-
munological reactions. Since microencapsulated enzymes can act
efficiently in vitro and in vivo on permeant substrate without
being involved in immunological reactions, a study has been
made to examine the effects of microencapsulated asparaginase
on 6C3HED lymphosarcoma-implanted mice (Chang, 1971a).

Preparation
~ Nylon membrane artificial cells containing asparaginase were .
prepared as follows: 1260 units (1 unit produces 1 M of am-
monia in 60 minutes—Broome, 1963) of the enzyme was dissolved
in 1.5 ml of a 10 gm% hemoglobin (hemoglobin substrate, Worth-
ington Co.) solution. To the 1.5 ml enzyme solution in a 100 ml
beaker was added an equal volume of a freshly prepared alkaline
¢ 1,6-hexamethylenediamine solution (an aqueous solution contain-
. ing 4.4 gm% 1,6-hexamethylenediamine (Eastman), 1.6 gm% sodi-
um bicarbonate, and 6.6 gm% sodium carbonate). Immediately
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upon mixing the two solutions in a 100 ml beaker, the subsequent
steps for the preparation of 80x mean diameter nylon artificial
cells described in this monograph were carried out. A brief out-
line is as follows: 15 ml of a “mixed solvent” (chloroform-cyclo-
hexane, 1:4, containing 1% v/v of Span 85 was added to the
aqueous solution. The mixture was mechanically emulsified for
oue minute at 4°C using a Jumbo magnetic stirrer at a speed set-
ting of 5 to give emulsified microdroplets of 80 mean diameters.
To this stirred emulsion was added 15 ml of sebacoyl chloride
solution. (Sebacoyl chloride solution 0.018M, was prepared im-
mediately before use by adding 0.1 ml of pure sebacovl chloride
[Edatman} to 25 ml of the mixed solvent. ) The reaction was al-
lowed to continue for three minutes at the same stirring speed,
then quenched by the addition of 30 ml of the mixed solvent, All
the supernatant was removed by centrifugation or sedimentation,
and 30 ml of a dispersing solution {equal volumes of Tween 20
and water) was added. The suspension was stirred at a spced
setting of 8 for one minute. The speed was then decreased to 5,
and 50 ml of water was added to the stirred suspension. The sus-
pension was stirred for another 30 seconds and then poured into
a beaker containing 200 ml of saline. After removal of the supcr-
natant, the artificial cells were washed repeatedly in saline to
remove Tween 20 and any artificial cells which were not well
formed. Only properly perpared artificial cells which did not show
any leakage of enzymes were used in these experiments. Control
artificial cells were prepared in exactly the same way, except that
asparaginase had 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, Worth-
ington Co.) solution, The remaining steps for the preparation of
collodion membrane artificial cells were carricd out,

in vitro Studies
In vitro studies using rapid mixing and sampling technique
showed that "*C-labelled aspuragine equilibrated rapidly across
the artificial cell membranes (Chang et al., 1969). When assaved
by the ammonia procedure of Broome (1963 ), the enzyme activity
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of microencapsulated asparaginase was 70 units/ml of a 50% arti-
ficial cell suspension. Thus the microencapsulated asparaginase
acted on external asparagine at one-third the cfficiency of the
enzyme in free solution. Asparaginase, whether in free solution
or in the microencapsulated form, had the same Km (Michaclis
constant} values; however, the microencapsulated enzyme had a
lower Viax value (Chang et «l, 1969). The microcncapsulated
asparaginase in aqucous suspension retained 80 percent of its
original activity after three weeks of storage at 4°C.

in vive Studies

In vivo experiments on C3HHe] mice (Jackson Lahoratories,
Bar Harbour ) showed that intraperitoneally injected asparaginase-
loaded artificial cells lowered the blood asparagine level signifi-
cantly (Chang et al., 1968). These results led to further in vivo
cxperiments on C3HHe] mice {Chang, 1969¢, 1971a). The pro-
cedure of tumonr implantation {Broome, 1963) was modified
slightly by using a tenfold amount of BC3HED lymphosarcoma
cells, Each mouse received a subcutancous injection of 500,000
6C3HED lymphosarcoma cells (Jackson Lahoratories) in each
groin. Immediately after implantation, each mouse was given
one of the following intraperitoneal injections: 0.053 ml/gm body
weight of saline; 0.05 ml/gm body weight of a 50% suspension of
control artificial cells; 0.05 ml/gm body weight of an asparaginase
solution (70 units/ml solution }; or 0.05 ml/gm body weight of a
50% suspension of artificial cells loaded with asparaginase (assayed
activity 70 units/ml 50% suspension). The tumor implanted mice
were followed as described by Broome (1963). Figure 36 shows
the time when the tumor first appearcd, 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 tumouwr implanted mice which had re-
ceived a single intraperitoncal injection of asparaginase-loaded
artificial cells, no tumours appeared in 50 percent of the implanted
sites after 120 days. Thesc results showed that when compared
to the asparaginase solution, the microencapsulated form was
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Figure 36. Appearunce of implanted 6C3HED Ilymphosarcoma in mice.
® —saline as control, © = control artificial cells, X = asparaginase solu-
tion, Y= artificial cells containing asparaginase,

much more effective in suppressing the growth of implanted
mouse lymphosarcoma, In order to explain this difference, one
might look at the results of experiments described in an earlier
chapter in which nylon membrane artificial cells of 80p mean
diameter containing *'Cr-labelled heterogenous hemoglobin were
injected intraperitoneallv. After the first week, the artificial cells
were well dispersed over the whole peritoneal cavity. After the
second week and thereafter, there was some tendency for them
to be found in larger numbers in the upper parts of the peri-
toneal 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 arti-
ficial cells in the peritoneal cavity during the four-week follow-up.
Thus, intraperitoneally injected artificial cells of 80y mean
diameter remained in the peritoneal cavity for at least four weeks,
and the microencapsulated hemoglobin did not leak out of the
artificial cells throughout this time. These results would seemn
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to support the possibility that after parenteral injection, free
asparaginasc was removed rapidly as foreign proteins (Adamson
and Fahro, 1968; Haskell et al., 1969), whereas the microencap-
sulated form remained inside the artificial cells in the peritoneal
cavity, This way, asparaginase could continue to act on asparagine
dialyzing into the artificial cells.

Artificial cclls with biologically compatible membranes have
been prepared (Chang et al., 1968). Insolubilized cnzymes like
urease catalase, and trypsin have also been microencapsulated in
this laboratory. This progress may eventually lead to preparations
which might act indefinitely after parenteral injections. The im-
plication of dialysis against enzymes using semipermecable arti-
ficial cells (Chang, 1966) or other modificd approaches { Stan-
field, 1968; Martel et al., 1970) should not be confined to the
specific examples mentioned. There may well be other amino acid
dependent tumours, for example, scrine-dependent leukemia
{ Regan et al., 1966).

DISCUSSION

The results obtained strengthen the feasibility of using arti-
ficial cells for cnzyme therapy. The ultimate clinical uses of
enzyme-loaded artificial cells will depend on parallel develop-
ments in all aspects of enzyme technology. Thus, the availability
of a sufficient amount of purified cnzymes is the first and fore-
most criterion. Large~sca]e enzyvme pmductiml, extraction, and
purification from biological sources is now a well established
technology. Other examples include the extraction of fibrinolysin
and urokinase from homologous sources. With the recent interest
in the large-scale culture of human cells, a potentially new source
of homologous enzymes may be available, Other exciting progress
is in the chemical synthesis of enzymes. Merrificld’s gronp was
able to adapt its automatic solid phase polypeptide synthesis
technique (Merrificld, 1963) for the chemical synthesis of the
enzyme ribonuclease (Gutte and Merrifield, 1969). With increas-
ing knowledge of the basic functional and structural aspects
of enzymes, this technology can be used to synthesize an increas-
ing number of enzymes,

Whether in free solution or loaded within artificial cells, en-
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zymes deteriorate slowly at 37°C. To have a stable system, in-
solubilized cnzymes (catalase, urease and trypsin} have been
loaded within artificial cells (Fig. 38) {Chang, 1969d, 1971d)
to produce enzyme-loaded artificial cells with prolonged activity.

The subject of immobilised cnzvmes has already been excel-
lently reviewed (Silman and Katchalsky, 1966; Axen et al., 1967;
Moshach 1970; Gryszkiewicz 1971), so that only a very brief sum-
mary is required here, Water-insoluble derivatives of enzymes are
formed by binding enzymes to insoluble carriers by a number of
approaches. Enzymes can also be physically adsorbed to ivert
carriers like glass beads, cellulose, or charcoal (Fig. 37). Ilow-
ever, desorption of the enzymes may occur with changes in ionic
strength, pH, temperature, or other factors. Cross-linking of the
adsorbed enzymes prevents these problems (Haynes and Walsh,
1969). Another approach is to trap enzymes inside the lattice of
a gel, for instance, cross-linked polyacrylamide gels (Fig. 37).
In these cases, even after exhaustive washing, small amounts of
enzyme still leak out. Another approach involves the covalent
binding of enzymes to an insoluble carricr (Fig. 37) by a number
of procedures. By this method, enzymes are attached much more
firmly to their carriers. The enzymes which have heen prepared
in the insolubilized form include trypsin, chymotrypsin, papain,
pepsin, urease, invertase, diatase, alcohol dehydrogenase, and
others. Derivatives of hydrolases act on both low and high molec-
ular weight substrates, althougl they show lower activity on
macromolecular substrates. This has becn explained as due to the
steric hindrance of the carrier, which may impedc the fitting of
the macromolecules to the enzymes. The disparity between the
action on low and high molecular weight substrates is greater
with a high carrier-to-enzymc ratio: preparations with a high
enzyme content do not show this disparity. Covalently bound,
insolubilized enzvmes like ribonuclease retain some of their ability
to interact with their antibodies. One of the most attractive fea-
tures of these water-insoluble derivatives is that in agueous
suspension they are much more stable than the corresponding
native enzymes. For instance, insolubilized trypsin, chymo-
trypsin, papain, and urcase retained most of their activity alter
storage at 4°C. for scveral months. Further development in the
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A B C

Figure 37, Schematic representation of insoluble enzyme derivatives. E

represents an enzyme molecule, (C) Enzymes absorbed to carder. (B)

Enzymes trapped in gel lattice, {A)} Enzymes covalently linked to carrier.
(From Chang, 1969. Courtesy of Science Tools, Sweden.}

Figure 38. Schematic representation of an artificial cell containing both
native enzymes and insoluble enzyme derivatives. (From Chang, 1969.
Courtesy of Science Tools, Sweden. )

field of insolubilized enzymes will increase the scope of possible
uses of enzyme-loaded artificial cells.

By loading enzymes within artificial cells, one avoids the prob-
lems associated with immunological reactions, contamination,
rapid in vive removal, and inactivation. In addition, when the re-
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actions involve more than one enzyme system or where the prod-
ucts require removal by a nonenzyme system, one can enclose the
different systems together in the artificial cells. Another advantage
of enzyme-loaded artificial cells is that the sites of action can be
controlled to a certain extent (Chang ef gl, 1968; Chang,
1969d). For example, when placed in an extracorporcal shuut
system, the microencapsulated enzymes can be perfused by
blood, peritoneal fluid, dialysate fluid, or another body fluid;
when injected parenterally they can remain at the site of final
location; when administered orally, they can act in the gastro-
intestinal tract without being destroyed by proteolytic enzymes.
This is made possible by selecting different types of biologically
inert artificial cell membranes with variations in surface charge,
chemical composition, and degrec of blood compatibility. Some
of these studies will be described in detail in later chapters.



Chapter 6
RED BLOOD CELL SUBSTITUTES
INTRODUCTION

HE discovery of blood groups by Landsteiner and co-
workers has led to the widespread clinical use of homol-
ogous blood. The demand for blood for clinical uses is so great
that blood from donors cannot adequately fulfill this require-
ment. In addition, blood types are more complicated than have
been originally thought, and carcful blood tvping and matching
is required. There is also the possibility of transmissiov of infec-
tions, like infectious serum hepatitis, from donor blood. Further-
more, blood stored by the standard procedures can only be kept
for a few weeks. These and other problems have led investigators
to search for possible blood substitutes. The ideal blood substitute
should contain a fraction which can take over the function of
plasma and another fraction which can take over the function of
red blood cells. Although plasma substitutes have already been
used clinically for some years, clinically uscful substitutes for red
blood cells are still not available at present. Research is being
continued to find a clinically useful substitute for red blood cells.
Oxygen in various forms has heen used to substitute the oxy-
gen-carrying functions of red blood cells. This includes the intra-
venous infusion of gaseous oxygen (Ziegler, 1941) or of micro-
bubbles of oxygen gas (Hori and Toyoda, 1962 ). Unfortunately,
infusion of oxygen leads to multiple gas emholi (Grodins et al,,
1943). The use of hemoglobin solutions has also been investi-
gated. Thus Folkman’s group (1966) showed that hemoglobin
solution (1 gm/100 ml) can maintain the viability of isolated
perfused organs for weeks. Others (Dean ef al., 1967) observed
that a patient with complete hemolysis of the circulating red
blood cell mass could survive for several hours with tissuc gas
exchange occurring by means of plasma hemoglobin. Unfortu-
nately, hemoglobin {mol wt 68,000) is rapidly cleared by the
kidneys in a matter of hours (Fairley, 1940}, High concentra-
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tions of plasma hemoglobin also have an adverse effect on the
kidneys. Another line of approach involves the study of synthetic
substitutes for the oxygen-carrying pigment hemoglobin. Wang
(1958) demonstrated that several coordination compounds of
heme and imidazole dissolved in organic solvents can combine
reversibly with oxygen. However, in aqueous solutions, these
compounds lose these properties. Minoshima {1965) investigated
a water-soluble bis-histidino-cobalt compound. This compound
can absorb oxvgen reversibly for one hour at 37°C. Infusion of
this compound into bleeded rabhits can maintain oxygen supply
tor about one hour. However, like natural hemoglobin in free
solution, this compound {mol wt 820) is rapidly cleared by the
kidney and excreted in the urine with a half-time of about 20
minutes. Thus, it is clear that in the intact animal, even if a
water soluble compound with exactly the same properties as
hemoglobin can be synthesized, it still cannot remain in circula-
tion for long.

ARTIFICIAL CELLS CONTAINING ERYTHROCYTE
HEMOLYSATE

Introduction

In nature, hemoglobin and complex enzyme systems are en-
veloped in red blood cells. The enclosing cell membranes, while
impermeable to the enclosed hemoglobin and enzymes, are
freely permeable to oxygen, carbon dioxide, and other small
molecules. This way, hemoglobin is maintained in an intracellu-
lar environment and prevented from being excreted by the kid-
neys; at the same time the enclosed hemoglobin can combine
reversibly with extracellular oxygen. Carbonic anhydrasc, while
remaining in an intracellular environment, acts on permeant
cxtracellular carbon dioxide and thus plays an important part in
the transport of carbon dioxide. Other intracellular enzymes like
catalasc remove peroxides which would otherwise oxidize the
oxygen-carrying hemoglobin to the non-oxygen-carrying methmo-
globin, Still other enzyme systems like the methemoglobin reduc-
tase systems are present in the red blood cells to convert methmo-
globin to hemoglobin. This way, hemoglobin is maintained in an
active state throughout the life span of the red blood cells. In
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1957, 1 showed that the contents of red blood cells can be en-
veloped in ultrathin spherical artificial polymer membranes of
cellular dimensions (Fig. 2). In this form, the hemoglobin and
the elaborate enzyme systems normally present in the red blood
cells are now enveloped in an “intracellular environment.” This
way, hemoglobin and enzymes are prevented from leaking out
to be excreted or to become involved in immunological reactions,
At the same time, oxygen and carbon dioxide can equilibrate
rapidly across the membrane to interact with the enclosed ma-
terials. If these artificial cells are nontoxic and capable of circu-
lating for a long time in the bloodstream, the general principle
of artificial cells might be applicable for red blood cell substitutes,
since in this form, the membranes of the artificial red blood cells
would not become fragile after prolonged in witro storage in the
blood bank. The artificial red blood cells could be transfused
without cross-matching, since they would lack the ABO and other
blood group antigens that are attached to the red blood cell
membranes. Even though this approach is far frum being ready
for clinical use, some progress has been made.

Hemoglobin And Enzymes

The in vitro hiochemical properties of artificial cells containing
red blood cell hemolysate have been studied. Farlier studies have
shown that red cell hemolystate enveloped in collodion membrane
artificial cells contains a combination of oxvhemoglobin and
methemoglobin and that the oxyhemoglobin retains its ability to
combine reversibly with oxygen ( Chang, 1957, 1964 }. More recent
studies {Chang and Poznansky, 1968a) show that if additional
catalase has been enclosed along with the red blood cell hemoly-
sate, 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 hemoalysate en-
closed in Silastic rubber artificial cells (Chang, 1966) remains
unaltered and can combine reversibly with oxygen, and it retains
this ability for at least a few days of storage at 4°C. More re-
cently, studies of a Japanese group have also suppotted these
findings. Hemoglobin microencapsulated within polymier mem-
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branes like polystyrene, ethyl cellulose, and dextran stearate
( Sckiguchi and Kondo, 1966) has been shown to combine revers-
ibly with oxygen (Toyoda, 1966).

Carbenic anhvdrase, present in high concentration in red blood
cells, plays an jmportant part in the transport of carbon dioxide.
The carbonic anhydrase activity of ervthrocyte hemolysate en-
closed in artificial cells of collodion, nvlon, or cross-linked protein
membranes has heen analyzed (Fig. 39) (Chang, 1964, 1965).
The carbonic anhydrase activity was measured as the rate of fall
of pH when carbon dioxide was bubbled throngh a buffered
suspeunsion (Philpot and Philpot, 1936). The rate of fall of pH
was accelerated by the presence of crythrocytes, or of artificial
cells containing red blood cell hemolysate. Acetazolamide (Dia-
mox®) in the concentration wnsed, comp]etel} inhibited the cata-
lytic activity of both the erythrocytes and the nylon, cross-linked
protein, or collodion membrane artificial cells, The samples of
buffered saline that had been in contact with their own volume
of artificial cells for 24 hours showed no detectable enzyme ac-
tivity, indicating that the enclosed carbonic anhydrase had not
leaked out during this period. Carbonic anhydrase in artificial
cells had ahout 75 percent of the activity of the erythrocyte-
bound enzyme. Thus, carbonic anhydrase in artificial cells acts
efficiently in catalyzing carbon dioxide.

Catalase is another important component of mammalian eryth-
rocytes, Its enzymatic activitics in the hemolysate enclosed in
collodion membrane artificial cells has also been analysed {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 artifi-
cial cells acts efficiently in vitro; it also acts efficiently in wvive
in replacing the enzyme in mice which have a congenital defi-
ciency of catalase in their red blood cells (Chang and Poznan-

skv, 1968a).

Immunological Studies

Human ABO blood group antisera cause marked agglutination
of both incompatible human erythrocvtes and heterogeneous
erythrocytes. On the other hand, studies in this laboratory show



Red Blood Cell Substitutes o7

BUFER ONLY 24-HR. SUPERMATANT
90
pH.
a0
z 4
imine)

CAT ERYTHROCYTE S

J’\ G ml. le f1eme. +
eotoxolemide

MICROCAPFPSE ULESES

Figure 39. Carbenic anhvdrase activity, meusured as the rate of fall of

pH in the presence of CO.. Fall of pH is accelerated by erythrocyte or

artificial cells containing hemolysate. Acetazolamide eliminates the enzyme

activity in erythrocyte and artificial cells. Supernatunt from artificial cells

has no enzyme activity. {From Chang, 1964. Copyright 1564 by the Ameri-
can Association for the Advancement of Science.)

that these antisera do not cause any agglutination of artificial
cells containing red blood cell hemolysate, even though the
hemolysate has been obtained from 1ncompat1ble human erythro-
cytes or heterogeneous erythrocytes. Thus artificial cells do not
appear to possess the blood group anigens normally present in
biological cell membranes.

Intravenous Injection

The fate of intravenously injected nylon membrane artificial
cells containing hemolysate has been studied (Chang, 1964,
1965; Chang and Maclntosh, 1964a). A suspension of 5p+2.54
diameter (mean == standard deviation) nylon membrane artificial
cells was infused intravenously over a period of 1.5 minutes, and
arterial samples were obtained from the anesthetized cat during
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and following the infusion. The arterial level rose steeply during
infusion, but upon discontinuing the infusion, the level fell (Fig,
40) at first with a half-time of about 1.6 minutes and thereafter
somewhat more slowly, This result made it obvious that though
some of the artificial cells successfully completed one or more
circulations, thev were removed rapidly from the bloodstream.
Experiments using “Cr-labelled nylon membrane artificial cells
show that most of them are removed by the Iung, liver, or spleen,
Collodion membrane artificial cells are also removed rapidly from
the circulation. Thus it appears that nvlon and collodion mem-
brane artificial cells of 34 average diameters are rapidly removed
trom the circulation. During the infusion there is a fall in arterial
bleod pressure and an increase in venous pressure and other signs
compatible with pulmonary embolism.

