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SUMMARY 

The primary aim of this research has been the invest- 
igation of the use of hydrogel polymers as novel haemo- 
perfusion adsorbents in artificial liver support systems. 
The work was particularly concerned with the design and 
development of an in-vitro dynamic evaluation technique 
to enable the adsorption of a selection of nitrogen-based 
hepatic toxins on the novel hydrogel polymers and other 
potential adsorbents to be studied. 

Initial work was carried out on three types of com- 
mercially available adsorbents; activated charcoal/carbon, 
polymeric neutral resins and ion exchange resins. The 
adsorption of ammonia, amino acids and false neurotrans- 
mitter amines on these materials was examined, using both 

static and dynamic adsorption techniques and provided 
information on the effect of factors such as chemical conm- 
position, functional groups, particle size, surface area 
and physical strength, on adsorption. A selection of 
the adsorbents was encapsulated with hydrogel membranes 
and the effect of the polymer coating material on ad- 
sorption evaluated. 

As a result of the knowledge gained from this study, 
novel macroporous hydrogel particulates were synthesised 
(as part of a separate project) and evaluated. Unlike the 
previously described commercially available adsorbents, 
these hydrogels were biocompatible. Although their 
adsorption efficiency was not as great as the best of the 
commercially available adsorbents, it was adequate for 
haemoperfusion. The novel macroporous hydrogel part-— 
iculates appear to have considerable potential as haemo- 
perfusion systems in artificial liver support. 

An additional area of interest was that of the closely 
related system of semiconductor-based ammonia sensors. 
On the basis of the encapsulation studies previously des- 
eribed, hydrogel coating were selected and used for the 
encapsulation of the semiconductor-based ammonia sensors. 
These microchips were then evaluated by Thorn EMI (CRL) UK. 
These hydrogel coated semiconductor -based ammonia sensors 
are potentially useful as in-vivo blood monitors and part- 
icularly in artificial liver support systems. 

KEY PHRASES: Artificial liver support systems 
Haemoperfusion systems 
Ammonia Amino acids 
Novel macroporous hydrogel particulates 
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1.1 General Introduction 

This project is a complex interdisciplinary 

project, involving aspects of biology, biochemistry 

and polymer science, and is concerned with the 

in-vitro evaluation of polymer-based artificial liver 

support systems. Such a project requires some fairly 

detailed understanding of the way the normal liver 

functions, and the problems encountered in liver 

failure. This knowledge is essential before trying 

to overcome the constraints produced on designing 

novel adsorbents necessary for application in arti- 

ficial liver support systems. For this reason the 

introduction to this thesis contains the background 

material appropriate for understanding the normal and 

abnormal liver functions and its' artificial replace- 

ment. A brief overview is given on some of the ways 

artificial liver support has been tackled in the past, 

and their unfortunate shortcomings. Some indication 

as to the nature of this present project is also 

briefly mentioned in the introduction. 

Since there are a host of hepatic toxins impli- 

cated in liver failure, this project is centred on the 

removal of specific nitrogenous hepatic toxins, the 

removal of which is attempted by the use of adsorbents, 

in an effort to partly replace the liver's excretory 

function. The nature of the model hepatic toxins 

chosen, their role in hepatic failure, the need for 

their removal and their use in this project are dis- 

cussed in the first section of Chapter 4. Section 4.2



is devoted to the background of the types of adsorbents 

employed as potential materials in this project for 

adsorbing specific toxins. Since the adsorbents used 

are not themselves biocompatible, and need a biocompatible 

coating, membranes to serve this function are used for 

encapsulating the adsorbents. The encapsulation pro- 

cedure employed in this project and the biocompatibility 

functions served by such membranes are discussed in 

Chapter 4.2. In addition to the commercially avail- 

able adsorbents,this project is involved in the evalu- 

ation of purposely made hydrogel particulates. These 

particulates are designed and developed by combining 

the advantages observed in the investigations with 

commercial adsorbents. Such particulates are then 

employed as adsorbents in this project. The mode of 

synthesis of these particulate hydrogels, their 

structure, functions, properties and the use of 

hydrogels in biomedicalapplications are also included 

in Chapter 4.2. The adsorption system employed, the 

analytical technique and evaluation procedures adapted 

for this project are outlined in Chapter 3. 

As regards to the experimental work, the 

investigations are divided into three main areas. 

Firstly, observations of the adsorptive capacity of 

the adsorbents used (uncoated and coated species) are 

presented in Chapter 5 with special reference to 

ammonia, a key cerebral toxin in hepatic failure. 