At this point, it is interesting to note that the formed elements
of blood of comparable dimensions survive for a long time in the
circulation. From the experiments of Harris (1963), Rand and
Burton (1963 ), Canham and Burton (1968), Jandl &t al. (1961),
and others, there is no doubt that the deformability of red
blood cells is an extremely important factor in allowing them to
pass through the capillaries of smaller diameters. In addition,
very minute changes in the shape of erythrocytes also aftect their
survival in the circulation (Canham and Burton, 1968). Im-
munological properties is another obvious factor in the survival
of blood cells in the circulation. Immunologically incompatible
red blood cells are removed rapidly from the circulation by the
reticuloendothelial system (Halpem ei al., 1958). However, in
the case of artificial cells, the membranes are devoid of antigens,
and in vifro experiments in this laboratory described earlier show
that they are not agglutinated by blood group sera,

Although the size of the particles is important (Ring et al,
1961 ), size alone is not the only determining factor, since foreign
particles as small as 25 A are removed rapidly from the circula-
tion by the reticulo-cndothelial system (Halpern et al., 1958).
Another factor that might be important is the effect of surface
properties of artificial cells { Chang, 1964, 1965; Chang and Mac-
Intosh, 1964a). Red blood cells and other formed clements of
blood have a negative surface charge (Abramson, 1934) which
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Figure 40. Survival of nylon membrane artificial cells {mean diameter 5.}
after intravenous infusion into cats; arterial sampling. {From Chang, 1865.}

is due to the presence of n-acetylneuraminic acid containing mu-
copolysaccharide on the red blood cell membrane (Cook et al.,
1961}, Platelets are known to contain a sulfated polysaccharide.
Rambourg et al. (1965) have demonstrated the presence of a
well-marked carbohydrate coating on many mammalian cells.
Davies (1958, 1961) reported that the clectrophoretic mobility
of erythrocytes was diminished in myocardial infarction, and
suggested that such a reduction of surface charge would favour
their adhesion to one another or to blood vessel walls. Danon and
Marikovsky (1961) found that the younger erythrocytes were
about 30 percent more strongly charged than the colder ones ob-
tained from the same bload sample, All this information leads us
to contemplate the importance of the physicochemical surface
properties in allowing a particle to survive in circulation (Chang,
1965). Investigation was carried out in this laberatory to study
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the relationship of surface properties to the survival of erythro-
cytes, foreign particles, and artificial cells in circulation.

Onc of the experiments involved the study of the effects of
removal of nenraminic acid from red blood cells on their survival
in circulation. Experiments on the survival of *Cr-labelled eryth-
rocytes were carried out in four dogs according to the plan
shown in Figure 41. The animals’ own erythrocytes were injected
ont three occasions. On the second oceasion, the reinjected eryth-
rocytes had been treated with neuraminidase to remove neura-
minic acid by the procedure of Cook ef al. (1961), washed with
saline, tagged with ’Cr according to standard procedures { Chien
and Gregerson, 1962 ), and then washed three times with saline.

SURVIVAL IN CIRCULATION {4DOGS) -
cr* TASGED AUTOLOBOUS DOG ERYTHROCYTES . L 0G%
HalF
WUECTED
ACTIVITY

0%

L
™ L]
100 % & . lg
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a TIME / HOURS

Figure 41. Survival of reinfused autologous dog erythrocytes, 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 erythrocytes and the second test was with neuraminidase-treated
erythrocytes. Ordinates give percent of injected label in circulation at time
of sampling, asuming that blood volume, calculated as the dilution volume
of the injected label in the first test, was the same throughout. Note rapid
diasappearance of neuraminidase-treated erythrocytes. (From Chang, 1965.)
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On the first and last occasions, the ervthrocytes were treated
similarly cxcept that no neuraminidase was added. The results
are shown in Figure 41. The control cells disappeared very slowly
from the circulation, compatible with the usually stated lifetime
of about three to four months for red cells of dogs (Berlin ef ol.,
1959). The neuraminidase-treated erythrocytes fell exponentially
with a half-time of only about two hours. The response of each
animal to the final injection of control erythrocytes was not sig-
nificantly different from its response to the first injection. These
results led to our suggestion that the survival of ervthroeytes may
be velated to the neuraminic acid present in the membranes;
thus older cells with a decrease in neuraminic acid are removed
from the eirculation { Chang, 1965; Chang and MacIntosh, 1964).

These results led to the investigation of a simpler model system
(Chang, 1965). Polystyrene latex particles ( Dow Chemical Co.)
2.05:+0.018; {mean = standard deviation) were diluted 1:100
in saline. A similar suspension was prepared using polystyrene
latex sulfonated for 30 seconds by Ag.SO, and H.SO,, and then
washed with saline (Chang, 1965). The arterial blood levels of
the control and the sulfonated polystyrene latex after intravenous
injection arc shown in Figure 42. With the sulfonated polystyrene
latex, the initial counts were close to the expected number; after
this the level declined, with a half-time of about 1.6 minutces, and
then apparently more slowly. In the case of the control polysty-
renc latex particles, even in the first sample collected, half a
minute after the injection the arterial blood contained only 10
to 15 percent of the theoretical number of particles, and then
fell with a much steeper slope with a half-time of about 15 to
30 seconds. Further experiments show that the sulfonated poly-
styrene latex particles are not trapped to any extent by the Iung,
but are removed by the extrapulmonary tissues like the portal
circulation. Control polystyrene latex particles, on the other hand,
are trapped fairly efficiently by the lung, and very efliciently by
the extrapulmonary tissues, especially the portal circulation.
Wilkins and Meyers (1966) have also reported similar studies.
In their experiment, the surface charge of polystyrene particles
was altered by the adsorption of macromolecules: gum arabic
for negative charge and polylysyl gelatin for positive charge.



102 Artificial Cells

SULPHONATED PLP
SULPFHONATED. PLP
PLP (NOT SULPHONATED)
PLP { NOT SULPHONATED)

v
o
»
»

" OF INJECTED MICROSPHERES (PLP)

by L)

Il 1
0 10 15 20 25 30 35
TIME AF TER INFUSION (min})

Figure 42. Survival of polystyrene microspheres infused into cats, {Infusion

took 30 seconds ending at zero time.) Data from four experiments, two

with untreated and two with sulfonated microspheres. Ordinates give

arterial counts of artificial cells, as percentage of the count expected on the

assumption that all injected artificial cells would be uniformly distributed
in a blood volume of 70 ml/kg. {(From Chang, 1965.)

They demonstrated a relationship between surface charge and
site of removal. Negatively charged polystyrene particles are
largely taken up by the liver, while positively charged polysty-
rene particles are initially accumulated appreciably in the lungs.

Artificial cells were prepared with sulfonated nylon membranes
{Chang, 1965) for the study of the effects of charge on surface
properties. Sulfonated nylon membrane artificial cells prepared
as described had a negative surface charge comparable to that
of erythrocytes. Preliminary results showed that although sul-
fonated nylon artificial cells are also removed rapidly, they sur-
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Firure 43. Survival of labelled nvlon membrane artificial cells (mean

diameter 5,.) after intravenous infusion into cats; arteriul sampling. Upper

line: sulfonated nylon membrane artificial cells. Lower line: ordinary nylon

membrane artificial cells, Survival estimated as percentage of radioactivity

expected on the basis of uniform distribution of the label in a blood volume
of 70 ml/kg. {(From Chang, 1965.)

vive significantly longer than unsulfonated nylon membrane
artificial cells {(Fig. 43). In addition, the unsulfonated nylon
membrane artificial cells are less liable to be trapped in the pul-
monary circulation and the reticuloendothelial system than the
control ones,

Since natural erythrocytes and the endothelium of vessels are
covered by mucopolysaccharide, further studies were done in this
laboratory to incorporate a complex containing a mucopolysac-
charide {heparin) into the artificial cell membrane (Chang ef al.,
1967b) and to study their survival in the circulation. Collodion
membrane artificial cells prepared by the standard procedure,
and heparin-complexed collodion membrane artificial cells were
wsed. Preliminary results showed that while both types of artificial
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cells were removed rapidly from the circulation, those with a
heparin-complexed membrane survived significantly longer.

The significant difference in length of survival of sulfonated
polystyrene latex, sulfonated nylon membrane artificial cells,
and heparin-complexed artificial cells, when compared to their
respective control counterparts, seems to indicate that surface
properties do play an important part. It seems that surface nega-
tive charge per se may not be the deciding factor. The citective
surface charge of a suspended particle depends very much on
the nature of the fluid in which it is suspended. For instance,
Seaman and Swank (1963) observed that althouhg lipid emul-
sions of varying pH had electrophoretic mobilities in saline that
corresponded to their pH, the samc lipids emulsified in plasma
had identical mobilities. Likewise, Mirkovitch et al. (1964) found
that the negative surface charge of sulfonated polystvrene was
lost almost immediately when suspended in dilnte plasma. The
type of surface may decide the selective adsorption of certain
types of plasma components onto its surface, thereby deciding
whether the particles arc suitable for prolonged survival in the
circulation.

STILICONES AND FLUOROCARBONS

Another line of approach involves the use of a class of inert
organic chemicals called silicones and fluorocarbons. Silicones
are organic compounds with organic groups added to a skeleton
chain of silicone organic groups. The silicones are available in
the form of fluids, resins, and rubbers, Flourocarbons are organic
compounds in which the hydrogen atoms have been replaced
by florine. Both groups have a high solubility for oxygen and
other gases.

Polymerized Emulsions Of Silicones

A type of silicone can be formed by adding a catalyst (e.g.
stannous octoate) to a thick liquid polymer, Silastic RTV. The
resulting silicone is in the form of a rubber that has useful me-
chanical properties and is chemically inert (Braley, 1960). Like
other types of silicones, it is highly soluble to oxygen and carbon
dioxide, Experiments have been dene to test this group of ma-
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terials for use as artificial red blood cells (Chang, 1966). This is

done by forming a double emulsion of hemolysate and poly-
methylsiloxane to form microspheres, each consisting of 1 part
of hemolysate and 2 parts of silicone rubber. In this emulsified
form hoth the silicone rubber and the enclosed hemoglobin can
combine reversibly with oxygen; in addition, the presence of
carbonic anhydrase in the silicone rubber would make the car-
riage of carbon dioxide much more efficient. Also, in this emulsi-
fied form, the artificial cells can be suspended in an aqueous
solution which can carry the water soluble nutrients like glucose
and amino acids required for the metabolism of tissue cells. When
infused intravenously into cats, the silicone rubber artificial cells
(mean diameter 4¢) were removed rapidly from circulation. A
number of factors responsible for their rapid removal may include
their rigidity and size,

Silicone Qils and Fluorocarbon Oils

Clark and Gollan (19668) immersed animals in oxygen-sat-
urated silicone oils. When immersed in silicone oils having a
viscosity of 1 centistoke, mice survived for 35 minutes at 24°C
and six hours at 18°C; cats survived for one hour. When animals
were immersed in oxygen-saturated fluorocarbon liguid FX-80,
their arterial oxygen tensions were maintained between 140 and
300 mm; their arterial pCO. increased from 50 to 80 mm and
their arterial pH fell from 7.35 to 7.10. Thus although the arterial
oxygenation was good, there was some impairment of carbon
dioxide elimination, Immersion in the fluorocarbon liquid re-
sulted in pulmonary damages. Gollan and Clark (1966) perfused
isolated rat hearts alternately with oxygenated FX-80 fluorocar-
bon and oxvgenated diluted blood. They found that the isolated
rat hiearts continued to beat strongly. Work in the same labora-
tory (Linn et al, 1967) involved the use of silicone oils (1 to
50 centistokes viscosity) or fluorocarbon oils to perfuse isolated
kidneys. Perfusion with either of these liquids allowed the isolated
kidney to be stored for a significantly longer period of time. How-
ever, the organie liquid can only carry oxygen and carbon dioxide,
and not water-soluble materials and metabolites such as glucose,
amino acids, vitamins, and electrolyes.
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Emulsion Of Fluorocarbon Qils

In 1967, instead of using microscopic particles of silicones or
organic fluid, Sloviter, Clark, Geyer, and other groups investi-
gated the use of microscopic emulsion of fluorocarbon oils sus-
pended in agueous solutions. Thus Sloviter's group (Sloviter
and Kaminoto, 1967; Andjus et al., 1967) used ultrasonic treat-
ment to emulsify FX-80 in a Kreb-Ringer bufler solution con-
taining albumin. Unlike artificial cells made from silicone rubber,
the emulsified fluorocarbons were smaller in diameter (2p di-
ameter) and nonrigid. Sloviter and Kaminoto (1967) used this
suspension fo perfuse isolated rat brain preparations. A 20%
suspension of either erythrocytes or fluorocarbon emulsions was
suspended in bovine albumin solution containing 200 mg/100
ml glucose. Experiments were done at 25°C using 5% carbon
dioxide and 95% oxygen. When the isolated brain was perfused
with the aqueous solution alone, spontaneous EEG ceased after
five minutes. When blood cells or fluorocarbon emulsion was
added, the spontaneous EEG persisted for two hours or more,
The arteriovenous difference in oxygen tension was 300 mm for
blood cells and 200 to 250 mm for FX-80 emulsions. The arterio-
venus differences in pH and carbon dioxide tension were the
same for blood cells and FX-80 emulsions. These results demon-
strate that the FX-80 emulsion performs efficiently in the isolated
brain preparation and suggest the exciting possibility that these
preparations might be used for perfusion of other organs. Thus
isolated rat livers have been perfused with emulsions of fluore-
carbon FX-80 and FC-43 (Triner et al., 1970) for periods of two
hours. There were no signs of deterioration reflected in the param-
eters tested.

In carlier studies by Sloviter’s group it was found that when
these preparations were infusced intravenously into intact animals
like rats, cats, hamsters, rabbits, chickens, and dogs, the animals
died within a matter of hours. Autopsy findings of these animals
showed distended lungs with hemorrhagic areas and dilated right
hearts. On the other hand, Clark (1967) showed that onc-third
of the blood of a rabbit could be replaced by FC-43 emulsion
in Pluronic® I'68 and rabbit plasma.
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Using ultrasonic dispersion and nontonic detergents, Geyer
et al. (1968) prepared finer emulsions of 1x and less in diameter.
They found that the finer FX-80 emulsions were less acutely
toxic, although intravenous injections still caused the death of
rats in a matter of hours. Autopsy findings shiowed that the lungs
were grossly distended. Gever’s group then tested another fluoro-
carhon, FC-43, which was similarly dispersed into fine emul-
sion. This FC-43 emulsion contains 37 vol% oxygen at a pO: of
711. Unlike red blood cells, the dissoctation curve of FC-43 emul-
sion is linear. This means that in an atmosphere of 100% oxygen,
an aqueous suspension of FC-43 has an oxygen-carrying capacity
comparable to that of red blood cells, but at atmospheric partial
pressures, the FC-43 suspension is less efficient. Having dem-
onstrated that this type of fluorocarbon FC-43 emulsion had no
toxic effects after repeated intravenous injections, Gever’s group
proceded further. They used a preparation containing emulsions
of FC-43 in high molecular weight nonionic detergent Pluronics.
This preparation was used to exchange with all the red blood cells
of the rats. When such animals were kept in a 100% oxygen at-
mosphere, their respiratory rate remained normal. In addition,
these animals remained alert and active, heing able to urinate,
defecate, wash, and run around. This clearly demonstrates the
cfficiency of oxygen carriage by FC-43. These animals survived
for up to eight hours in 100% oxygen. After this, the respiratory
rates rapidly decreased and finally stopped. This exchange with
fluorocarbon FC-43 and Pluronies did not produce any edema or
accumulations of fluid in the pleural or peritoneal cav ities. There
were no obvious pathological findings in the organs. Furthermorc,
the fluorocarbon FC-43 and the nonionic detergents did not
affect the metabolism of tissues, since the oxygen uptake of slices
of heart, liver, and kidney was unaffected by the presence of
emulsified flusrocarbon in the medium.

Further work by Sloviter’s group (Sloviter ef ¢l., 1969) dem-
onstrated that unlike other amimals, frogs could receive intra-
venous injections of FX-80 emulsions withont adverse effects.
Mice receiving FX-80 also survived for a number of days, al-
though gross pathology of hings und hearts were observed in
some cases. Theyv infused emulsions of FX-80 or FC-43 into the
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circulation of these animals and followed their fates in the cir-
culation. In the casc of frogs, an average of 66 percent of the
infected FX-80 remained in circulation after three days. In the
case of mice, about 30 percent of the injected FX-80 and about
25 percent of the injected FC-43 remained in circulation after
the same length of time. Six days after injection, all of the fluoro-
chemicals disappeared from the circulation of mice; on the other
hand, a large amount still remained in the frogs. Further experi-
ments were carried out using carbon monoxide to convert about
90 percent of the animal’s hemoglobin to carbon monoxyhemo-
globin. Under these conditions frogs and mice given fluorochem-
icals survived for significantly longer periods of time when com-
pared to untreated controls. They (Sloviter et al, 1970) con-
tinued further studies to analysc the reasons for the toxic effects
of FX-80 in animals other than frogs and mice. Marked right
heart dilatation and increased pulmonary resistance to flow was
observed even when FX-80 emulsions of less than 2p diameter
were injected intravenously into rats. This could not be climinated
by prior treatment with antihistamine, serotonin blocking agents,
150pmtc,ruml, or large doses of heparm. Following intravenous
injection of FX-80 there was a marked decrease { greater than 50%
decrease) in systemic platelet levels, without any significant
changes in fibrinogen or leucocyte levels. The authors suggested
that multiple platelet microemboli reaching the lungs might be
responsible for the observed adverse effects of FX-80 injection.

Nose’s group (1970) studied in great detail the effects of intra-
vascular fluorocarbon liquids, including emulsions of fluorocarbon,
Intra-aortic injections of fluorocarbon FC-43 emulsions into un-
anesthetized dogs resulted in grand mal seizures. The coma lasted
20 minutes with 2x emulsion and 30 minutes with 5. emulsion,
Incontencnce, salivation, decrease in blood pressure, and increase
in respiratory rates were observed. When the fluorocarbon emul-
sions were given intravenously to two dogs (1 ml/kg), decrease
in blood pressure, increase in respiratory rate, vomiting, and in-
continence were observed. There was no convulsion, hut the dogs
remained lethargic for 10 to 20 minutes. Laboratory tests showed
an increase in LDH, SGOT and white blood cells six hours after
infusion. Microcirculation studies showed that injection of S5u
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emulsion resulted in mechanical obstruction of capillary circula-
tion. Injection of 24 emulsion caused a temporary reduction of
capillary flow lasting for 15 to 20 minutes, Furthermore, micro-
scopic evidence of intravascular clotting was observed.

Recently, Clark et al. (1970) studied the possible uses of
fluorocarbon emulsion less than 1z diameter as red blood sub-
stitutes for perfusion of whole animals, using the Clark bubble-
defoam heart-lung machine. A very high venous pO: of 100 or
more was obtained. There was some acidosis, bradycardia, and
ventricular arrhythmia during infusion of the fluorocarbon emul-
sions. During perfusion, the cerebral cathode current increased
threefold. These results indicate the possible uses of fluorocarbon
to prime heart-lung machines, and at the end of the procedure
the emulsion can be replaced by the patient’s blood.

Improvement in the perfusion mixtures were investigated by
Geyer’s group (1970). They prepared an extremely fine fluoro-
carbon FC-43 dispersion with particle diameters in the colloidal
range. They replaced the blood of rats by this fluorocarbon-Plur-
onics mixture until the red blood cells of the animals were
Jowered to a hematocrit of 6 percent. If the animals were kept
in a 100% oxvgen atmosphere for 48 hours, the oxygen tension
could be gradually reduced over a four-day period, until finally
room air was used. The animals not only survived this, but the
hematocrit could return to the normal values and the animals
continued to grow. This clearly demonstrates the efficiency of the
fluorocarbon-Pluronics mixture as an artificial blood substifute.
Further lowering of hematocrit to less than 6 percent was not
compatible with survival {Fig. 44). However, when serum was
present in the fluorocarbon-Pluronics mixture in an amount of
about 20% to 30% volume, the hematocrit could be lowered to
3% to 4%, with the rats surviving and regenerating their plasma
proteins and red cells (Fig. 45). This is the most exciting demon-
stration of the possible uses of fluorecarbon for red blood cell
substitute.

DISCUSSION

At present, the most immediate possibilities for a red blood cell
substitute appear to be some forms of organic compounds which
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Figure 44. Blood replacement with Huorocarbon FC-43-Pluronic colloid
with no serum added. (From Geyer, 1970. Courtesy of the American
Federation of Biological Sciences. )

can carry oxvgen and carbon dioxide. It has been pointed out
{ Sloviter, 1970) that these chemicals may be useful in conditions
with low oxygen tension or extremes of temperature, or in situa-
tions involving hemolytic agents or agents which convert hemo-
globin to an inactive form. On the other hand, the same author
pointed out, the fluorochemical cannot provide the buffering and
the enzymatic activity as in the case of erythrocytes. The most
immediate possibilitics are the perfusion of isolated organs or
whole body perfusion. In addition to the oxygen-carrying capacity
of the ﬂuﬂr{)carhon the Pluronics, as used by Geyer’s group
(1968), provide effective colloid osmotic pressure for the mix-
ture. In organ preservation, the perfusing fluorocarbon-Pluronics
mixture can be removed and replaced by blood before trans-
plantation. On the other hand, when infused into intact animals
as in transfusion, fluorochemicals are not metabolized by the
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Figure 45. Blood replacement with fluorocarbon FC-43-Pluronic colloid
plus 25% serum, The rat was exchange transfused via the exterior jugular
vein with the fluorocarbon FC-43-Plurpnic prepuration which contained
30% fresh rat serum. When the hematocrit reached 3 or 4 the exchange was
stopped, the catheter was sealed, and the animal was allowed to recover
as described in the text, The gas phase furnished the animal is shown in
the bottom portion of the fgure, The dark arca at the bottom of the
hematocrit curve emphasizes the relatively small number of cells which
remain at the end of the exhcange procedure. {(From Geyer, 18970. Courtesy
of the American Federation of Biological Sciences. )

body. Their fates in the body are still not known. For instance,
what is the effect of a large amount of fluorocarbon accumulating
in the reticuloendothelial system? A natural vegetable oil like
saflower oil which can be metabolized has been suggested {Hut-
son et al., 1968).