Secondly, the observations obtained for other import- 

ant nitrogenous hepatic toxins, namely amino acids



and false neurotransmitter amines, are presented in 

Chapter 6, 

The knowledge gained from the study of micro- 

encapsulated adsorbents is then applied to a totally 

different but related aspect, that of encapsulating 

semiconductor based ammonia sensors. These chips, 

because of their small size, may eventually find use 

in catheters or as implantation devices in the bio- 

medical field. A more detailed account of the use of 

such sensors in this project is presented in Chapter? . 

Tae The Structure of the Liver 

The liver, situated in the upper right hand 

part of the abdomen is the largest single organ in 

the body. It is divided into hexagonal lobules, 

consisting of a central hepatic venule, from which 

radiate plates of cuboidal parenchymal liver cells 

or hepatocytes, one cell thick. There are about 

250 billion such cells in the normal adult organ. 

There is no division of labour among the hepatocytes 

and so all hepatocytes have the potential for all 

functions. The factors that regulate expression 

of individual hepatic functions are poorly under- 

stood, but are partially determined by hepatic micro- 

circulatory influences. Phagocytic Kupffer cells, 

which serve a protective function in removing foreign bodies 

and bacteria are found at intervals along the 

vascular sinusoids or capillaries (=a) 

The liver in adult man constitutes approximately



Fig 1.1 

Structure and Subcellular Components 

of a Normal Liver Cell 
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2.5% of body weight (or 1500 g); at birth it forms 

52! Py) The liver has a dual blood supply: from 

the digestive tract and spleen via the portal vein, 

and from the aorta via the hepatic artery. In cases 

of obstruction to flow in the liver, portal blood may 

be shunted around the liver to the systemic venous 

Aree, 

The structural organisation of the parenchymal 

and vascular elements of the liver is adapted to its! 

special function as a guardian interposed between the 

digestive tract (and spleen) and the rest of the body. 

One aspect of this interposition is the handling of 

large amounts of nutrient amino acids, carbohydrates, 

lipids, vitamins and pollutant xenobiotics which enter 

inelboayminacoodmandewacer (ec) s These, 

and other biochemical functions which occur are 

governed by the organelles in the hepatocytes (e.g. 

mitochondria,lysosomes, peroxisomes, endoplasmic retic-— 

ulum, cytoskeletal filaments and nucleus) Fig 1.462), 

1.3 Functions of the Liver 

The liver is essential for the maintenance of 

life, and is involved in almost every metabolic function 

of the body, and is specifically responsible for more 

than 500 separate activities. Fortunately,it has a 

large reserve capacity and needs only 10 to 20 per cent 

functioning tissue to sustain life. Complete des- 

truction or removal of the liver results in death 

within 10 hours. The liver has an impressive re- 

iba



generative ability. Partial surgical removal will, 

in most cases, initiate rapid replacement of dead 

or diseased cells with new liver eiaaua 20. 

The functions of the liver are numerous and 

complex, and are summarized in Fig 42059699), 

A major hepatic function involves the effective up- 

take of substrates from the intestine and their subsequent 

storage, metabolism and distribution to blood and 

bile. Another function of the liver is the bio- 

transformation or detoxification of xenobiotic 

pollutants (such as pesticides, preservatives and 

dyes ingested in food), drugs (used for treatment) 

and endogenous metabolites (such as ammonia). Linked 

to detoxification, the liver is an excretory organ 

and eliminates many substances from the body, of which 

the pigment bilirubin is the most obvious, but probably 

the least toxic ( 8,9), The liver also synthesises 

a number of substances, among which albumin (one of 

the main plasma proteins) and the blood clotting 

factors (prothrombin and fibrinogen) are important 

(9), 
examples Other liver functions include a) reg- 

ulation of blood glucose by storing glycogen. Removal 

or failure of the liver leads to a fall in blood glucose, 

hepatic encephalopathy or coma, and ultimately death. 

b) deamination of proteins - with the formation of 

ammonia. Surplus amino acids are deaminated in the 

liver and many other tissues (e.g. kidney, skeletal 

muscle, peripheral tissue) with the production of ammonia, 

but only the liver has the capacity to convert ammonia 

eee



to urea. Therefore in liver failure, the amino acids and 

ammonia in blood increase and appear in the urine, and 

blood urea levels fall. c) the liver is also involved 

in the formation of bile (from red blood cell breakdown) 

which is used for emulsification of fats. Any block- 

age or failure of this pathway leads to accumulation 

of bilirubin and thus jaundice. d) the liver also 

stores vitamin B12, fat soluble vitamins A, D, E, K, 

iron, copper, protein and lipids. e) the liver 

also has a circulatory function and is involved in the 

transfer of blood from the portal to the systemic 

eirculation. The activity of its' reticuloendo- 

thelial system (Kupfer cells) is involved in immune 

mechanisms and blood storage (the regulation of blood 

volume). 

The great susceptibility of the liver to damage 

by chemical agents, appears to be a consequence of its! 

primary role in the metabolism and disposition of 

foreign substances. Its' position permits rapid access 

to the liver of toxins from the alimentary tract. Thus 

the concentration of foreign chemicals in the liver, 

the metabolic conversion occurring in the hepatocytes, 

the position of the liver as a portal to the tissues and 

the excretion of agents or their metabolites in the bile, 

all contribute to the vulnerability of the liver to 

chemical injur ( 10), Thus when a patient's liver fails jury 7 

it is appropriate to think of replacing three major aspects 

(those of synthesis, detoxification and excretion) of the 

(a). liver function
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1. Intravenous infusion of clotting factors, 

glucose and albumin, can partly replace its! 

synthetic function. 

2. Certain drugs need to be avoided, due to the 

loss of the detoxification function (prolonging 

drug action) viluE 

3. The third function, that of excretion, is 

the most important, when considering the develop- 

ment of an°’artificial liver. 

1.4 Liver Failure 

In liver failure, the amount and activity of the 

detoxification liver enzymes are greatly reduced by 

often more than 90%. This results in an accumulation 

of toxins in the blood and cerebrospinal fluid, which 

in turn inhibit many other vital enzymes of the liver 

and other organs and also interfere with the regulation 

of brain metabolism. As a result, the remaining enzymes 

of energy production, synthesis, detoxification and 

regeneration are inhibited. The loss of the primary 

liver function is also complicated by the metabolic effects 

of necrosis of much of the liver tissue. Thus the 

mechanisms of homeostasis are disturbed and then over- 

ioadea (12713) | In this way, a vicious circle of 

destruction can develop, characterized by progressive 

and severe mental changes, starting with confusion and 

rapidly advancing to stupor or hepatic coma and ultimate ly 

deathe=? 4715) 

One possible step of influencing liver regeneration 

(6 
could be the removal of the endogenous toxins. 
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These toxins include ammonia, mercaptans, free 

fatty acids and free phenols. In addition, protein- 

bound anions such as bilirubin and bile acidsmormally 

excreted by the liver, accumulate in liver failure. 

There are also alterations in the plasma amino acid 

composition, leading to accumulation of false neuro- 

remem ietens() 0h (a detailed discussion of which is 

given in Chapter 4). It is also common for the coma- 

producing potential of those toxic substances to be 

multiplied several fold when they are present together, 

and they may then act synergistically on the poeta es 

4401) Pathogenesis of Hepatic Encephalopathy 

The pathogenesis of hepatic encephalopathy is 

the term used to describe the origin and degenerative 

course of cerebral intoxication caused by intestinal 

contents (e.g. ammonia) that have not been metabolized 

by the liver in hepatic failure. This leads to neuro- 

psychiatric syndromes characterized by mental confusion 

and progressing to unconsciousness or encephalopathy 

(coma) and then death 5518) The condition may 

occur when there is liver cell damage, due to necrosis 

or shunting (pathological or surgically created) which 

permits large amounts of portal blood containing ammonia 

and other toxins to reach the systemic circulation 

ast enereier ne Wee! Pe The patho- 

genesis of hepatic coma is unknown. The disorder is 

usually classified as metabolic, because the neuro- 

logical symptoms accompanying both acute and chronic 

liver failure are potentially fully reversible with 

=i nee



appropriate treatment and, except in cases of chronic 

hepatocerebral degeneration, are not associated with 

extensive morphological damage to neurons. Because the 

liver is the body's principal organ of chemical nomeo- 

stasis, hepatic encephalopathy could result from failure 

of the diseased liver to a) release nutrients and 

cofactors essential for normal brain metabolism and 

function, or b) remove circulating neurotoxins which may 

then acculumate in the brain. Much evidence supports the 

view that hepatic coma is caused by the abnormal accum- 

ulation of neurotoxins in the brain. A number of known 

and suspected toxins are increased in the plasma and 

cerebrospinal fluid (C.S.F.) of patients with hepatic 

encephalopathy, and measures that 'cleanse' the plasma 

(charcoal haemoperfusion, polyacrylonitrile membrane 

haemodialysis) often improve consciousness in patients 

with acute hepatic Patture. ZC 25) | Many 

toxic factors have been implicated as contributing to 

the symptoms of hepatic encephalopathy, but the strongest 

arguments can be advanced for ammonia, mercaptans, short- 

chain fatty acids, and aromatic amine analogues of 

central neurotransmitters (Brunner 1975, Zieve 1975). 

Incidentally the studies of this project are concerned 

with nitrogen based toxins such as ammonia, amino acids 

and aromatic amines - false neurotransmitters, more 

detailed information of which may be found in a sub- 

sequent chapter (Chapter 4). 

The following general and possible interrelated 

mechanisms of encephalopathy have been suggested: 

eae



1. impaired brain energy metabolism 

2. altered neuronal membrane function, and 

3. depressed neurosynaptic transmission. 