Artificial cells containing the entire contents of crythvocytes
from a homologous source may solve the problems mentioned,
since they can be metabolized by the body; they possess the buf-
fering and enzymatic activity of red blood cells. Artificial cells
containing the contents of erythrocytes have already been pre-
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pared {Chang, 1957, 1964). In vitro, the enclosed hemoglobin
can combine reversibly with oxygen, and carbonic anhydrase can
act cfficiently on carbon dioxide. The enclosed catalase can act
efficiently in vivo to replace the deficient catalase in red blood
cells {Chang and Poznansky, 1968a). Before they can be used
to substitute red blood cells, one has to solve the problem of
producing a preparation which can survive for a sufficient length
of time in circulation, More serious biomedical problems than
this have been solved by concentrated efforts,



Chapter 7

ARTIFICIAL CELLS PERFUSED BY
BODY FLUIDS

INTRODUCTION

EKCEPT for blood cells, which are but a minute portion of

cells in the body, the majority of cells remain stationary
within tissues or organs. W hile retained within tissues or organs,
cells are perfused by blood and body fluids. A somewhat similar
artificial system has been proposed (Chang, 1966). Here artificial
cells are retained within a shunt chamber by screens placed on
either side (Fig. 46). Blood (Chang, 1966), peritoneal fluid
{Chang and Poznansky, 1968a), dialysate (Chang et ol., 1968;
Sparks et al., 1969), and other body fluids ( Chang et al., 1968)
can freely recirculate through the shunt chamber to come in
direct contact with the artificial cells. In this way (1) the rate of
action of the material enclosed inside the artificial cells is Timited
only by the rate of circalation and the diffusion of substrates
across the artificial cell membranes; (2) artificial cells do not
leave the shunt chamber to disperse in the body; (3) artificial
cells can be remewed when required without accumulation in

the body.

TYPES OF BODY FLUIDS FOR PERFUSION
Perfusion By Blood

In the earlier chapters it has been demonstrated that artificial
cells act quite efficiently when injected intraperitoneally into the
experimental animals. In certain cases it might be desirable to
have the artificial cells in direct contact with blood-borne sub-
strates, so that their actions arc not limited by the rate at which
substrates diffuse into and within the peritoneal cavity. The in-
travenous injection of such artificial cells will place them in
direct contact with blood borne substrates. Ilowever, intraven-
ously injected foreign particles may embolise in the pulmonary
vessels or become trapped by the reticuloendothelial svstem.

113
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Furthermore, with repeated injections, a large bulk of artificial
cells may accumulate in the body.

A typical example of how these problems can be overcome has
been described (Chang, 1966). Artificial cells containing urease
(larger than 90u in diameter) arc retained in the shunt chamber
by mesh screens placed at ecither end of the chamber (Fig. 46).
The inlct of each shunt is connected to the femoral artery of a
heparinized dog. Blood entering the shunt through the inlet
screen comes into direct contact with the artificial cells. Blood
urca diffusing into the artificial cells is converted into ammonia
by the enclosed urease. Blood than returns to the femoral vein
of the animal through the exit screen. As will be described later,
this system acts very efficiently in converting substrates to prod-
ucts—at least ten times faster than the intraperitioneal route.
Artificial cells containing ion exchange resin ( Chang, 1966) and
artificiul cells containing activated charcoal {Chang, 1966, 1969;
Chang et ¢l., 1970) have been similarly used.

Recirculation Of Peritoneal Fluid

Another way artificial cells can be perfused by body fluid is
that in which the peritoneal fluid is recirculated contmuouslv
through an cxtracorporeal shunt system containing artificial cells
(Chang et af., 1968; Chang and Poznansky, 1968a). A typical
cxperiment is one in which anesthetized acatalasemic mice were
cach given an intraperitoncal injeetion of 4.5 ml of Inperinol®
fluid { Abbott), This intraperitoneal Huid was continuously recix-
culated through a smaller (6 ml), modified version of the extra-
corporeal shunt chamber (Chang, 1966) for 20 minutes after
the subcutaneous injection of perborate. In one group of animals
the extracorporeal shunt chamber contained 4 ml of a 30% sus-
pension of artificial cells containing catalase, and in the control
group no artificial cells were present in the shunt. The results
obtained showed that this system acted quite efficiently on body
substrates. Thus in the control group of animals with catalase
deficiency, 76.1% + 13.4% SD of the injected substrates could be
recovered after 20 minutes. When the chambers contained micro-
cncapsulated catalase, only 32.0% = 9.8% of the subcutaneously
injected substrates remained in the catalase deficient animal after
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Figure 46. Artificial cells in an extracorporeal shunt chamhber perfused
by recirculating blood from animal, (From Chang, 1966.)

the same length of time, No catalase activity could he detected
in the intraperitoneal fluid which had been recirculating through
the catalase-loaded artificial cells” shunt chamber for 20 minutes,
showing that no detectable enzyme had leaked out of the arti-
ficial cells throughout the experiment. Although this system is
far less efficient than perfusion by blood, heparinization and ar-
teriovenous shunts are not required.

Recirculation Of Other Body Fluids

It is obvious that dialysate fluid, lymph, and other body fluids
can be similarly used to perfuse the artificial cells, For instance,
artificial cells have been placed in the dialysate compartment of
the artificial kidney (Chang et al., 1968; Sparks et «l., 1969), In
this way, uremic metaholites crossing the dialysis membranes can
be acted on by the artificial cells.

NONTHROMBOGENIC ARTTIFICTAL CELLS

The use of artificial cells in an extracorporeal shunt chamber
avoids the in vivo introduction and accumulation of artificial cells
and permits a more rapid exchange with blood-borne substrates.
On the other hand, this system requires whole body or regional
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heparinization with the attendant incomveniences and risks of
hemorrhage or toxicity of the heparin antagonist, For this reason,
we liave investigated the possibility of eliminating the need for
a soluble anticoagulant in the extracorporeal shunt procedure.

Recent interests in the fields of biomaterials have been con-
centrated on the development of blood-compatible surfaces. At
present, different systems are being investigated. One approach
involves the binding of heparin to swrfaces. Following the dis-
covery that the binding of heparin to a surface can make it non-
thrombogenie {Gott ef al., 1964), many workers have devcloped
and extended this prmup]e Studies of the effects of surface
charge on blood clotting (Sawyer and Pate, 19533; Sharp et al.,
1965) have led to the development of another class of surfaccs
with ionic radicals or imposed electrical charges. A third ap-
proach involves the study of materials with inext surfaces like
silicone rubber, collagen (Rubin et «l., 1968), albumin (Lyman
et al., 1970), and hydrogels. A large amount of cxcellent work
a.longj these lines has been re ported; unfortunately, it is not within
the scope of this monograph to review thesc studies. We have
reported the use of all three approaches for the preparation of
artificial cell membranes: heparin hinding, surface charge, and
inert material like silicone rubber or albumin coating,

Preparation Of Artificial Cells With Heparin Binding

The shunt chamber and its attached tubing can be made non-
thrombogenic by the pmccdure devised bv Gott and his col-
leages (Gott et gl, 1964}, in which a mmplex of heparin with
graphite and benzalkonium is applied to the polymer surtace.
However, this treatment and others (Leininger et al, 1966;
Fourt et al., 1966; Merrill et «l., 1966) embodying the same
principle cannot be applied to the artificial ecll surface because
the enclosed enzyme or detoxicant would be inactivated. Pro-
cedures have heen developed for enclosing enzymes or detoxi-
cants in selectively permeable nnnthrombogemc artificial cells
{T'ig. 47) Chang et al., 1967).

A benzalkonium-heparin complex (BHC) was prepared as de-
seribed by Fourt et al. (1966} by the dropwise addition, with
stirring, of 20 ml of a 10% aqueous benzalkonium chloride solu-
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Figure 47. Artificial cells with heparin-complexed membranes. {From
Chang et ol., 1967, Courlesy of the National Research Couneil ol Canada,)

tion (made by diluting benzalkonium chloride solution, U.5.P.
921.3%, with water) to an cqual volume of an agueous solution of
leparin sodium (U.S.P. 8 mg/ml). We found that the following
additional steps were necessary to remove traces of free henzal-
konium, which causes lysis of erythrocytes and leucocytes. The
BHC precipitate was washed five times with 8 velumes of distilled
water, then stirred [or one hour with 8 volumes of water, allowed
to sediment, resuspended in 3 volumes of heparin sodium solu-
tion (8 my/ml), and stirred again for one hour. After two further
washings with 3 volumes of water, the BHC was dried in a
desiceator at room temperature for at least 24 hours. A 150 mg
portion of it wus then dissolved, with vigorous mechanical stir-
ring, for at least three hours in 25 ml of an ether-collodion solu-
tion prepared by removing most of the alcohol from collodion
(US.P.) and redissolving it in ether as previously described
(Chang, 1963; Chang et al., 1966). (It is important at this stage
to continue the stirring until visible particles of BHC have dis-
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appearcd and the ether-collodion solution appears quite clear,
1f the liquid remains turbid, the reason is most likely due to in-
adequate drying of the benzalkonium-heparin complex.) This
BHC-collodion liquid was then substituted for the collodion solu-
tion used in our standard procedure {Chang, 1965; Chang et al.,
1966) for preparing collodion membrane artificial cells. As in
that procedure, the aqueous protein solution to be encapsulated
was mechanically emulsified in water-saturated ether; the mem-
branes were then formed by the addition of BHC-colledion liquid
to the stirred solution. For the preparation of relatively large
BHC-collodion membrane artificial cells {mean diamcter about
100} for inclusion in an extracorporeal shunt, the emulsifying
agent, Span 85, was omitted and the jumbo stirrer was set at
speed 2; smaller BHC-collodion membrane artificial cells (mean
diameter about 34} for clectrophoretic studies were prepared with
Span 85 and a Virtis homogenizer. The use of a larger proportion
of BHC results in the production of membranes that tend to lyse
ervthrocytes, and a smaller proportion of BHC yields membranes
that are incompletely nonthrombogenic. The artificial cells finally
harvested in aqueous suspension must be washed repeatedly in
the centrifuge to remove traces of the Tween 20 detergent, which
is strongly hemolytic; absence of all foaming when the super-
natant is shaken is a satisfactory test.

Material to be microencapsulated together with the erythrocyte
hemolysate can be added to the hemolysate hefore emulsifica-
tion. For example, urcase may be encapsulated by dissolving in
5 ml of wnbuffered hemolysate 900 mg of urcase (Sigma type
11T, 1720 units/gm) and 300 mg of tris bufter. This solution is
filtered, and 3 ml of the filtrate is used in the procedure de-
scribed abave. In the case of activated charcoal, 100 gm ( British
Drug Houses) is suspended in the 3 ml of hemolysatc beforc
microencapsulation,

Artificial cells with a nonthrombogenic surface are also made
by coating preformed artificial cells with BHC-collodion, or by
trapping or attaching heparin to the artificial cells by other means
(Chang et al., 1967b). BHC-collodion can also be used to di-
rectly coat particulate matter like activated charcoal (Chang

et al., 1968).
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Effect Of Artificial Cells On Clotiing

Blood was collected without stasis in 1 ml samples from a dog’s
femoral artery into 5 ml siliconized tubes, each containing 0.1
ml of artificial eclls. Clotting time was recorded by a Lee-White
procedure modified for siliconized tubes. The results given in
Table IIT show that collodion or nylon membrane artificial cells
accelerated the clotting of fresh blood in siliconized tubes,
whereas BHC-collodion membrane artificial cells or nylon mem-
brane artificial cells coated with BIC-collodion delayed clotting
indcfinitely. Blood kept in contact with one-tenth its volume of
BHC-collodion artificial cells for more than one minute remained
incoagulable indefinitely after removal of the artificial cells.
Plasma from this blood did not clot when it was treated with
normal oxalated plasma and then recalcified as in Wintrobe's
screening test, though it did clot in the normal time when treated
with the appropriate quantity of protamine sulfate. Similar re-
sults were obtained with nylon membrane artificial cells coated
with BIIC-collodion. The anticoagulant effect of the BHC-con-
taining membranes in these in vifro tests could thus be ascribed,
at least in part, to the release of an anticoagulant material, pre-
sumably heparin, from the artificial cells by contact with blood.

It could now be asked whether the anticoagulant cffect of the
BHC-collodion and BHC-collodion-nylon artificial cells was
wholly due to the heparin leached out from them to attain a high
concentration in the bulk phase, or whether there was in addition
a nonthrombogenic effect at the surfaces. The following in vivo
experiment was designed to test this point.

TABLE U1
CLOTTING TIME OF BLOOD IN CONTACT WITH ARTIFICIAT CELLS

Clotting Time

Type OF Artificial Cell (Min.) Number Of Dogs
Contral blood 94 L 3.5 11!
Collodion 7.0 £ 2.5 9
BHC-collodivn ~ 1300 9
Nylon 58 + 20 5
BHC-collodiom coated nvlon = 1300 3

From Chang et al. {19687b ). Courtesy of the National Research Council of Cunada.
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The shunt chamber {Fig. 48) was made from a standard blood
administration pump set (R-78 Plesitron} by removing the ball
valve, replacing the inlet tube with plastic tubing of the samc
type as the outlet tube, and coating the whole inner surface of
the set, including the woven plastic filter, with graphite-BHC by
the technique of Gott ef «l. (1964). To cnsure that the surface
was uniformly nonthrombogenic, the period of cxposure to each
of the coating liquids (graphite suspension, benzalkonium solu-
tion, and heparin solution) was doubled, and the heparin con-
centration was also doubled. The shunt chamber was rinsed
thoroughly witl saline hefore use to remove any free heparin.
The application of graphite-BHC to the filter left it water-wet-
table and significantly narrowed its interstices.

Two of the shunt chambers described above were used in each
experiment on dogs weighing about 20 kg and anesthetized with
pentobarbital. The shunts were inserted between the femoral
artery and vein on either side; one chamber contained 3 ml of
BIIC-collodion membrane artificial cells and the other 3 ml of
ordinary collodion membrane artificial cells. The artificial cells of
each lot had a mean diameter of about 100g; those of less than
50z diameter had previously been removed by passage through
a filter similar to the onc in the shunt. Arterial pressure was con-
tinuously monitored and remained in the range of 100 to 140
mm Hg, Except where clotting occurred, blood flow in each shunt
was about 200 ml/min; at this flow rate the artificial cells within
the filter did not impede the passage of blood through it. Blood
from the efferent limb of each shunt and from a carotid artery
was collected at 30-minute intervals into siliconized tubes, and
its clotting time was measured.

The clotting time of blood samples obtained from the cfferent
limb of cither shunt did not change significantly over two hours
and was the same as that of blood from the carotid artery. With
longer periods of insertion, blood flow over the control collodion
membrane artificial cclls gradually slowed, but flow over the
BHC-collodion membrane artificial cells was well maintained,
When the chambers were opened at the end of the test, small
clots were found adhering to the artificial cells in the chamber
containing the control cotlodion membrane artificial cells, In



Artificial Cells Perfused Dy Body Fluids 121
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NONTHROMBOGENIC MMICROCAPSOLE: CONTRO]L MICROKIAPSULES
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200 ml/min 200 inl or less/min
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Figure 48. In vivo studies on the nonthrombogenicity of heparin-complexed
artificial cells in nonthrombogenic extracorporcal shunt chambers perfused
by recirculating hlood.

some cases where blood flow had slowed, especially when per-
fusion was carried out for more than two hours, most of the col-
lodion membrane artificial cells were trapped in large clots which
extended downstream into the cfferent limb of the shunt. In no
case was any clotting observed in the chamber containing the
BHC-collodion membrane artificial cells, provided there were no
coating defects on its wall. These results show that BHC-col-
lodion membrane artificial cells are nonthrombogenie, even when
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the blood flowing over them has a normal clotting time.

The BHC-collodion membrane artificial cells removed from
the chamber after the experiment and tested in vitro, were found
still to possess anticoagulant activity. These “used” artificial cells,
when tested in vitro, yielded less anticoagulant in relation to
the amount of blood in the bulk phase than did “fresh” artificial
cells. Blood in contact with one-tenth its volume of fresh BHC-
collodion artificial cells failed to clot if the artificial cells were
removed after one minute of contact; on the other hand, a mini-
mum of ten minutes’ contact with used BHC-collodion artificial
cells was required to make the blood incoagulable when the
artificial cells were removed. Whether the anticoagulant activity
of the BHC-collodion artificial cells could have been further re-
duced by longer exposure to flowing blood was not tested.

Blood in contact with BHC-collodion artificial cells might have
failed to clot for one or more of three possible reasons: (1} the
removal of a normal clotting factor {or factors) from the blood
through destruction or adsorption by the relatively enormous sur-
face area of the artificial cell membrane, (2) the leaching of
heparin from the artificial cells in sufficient amount to make the
blood in the bulk phase incoagulable, or (3) a specific non-
thrombogenic property of the artificial cells. In the in vitro
studies, the first possibility was excluded, and the second possi-
bility was implicated by the inability of normal plasma and the
ahility of protamine sulfate to initiate clotting in plasma ob-
tained from blood previously exposed to the artificial cells, Tt is
clear that in these in vitro tests, where a blood sample was kept
in contact with a rclatively large volume of BHC-collodion artifi-
cial cclls, the free heparin in the blood did reach the anticoagu-
lant level. The third possibility, however, may have been re-
sponsible for the absence of clotting in the in vivo tests, in which
the clotting time of the rapidly flowing blood was not altered by
its brief passage over the artificial cells. The nonthrombogenic
property of the BHC-collodion surface revealed by these in tivo
tests could have been due either to the presence of heparin fixed
on that surface, to the continuous removal of enough heparin to
maintain an effective concentration in a thin layer of plasma
immediately adjacent to the surface of the artificial cells, or to 2
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combination of these two factors. It is of interest in this conmec-
tion to note that heparin bound to BHC-graphite treated polymer
rings placed in the inferior vena cava could exchange with cir-
culating heparin and remain unclotted for 14 days (Whiffen and
Gott, 1965 ). It has been suggested by the same authors that the
heparin of the complex may be renewed by the endogenous
heparin present in low concentration in normal plasma. A similiar
mechanism may help to maintain a prolonged nonthrombogenicity
of BHC-collodion artificial cells exposed to flowing blood.

Catalytic Activity Of Enzymes Encloscd In BHC-Collodion
Artificial Cells

A model enzyme, urease, enclosed in BHC-collodion artificial
cells (mean diameter 100u) was found to catalyze the conversion
of urea to ammonia as efficiently as urease enclosed in untreated
collodion artificial cells of the same size (Chang et al., 1967b).
The encapsulated enzyme in either case was about 20 percent
as active as the enzyme in free solution (Fig. 49). No leakage of
enzyme from the artificial cells into the bulk phase could be de-
tected. When 10 ml of such artificial cells was placed in the 70
ml shunt chamber described in an earlier paper (Chang, 1966),
the chamber having been made nonthrombogenic by the pro-
cedure of Gott et al. {1964) and inserted into an arteriovenous
shunt in an anesthetized dog, blood flow was well maintained
over a 30-minute test period, although no anticoagulant solution
was administered, and blood was propelled through the shunt
only by the arterial pressure. During this time the blood ammonia
level rose both in the shunt effluent and (more gradually) in the

eneral circulation. Asparaginase enclosed in nonthrombogenic
artificial cells also acted efficiently on its substrate ( Chang et al.,
1968).

EFFECTS OF ARTIFICIAL CELLS ON FORMED
ELEMENTS OF BLOOD

The relationship between the physicochemical properties of
different types of artificial cell membranes and their effects on
the formed elements of blood is of biophysical and physiological
interest. At the same time, the selection of an artificial cell mem-
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Figure 49. Urease activity of urease solution compared to urease-loaded

collodion membrane artificial cells and urease-loaded heparin-complexed

collodion membrane artificial cells. (From Chang et al., 1967, Courtesy of
the National Besearch Council of Canada,}

brane which is least harmful to the formed elements of blood is
important if the artificial cells are to be used in an extracorporeal
shunt system. Experiments have been carried out to study the
acute and long-term responses of animals to cxtracorporeal per-
fusion with three types of artificial cells (Chang et ol., 1968).
Artificial cells with nylon membranes, collodion membranes or
heparin-complexed collodion membranes were prepared as previ-
ously described (Chang et al., 1966, 1967b). Each type of artifi-
cial cell, 100 mean diameter, contained hemolysate prepared
from homologous erythrocytes. Each type of artificial cell was
placed in the extracorporeal shunt chamber consisting of a cham-
ber made from high density polypropylenc {3 cm 1.D. X 23.5 cm
high), one steel-wire mesh and one nylon screen at each end,
and two polyethylene cannulae each connected to a 16-gauge
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necdle through a 3-way stopeock. All parts in contact with blood
were coated with heparin-benzalkonium-graphite by Gott's pro-
cedre (1965).

Tn eacl experiment, shunts containing 10 ml of artificial cells
were placed in the shunt and 4 litres of sterilized saline perfused
through the shunt at 50 ml/min. During this time, direction of
flow was reversed cvery 7.5 minutes. Finally the shunt primed
with saline was connected to the animal’s femoral artery and
vein. The animal’s blood pressure propelled blood throngh the
shunt and the flow rate was adjusted to 20 mi/min. In order to
facilitatc mixing and to prevent packing of the artificial cells,
it was cssential to reverse the direction of blood flow every 7.5
minutes. When the reversal of flow was carried ont at longer inter-
vals, the artificial cells packed at the exit screen and adversely
affected the platelet level of blood leaving the shumt. All flow
was against gravity.

Aqueous heparin sodinm (3 mg/kg) was injected intravenously
when nylon or collodion artificial cells were used, but no heparin
was given in the case of heparin-complexed collodion artificial
cells. Arterial and cffluent samples were taken simultancously at
30ninute intervals for two hours. The shunt was disconnected
after two hours, and during the postperfusion period arterial
samples were taken at 30-minute intervals for another two hours.

Acute Experiment

During the two hours of perfusion through nylon membrane
artificial cell shunts, there was a significant reduction in the ar-
terial platelet level (Fig. 50). There was an cven greater recduc-
tion in the platelet level in blood leaving the shunt, The arterial
platelet levels remained low during the two-hour postshunt
period, but had rettrned to the preperfusion value 24 hours later.
Reduction in the leucocyte level was not observed. Instead, there
was a significant increase in leucocyte count towards the last hour
of the perfusion. This was followed by a very marked leucocy-
tosis in the two-hour postshunt period (Fig. 51). There were no
significant changes in hemoglobin or plasma hemoglobin.

During the two Lours of perfusion through the shunts con-
taining collodion membrane artificial cells, the platelet levels in



126 Artificial Cells

[] arRTERAL B SHUNT EFFLUENT

PRE -SHUNT MICRCHCAPSULE - SHLUNT POST -SHUNT

— | .
1 L >
1
1
i
I
1
I
i
L]

]

MYLOKN

D s -}

0

COLLODION

10 %

PLATELETES
Y OF CONTROL LEWEL

BHC CQLLODDICHN

710G #a +

a 30 5 S 120 150 180 210 240 2?0 300 330 360
TIME { MIN )

Figure 50. Effects of three different types of artificial cells on the platelet
level of arterial and shunt-effluent blood. Each column represents mean
and standard deviation of results obtained from three dogs. (From Chang
et ¢l., 1988, Courtesy of the American Society for Artificial Internal Organs.)

the arterial samples and in the shunt-efluent samples were not
reduced as much as jn the case of nylon membranc artificial
cells, However, unlike nylon membrane artificial cells, collodion
membrane artificial cells caused a significant reduction in the
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leucocyte levels. The difterential counts indicated that the major
reduction was in the neutrophils and that this was especially so
in the shunt-cfluent samples. During the postperfusion period,
the leuencyte level gradually retwrned towards normal, reaching
the control level at the end of the two howr p{)btperfusmn period.
There were no significant changes in hemoglobin or plasma
hemoglobin.

The hematologic data remained very stable in the acute ex-
periments using BHC-complexed collodion artificial cells. The
stability of the platelet levels in the arterial and shunt-effluent
samples was especially remarkable (Fig. 50). The leucoeyte levels
were stable, with a small hut significant increase in level toward
the end of the two-hour perfusion period (Fig. 51). There was
a slight increase in plasma hemoglobin level {less than a 50%
increase {from the control preperfusion level}, There were no
changes in total hemoglobin, differential, or blood smears. Clot-
ting times usually returncd to normal two hours after the com-
pletion of perfusion and in all cases, 24 hours after perfusion.

Long-term Effects

The results of the acute experiments led to further investiga-
tions of the long-term effects of heparin-complexed collodion ar-
tificial cells. Results arc summarized in Figure 52, The first points
on the graph (day 0) represent control samples taken before
perfusion. The lack of pnstperfuqmn anemia was shown by u
slight but steady increase in the total hemoglobin level thruugh-
out the 147 days. The slight decreases in hemoglobin levels after
each perfusion were due to the animals’ bload lost in the extra-
corporeal shunt system, for only part of the animals” blood in
the extrau:-rporeal system was yeinfused, The leucocyte levels
remained fairly stable except for the 24-hour pos.tpc,rfumon sam-
ples. Leucocytosis was consistently observed 24 hours after the
sccond, third, and fourth perfusions through the artificial cells.
However, only one of the four dogs showced any leucocytosis after
the first perfusion. It should be noted in this conncetion that
whereas all the anmials reccived antibiotics (Fortimycin LM.)
after the first perfusion, antibiotics were purposely omitted after
subsequent perfusions. The platclet levels fluctnated somewhat
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throughout the 147 days, but there was no consistent relationship
between perfusions and fluctuations in platelet levels. The mean
values of the four dogs were all above 200,000/mm®. The mean
clotting time of the four dogs taken 24 hours after each perfusion
and thereafter, remained less than 20 minutes. (1t should be
noted that, as described in the acute experiments, suflicient
heparin was leached out from the heparin-complexed collodion
artificial cells so that clotting time of the animal did not return
to normal until at least two hours after the completion of each
perfusion. ) Intradermal injections of heparin-complexed collodion
artificial cells { washed free of traces of Tween 20) showed that
repeated perfusions did not result in any hypersensitivity reac-
tions.

Discussion

The effects of different types of artificial cells on the formed
clements of blood is of considerable basic biophysical and physi-
ological interest. Collodion membrane artificial cells cause a
reduction of both platclet and leucoeyte levels, but the complex-
ing of a small amount of heparin-benzalkonium to the same
membrane results in a surface which no longer has any significant
effect on the formed elements of blood. Besides the presence of
heparin on a membrane, other physicochemical factors are also
important. Studies on the different types of heparin-complexed
membranes show that formed elements of blood have less ten-
dency to adhere to some types of heparinized surfaces {Lein-
inger et al., 1966) than other (Grode et al, 1968). While the
present study is rather limited, the results obtained show that
heparin-complexed collodion artificial cells do not cause a signifi-
cant reduction of the formed elements of blood. This is so in hoth
acute and long-term experiments. While heparin-complexed col-
lodion artificial cells have the least adverse effect on the formed
elements of blood, nylon and collodion membrane artificial cells
have other advantages. Nylon is a much stronger polymer, and
its effect of decreasing platelets and causing leucocytosis is not
much more pronounced than that of the artificial kidney (Law-
son et al, 1966), blood pumps, leucocytes (Kusserow et al.,
1965), Although extracorporeal shunts offer the most efficient
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way for artificial cells to act on blood-borne substrates or toxins,
other routs of administration are possible. Recirculation of peri-
toneal fluid through an artificial cell shunt, oral ingestion of
artificial cells, parenteral administration, or recirculation of dialy-
sis fluid of an artificial kidney through an artificial cell shunt
have all been attempted in this laboratory.



Chapter 8

ARTIFICIAL CELLS CONTAINING DETOXICANTS
INTRODUCTION

INCE the report by Muirhead and Reid (1948), much

work has been done using hemoperfusion over resins to remove
exogenous toxins or endogenous metabolites {cf. Schechter et al.,
1958; Pallotta and Koppanyi, 1960; Nealon and Ching, 1962;
Nealon et al., 1966; Rosenbaum et al, 1970). Unfortunately,
there are a number of problems preventing their widespread
clinical use. When in direct contract with blood, ion exchange
resins reducc blood platelet and leucocyte levels (Rosenbanm
et al., 1970), and remove essential elements like caleium ions
from perfusing blood (Rosenbaum et al., 1962). Another class
of detoxicants which has been widely studied is activated char-
coal. It has been known for many years as a useful detoxifying
agent, For many years it has been used orally to remove ingested
toxins in the gastrointestinal tract. However, activated charcoal
administered orally does not act with sufficient speed or efficiency
in patients who have already absorbed a large amount of toxin
and are deeply intoxicated. In these cases, it has been found that
a column of granular activated charcoal can efficiently remove
the toxins from perfusing blood. Thus barbiturates (Yatzidas,
1964; Hagstram et «l., 1966), Doriden® {DcMyttenacre et al.,
1967), and other toxins ( Dunea and Kloff, 1965) have been suc-
cessfully removed from a bloed-perfusing activated charcoal
column. Unfortunately, we arc again faced with a number of
problems which prevent the widespread clinical use of hemoper-
fusion over activated charcoal. Activated charcoal in direct con-
tact with blood adverscly affects platelets (Dunea and Kolff,
1965; Hagstam et al., 1966; DcMyttenaerc ef al., 1967; Dutton
et al., 1969). In addition, the charcoal granules, despite careful
washing, releasc free particles into the circulation, causing emboli
in the lungs, liver, spleen, and kidney (Hagstam et al., 1966).

The principle of artificial cells has been used to circumvent

133
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these problems (Chang, 1966) (Fig. 2). Detoxicants enclosed in
artificial cells will not come into direct contact with the formed
elements of blood. Powder released from the enclosed detoxicant
carmot leave the artificial cells to cause embolism. In addition,
the enclosing membranes can be made selectively pcrmeable to
toxins so that essential elements of blood like caleivm can be
excluded. On the other hand, external permeant toxins can dif-
fuse freely across the artificial cell membranes to be reruoved hy
the enclosed detoxicants. The selective removal of toxin can he
accomplished by variations in membrane porosity, lipids, charge,
and other properties.

This study has been carried out through a number of stages.
Initial work was done {Chang, 1966; Chang et al., 1967b} using
a slight modification of the standard procedire (Chang, 1964,
Chang et al., 1968) to enclose ionexchange resins and activated
charcoal in artificial cells, When this basic rescarch demoustrated
the feasibility of this system, modified procedures were used to
prepare artificial cells suitable for use in scaled-up systems
(Chang et el., 1968, 1970; Chang, 1969¢), which is now being
tested clinically (Chang, et al., 1970, 1971).

STANDARD ARTIFICIAL CELLS

With slight modification of the standard procedure, nylon
artificial cells containing Dowex®-50W-X12 have been produced
(Fig. 53). Ion exchange resins are suspended in the aqueous
phase containing hemoglobin and alkaline diamincs. After ad-
justing the pH to 10.5, the remaining steps for the preparation
of nylon membrane artificial cells were followed. Shunts have
been loaded with these artificial cells of up to 120 ml. Over short
periods of perfusion, such a shunt is effective in removing most
of the ammonia from the perfusing blood of animals whose am-
monia levels have been raised bv the continuous infusion of
ammonium sulfate, Some technical difficulties still have to be
overcome hclore this system can be used for prolonged perfu-
sion. In particular, the artificial cells, whose membranes are flexi-
ble, tend to become so closely packed when used in such large
volume that blood flow diminishes in spite of repcated reversal
of flow. Activated charcoal can also be microencapsulated
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Figure 53. Artificial cells containing enzymes and Dowex-50W-12. {From
Chang, 1966. Courtesy of the American Society for Artificial Internal Or-

gans. |

{Chang, 1966). This is done by suspending activated charcoal
powder in the aqueous phase, followed by the standard procedure
for the preparation of artificial cells with nylon membranes, col-
lodion membranes, or heparin-complexed mermabranes {Chang,
1964; Chang et al, 1966, 1967h}. Other laboratories have also
been successful in using our procedures for the enclosure of ion
exchange resins or activated charcoal in nylon membrane artifi-
cial cells (Levine and LeCourse, 1967; Sparks ef al,, 1969).

Because of the flexibility of the membranes, this system,
though useful for small-scale basic rescarch, cannot be readily
used in scaled—up systems suitable for clinical use. For this,
further steps of development are required.

BHCAC ARTIFICIAL CELLS

Having demonstrated that polymer coating can prevent the
problems of packing and breaking of membranes under a high
flow situation, heparin-complexed collodion was used as the en-
closing membrane (Chang et al, 1968), since earlier results
(Chang et al., 1967b, 1968) indicated that it is the least harmful
to the formed elements of blood. Coating of particles can be
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done in a large varicty of ways. For instance, in a typical exam-
ple (Chang et al., 1968), 100 ml of heparin-benzalkonium col-
lodion sclution prepared as described (Chang et al., 1967b) is
added to 50 gm of activated charcoal. (Instead of the smaller
granules, the 6-14 mesh granules, Fisher Co., are less liable to
cause packing.) The suspension is manually stirred until the
solvent of the polymer solution has evaporated sufficiently so
that the microencapsulated particles are no longer adherent to
one another. The artificial cells arc then spray-dried at room
temperature and suspended in saline over night, Experiments
have been carried out to test the effect of microencapsulated
activated charcoal on the formed elements of blood. Forty
grams of either the uncoated activated chracoal or the micro-
encapsulated activated charcoal formed by coating with heparin-
complexed collodion was placed in the extracorporcal shunt cham-
ber described. Blood from dogs was perfused through the shunt
at 100 m]/min. The effect on platelet level is shown in Figure 54,
Activated charcoal enclosed in artificial cells did not have any
adverse effect on the blood platelet level. On the other hand,
free activated charcoal which was not enclosed in artificial cells
caused a 30% reduction in the arterial platelet level of heparinized
dogs and an even greater decreasc in the shunt eflluent level. The
use of the Jarge mesh activated charcoal granules (6-14 mesh )
allowed a large amount of heparin-complex coated activated
charcoal to be used {300 gm). In addition, a blood flow ratc of
200 ml/min or more could be used without resulting in packing
at the exit screen.

This system does not adversely affect the formed elements of
blood and does not result in the release of embolising powder. It
is also capable of removing some Doriden, salicvlate, Nembutal®,
and uremic metabolites. Hlowever, the membrane thickness pre-
vents the efficient removal of these toxins, With thinner mem-
braunes this preparation is more efficient, but in this form, the
membrane contained too little heparin to have a platelet protec-
tion and nomthrombogenic elfect. This problem is being solved
by variation in membrane materials and changes in hepariniza-
tion procedures. In the meantime, a different approach has led
to the preparation of a system for clinical use.
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Figure 54. Effects of activated charcoal in BHC-artificial cells and of free

activated charcoal on the platelet level of arterial and shunt-effluent blood.

{From Chang ¢t al., 1968, Courtesy of the American Society for Artificial
Internal Organs. )

ACAC ARTIFICIAL CELLS

In this approach, instead of using heparin, albumin is complexed
into the artificial membrane by the following procedure { Chang,
1969¢): 400 gm of activated charcoal granules (6-14 mesh,
Fisher Co.} wrapped in sterile cloth is autoclaved at 121°C, 15
pounds per squarc inch, (psi} for one hour. After this, it is left in
the 30°C ventilator for at least 96 hours, A polymer solution is
made up by dissolving 20 ml of collodion (U.S.P.) in an organic
solvent consisting of 20 ml of alcohol and 400 ml of ether. The 440
m] of polymer solution is poured into a beaker containing the 400
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gm of activated charcoal. The suspension is stirred manually with
a metal stirring rod until a free-flowing polymer solution is no
Jonger present in the container. The slightly wet polymer-coated
activated charcoal is spread out in a 2x1-foot tray. This is then
placed in a ventilated oven for five hours at 50°C. After this the
polymer-coated activated charcoal granules arc placed in 10 liters
of pyrogen-free distilled water. The suspension is sieved (No. 20
mesh) continuously with more pyrogen-free water until all fine
particles are removed. The 400 gm of polymer-coated acti-
vated charcoal is then placed in a silicone-coated high density
polypropylene shunt prepared as described (Chang, 1969¢). The
shunt is then drained, stoppered, wrapped, sealed and placed
in the autoclave for 30 minutes at 121°C, 15 psi. It is important
not to pass through the stage of “liquid cool”; instead, the auto-
clave is “vented” at the end of 30 minutes. At the end of this, the
shunt is allowed to cool in its sealed, sterilized wrapping. Using
sterile technique, the shunt is perfused with 4 liters of saline
( Baxter, for human use) at 200 ml/min by gravity. A 1 gm/100
ml albumin solution in sterilized saline is prepared from human
albumin {Cutter Co.). This albumin solution is used to displace
all the saline from the shunt containing the polymer-coated acti-
vated charcoal. The shunt is then sealed by sterilized technique
and kept at 4°C for 15 hours for the albumin to coat the polymer
membrane. Just before use, the albumin solution is displaced with
4 liters of saline (Baxter, for human infusion) without allowing
the albumin-polymer-coated activated charcoal to come into
contact with air at any time. After injecting 2000 units of heparin
into the shunt, the system is now ready for use by attachment to
the arteriovenous shunt.

Hematological Findings: Formed Elements Of Blood

Detailed studies of different types of microencapsulated acti-
vated charcoal on the formed elements of blood have been done
( Chang, 1969e; Chang and Malave, 1970). In these experiments
3 mg/kg of heparin was used, 1 mg/kg into each shunt containing
300 gm of ACAC microencapsulated charcoal and 2 mg/kg
intravenously. After taking control samples, hemoperfusion (120
ml/min) was started; no blood pump was used. The results ob-
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TABLE IV
EFFECTS OF 2-HOUK HEMOPERFUSION ON SYSTEMIC
PLATELETS AND LEUCOCYTES

Platelets fma® WEC finm’

2 hr 2 hr
Dags Tnitial Hemoperfusion Initial Hemoperfusion
CoNTROL
1 141,000 129,000 18,700 21,000
2 198,000 209,000 10,500 22,000
3 128,000 131,000 8.360 15,000
4 153,006 201,000 14,000 10,400

ACAC MICRONKCAPSULATED ACTIVATED CIARCOAL

5 310,600 301,000 23,000 26,000
6 260,000 250,000 13,000 11,800
7 383,000 334,000 11,500 13,970
8 345,000 295,000 12,800 6,900
9 108,000 125,000 2,600 2,800
10 317,000 243,000 5,100 6,000
11 260,25} 201,000 8,000 7,100
12 211,000 179,000 6,800 9,800
13 157,000 123,000 4,830 3,800
14 204,000 218,000 19,000 13.000
15 305,000 249,000 11,000 14,000
16 106,000 106,000 3,300 2,500

Fure ActrvaTteEn CITARCOAL

17 208,000 65,000} 11,700 3,200
15 130,000 78,000 6,900 2,800
19 169,000 92,000 B6,60{) 1,300
20 273,000 119,000 8,700 3,980

From Chang and Malave {1970). Courtesy of the American Society of Artificial
Internal Organs.

tained arc briefly summarized in Table IV. In hemoperfusion
across free activated charcoal granules there was a marked drop
in systemic platelets and leucocyte levels. ACAG microencapsula-
tion prevented this adverse effect on platelets or leucocytes.
Plasma hemoglobin measurements showed that neither free acti-
vated charcoal nor ACAC microencapsulated activated charcoal
caused sy hemolysis of perfusing blood.
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Histological Findings

After hemoperfusion through free activated charcoal, Hag-
stam (Hagstam et al., 1966) found charcoal particles in effluent
blood and masive charcoal emboli in the lungs, livers, kidneys,
and spleens of the test animals, In our experiments using artificial
cells contaiming activated charcoal (ACAC artificial cells), no
charcoal particles were found in smears of efluent blood from
shunts (Chang, 1969e); however, charcoal power was consistent-
Iy observed from those shunts containing free activated charcoal
(Chang, 1969¢). Studics have been done on histological sections
of lungs after two hours of hemoperfusion through 300 gm of
ACAC microencapsulated activated charcoal {Chang and Ma-
lave, 1970). Sections obtained from four dogs were examined
carefully and no charcoal emboli conld he found in the first three
dogs treated with preparations which had not been autoclaved.
In the fourth dog treated with autoclaved microencapsulated
charcoal, four very small charcoal particles in the precapillary
vessels were found., With more careful washing of the autoclaved
preparations, no charcoal particles were found in the histological
sections of the fifth, sixth, and seventh dogs. Histological scctions
of liver, spleen, and kidney obtained from four dogs showed no
cvidence of charcoal embolisra. Thus, unlike the massive embolism
resulting from hemoperfusion through free activated charcoal,
hemoperfusion through carefully washed ACAC artificial cells
did not result in any such embolism,

Long-Term Follow-Up Studies

In control experiments, four Nembutal-ancsthetized dogs un-
derwent percutancous femoral artery catheterization (14-gauge
catheter ). In hemoperfusion experiments, seven Nembutal-anes-
thetized dogs underwent similar percutancous arterial catheteriza-
tion. Each of thesc animals was then treated with two hours of
hemoperfusion through 300 gm of sterile ACAC microencapsu-
lated activated charcoal and then allowed to recover. All animals
have been followed for more than onc month, There were 1o
adverse effects.
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Pentobarbital As A Model Exogenous Toxin

The efficiency of the ACAC artificial cell system for the re-
moval of exogenons toxins has been tested using a bharbiturate,
pentobarbital, as a model system (Chang 1969, 1971b; Chang
et al., 1970). Barbiturates belong to the group of drugs common-
ly encountered in accidental or snicidal overdosage. In these
studies dogs are given intravenous injections of pentobarbital
(50-60 mg/kg) and then supported by artificial respiration. Con-
trol studics show that the rate of decrease of the arterial pento-
harbital level is slow. On the other hand, hemoperfusion over
ACAC artificial cells rapidly lowers the arterial pentobarbital
levels. A typical example is shown in Figure 55. Forty-five min-
utes after the infusion of pentobarbital, control blood samples
are taken at 15-minute intervals for one hour. An extracorporeal
shunt containing 300 gm ot ACAC artificial cells is then con-
nected to the femoral artery and femoral vein of the heparinized
animal. A Travenol blood pump is used to maintain an extracor-
poreal blood flow of 200 ml/min. As can be seen in Figur 53, the
arterial blood pentobarbital level fell exponentially and rapidly
during the two hours of hemoperfusion. The effectivencss of the
hemoperfusion over ACAC artificial cells is shown both by the
rate of decrease of arterial pentohurhital levels and also, in some
cases, by the animal’s waking up from the effects of the pento-
barbital.

Pentobarbital in the body is distributed into four compart-
ments: blood pool, viscera, lean tissues, and adipose tissues
{ Dedrick and Bischoft, 1966}. The visceral compartment, which
includes the central nervous system, receives a high blood flow,
whereas the adipose tissue receives a low blood flow. Thus, using
this compartmental system, we can say that Liemoperfusion over
ACAC artificial cells removes pentobarbital from the blood com-
partment along with any pentobarbital entering the blood com-
partment along a concentration gradient from the other compart-
ments. From the analysis of Dedrick and Bischoff (1966), it can
be secn that the rate of fall of free concentrations of pentobarbitul
in the visceral compartment (including the central nervous sys-
tem) falls at the same rate as the pentobarbital concentration
in the blood compartment; on the other hand, the concentration
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Figure 55. Arterial pentobarbital level in dogs. Control: dog without treat-

ment. Treated: dog with systemic cireunlation connected to an extracor-

poreal shunt containing 300 gm of ACAC artificial cells (blood flow 200
ml/min) for two hours,

in the adipose tissue lags behind the other compartments, Thus it
would be expected that hemoperfusion over ACAC artificial cell
could efficiently remove pentobarbital from the blood compart-
ment and the central nervous system sufficiently to revive the
comatose individual, On the other hand, on termination of hemo-
pertusion, pentobarbital will continue to diffuse along a concen-
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tration gradient from the adipose tissue into the blood compart-
ment, thus resulting in a gradval increase of thc blood
pentobarbital level, as can be scen in Figure 55. The degree of
increase of blood pentobarbital level will depend on the amount
of adipose tissue of any one particular individual.

Salicylates As A Model Exogenous Toxin

Aspirin, a salicylate, is the most important cause of accidental
poisoning among children under the age of five years. The effi-
ciency of ACAC artificial cells in the removal of salicylate has
been studied in this laboratory using dogs.

A typical example is shown in Figure 56. In each set of experi-
ments 200 mg/kg of sodium salicylate was given intravenously
by infusion to two Nembutal-anesthetized dogs which had pre-
viously been nephrectomized to prevent the renal excretion of
salicylates. Arterial salicylate levels were followed at 13-minute
intervals for one hour. After this, one of the dogs was used as a
control. The cirenlation of the other dog was connected to an
extracorporcal shunt containing 300 gm of ACAC artificial cells.
Hemoperfusion over the ACAC artifici al cells in the extracorporeal
shunt was facilitated by the use of a Travenol rotary pump ad-
justed to a flow rate of 200 ml/miv. The arterial salicylate levels
in the control animal remained elevated, During this period, the
animal exhibited the usual signs of salicylate intoxication. The
period of marked hyperpnea was followed by respiratory failure,
cardiovascular collapse, and death of the untrcated animal. In
the case of the animal freated with the ACAC artificial cells, the
arterial salicylate levels fell rapidly, and the clinical signs of
salicvlate intoxication were no longer present soon after the
initiation of hemoperfusion. Clearance of salicylate was maintained
at 110 ml/min to 120 ml/min for the first 80 minutes.

The efficiency of the ACAC artificial cells for the treatment of
salicylate intoxication is clearly demonstrated in these experi-
ments. The size of the apimals (25-30 kg) and the amount of
salicylates administered (43-5.5 gm to each animal)} in these
studies are comparable to what one may cncounter in pediatric
salicvlate intoxication.
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Doriden As A Model Exogenous Toxin

Doriden ({glutethimide) is another medication commonly
encountered in acute intoxication. Preliminary stirdies in this
laboratory using dogs show that Doriden is efficiently removed
by the ACAC artificial cells. Dogs were given 150 mg/kg of
Doriden. The animal's blood was rccirenlated at 300 ml/min
(rotary pump) through the extracorporeal shunt chawmber con-
taining 300 gm of ACAC artificial cells. This way the clearance
of Dariden was found to be 1530 ml/min for the first hour and
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120 ml/min for the second hour. Thus, about 1 gm of Doriden
was removed by the 300 gm of ACAC artificial cells within two
hours.

GENERAL CONCLUSIONS

This chapter serves to illustrate the feasibility of the general
idea of artificial cells. By placing detoxicants in an artificial intra-
cellular environment, the detoxicants can continue to Temove
permeant toxins without adversely affecting cxtracellular essential
elements like blood cells, protein, and calcium, The examples
given in this chapter serve only as model systems to test the
efficiency of the artificial cell system. The demonstrated efficiency
of these model systems should encotrage onc stucy artificial
cells containing other types of detoxicants for the removal of
the large numbers of exogenous and endogenous toxins. The
simplicity and the compactness of this system will greately facili-
tate the treatment of acute intoxication. Other membrane systems
should also be explored. Thus the Utah group (Kolf, 1970, and
Andrade et al, 1971a and 1971b) is now exploring the micro-
encapsulation of activated charcoal by coating with Ilydron, a
polymer known for its biological inertness. We are also exploring
other membrane systems including cellulose acctate in this lab-
oratory, _



Chapter 9
ARTIFICIAL CELLS FOR ARTIFICIAL ORGANS

INTRODUCTION

INCE cells are the fundamental units of all tissues and

organs, what are the possibilities of using the principle of
artificial cells for the construction of artificial organs? The idea
of artificial cells has been applied to the design and construction
of compact artificial kidneys (Chang, 1966), with the hope that
this can be used as a feasibility test for the construction of other
types of artificial organs. Part of this system is now being tested
clinically with promising results (Chang and Malave, 1970;
Chang et al,, 1971).

CONVENTIONAL ARTIFICIAL KIDNEYS

Before discussing the details of artificial kidneys constructed
from artificial cells, a brief summary of the basic functional char-
acteristics of the conventional artificial kidneys should be given.
It is obviously not within the scope of this monograph to review
meaningfully the laxrge amount of work on artificial kidneys, nor
is it possible to include references for all the many publications
on this subject. A few of the many cxcellent publications include
monographs (Kolif, 1946; Schreiner and Maher, 1981; Doyle,
1962; Merrill, 1965, Hampers and Schupak, 1967; Brest and
Moyer, 1967; Nose, 1969), journals (Schreiner, 1955-1970; Kerr,
1967-1970), reviews (Leonard, 1966; Dedrick et al., 1968), and
reports ( Burton, 1967; Gottschalk, 1967),

In 1913, Abel et al. devised a hemodialysis apparatus to remove
toxic materials in cxperimental animals. Kolff and Berk in 1943
developed the rotating drum artificial kidney and demonstrated
for the first time the clinical usefulness of hemodialysis. With the
development of the Scribner-Quinton arteriovenous shunts { Quin-
ton et al,, 1960), long-term hemodialysis became a reality. Other
centers, realizing the importance of these findings, have placed
increasing emphasis on the development and uses of hemodialysis,

146
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At present, different types of artificial kidneys are being used.
These include the coil type, e.g. Kolff twin coil artificial kidney
(Kolft and Watschinger, 1956); Alwall coil artificial kidney ( Al-
wall, 1947); the plate tvpe, e.g. Skeggs and Leonard’s (1948)
artificial kidney; the Kiil (1960) type artificial kidney; and more
recently, the capillary type (Stewart et al., 1966}, All these arti-
ficial kidneys have in common the following hasic principle (Fig.
57}: a semipermeable membrane separates two compartinents.
The patient’s blood flows through one compartment. Here, per-
meant molccules from the patient’s blood cross the semi-
permecable membrane by diffusion along electrochemical and
hydrostatic gradients to the other compartment where they are
washed away by a very large volume of dilaysate {200-300 liters ).
The rate of removal of waste metabolites depends on a number
of factors. The membrane thickness and total membrane area
available for diffusion are two of the factors. The success of
this basic principle is clearly demonstrated by the large number
of chronic renal failure patients suceessfully maintained by chronic
hemodialysis. Despite the ther apeutic value of hemodialysis, Pro-
fessor Kolff has recently quoted that only 1.5 percent of the
people who nced it are being helped with artificial kidney or
kidney transplantation (Nose, 1969). In other words, in the Uni-
ted States alone, out of 40,000 people who require treatment
only ahout 500 can be accommodated. Serious attempts are being
made by many centers to construct simpler and less costly clrh—

ficial kldﬂf‘} 5.

THEORETICAL ASPECTS OF ARTIFICIAL KIDNEYS
BASED ON ARTIFICIAL CELLS

The basic principle of the nse of artificial cells for the construc-
tion of compact artificial kidneys was first proposed in 1966
{Chang, 1966} (see Fig. 57). It is well known that the smaller
a particle, the larger is the surface arca to volume relationship.
If we caleulate the total surface area in artificial cells of different
diameters, the result obtained is quite striking. Thus, 10 ml of
20n diameter artificial cells or 33 ml of 100u diameter artificial
cells has a total surface area ahout 20,000 em?, which is larger
than that available in a conventional artificial kidney {less than
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Figure 57. Schematic representaticn of principle of conventional artificial

kidney {hemodizalyzer} (left), and artificial cells for artificial kidney (right}.

(From Chang and Malave, 1970. Courtesy of the American Society for
Artificial Internal Organs.)

20,000 em? ), In addition, the membrane thickness of artificial cells
{Iess than 500 A) is much less than that used in standard arti-
ficial kidneys (at least 50,000 A). Tf everything else remains the
same, the rate of net movement of permcant molecules across a
membrane (ds/st) along a given concentration gradient (ACs)
is proportional to the surface area (A) and inversely proportional
to the membrane thickness (dx}, since
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The principle of the construction of a compact artificial kidney
tfrom semipermeable artificial cells is simply as follows: If we pack
33 ml of 100x diameter artificial cells in a shunt, then the total
membranc area available for diffusion will be greater than that
of an artificial kidney, Since the merubrane thickness is at least
two orders of magnitude less than that in the standard artificial
kidney, metabolites from blood Hlowing past these artificial cells
can cross the membrane into the artificial cells at least 100 times
faster than in standard artificial kidneys. Tf something can he
placed inside these artificial cells to trap or act on the metaholites
which cross the membrane, then we have the theoretical basis for
a small, compact artificial kidney. For this model to become prac-
tical, we have to answer the following questions: What are the
permmbility characteristics of the artificial cell membrane? What
is the compatibility of artificial cells with blood? What can be
included within the artificial cells to trap waste metabolites?

The permeability characteristics of artificial cells have been
studied in detail (Chang, 1965; Chang and Poznansky, 1968c).
As discussed in the carlier chapter, the equivalent pore radius of
the artificial cells can be varied at will over a wide range. Those
preparced by the standard procedures (Chang, 1964; Chang et al.,
1966 ) have an equivalent pore radius of 18 A, a value comparable
to that used in dialvsis membranes. Thus, the artificial cell mem-
brancs are impermeable to particulate matters (e.g. blood cells
or suspensions) and macromolecules {e.g. enzymes and other
proteins ). Smaller molecules, however, can equilibrate rapidly
across the membranes. The rate of equilibration of uremic meta-
bolites like urea, creatinine, and wvric acid is so rapid that a mix-
ing and sampling procedure is required for the analysis of per-
meability constants. The results obtained and described in an
carlier chapter show that the permeability characteristics of arti-
ficial cell membranes are suitable for the rapid permeation ol
dialyzable uremic metabolites. In addition, the permeability char-
acteristics of artificial cell membranes can be modified by varia-
tions in polymer materials, thickness, porosity, charge, lipid coat-
ing, and polysaccharide coating.
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Results described in the previous chapter indicate that artificial
cells can be prepared to have membranes which are compatible
with the formed elements of blood. The next question which
requires solution is the type of materials for the removal of uremic
metabolites.

REMOVAL OF BLOOD UREA

At present, no absorbent is available which has a sufficient
absorbing capacity for the removal of blood urea. Studies in this
laboratory demonstrated the possibility of using artificial cells
containing urease { Chang, 1966).

Procedures And Methods

Control artificial cells containing no urease and urease-loaded
artificial cells {soluble urease, Nutritional Biochemical Co., 400
mg/3.0 ml artificial cells) are prepared according to the stdnd-
ard procedure described for nylon artificial cells of 90 mean
diameter (Chang et al., 1966). Before use, Tween 20 must be
removed as completely as possible from the artificial cell sus-
pension by washing at least six times on the centrifuge with 10
volumes of saline.

The extracorporeal shunt system I have used in experiments on
dogs is shown diagrammatically in Figure 46. The artificial cells
{ 90 mean diameter, smallest ones removed by differential screen-
ing) must be retained in the shunt chamber without stasis or
close packmg and without interfering with the free perfusion of
blood. This is accomplished by placing a 325-mesh nylon screen,
supported by a steel wire screen, at either end of the chamber;
the distance between the screens is 15 em and the internal
diameter of the chamber is 2.0 em. With the pump adjusted to
give a perfusion rate of 20 ml/min, it is desirable to reverse the
direction of flow every 10 minutes to prevent clogging of the
screen. The system functions well for three to four hours; for
longer periods of operation the shunt chamber needs furthel
modifications, or the perfusion may bhe switched to a second
chamber.

Nembutal-anesthetized dogs with an average weight of 10 kg
were used in the acute experiments. Right femoral artery (A)
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and vein (V) were cannulated and connccted to the shunt sys-
tem (Fig. 46). Each dog received 2.0 mg/kg of aqueous heparin
sodium { Nutritional Biochemical Co.) intravenously. In each
case, arterial blood was perfused for 90 minutes through the
shunt chamber; during this period thc chamber contained 10 ml
of control nylon artificial cells which were not loaded with urease.
Thereafter, arterial blood was perfused for a second 90-minute
period through the same chamber, which then contained 10 ml
of urease-loaded artificial cells.

Results

Systemic blood ammonia levels were nover significantly changed
when arterial blood was perfused at 20 ml/min through a shunt
containing control artificial cells. On the other hand, systemic
blood ammonia levels were regularly increased when the shunt
chamber contained urease-loaded artificial cells, Thus blood am-
monia rose steeply, the average level after 90 minutes being 28.5
(range 20.0-34.0)pg/mi (Fig. 58), in spitc of the presence in
these dogs of a functioning liver whicli was presumably convert-
ing ammonia to urea during the course of the experiment, Am-
monia in the effluent was too high and urea in the effluent was
too low for satisfactory estimation by the methods routinely em-
ploycd, but it was clear that at least 80 percent of the urea in
the blood perfusing the shunt had been converted to ammonia.
The results for ammonia and urea in systemic arterial samples
from this experiment are shown in Figurc 58, where the values
are also plotted in terms of urca and ammonia N. The rise in
blood ammenia N accounted for about three-fourths of the fall in
blood urea N; a closer agreement would hardly be expected in
view of the likely differences in distribution and in renal and
metabolic handling of the two substances.

The urea-urcase system has been used here as a medel to test
the feasibility of using urease-loaded artificial cells to lower blood
urea level. From this point of view the results seem promising;
the shunt gave more than 80% conversion, though the volume
of the incorporated artificial cells was only 10 ml. That am-
monia formed from the enzymatic action on urea could he re-
moved by artificial cells containing ammonia ahsorbent has

-
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Figure 58. Extracorporeal shunt containing urease-loaded artificial cells.

Effect on systemic arterial blood ammonia and bleod wrea level, (From

Chang, 1966, Courtesy of the Americun Society for Artificial Intermal Or-
gans. )

been demonstrated in the same studies ( Chang, 1966). Thus with
slight modification of the procedure, nylon artificial cells contain-
ing Dowex-X12 can be produced. Shunts have been loaded with
artificial cells of up to 120 ml. Over short periods of perfusion such
a shunt chamber was cffective in removing most of the ammonia
from the perfusing blood of animals whose ammonia levels have
been raised. For practical use, ammonia absorbents with much
higher capacity will be required.

General Discussion

This study demonstrated the theoretical possibilities of using
artificial cells containing a combination of urease and ammonia
absorbents for the removal of blood urea. Other workers have
supported the feasibility of using artificial cells for the removal
of urea. Thus, Levine and LaCourse (1967 ) analysed the theoreti-
cal feasibility of a column of artificial cells containing nrcase to
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remove blood urea. In this analysis, the extra renal blood volume
and urea concentration are represented respectively by Ve and Us,
and the volume of blood flowing through the artificial kidney per
unit time is represented by V. Ii M is the rate of urea production
and Uo the concentration of urca at the cfferent of the shunt,
then

Vﬂ(dUB/dt) = V(UO_UH) + M

If f represents the ratio of Uo/Un, then the steady-state solu-
tion to the above equation hecomes

U = M/V(1-1)

Thus the steady-state concentration depends on V, the rate of
blood through the artificial kidney, on M, the rate of urea pro-
duction, and on f, the ratio between the urea concentration in
the afferent (Un) and efferent (Uo) of the artificial kidney. If
f is very much less than 1 (in fact about 0.1, as shown experi-
mentally by Chang, 1966), and knowing M (25 go1/24 hr and
Un (0.25 gm/liter), then the required blood flow rate through the
artificial kidney can be estimated at about 70 ml/min.

With further derivations takin g into account enzyme kinetics,
membrane permeability, blood flow rate, and other factors, the
authors (Levine and LaCourse, 1967) arrived at the following
cquation,

v In 1/£
h= -

3PF

where h is the length of column required, v is the linear velocity
of blood, f is the ratio of the efferent urea concentration, P is
the permeability constant of the artificial cell membrane, F the
fraction of the column occupied by artificial cells, and r the radius
of the artificial cells. They used this equation to derive a graph
(Fig. 59) showing column height as a function of arterial cell
diameters for two values of the permeability constant. This graph
shows that in theory, it should be possible to use artificial cells
to construct an artificial kidney 2 em in diameter and 10 ¢m in
length for the conversion of urca produced daily to ammonia.

Our approach of combining urcase and ammonia absorbents
for the removal of blood urea has heen further extended. It has
been suggested (Chang, 1966) that by placing such materials
as these in the external dialyzing fluid of an artificial kidney, the
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urease Dowex system can alse act on urea diffusing across the
hemodialyzer membranes. The main advantage of enclosing them
in artificial cells is the enormous ratio of surface area to volume
that may be attained jn this way. With artificial cells of 20
diameter, for instance, the surface area available for exchange is
2,500 cm?/ml of artificial cells. Thus 10.0 m! of such artificial cells
have more surface area than a conventional artificial kidney, This
large surface area and small volume should be useful in cases
where it is desirable to minimize the volume of cxtracorporcal
blood, or where the biological material is cxpensive (c.g.
enzymes), or where a portable or wearable device is wanted.
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Sparks’ group (1969, 1971) extended this approach by suggesting
the feasibility of artificial cells containing urcase and ammonia
absorbent or wrea absorbent in the gastrointestinal tract or in the
dialysis fluid of artificial kidneys for the removal of urea, The use
of urcase has also been modified by Gordon et al. (1969) for the
rerqoval of urea from dialysance. Other workers (Falb et dl,
1968; Flinn and Cherry, 1970; Gardner, 1971; Sparks &t al., 1971)
are investigating the removal of urea by artificial cells containing
different systems: ureasc and ammonia absorbent; urcase and an-
other enzyme system; or urca absorbent,

Work in this Iaboratory suggests the possible gastrointestinal
approach for the removal of urea (Chang and Poznansky, 1968a)
(Chang and Loa, 1970). In the intestine, bhacterial urcase con-
verts urea into ammonia which is reabsorbed. Therefore, there is
little intestinal excretion of urea or ammonia. However, in the
present experiments, four hours after the oral administration of
zirconium phosphate (ammonia absorbent), the systemic blood
urea levels were 11.0%1.1 mgh as compared to 14.52=1.5 mg% in
the control rats. The scrum calcium levels were 10.22-20.77 mgh
in the treated gronp and 10.65+0.40 mgé in the control group.
Similar results were ohserved when another ammonia absorbent,
Dowex-50W-X12, was administered orally into rats. Within four
hours, the systemic blood wrea levels had decreased to 65.0+4.5
pereent of the control values. When animals were treated with an
antibiotic mixture (sulfagnanidine, Terramycin®, penicillin, and
neomycin} to climinate the urcase-producing bacteria, oral ad-
ministration of ammonia absorbents had little effect on the sys-
temic blood urea Jevels (89.1:26.0 percent of the control values).
In these antibiotic-treated rats, the oral administration of hoth
microencapsulated urcase and ammonia absorbents lowered the
systemic blood urca levels to 60.6=5.0 percent of the control
levels within four hours. Thus microencapsulated urease efficient-
ly replaced the bacterial nrease activity. In conclusion, a com-
bination of exagenous ammonia absorbents and bacterial or
microencapsulated urease in the intestine can efficiently remove
systemic urea. More rccently, aldehyde starch has been tested
for the removal of urea (Giordano and Esposito, 1970; Sparks
et, al. 1971).
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Figure 60. Schematic representation of the action of urease-loaded artificial
cells in the gastrointestinal tract.

REMOVAL OF OTHER UREMIC METABOLITES

What can be placed inside the artificial cells to remove other
uremic metabolites entering the artificial cells? While no ideal
reactants are as yet available for this purposc, the enclosure of
activated charcoal in artificial cells has been proposed {Chang,
1966) and studied in experimental animals (Chang et al., 1967h,
1968, 1970; Chang, 1969¢), and in uremic patients (Chang and
Malave, 1970; Chang ef al., 1971),

It is known that activated charcoal can efficiently remove many
uremic metabolites from perfusing blood and improve the symp-
toms of patients so treated (Yatzidis, 1964; Dunea and Kolff,
1965). Unfortunately, activated charcoal also adversely affects
platelets of perfusing blood ( Dunea and Kolff, 1965; Dutton ef al.,
1969) and releases embolising particles (Hagstam et al., 1966).
On the other hand, when microcneapsulated within semiperme-
able membranes (Chang, 1966), the activated charcoal is en-
closed in an “intracellular environment.” The enclosing mem-
branes prevent any free powder from going into the circulation,
and at the same time, prevent the blood platelets or plasma pro-
tein from coming into direct contact with the enclosed activated
charcoal.

Compact Artificial Kidney System

The use of the standard procedure, as previously described
(Chang, 1964; Chang et al., 1968), is not suitable for the micro-
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encapsulation of activated charcoal in a scaled-up system. The
flexibility of the enclosed membranes results in packing and in-
creased resistance to flow. The formation of artificial cells by
polvmer coating (Chang et ol 1968; Chang, 1969¢) prevents
these problems and is the procedure which was used here. In the
present study, coconut activated charcoal {6-14 mesh, Fisher Co.)
is microencapsulated in albumin-coated collodion membranes
(ACAC) by the procedures already reported (Chang, 1969¢).
After microencapsulation, instead of using the spray-drying pro-
cedure, the artificial cells are spread out and allowed to evaporate
in a well ventilated 50°C oven until the ether has been removed
(5 hours). They arc then washed repeatedly with pyrogen-free
distilled water through a sieve (40 mesh) until all free particles
which have escaped microencapsulation are removed. In all experi-
ments, and in the clinical trial, all artificial cells were used within
1 month after preparation.

Activated charcoal (300 gm) or artificial cells containing 300
gim of activated charcoal are placed in a silicone-coated ( Sili-
cone Spray, Manostat Co.) extracorporcal shunt chamber (10 cm
diameter and 8 cm height) prepared as described previously
(Chang, 1969e) (Fig. 61). The afferent shunt connection was
prepared from sterile tubing (R62ZA Travenol ), and the efferent
connection, with air and clot traps, was prepared from a blood
administration set (R78 Baxter). The priming volume of the
conmections and fully loaded shunt is about 300 ml.

Different types of sterilization procedures, including ethylene
oxide, formalin, and auteclaving liave been examined as possible
sterilization raethods for this system. Autoclaving at 121°C, 15 psi
lias been found to be suitable. Before microencapsulation, acti-
vated charcoal granules are washed to remove all fine particles.
They are then autoclaved for 60 minutes. After further washing,
they are wrapped and sealed in sterile cloth. The sealed portions
are then autoclaved for 30 minutes, then allowed to dry completely
at 60°C {at least 48 hours). After microencapsulation, cvapora-
tion, and the sieving procedure, the microencapsulated activated
charceal is placed in the shunt, primed with water, and antoclaved
for 30 minutes. This process may disturb some artificial cell mem-
branes, and careful perfusion at 200 ml/min with sterilized saline
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Figare 61. Extracorporeal shunt chamber containing 300 gm of ACAC arti-
ficial cells used for in vive experiments and for clinical trials. (From Chang
et al., 1970. Courtesy of the American Society for Artificial Internal Organs, )

(4 liters ) is required to remove any possible free particles. This is
followed by albumin coating; using sterilized technique, the shunt
is filled with 1 gm% human albumin (Cutter Co.), then left
standing at 4°C for 12 hours. Just beforc use, the shunt is perfused
with 2 liters of sterilized saline. Heparin (1000 units) is injected
into the shunt and 300 ml of saline is displaced by the patient’s
blood before the effluent is returned to the patient. The patient
is heparinized systemically with 100-120 units/ kg of heparin. At
present, a 200 ml/min blood flow can be obtained without the
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use of a blood pump if the Scribner type of arteriovenous shunt
is availuble. For the internal A-V fistuli, a blood pump is required.
In these cases, a rotary pump and not a Sigma pump should be
used.,

The internal resistance of 33 mm Hg across the ACAC artificial
cell type artificial kidney is low when compared to those of the
conventional artificial kidneys: 100-300 mm Hg for the coil type
artificial kidneys; 50 mm g for the Kiil type; and 45 mm Hg for
the Dow type { Cestero and Freeman, 1969 1.

In Vitro and In Vivio Removal Of Uremic Metabolites

Creatinine. This was studicd in detail in this report as a test
of the cfficiency of the artificial cell system. The in vitro removal
of creatinine was first studied using stirred-batch experiments at
37°C. ACAC microencapsulated activated charcoal was added to
a well-stirred aqueous creatinine solution (21 mgh) in amounts
of 1 gm/30 mi of solution. The concentration of creatinine de-
creased at a rapid rate (Fig, 62); 50 percent of the creatinine was
removed within 12 minutes,

Next, 300 gm of ACAG microencapsulated activated charcoal
was used in single pass studies in which the creatinine concentra-
tion entering the shunt was kept at 20 mg#. Figure 63 shows the
How rates and time of perfusion. Creatinine clearance was calcu-
Jated from the difference in creatinine concentration entering and
leaving the shunt and the shunt flow rate. The results obtained
are shown in Figure 63 and compared to other types of artificial
kidneys in Figure 70. These studies show a higher creatinine
clearance for 300 gm of ACAC microencapsulated activated
charcoal in vitro than for the best conventional artificial kidneys
(Fig. 70}.

Further in vitro studies were done using a bath containing 42
liters of creatinine solution (21 mg%) (Fig 64). Bath solution
was recirculated continuously through a shunt containing 300
gm of ACAC microencapsulated activated charcoal. Within two
honrs the level of creatinine in the bath solution was lowered by
25 percent, representing the removal of 2.2 gm of creatinine with-
in this period of time.

In vivo experiments in 20 bilaterally nephrectomized dogs were
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Iigure 62. Rate of decrease in concentration of dillerent solutes in stirred

batch experfments (equivalent to 300 gm ACAC artificial cells in 9 Hters

of solution). (From Chang wnd Malave, 1970. Courtesy of the American
Society for Artilicial Internal Organs.)

done (Fig 63). The experimental procedures described earlier
{(Chang, 1969¢} were used. Bricfly, arterial blocd from each Nem-
butal-anesthetized dog (20-27 kg) was pertused through a shunt
containing 300 gm of microencapsulated activated charcoal. A
flow rate of 120 ml/min was possible without the use of blood
pumps. Figure 65 shows the results obtained in 10 dogs treated
with 300 gm of ACAC {albumin-coated collodion microencap-
sulated activated charcoal). In all cases (Fig. 66) the decrease in
arterial creatinine level after two hours of hemoperfusion was
about 35 percent; with a higher blood flow of 300 ml/min, the
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Figure 63. In vitro creatinine clearance of a shunt containing 300 gm of
ACAC urtificial cells. (From Chang and Malave, 1970. Courtesy of the
American Society for Artificial Internal Organs. )

decrease was 75 percent. The decrease was most rapid in the
first 30 minutes of hemoperfusion. Figure 65 compares the results
obtained using albumin-coated collodion microencapsulated acti-
vated charcoal (ACAC) with those using free activated charcoal
(AC) and those using collodion microencapsulated charcoal
(CAC). ACAC and CAC microencapsulated activated charcoal
removed plasma creatinine at a rate which was only slightly
slower than free activated charcoal.

Uric acid. Figure 62 shows the result of stirred-batch experi-
ments. Uric acid was removed efficiently by ACAC microencap-
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Figure 64. Schematic representation of the removal of creatinine by 300
gm of ACAC artifivial cells,

sulated activated charcoal in vitro. Thus, 300 gm ot this material
removed 50 percent of the uric acid in 9 liters of an 11 mg% sohn-
tion within 18 minutes. In vito cxperiments in five dogs also
showed that uric acid was removed efficiently.

Urea, Ca*, phosphate, albumin, and total protein. As shown in
Yigure 62, ACAC microencapsulated activated charcoal only re-
moved a very small amount of urea. In vivo experiments showed,
as iu the case of frec activated charcoal, that ACAC microen-
capsulated activated charcoal had little effcet on the removal of
urea, Ca™, phosphate, plasma albumin, or total protein.

Guanidine. Guanidines are efficiently removed by artificial cells
containing activated charcoal.

Clinical Tests For Safety Of The System
Experiments described in the last chapter showed that albumin-
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coated artificial cells containing activated charcoal did not have
any adverse effects on the formed elements of blood; no embali
were observed, and animals contimied to do well in long-term
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(From Chang and Malave, 1970. Courtesy of the American Society for
Artificial Internal Organs.)

studies. Thus at the Royal Victoria Hospital we initiated clinical
trials of this system for chronic renal failure (Chang et al., 1970).
The first clinical trials were to test the safety of the system, and
subsequent trials were to test the cfficiency of the system. The
first clinical test is summarized below (Fig, 67):

B.B. is a 50-ycar-old white male with chrouic renal failure and
chranic lung discase. The patient could not be accommodated in
either a chronic hemodialysis or a renal transplantation program and
had been maintained by peritoneal dialysis. On the day of the clinical
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Figure 687. Response of patient (B.B.} treated with hemoperfusion through
300 gm of ACAC artificial cells. (From Chang and Mulave, 1970. Courtesy
of the American Society for Artificial Internal Organs.)

trial, his biochemical data were as follows: BUN 102 mg#, creatinie
16.5 mg#, uric acid 12.9 mgk, sodinm 143 mEq/litre, chloride 98
mEq/litre, potussiom 4.4 mlg;litre, caleium 7.4 mg¥%, and phos-
phorus 6.4 mg.

The extracorporeal shunt chamber containing 300 gm of albumin-
coated collodion microencapsulated activated charcoal (ACAC) was
usedl (Fig. 61). Sterilization of the system waus as described. After
percutaneous puncture of the left femoral artery (14-gauge catheter),
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3000 US.P, units of heparin was injected into the shunit and 5000
U.S.P, units intravenously into the patient. Blood from the left
fernoral artery entered the slinut to displace the 350 mil saline priming
solution. After discarding the 350 ml priming solution, the cifluent
flow from the shnt was retwned to the patient by the cephalic
vein {l4-gange catheter). No blood pump was wsed, and o shunt
blood flow of 100 ml/min was maintuwined.

At the beginning of the hemoperfusion procedure, the patient
stated that there was a smell of ether. It was found that this cumne
from a trace amount of residual ether present in the collodion mem-
branes. This smell disappeared shortly. The patient telt well through-
out the 90-minute procedure. No other sicde effects were mnoted.
Instead of navsew and vomiting encountered by some patients treated
with free activated charcoal hemoperfusion (Dunea and Kolff, 1965)
our patient started to leel hungry halfway through the procedure.
The patient accepted this procedure so completely that fimmediately
alter the procedure, he agreed to have repeated hemopertusion i
the future. The patient was fellowed for 48 howrs with no adverse
effects and was discharged from the hospital. He is scheduled for
Further hemoperfusions. Since then, the patient has received ancther
hemaoperfusion procedure with no adverse effects.

Hematological data from this laboratory showed that 80 minutes
of hemaperfusion did not result in any adverse effects on platelets
(237,000/mm* initial level to 234,000/mm? after hemoperfusion);
ncither leucocytosis nor leucopenia was noted (5,170/mm?® initial
level to 4,290/mm* alter hemofusion); and there was no significant
increase in the plasma hemoglobin level.

Performance Characteristics in Clinical Trials

The results obtained in 31 clinical tests {Chang et «l., 1971)
are summarized below:

Internal resistant. The internal resistance measured as pres-
sure drop across the microcapsule artificial kidney is very low
(Fig. 73). At a blood flow rate of 200 ml/min the internal resis-
tance of the artificial kidney prepared from the 6-10 mesh micro-
capsules (25 mm Hg) is less than that prepared from the 6-14
mesh microcapsules (45 mm Hg). In both cases, the internal
resistances are less than the Kiil-type hemodialyzer (50 mm Hg).
This internal resistance is extremely low when compared to the
coil-type hemodialyzer (mostly over 150 mm IIg). Thus, in pa-
tients with Scribner A-V shunts, a blood flow rate of 150-260
ml/min can be obtained with the microcapsule artificial kidneys
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activated charcoal (ACAC) in 15 clinical trials. (From Chang ef «f., 1971.
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without the use of a blood pump. In thesc patients with internal
A-V fistuli, blood flow was much slower.

Creatinine. In vitro studies show that at a flow rate of 200 ml/
min, 300 gm of albumin-coated microencapsulated activated char-
codl can remove 3 gm of creatinine. The result of the removal
of creatinine in the 51 clinical trials is summarized in Figures 68
and 70. It is elear that within a two-hour hemoperfusion period,
the creatinine clearance of 300 gm of albumin-coated microcn-
capsulated activated charcoal is comparable to the most efficient
types of coil artificial kidney and much more efficient than the
plate-type or capillary-type artificial kidneys.

Uric actd. The wric acid clearance in the 31 clinical trials is
shown in Figures 69 and 71. It is clear that uric acid clearance is
even more efficient than the standard hemodialyzers.

Guanidine. In vitro studies show that guanidine can be removed
efficiently by microencapsulated activated charcoal. Pre- and
post-hemoperfusion values for guanidine were measured in four
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clinical trials, In one of these, the analysis was interfered by a
very high hlood urea level. The results of the threc successful
analyses arc shown in Table V. It is shown that guanidine, an
important ureric metabolite, can be efficiently vemoved.

{Urea, water, and electrolytes. The 300 gm of microencapsidated
activated charcoal only removed a small fraction of blood urea.
Other systems are being developed for the removal of urea
(Chang, 1966; Levine and LaCourse, 1967; Chang and Loa,
1970; Falb et ol., 1970; Sparks et al., 1971; Gardner, 1971). Micro-
encapsulation of possible urca absorbents is also being investi-
gated (Sparks et al., 1971). The present microencapsulated acti-
vated charcoal system does not contribute to the vemoval of
sodium, potassium, phosphate, or water. Microncapsulation of
ion-exchange resins (Chang, 1966) is being investigated.

Effects on platelets and safety of system. The posthemoperfu-
sion level in the case of albumin-coated microencapsulated acti-



Artificial Cells for Artificial Organs 169

* ACAC 4-14 mesh {300 gms)
. LOACAC 4-10mesh (300gms)
B EX3 Hemodialyser
150
£
E
E -—
T—
&
s 100F .
< .
C: ]
<l ‘*\
Ll
J s Y .l
U L N ‘-l-__._llL
y S
= 501
=
Ll
o
L]
BLOOD FLOW 1 200mi ] min!
O | L L i | 1 ] | L Fl L —
O 10 20 30 40 50 &0 TO B0 90 100 110 120

TIME {mins.)

Figure 70, Creatinine clearance of 300 gm of albumin-cellodion coated
activated charcoal (ACAC) in clinical trials compared to those obtained
using EX01 hemodialyzers. Blood flow rate 200 ml/min. (From Chang ¢t
al.,, 1971. Courtesy of the American Society for Artificiul Internal Organs.)

vated charcoal was 91.8%+11.8% of control values (Fig. 72). This
is a negligible change when compared to the 50% post-hemoper-
fusion level in uncoated activated charcoal (Dunea and Kolff,
1965, DeMyttenaere et al., 1967; Hagstam et al,, 1966; Dutton
et al., 1969) and the 70% posthemodialysis level in coil hemodialy-
zer {Lawson et al., 1966). Smear of shunt effluent blood did not
show any embolic particles. These observations in clinical trials
confirm ouvr earlier findings that hemoperfusion over albumin-
coated microencapsulated activated charcoal did not give rise to
embolising particles or changes in platelet levels {Chang, 1969;
Chang and Malave, 1970).

Transient pyrogenic reactions were observed in two of the
earlicr hemoperfusions. The blood cultures were all negative.
Pyrogenic tests showed that the albumin-coated microencapsu-
lated activated charcoal was not pyrogenic. The most likely
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Fignre 71. Uric acid clearance of 300 gm of albumin-collodion couted
activated charcoal (ACAC) in clinical trials compared to those obtained
using EX0L hemodialvzers., Blood flow rate 200 ml/min. (From Chang
cf af., 1971, Courtesy ol the American Socicty for Artificial Internal Or-

Zans. )

causc may have been due to the reuseable screens of the shunt
chambers. Since then, carcful washing of the reusable shunt
chambers with sodium hypochlorite to remove any protein e-
posited in the wire meshes and elsewhere has eliminated the
problems of pyrogenic reactions. No other side ellects were oh-
served.

Chronic Intermittent Hemoperfusions with the Microcapsule
Artificial Kidney
The microcapsule artificial kidney is at present being used for
maintainance chronic hemoperfusion (Chang et al., 1971). The
patient is a T1-year-old Italian woman with chronic renal failure
and congestive heart failure. Her gencral condition was such that
she was not suitable for either the transplantation or chronic
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Figure 72. Effects of hemoperfusion over albumin-cellodion coated acti-
vated charcoal on patients’ arterial platelet levels. (From Chang et al.,
1971, Courtesy of the American Society for Artificial Internal Organs.)

hemodialysis program. After peritoncal dialysis, she was placed
on medication and diet. The patient continued with her medi-
cation and diet but did not return for her subsequent perito-
neal dialysis. She was admitted to the hospital three months later
with complaints of nausea, vomiting, low back pain, diarrhea,
and hiccups. Her biochemical data at the time of admission was
as follows: BUN 186 mg%, creatinine 2{.9 mgé, Na 142 mEq/
litre, K 5.8 mEq/litre, and C1 102 mEq/ litre. Her urinary output
was about 600 ml/24 hours and creatininc excretion was about
80 mg/24 hours. She was placed on a regime of intermittent
microcapsule hemoperfusions supplemented with hemodialysis
as required. In addition, she continued her medication of
Gravol, Amphojcl®, folic acid, Kayexalate®, sodium bicarbonate,
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TABLE V
REMOVAL OQF GUANIDINE

Arterial Guanipine Level
Microcapsules Blood Flow  Duration Prehemoperfusion Posthemoperfusion

(GMS) {ml/min) fhours) {mo%) {mes)
300 200 2 1.0 0.5
300 130 2 1.6 0.4
600 150 3 2.2 0.8

and Bemianl® with C fortis; and her restriction to 40 gm protein,
40 mg Na and 40 mq K. The hemoperfusion and hemodialysis
schedule and the biochemical data is shown in Figure 74.
Throughout these hemoperfusions, the patient did not experi-
cnce any pyrogenic reactions or other side effects. During two
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of the 28 hemoperfusions, there was a slight decrease in her
blood pressare (130/80 to 110/70) during the procedure. How-
ever, her blood pressure immediately returned to her preperfu-
sion levels at the completion of the twa-hour procedure when
the extracorporeal blood in the chamber was reinfused into the
patient. As shown in Figure 72, the changes in posthemoperfusion
platelet levels are negligible. Furthermore, her systemic platelet
levels show a steady increase after the initiation of this regime,
(Fig. 74). There is no hemolysis or changes in her plasma hemo-
globin levels, Her urinary output remains at 200-600 ml/24
hours. She is doing well after 28 treatments in 8 months.

The creatinine and uric acid clearance obtained are shown in
Figures 68, 69, 70, and 71, along with the other clinical tests,
and compared with the standard hemodialysis in Iigure 73. Both
systemic creatinine and uric acid levels fell after cach hemoper-
fusion (Fig. 74). The decrease depends on blood Aow rate and
amount of micracapsules used and ranged from 3.0 mg% to 5.0
mg# in two hours with a hemoperfsuion rate of 150 ml/min to
200 ml/min over 300 gm of microcapsules. In the onc case where
two 300 gm microcapsules shunts were uscd one after another
at a hemoperfusion rate of 150 ml/min, there was a decrease of
about 7.0 mg% within three hours, This rate of decrease of
systemic creatinine level is more efficient than that of the EX01
hemadialyzer when caleulated for the same blood flow rate. Her
arterial blood gnanidine levels were successfully measured in
two of the clinical tests. With two hours of hemoperfusion at
150 ml/min over 300 gm of microcapsules, the arterial level fell
from 1.6 mg% to a posthemoperfusion level of 0.4%. With three
hours of hemoperfusion at 150 ml/min over 600 gm of microcap-
sules, the arterial leve) fell from 2.2 mg% to a poesthemoperfusion
level of 0.8 mg#%. While discussing the removal of guanidine, it is
interesting to note that with the present regime of intermittent
hemoperfusion, medications and diet, the patient bas remained
relatively asymptomatic for the last 8 months. She is more
active and her appetite has increased and she only returns to
the hospital for her hemoperfusion and 2 hours posthemopertu-
sion observations. Her problem is water retention and ascite.
More detailed studies will be carried out in this and other patients
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Figure 74. Patient treated with chronic intermittent hemoperfusion with
microcapsules artificial kidney over a two months period. {(From Chang et.
al., 1971, Conrtesy of the American Society for Artificial Internal Organs.)
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to establish the optimal frequency and duration of intermittent
microcapsule hemoperfusions and the precise effect of hemoper-
fusion on the patients’ symptomatology.

DISCUSSION

Detailed in vitro, in vive and clinical results indicate that
activated charcoal enclosed in artificial cells is prevented from
adversely affecting the formed elements of blood and trom giving
off massive emboli. The clearance of creatinine and uric acid by
300 gm of ACAC artificial cells is much more efficient than the
conventional artificial kidneys (Fig. 73). The compactness, the
absence of a large volume of dialysate fluid, and the ease of
operation all favor the suggestion of using artificial cells for the
construction of compact artificial kidneys (Chang, 1966}. There
are other substances such as urca, electrolytes, and water which
require removal, Work on the possible uses of microencapsulated
urease ahsorbents or of urease and ammonia absorhents for the
removal of urea is in progress (Fig. 75) (Chang, 1966, 1970
Gardner et al., 1971, Sparks et al., 1569). Micorencapsulated
ion exchange resins have been preparcd (Chang, 1966);
selection of the appropriate resins may allow the removal of
selected electrolvtes. Even before these can be developed for
clinical use, the microencapsulated activated charcoal system

7T
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Figure 75. Schematic representation of an artificial cell containing urease
and absorbents. (From Chang, 1989, Courtesy of Science Tools, Sweden.)
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can be supplemented by less frequent conventional dialysis. In
addition, the microencapsulated activated charcoal can be a
simple and useful means of treating acute intoxication.

It should he emphasized that even though the present ACAC
artificial cell system is compact, theoroeically it can be made
much smaller, e.g. 10 m] (Chang, 1966) or 30 ml (Chang, 1970).
Attaining this miniature size, however, would depend on the de-
velopment of an ideal high capacity ahsorbent, or discovery of
the unknown uremic toxin(s) which can then be selectively re-
moved. The present system requires heparinization. The develop-
ment of a nonthrombogenic system would greatly simplify the
whole procedure. Work on the nse of nonthrombogenic artificial
cells is already in progress ( Chang et al,, 1967b, 1968; Chang,
1969e) with promising results. The ultrathin membranes of the
ACAC artificial cells withstand gravitational flow, blood flow,
and rotatary blood pump flow of 200 ml/min or more, but vigor-
ous pulsatile pumping with the sigma blood pump over long
periods can affect the membranes.

The general idea of artificial cells (Chang, 1964, 1968} should
not be confined to the construction of artificial kidneys. The
present system is a feasibility test to study the use of artificial
cells for the design of artificial organs. As such, the results ob-
tained encourage onc to proceced further. In nature, cells are
the hasic unit structures of all organs and tissues. It is left to
one’s imagination to extend this further into their possible uses
to support hepatic failure and other metabolic disturbances. In
fact, cxperiments have shown the possible application of this
principle hoth in enzyme replacement for enzyme deficiency dis-
eases (Chang and Poznansky, 1968a; Chang, 1969d) and in the
treatment of asparagine-dependent lymphosarcoma (Chang,
1969c). It is hoped that the basic idea of “artificial cells” will he
explored and developed further for the construction of artificial
organs. The combination of the capillary dialysis system and the
artificial cells heing studied in this laboratory is a further step
towards this goal.



Chapter 10
GENERAL DISCUSSIONS AND PERSPECTIVES

HE biomedical implications of artificial cells have becn

investigated in this laboratory for more than 15 years.
Since then, an increasing number of other laboratores have en-
tered into this area of research, thus greatly extending and
increasing the scope and the approach to the general idea of
artificial cells. However, it is clear that although progress has
been made, the whole area of research on artificial cells is only
in its embryonic stage.

There is much work to be done in the development of artificial
cell membranes. One approach would involve the complete re-
constitution of biological cell membranes including the incorpora-
tion of the various transport mechanisms. Although some studies
have been initiated to incorporate proteins, mucopnlysaccharides,
lipids, and transport systems into the artificial cell membranes,
further progress depends greatly on the availability of further
basic knowledge. Even though basic rescarch in biological mem-
branes is advancing rapidly, insufficient information is available
at present to allow one to preparce artificial cells having com-
pletely reconstituted biological membranes. A more immediate
and fruitful approach is the development of biologically com-
patible artificial cell membranes having characteristics suitable
for the particular functions for which the artificial cells are to be
used. A typical example is the development of nonthromhogenic
artificial cells for use in extracorporeal perfusion. In other cascs,
where artificial cells arc to be injected, suitable membranes will
have to be developed so that the artificial cells can remain at
the sites of injection, circulate in the bloodstream, or arrive at
predetermined final sites. Membrane composition, porosity, or
charge can be further modified so that the permeability charac-
teristics can be more selective. Transport mechanisms might he
incorporated into the artificial cell membranes to facilitate the
even more sclective movements of certain molecules. Until a few

177
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years ago, the vast amount of industrial microencapsulation tech-
nology had not been used for the preparation of the type of
artificial cells described in this monography. Continued effort in
this area should result in greater versatility in the preparation of
artificial colls.

In addition to the unlimited possible variations in membrane
propertics, an even greater number of materials can be selected
for enclosure in the artificial cells. This monograph only touches
on a minute fraction of these possibilities. Even if we are to con-
fine ourselves to the examples given in this monograph, much
remains to be extended,

Thus, further work needs to be done to prepare artificial cells
containing cell homogenates which conld be administered by in-
jection for the replacement or supplement of deficient body cells.
Erythrocyte hemolysate has been enclosed in artificial cells. The
major components, hemoglobin, carbonic anhydrase, and cata-
lase, continued to function in the artificial cells. These results
encourage the hope that further progress can be made in this
direction, especially to enclose homogenate or cells of endocrine
or liver tissues. Simplified versions of artificial cells containing
one or more enzyme systems should also be explored. The dem-
ounstrated efficiency or artificial cells containing catalase for the
experimental cnzyme replacement of a “molecular disease,”
acatalascmia, suggests that further work should now be initiated
to apply this system to other molecular diseases in clinical situa-
tions where such therapy might bencfit the patients. A numbher
of problems will no doubt have to be solved before this basic
finding can be put to clinical uses. First, cell homogenates or
suitable enzyme systems will need to be extracted or synthesized
so that they can be loaded into artificial cells, In some other cases,
where cofactors are required, one may have to include the co-
factor with the enzyme or include enzyme systems which can
generate the cofactor. Continuation of studies along thesc lines
may contribute to the fulfillment of Pauling’s 1956 prediction
that by the ycar 2005, clinical enzyme replacement therapy for
enzyme deficiency will become a reality. The results obtained
using asparaginase-loaded artificial cells for the experimental sup-
pression of mice lymphosarcoma encourage further work to in-
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vestigate the use of this system for the treatment of substrate-
dependent tumours. In addition, it would be of interest to see
whether changes in the levels of various plasma constitutents
could be produced by means of artificial cells containing other
cnzyme systems. Examples of substrate-enzyme pairs that might
be studied in this way would be uric acid and uricase, choline
and choline oxidase, dopa (diphydroxyphenylalanine) and dopa
decarboxylase, histidine and its decarboxylase, histamine and
diamine oxidase, glucose and glucose oxidase, angiotensin and
angiotensinase. Finally, it would be of interest to test the possi-
bility of using enzyme-loaded artificial cells to combat experi-
mental intoxication for instance acetylcholinesterase against or-
ganic phosphate insecticides, or aldehyde dehydrogenase against
methanol poisoning,

The uses of materials other than those normally present in the
biological cells for the preparation of biomedically useful artificial
cells have much promise. Thus the uses of artificial cells contain-
ing detoxicants for the rcmoval of exogenous und endogenous
toxins have already been demonstrated. This system should be
extended and IIIIPI'UVLC]_ for clinical uses. Further modifications
along these lines using other synthetic materials for other pur-
poses should vield fruitful results. Thus, the use of synthetic
materials like silicones or fluorocarbons for the prepartaion of
red blood cell substitutes is already proving to be extremely
exciting, Artificial cells containing both biological and sy nthetic
materials is another area which should be explored. A typical
example is the combination of enzymes and synthetic materials
which can remove or modify the product of the enzymatic reac-
tion.

Since cells are the unit structures of all organs and tissues, the
possible uses of artificial cells as basic units for the construction
of artificial organs deserve intensive investigation. This is espe-
ciallv so since experimental and preliminary clinical data have
already demonstrated the feasibility of using the principle of
artificial cells for the construction of compact artificial kidneys.
Other organs, especially thosc concerned with metabolism, should
be good candidates for this type of investigation.

As emphasized at the heginning of this monograph, it will be
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some time before we can achieve the complete reconstitution of
biological cells. Nevertheless, even before this ultimate goal can be
reached, the principle of artificial cells has alrcady been shown
to have a number of clinical implications. “Artificial cell” is a
concept; the examples described in this monograph are but phys-
ical examples for demonstrating this idea. In addition to extending
and modifying the present physical examples, completely differ-
ent systems could be made available to further demonstrate the
clinical implications of the idea of “artificial cells.” Individual re-
search investigators working independently can greatly extend
the frontiers of this area of research., On the other hand, the
obvious interdisciplinary naturc of this research is such that it
will require a closely coordinated biomedical group effort, con-
sisting of chemists, chemical engineers, biophysicists, basic med-
ical scientists, and clinicians, to develop these basic findings to-
wards early clinical applications. The potential of artificial cells
in biomedical research and clinical applications is limited only
by one’s imagination. An entirely new horizon is waiting impa-
tiently to be explored.
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A
Acatalusenia, See alse Microencap-
sulated catalasc experimentul on-
zvme replacement, 81-84
Acetone, 53
Activated charcoal in artificial cells,
See  Microencapsulated  activated
charcoal
Adsorbents in artficial cells, 10-11,
133-145, 138-176
See Ammonia rtemoval, Microen-
capsulated  activated  charcoal,
Microcapsulated ion-exchange resin,
Microcapsule artificial Kidney, and
nrea removal
Albumin, 69, 137
Albumin coating, 116, 137-145, 137-
176
Albumin coated membrane, 116, 137-
138, 157-176
Albumin coated microcapsules, 137-
176
blood compatibility, 118, 137-140
clinical uses, 162-176
containing charenal,
blood, 138-139
eliects on formed clements of bload,
138-140
tor detoxibication, 141-145
long term follow wup in patients,
173174
microcapsule artificial kidney, 137-
176
uremia, 137-176
Amino groups in membranes, 30
Ammonia, 69, 7477, 134-135, 151-
156
from action of vrease on urea, 151-
158
removal, 134-135, 151.154

effects  on
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removal by adsorbent, 134-135, 151-
156 .
removal by artificial cells, 134-135,
151-156
removal by microcapsules, 134-135,
151-156
removal of blood ammonia, 1:34-
135
Ammeonia adsorbents
combined with urease, 150-156
in artificial cells, 8, 10-11, 134-135,
150-156
mgested to remove ammonia and
urea, 151-156
microencapsulated, H, 10-11, 134-
145, 150-156
microencapsulated to remove blood
ammonia, 134-135, 151-136
Antimetabolites, 13

Artifcial cells

action in extracorporeal shunt, 113-
176

actinon in gastrointestinal tract, 135-
136

artificial kidney, 148-176

asparagine dependent tumors, 8§5-
89

clinieal trials, 182-176, 54

detoxification, 8, 10-11, 133-145

doriden poisoning, 144-145

effects on coagnlation, 115-123

electrophoretic mobilities, 48-50

enzvme replacement, 7-10, 68-77.
78-92

enzyme  replacement for  acatala-
somia, $1-85
enzyme replacement for heredi-
tarv enzyme defect, 81-85

Muorocarbon emulsion, 105-112

hemoglobin or hemelvsate require-
ment in preparatinn. 18, 24
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hemoperfusion, see Hemoperfusion

heparin complexed In extracorpo-
real shunt, 119-123

immunology, 7-10, 77-80, 84-83,
9417

in extracorporeal system, 113-176
see Extracorporcal shunt

intravenous injection, 97-112

lymphosarcoma  suppression, 83-89

orul ingestion, 155-156

pentobarbital poisoning, 141-143

perfused by peritoneal fluid, 114-
113

preparation, see Artificial cell meni-
branes and Artificial cells con-
taining

red blood cell substitates, see Red
blood cell substitutes

salicylate poisoning, 143-141

uremia, 146-176

use in human, 84, 162-176

Artilicial cells containing

activatedd  charcoal, see Microen-
capsulated activated charocal

adsorbent, see Micruencapsulated
adsorbents

albunin, 69, 116, 137-138

antimetabolite, 13

asparaginase, see Microcncapsulated
asparaginase

catalase, see  Microcneapsulated
catalase

carbonic anhydrase, 5, 7, 64, 93-
a7

cells, 9-10, 38-39

cell homogenates, 7, 18-29, 67-69,
94.96, 104-105, 178-179

cholinesterase, 9

detoxicant, 8, 10-11, 133-176

drugs, 14

chnzyvmes, see Enzvmoes

eryvthrocytes, 38-30

a-glucosidase, 69

glutaraldchyde cross-linked cataluse,
68, 84, 59-91
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hemoglobin, 7, 16-29, 67-69, 94-96,
104-103

hemolysate, 7, 1623 94-68, 104-
105

immobilized enzyine, 68, 84, 86-
gt

insolubilized catalase, 68, 84, 89-
91

insolubilized cnzymes, 68, 84, 89-
91

ion-exchange resin, see Microen-
capsulated adsorbent and Micra-
cncapsulated ion-exchange resin

lipase, 69

magnetic alloys, 14

mammalian cells, 5-10, 38-34

microcapsules, 36

multiple engyme system, 7-8, 18-
29, 67-69, 94-96, 104-105

particulate matter, see Microencap-
sulated particulate matters

protein, see Fnzymes and Hemo-
rlobin ..

radioactive isotopes, 13-14, 71-72,
75

radiopanne material, 13-14

trypsin, G5

urcase,  see  Microencapsulated

uricase, 9, 63

Artificial cell membrane

albumin-coating, 137-138, 157-176

amino-groups, 30-32

biocompatibility, 71-73, 96-104,
115-140, 162-174

biological compatibility, 71-73, 96-
104, 115-140, 162-174

blood compatibility, 115-132 133-
140, 162-166, 168-174

carboxyl groups, 30-32

cell clastorneter, 43-48

cellulose acetate, 145

cellulose membrane, 16-19, 137-
145

cellulose nitrate, 16-19, 137-145

collodion, 16-19, 137-145

cross-linked protein membrane, 32



deformability, 43-48

clectrical potential, 50

electrical resistance, 50

electrophoretic mobilities, 48-30

equivalent pore radius, 63-66

fixed charge, 30-31, 33, 48-50, 96-
164, 115-132

Hexibility, 43-48

heparin-complexed, 31-33,  48-30,
113-132, 135-136

hyvdrons, 145

interfacial concervation, 16-19

inlerlacial polycondensation, 19-28

interfacial polymerization, 19-28

lipidls, 12-13, 31-36, 62-63

lipid and eross-linked protein com-
plex, 13, 31-36, 82-63

lipid and polymer complex, 13, 31-
36, 62-63

nonthromibogenic, 115-132, 135-136

nvlon, 19-28

organic phase separation, 16-19)

permeability characteristics, see Per-
meability

permeability constads, see Terme-

ahility

polymer-coating, 135-138, 143, 157-
159

polvsacchaddes,  31-33, 115-132,
1353-136

protein, 31-33, 137-138, 157-134
5ATPase, 32-33
secondary emulsion, 28-29
selective permealion, sce Permeabil-
ity
Artificial kiduevs, see Mierocapsule
artificial kidney
creatinine  clearance  comparision,
166-172
from artificial cells, 146-176
from microcapsules, 146-176
internal  resistance,
166-172
principle, 147
Artificia]l organs, 148-176
Asparaginase in artificial cells, 89, 85-
A9

cOmMparison,
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see Microencapsulated asparaginase
Asparaginc-dependent  tvmours, 83
89
Asparagine permeability, 86

B

Barbiturate, 133, 141-143
removal by artificial cells, 141-143
removal by microcncapsulated acti-
vated charcoal, 141-143
Biocompatibility, 71-73, 96-104, 115-
140, 162-174
Blood
wsparagine levels, see Asparaginase
formed elements, see Artificial kid-
ney, Eatracorporeal shunt, Form-
ed elements of blood
Blood ammonia removal, see Am-
monia
Bleod compalibility, 115-140, 162,
164-166, 168-170, 172-174
Blood creatinine removal, see Micro-
capsule artificial kidney
Blood guanidine removal) see Micro-
encapsulated  activated  charcoal,
Mivrocapsule artificial kidney
Blood poisons remaval, see Detoxifi-
eation
Blood urca remowval, 150-156
see Urea removal
Blood uremic products removal, see
Microencapsnlated activated  char-
coal, Microencapsulated adsorbent
and Microcupsule artificial kidoey

C

Calcium ions, 133

Carbonic unhvdrase, 5, 7, 69, 93-97

Carboxyl groups in membrane, 30-
32

Catalase, 69, 80-83, 93-96, 114-115

Catalase in artificial cells, see Micro-
encapsulated catalasc

Cells, 3
microencapsulated, 9-10, 38-39
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Cell elastometer, 43-48
Cell electrophoresis, 45-30
Cell homogenate, 7, 16-29, 67-69, 94-
96, 104-105, 178-179
lver and endoerine cells, 7, 16-29,
67-69, 175-179
Cell physiology, 13
Cellulose  acctute  microencupsulated
aclivated chareoal, 143
Cellulose nitrate  membrane, 16-18,
137-145
Charge in membrane, 30-31, 33, 48-
50, 96-104, 115-132
Cholinesterase, 9
Chronic renal failore, 146-175
see Microcapsule artificial kidney
Clearance, of
creatinine, 158-176
doriden, 144-145
pemtobarbital, 141-1473
salicvlute, 143-144
uric acid, 159-176
Clinical trials, 162-176
artificial cells, 84, 162-176
microencapsulated  activated  chiar-
coal, 162-176
microcneapsulated  adsorbent, 162-
176
microcapsulated catalase, 84
microcapsule artificial kidney, 162-
176
microcapsule, 84- 162-176
Coagulation
in-vitro elfects of artificial cells,
119
in-vivo effects of artificial cells, 118-
123
Collagen and blood compatibility, 116
Colledion membrane, see  Organic
phase separation
Compact artificial kidney, 146-176
se¢ Microcapsule artificial kidney
Creatinine, 59, 159-175
clearanee in uremic patients, 162-
176
in vitro clearance, 159-162
removal by artificial cells, 159-175

renoval by microencapsulated acti-
vated charcoal, 159-175
removal by microcapsule  artificial
kidpey, 159-175
removal by standard  artificial
kidneys, 168-172
Crenation, 43-44, 53-56
Cross-linked protein membrancs, 31-
33, 137-138, 157-159

1

Deficient eell finctions, replacoment
or supplement, 4
Deformability, 43-48
Detoxicants, 10-12, 133-146
see also Arvtificial ecells, Microen-
capsulaled activated charcoal, Mi-
croencapsulated adsorbents, Micro-
encapsulated  jon-exchange  resin
and Microcapsule artificial kidney
Detoxification, 8, 10-12, 133-176
arnmonia, 134-135, 151-156
Larbiturate, 141-143
doriden, 144-145
suanidines, 1682, 167-168, 172-175
pontobarbital, 141-143
peroxides, 81-85
salicylate, 143-144
Dialysate, containing wreaye, 153-155
Dhalysis against enzymes, 130-156
Dialysis against urease, 150-156
Dilterential dialysis, 63-65
Doriden, 133, 136, 144-145
removal by artificial cells, 144-145
removal by microencapsilated acti-
vated charcoal, 144143
Drugs, removal, 133-146
see also Detoxification

E

Electrical properties
eleetrophoretic mobilities, 448-5(
membrane potential, 50
membrane resistance, 30

Electrophorctie mobilitics, 48-50

Embolismas, 11, 133, 140

Embaolism
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absernce in microencapsulated acti-
vated chareoal, 140
in free wctivated charcoal, 140
prevented by microencapsulated,
140
Emulsion of Muorocarbons, 106-10%
effeets of size dispersion, 109
ervthrocvtes substitute, 106-100
intravenous infusion, 106-109
isolated tat brain perfusion, 106
Emulsion of polymerized silastios, 28-
29, 104-105
conlaining protein and enzymes, 28-
29, 104-105
erythrocyte substitute, 104-105
intruvenous infusion, 104-105
Endocrine  cells, microencapsulation,
G-10), 38-39
Endogenous  metabolites, see  Amn-
monfa, Creatinine, Guanidine, Mi-
croencapsulated  artificial  kidney,
Ured, and Urie acid
Environmental engineering, 79
Enzymes, 3-10, 18-30, 67-92, 94-97,
105, 111-112, 114-115, 118, 123-
124, 150-136, 176, 178-180
wee Artificial cells
asparaginase, see Microencapsalated
asparaginase
carbonic anhydrase, 5, 7, 69, 93-97
catalase, see Mierorncupsulated cat-
alase
deficiency, 9, 10, 79, 81-84
dialysis ugainst, 150-136
cxperimental therapy, 7-10 68-77,
78-92
e-glueosidase, 69
hemolysate, see Hemolysate
ine aritficial cells, see Artificial cell
confaining
lipase, 69
microcncapsulated,  see  Artificial
cells containing
multiple ¢nzymes, 7-8, 18-29, 67-
69, G4-96, 104-105
removal of urea, see Urease for
ures removal
replacemnent for inbom errors of
metabolism, 7-10, 77, 78-84
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stablization by microencapsulation,
68, T1-72, 84, $9-91
stablization by microencapsulation
and cross-linking, 68, 84, %9-91
therapy tor lymphosarcoma, 83-89
by psin, 69
urease,  see
nreuse
uricase, 68
Equivalent pore radius, 85-65
Ervilirocvtes
ellects in extracorporeal shunt, 125-
131
long term effects, heparin  com-
plexed artificial cells, 128-131
microencapsuiated, 38, 39
substitutes, see Red blood eell sul-
stitute
Exogenous toxins, 10-12, 133-146
amnmonia, 134-135, 151-158
doriden, 144-145
ghitethimide, 144-145
pentobarbital, 141-143
peroxides, 81-85
salicylates, 143-144
Exogenous toxin removal, using mi-
croeneapsulated
activated charcoal, 10-12, 156-176
adsorbent, 10-12, 158-176
catalase, §1-85
cholinesterase, 0
envymes, 9, H1-85
ion-exchange resin, 10-12, 1;34.135
Extrucorporeal shunt, see also Arti-
ficial cells, Hemoperfusion, Micro-
encapsulated activated char-
conl, Microencapsulated adsorbent,
Microcapsulation and Micracupsule
artificial kidney
adsorbents in artifficial cells, 156-178
albumin-coated artificial cells, 137-
176
ammonia adsorbent in artificial cells,
134-135
blood, 113-176
body fluids, 115
cutalase in artificial cells, 114-115
licparin-complexed  artificial cells,
115-132, 135-138

Microencapstulated,
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ion-exchange resins in artificial cells,
134-135

nonthirombogenic svstern, 115-176

peritoneal fluid, 114-115

reasons, 113-114

wrease in artificial cells, 150-156

F

Fixed charge, 30-31, 33, 48-50, 96-
104, 115-132
Vlexibility, 43-48
Fluaracarbons, [1, 104-112
emulsion as erythroeyvte substitute,
1053-112
licquid perfusion, 105
Formed elements of blood
albumin-coated microcapsiles, 1738-
140, 168-169, 171, 174
cffeets of artificial cells, §, 10-12,
123-132, 133-13%9, 165-169, 171,
174
effect of heparin complexed  arti-
ficial cells, 128-131
microcucapsulated  activated  char-
con) in-vive and in homan, 138-
140, 168-169, 171, 174
microcapsile artificial kidney, 135-
140, 168-169, 171, 174

G
a-clucosiduse, 69
Ghtaraldchvde crossed linked icro-
encapsilated enzymes, 88, 84, 89-
91
Cluthethimide, 144-1415
removal by microencapsulated acti-
vated charcoal, 144-145
Guanidine, 162, 167-168, 172-175
removal by microcapsule artificial
kidney in uremiz patients, 167-

168, 172-175

11

Hemodialysis, 146-147

Hemoglobin, 4, 5, 7, 16-18, 20-24,
28-24, 69, 93-9G, 104-103
requirement in preparation, 18, 24

see Artificial cells, Microencapsula-

tion
Hemolysate, 4-7, 16-29, 69, 93-96,

104-105,

requirement in preparation, 18, 24

see Artificial cell

Hemoperfusion

albumin coated artilicial cells, 137-
176

heparin-complexed  artificial  eell,
115-132, 133-136

long term intermitlent in patients,
170-175

microcncapswlated  charcoal, 138-
176

microencapsulated detedeants, 133-
146

microencapsulated
resin, 134-135

microcncapsnlated  nrease, 150-156

iom-exchange

Ini(;r{_l{:nc;l.]_).ﬁ'lllat{.‘(1 NITE a8 .'."l.]lf] HINE
monia adsorbent, 134-135
microcapsule artificial kidoey, 159-
150
resing, 134-135
uncoated  granular activated char-
coal, 133
Meparin econnplexed artificial cells, 31-
33, 48-50, 115-132, 135-136
ellects on coagulation, 115-132, 135-
138
elfects on formed elements of blood,
115-132, 135-138
electrophoretic mobility and surface
charre, 48-50
hemoperfusion, 115-136
Heparin  complexed  artificial - cells
conlaining, 139-137
activated charcoal, 135-137
asparaginase, 123-124
cnzyvrnes, 123-124
urease, 123-124
Teparin in membrancs, 31-33, 45-
50, 115-132, 135-136
Histological findings
free activated charcoals, 1490
microencapsulated  activated char-
coal, 140
Hollow fibre macmbrancs, 64-65
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Hormone, 9-10¢
microcneapsulation  of  endocrine
cells, 9-10, 38-39
microencapsulation of islet cclls, 9-
10, 38-39
Ilydrogels and hlood compatibility,
116, 145
JTydron microencapsulated actvated
charcoal, 143

I

Tromobilized cnzymes, 68, 84, 59-81
see also Artificial cells containing
Immunalogy, 7-10, 77-80, $4-85, 94-

97
artifieial cells containing  hemoly-
sate, 7-10, 96
catalase in artificial cclls, 84
enzyme replacement, 7-10, 77-87
Inborn errors of metubolism, 9, 7T9-
a7
introduction, 79-50
replacement in acatalasemia, 80-85
use of artificial cells, 80-85
Tndustrial micreencapsulation techno-
logy, 35-42
Insolubilized enzymes, 68, 84, 89-91
see Attificial cells containing
Interfacial coacervation, see Organic
phase sceparation
Intcrfacial pelymerization, 19-28
choice of solvents, 22-23
control of diamcters, 24
cross-linked protein membranes, 27
drop technique, 26
introduction, 19
optimal reactants, 23
requirement for hemoglobin, 20
typical cxample, 20-22
variations in contents, 27
variatioins in membranes, 27
Internal resistance
capillary artificial kidneys, 159
eoil artificial kidneys, 159
microcapsule artificial kidneys, 159
plate artificial kidneys, 1539
Intoxication, see Detoxification
Intracellular environment, 5
Intracellular organclles, 7
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Intraperitoneally  injected  artificial
cells, 71-77, 81-85, 87-89
Intruvenously injected artificial cells,
g7-112
Ton-cxchange resins, 10-11, 151-158
as detoxicant, 10-12, 133-146
effcets on lencocytes, 133
cffects on platelets, 133
microencapsuluted, 10-12, 133-146,
151-158
microcncapsulated  for  ammonia,
133-146, 131-136

L

Lencoevtes, 17, 33
¢llects of albumin coated micro-
capsules, 138-140
effects of artificial cells, 125-131
effects of heparin-complexed arti-
ficial cclls, 125-131
ellects of microcapsules, 1358-140
long term offects of heparin com-
plexed artificial cclls, 128-131
Lipase, 69
Lipid membranes, sce Artificial cells
memhbranes und membrane models
Lipid-polymer membranes, 13, 31-
36, 62-63
Lipid-protein membranes, 13, 31-36
Linuid crystals, 12
Tymphosarcoma, 9
eflects of microencapsulated aspara-
ginase, 83-89
use of artificial cells, 83-89

M

Macroeyvche molecules, 62
see Valinomyoin

Muintainance chronic hemopoerbusion,
170-175

Magnetic alloys. 14

Mechanical propertics, 43-49
cell clastometer, 43-48
crenation, 43-44, 53-36
deformability, 43-45, 53-56
flexibility of membranes, 43-45, 53-

o6



202 Artificial Cells

Moembrane models
olack lipid films, 12
lipid-coated spherical ultrathin poly-
mer membranes, 13, 31-36, 62-
63
lipid-coated  spherical  nltrathin
protein membrane, 13, 31-38, 62-
683
liguid erystals, 12
monalayer technique, 12
permselcective membranes, 12
soap micelles, 12
solid lipid coacervates, 12
spherical ultrathin lipid membranes,
12-13, 31-36, 62-63
spherical ultrathin polymer mem-
branes, see Artificial ccll mem-
branes
Membrane permeability, se¢ permea-
bility
Membrane potential, 50
Membrane resistance, 5{)
Metabolites, 11
see Ammonia, Creatinine, Guani-
dine, Urea, Uric acid
Microcncapsulated activated charcoal
albumin-coated, 137-176
clivical trials, 162-176
creatinine clearance in patient, 162-
176
creatinine ¢learance in vitro, 159-
162
creatinine clearance, in vivo, 159-
g2
detoxification, 133-148, 167-168,
172
cffect on formed elements of hlood,
133-140, 162-174
embolisms prevented, 133, 169
yuanidine removal in patient, 167-
168, 172
heparin-complexed membrancs, 115-
132, 135-136
in barbiturate intoxication, 141-143
in doriden intoxication, 144-145
in ghitethimide intoxication, 144-
145
in sulicvlate intoxication, 143-144

long term intermittent clinical uses,
14(x-1786
polymer coating, 135-138, 145, 157-
159
preparation for clinical wses, 137-
159
preparation for experimental uses,
137-138
sterilization for clinical uses, 157-
159
urermia treatment, 140-176
uremic metabolites removal, 158-
175
uric aeid clearance in patients, 182-
172
uric acid clearance in vitro, 159-
162
nric acid clearance in vive, 159-
162
Microencapsulated adsorbents, 10-11,
133-176
clinical uses, 162-176
cffects on platelets in patients, 169,
171, 174
for artificial kidney, 156-176
long term intermittent hemoperfu-
sion in patient, 170-175
preparation of, 134-138, 157-159
preparation for clinical uses, 157-
159
removal of ammaonia, 134-135, 151-
156
rernoval of barbiturate, 141-143
rcmoval of creatinine, 159-176
removal of doriden, 144-147
removal of guanidine, 167-168, 172-
175
removal of salicylate, 143-144
removal of uric acid, 159-172
Microcncapsulated  asparaginase, 69,
#5-89
in-vitro kinctics, 86-87
m-vivo actiom, 87-80
preparation, 85-86
stability, 87
tumonur suppression, 87-89
Microencapsulated catalase
cllects on human, 84
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cflects on oral lesion in acatalese-
nia, 84
enzyme replacement therapy, 81-83
extracorporeal shunt, 114-115
for acatalesemia, 81-83
immunclogy, 84-85
in-vitro activity, 81
in-vivo action, §1-85
peroxide detoxification, 81-88
preparation, 30-81
replacement for hereditary enzyine
defects, 81-85
replacement for inbom errors of
metabolism, §1-83
stability, 84
stabilization by involubilization, 54
Microcneapsalated  detoxicants,  see
alse  Artificial cells, Detoxification,
Microencapsulated activated char-
coal, Microcneapsu'ted  adsorbents
Microencupsulated hemolysute, 7, 16-
29, 67-69, 94-96, 104-105
Microencapsulated  jon-exchange  re-
sin, 134-135, 151-156
for vemoval of blood ammonia, [34-
133
Microencapsnlated particulate matters,
36-35
insolubilized enzymes, 688, 84, 89-
m
mamilian cells, 9-10, 38-39
microcapsules, 36
resing and charcou), see Microen-
capsulated activated charcoal uand
Microencapsulated adsorbent
Microencapsulated nrease, 68-77, 154)-
136
tor compact artificial kidnev, 150-
156
for urea removal, 130-136
in cxtracorporeal shunt, 150-136
in-vitro kinetics, 69-71
in-vivo uaction, intraperitoneal in-
jection, 73-77
model for enzyme replucement, 73-
77
preparation, 6Y
stability, 71-72
with ammonia adsorbents, 151-156
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with resing, 151-156
Microencapsulation

activated charcoal, see Microencap-
sulated activated charcoal

adsorbents, see Microencapsulated
adsorhent

albumin, 69

antimetabolites, 13

asparaginase, see Microencapsulated
asparaginase

hiologically  active synthetie ma-
terial, 10

carboui anhydrase, 69, 95-97

cataluse,  see  Microencapsu'ated
cataluse

cell contents, see Cell Lomogenate

cell extracty, see Cell homogenate

coll homogenate, 7, 1620, 67-69,
04-96, 104-105

cholinesterase, 9

detoxicants, see Microencapsulated
activated charcoal and Microen-
cupsitlated  adsorbents

detoxifving agents, see, Microen-
capsulated activated chareoal and
Microencapsnlated adsorbents

drugs, 14 .

cndocrine cells, 9-10, 38-39

enzymes and protein, see Tinzymes

enzymes or ervthrocyte hemolvsates,
7, 6789 94-96, 104-103

ervthroevtes, 38-39
w-rlucosidase, 69

hemoglobin, 7, 87-6% 94-06, 104-
105

hemolysate, 7. 687-69, 94-98, 104-
105

industrial technology, 38-42

insolnbilized enzemes, 68, 84, Bi-
02

intact cells, 9-10, 34-39

ion exchange resin, see Adsorbent
and  Microencansulated  jon-ex-
charge resins

liprase, 69

liver cells, 9-10

magnetic materials, 14

multiple enzymes svstem, 7. 67-69-
04-96, 104-105
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preparation, see Artificial cclls
radioactive isctopes, 13-14, T1-72,
Th
radiopague material, 13-14
stabilization of enzymes, 68, T1-72,
84, 89-91
trypsin, 69
uricase, 69
Microeapsule artifieial kidneys, 146-
176
animal testing, 146-1684
clinical testing, 164-176
clinical uses, 162-176
creatinine clearance In patiernds,
162-176
creatinine clearance, in vitro, 159-
162
creatinine elearance, in viva, 159-
162
effects on patients, 170-175
ellects om platelets, 133-140, 162-
174
for uremic patients, 170-175
internal resistance, 166-1732
long term intermittent uses clini-
cally, 170-175
no embolisms in patients, 169
preparation for clinical uses, 157-
159
principle, 147-150
removal of guanidine i patients,
187-168, 172-175
theory, 147-150, 152-155, 175
urca removal, 150-156
nrease and  ammonia  adsorbent,
150-156
uric acid clearanee in patients, 162-
172
Microcapsules, see Artificial cells, Mi-
erocrapsnlated and Microencapsu-
lation
Millipore chambers, O
Multiple enzyme systems in micro-
capsules, 7-8, 16-29, 67-69, 94-96,
104-105

N
Neanhwutal, 133-146

Nontlirombogenic artificial cel's, 115-
132, 135-136, 137-140
see alse Albumin coated artificial
cells, Heparin-complexed arti-
ficial cells
Nylon membrane, see Intcrfacial poly-
merization
Nylon mieroeapsules, see Interfacial
polymerization

0

Oral ingestion of ammonia adsorbent
and urease for the removal of urea,
135-156

Oral ingestion of artificial cells, 135-
156

Oral ingestion of microcapsules, 155-
156

Organ and tissue substitutes, 3

Organ deficiency, 10

Organic phase separation for artifieial
cells, 16-18
introduction, 16
recuivemnent of hemoglohbin, 18
typical examples, 16-18
variation in contents, 18
variation in diagmeters, 18-19
variation in membrane materials,

14
Optical properties, 48

P

Particulate matters micreencapsulated,
see  Microencapsulated particulate
maltters
Pentobarbital, 141-143
Perborate, 81-85
Peroxide, 81-85
Permeahility of artificial cclls
acetylsalieylic acid, 59, 143-144
albumin coated membrancs, 159-
176

asparagine, 86

barbiturate, 141-143

biophysics, 51-66

collodion membrane artificial cells,
57-59

constants, 37-5Y
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creatine, 549
ercatinine, 53, 59-60, 1539-176
dextrose, 53-680, 63-64
discussions, 63-66
doriden, 144-14%
effects of macrocyelic molecule, 62
effects of walinomycin, 62
equivalent pore radius, 52-57
ether, 53
ethyvlene glvenl, 53-59
general, 51-52
glucose, 63-84
hemoglobin, 63-64
glutethimide, I44-145
lipid-coated membrane, 62-63
lipid naeromolecnlar  eomplexed
membranes, 62-63
lipid membrane, 39-62
lithium, 51-52
nylon membrane artificial cells, 51-
6
pentobarbital, 141-143
perhorate
permeability constants, 57-59
polassiiun, 51-52
propylene glycol, 53-54
rubidium, 62
salicvlate, 143-144
soddium, 59, 681-62
spherical Jipid bilayer membranes,
59-62
sucrose, 53-60, 63-64
thiourea, 53
tritiated water, 59
urea, 53, 59-80, 63
uric acid, 59-60, 159-176
valinomvein, 62
Pentobarbital, 141-143
model exopenous toxin, 141-143
Perborates, B1-85
Peritonzal fuid perfusion, 114-115
Peroxides, 81-85
Platelets, 11, 133
effects of albumin coated micro-
capsules, 138-140
elfects of artificial cells, in dogs,
125-131
elfects of heparin complexed arti-
ficial cells, in dogs, 125-131

205

hemoperfusions in patients, 189,
171, 174
long term  cffects, heparin com-
plexed artificial cells, 128-131
long term ellects, microcapsule arli-
ficial kidney, 169, 171, 174
microcapsules, 138-140)
see also Blood compatibility
Polymer-coating, 135-138, 145, 157-
159
Polymoerized crmulsions of sitastic rub-
ber, 25-29, 104-105
see Sceondary emulsion and silastics
TPolypeptides, 3
Polvsaccharides in membrancs, see
Artificial cell membrances
Preparation of artificial cells, see
Artificial cells containing, Artificial
ccll membranes, Interfacial poly-
merization organic phase separation,
Secondary emulsion and polvimer
coating
Protein membrancs, See Artificial cell
membranes

R

Radicactive isotopes, 13-14, 71-72,
75

Radicopaque materials, 13-14

Red blood cells, 4, 7, 9-10, 38-3%

Red blood cell substitutes, 1-12, 93-
112
artificial cells containing  hemoly-

sate, 1-10, 94-104

basic features, 18, 11-12
Hluorocarben emulsions, see Fluoro-

carbon
flurgearbon oil  perfusion,  see
Fluarocarbon

microbubhbles of oxygen gas, 93

preparation, see Fluorocarbon, In-
terfacial polymerization, Organic
phase  scparation,  Secondary
emulsion and silasties

silastics, see Silastics

silastics microdroplets polymerized,
ser Silastics

silicone oil perfugion, 105
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survival in circulation, see Survival
in circulation
synthetic hemoglobin, 93-94
Red blood cells, smiface area, 5
Heplacement for hereditary  enzyme
defects, 78-85
Beplacement for inborn errors of -
tabiolism, 78-85
Resing, 131, 151-130
microencapsulated, 134-1737
see Microencapsu'ated  ad orhbents,
Microencapsulated  ion-cxchange
resing

8

Salicylates, 136, 143-144
as a model exogenous toxin, 143-
144
removal by microencapsulated char-
coal, 143-144
SATPase in moembrancs, 32-33
Secondary ¢imilsion for artifivial cclls,
28-29
cellulose polymer, 29
dextran stearate, 29
polystyrene, 29
minciple, 28
silicone rubher, 28
Separation, 63-85
see also Activated charcoal, adsor-
hent, Dhalysis against enzyme,
ion-exchange resin and Micro-
capstile artificial kidney
Sephadex, 63
Silastics, 28-29  104-105
drrgs, 28
hemoglobin  and  enzvines, 28-29,
105
hemnglﬂhil‘t 3."(1 CTAYINOR, ]_‘i'l'("]_')';ll"d-
tion, 28-29
Silicones, 104-106
Silicone eils immersion, 105
Silicome oil perfusion, 105
Silicone rabber, 11, 28-29, 104-105
Stabilization of cnwoyanes, 88, 71-72,
84, 89-91
Stabilized catalase, 84

Sterilization, microencapsulated char-
eoal, 157-159
Substrate-dependent tumors, 85-89
introdnction, 85
in vitro studies, 86-87
in vivo eflects of lymphosarcona,
H7-84
use of artificial cells, 87-89
Sulfonated groups in membranes, 30-
31, 33, 48-50, 101-104
Swrtace area of microcapsules, 147-
148
Surface arca volume relationship
artificial colls ws. hemodialyser, 147-
148
Surface charge and blood compatibil-
ity, 116
Surface charge, 30-31, 48-50), 96-104,
115-132
artificial cell, 48-50
saurvival in ciruclation, 98- 104
Survival in cirenlation, 97-112
colledion membrane artificial cells,
a7-99
licparinized membrancy, 103-104
mueopolysaccharide, 103-104
newuraminie acid, 100-101
nylon membrane artificial cells, 97-
99
sulfonated nyvlon, 102-1(3
sulfonated polyvstyrene, 101
snrtace charge, 98-104
surface properties, 98-104

T

Toxins, 11
remaval, 133-146
see alvo Detoxification

Trypsin, 64

Types of hemodialysis systons, 146-
147

U

Urea, S
Urea adsorbents, 153

Urea removal
aldehyde starch, 155
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arlificial cells containing wrease for
oral ingestion, 155-156

artificial cells containing wrease in
extracorporeal shunt, 150-158

diulysis against urcase, 150-156

oral ingestion of aminonia adsor-
bent and microencapsulated
urease, 155

irease in artificial cells, 150-136

urease in actificial cells injected in-
traperitoncally, 73-77

urease in dialysate, 153-155

Urease, 68-77

microcncapsalated  for  wrea re-
maval, 150-156

see alyo Microencapsulated ureasc

Urcase for nrea removal

anmmgnia adsorbent, 151-156

dialysis against vrease, 150-156

extracorporeal shunt, 150-156

in artificial cells, 150-156

in dialysate, 153-155
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in nicrocapsule  artificial  Lidnoy,
130-156
oral ingestion, 135-156
parental injection, T3-77
Ulremia, D
treated by microcapsnle artificial
kidnev, 146-173
tlremnie metabolites, 136
removal, 146 180G
we  alve  Microcapsule  artilicial
kidney
Urie acid, 9, 159-175
clearance in wvremic patienls, 162-
172
in vitro removal, 159-182
see  alvo  Microcapsule  arbificial
]‘-’idney
Uricase, 9, 69
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Valinomyein, 62