Impaired brain function is a consistent feature of 

severe liver disease and occurs with two forms of hepatic 

insufficiency. Fulminant acute hepatic failure causes 

a rapidly developing delirium, progressing through the 

stages of delirium, stupor, coma and often death (5), 

Chronic cirrhosis with portal-systemic shunting of blood, 

produces a more insidiously evolving, relapsing enceph- 

alopathy, characterized by disturbances of mentation, 

episodic stupor and abnormalities in cerebral functions. 

Early diagnosis and treatment of hepatic encephalopathy 

is crucial, and can substantially reduce the mortality 

and mowbidity of patients with hepatic failure. Hepatic 

insufficiency results in several relatively distinct 

neurologic disorders,the characteristics of which depend 

on the acuteness or chronicity of the liver problem and 

the anatomy of the affected neurologic structure, as 

shown in Fig1.3.A more extensive discussion of the 

neurological changes has been given by Plum and Hindfelt— 

1976. 

The following section discusses the commonly 

encountered syndromes of hepatic stupor or coma that 

accompany fulminant acute liver failure, or acute 

worsening of chronic liver failure. 

As indicated in Fig.1.4 roughly five grades of 

hepatic encephalopathy can be established in order of 

severity. Such grading is cructal for identifying the 

te timer



Fig 1.3 Neurological Complications and Accompaniments 

of Severe Liver Disease 

Hepatic encephalopathy 

Hepatic stupor or coma 

Acute (acute inflammation or necrosis due to 
hepatitis, hepatotoxic agents, Reye's syndrome) 

Subacute or chronic, progressive (advancing 
hepatitis or cirrhosis) 

Episodic or recurrent portal - systemic 
encephalopathy (portal bypass plus protein 
load) 

Chronic progressive cerebral degeneration 

Spongiform, with cirrhosis 

Wilson's Disease 

Hepatic myelopathy 

Hepatic peripheral neuropathy 

ei



Fig 1.4 Grades of Severity in Hepatic Encephalopathy” 

  

  

GRADE SIGNS 

1 Mild mental impairment, hypocapnic hyper- 
ventilation. 

i Lethargy, confusion, asterixes, hypocapnia. 

3 Arousable stupor, pupillary and oculo- 
cephalic reflexes present, diffuse muscle 
paratonia, increased stretch reflexes, 
extensor plantar responses frequent, hypo- 
capnic hyperventilation. 

4 Unarousable coma, pupillary and oculo- 
cephalic reflexes present, motor hyper- 
tonus, often decerebrate and extensor 
plantar responses, hypocapnic hyperventilation 

present. 

5 Unarousable coma, pupillary and/or oculo- 
cephalic reflexes absent, motor tone flaccid, 
stretch reflexes suppressed, may have met- 
abolic or even respiratory acidosis. 

  

a Within any grade,all signs may not be present; 

to estimate prognosis, grading should be 

based on the single worst-level sign. Muscle 
flaccidity is only a grade 5 sign if pre- 

ceded during the earlier course of coma by 

hypertonus (5)



severity of the disease and comparing patients, and 

determining the potential effects of therapy 2) © 

One of the problems encountered when dealing with 

hepatic failure, by an invasive technique such as haemo- 

perfusion, is deciding at which level of hepatic enceph- 

alopathy to administer treatment. If the patient is 

maintained in full consciousness, and in good metabolic 

conditions by such a temporary artificial liver support 

system, then survival is possible due to the capacity 

of the liver to regenerate . However regeneration 

also depends on the severity of the initial assault. 

Patients in Grade 1-3 coma have a high survival 

rate, but the mortality is very high for those in 

Grade 4 and 5 coma. Unfortunately there is no fixed 

criteria which could be used to predict survival because 

the syndrome has a strikingly variable course. Some 

patients in Grade 4 coma do survive after haemo- 

perfusion, others die without regaining consciousness, 

some at a time when liver function is Enpsomines ae i 

It is always going to be difficult to assess when 

regeneration of the patient's liver is no longer poss- 

ible, so as to give liver transplantation the go-ahead. 

Also there are no competent means whereby a patient 

with liver failure can be kept alive until such time as 

a donor becomes available for liver transplantation. 

The need for such an artificial liver support system is 

detailed in the following section. 
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1.5 Artificial Liver Support 

The regenerative capacity of the liver cell is 

almost unlimited. Therefore after acute liver 

damage, be it viral, toxic, hypoxic or surgical in 

origin, restitutio ad integrum, is the usual outcome 

(22 ye In two forms of liver disease, however, this 

is not the case. The first form consists of those in 

fulminant hepatic failure. In this case, liver 

regeneration often is not fast enough to keep the organ- 

ism alive. When the patient has lapsed into deep 

coma, the mortality is around 80%, which accounts 

for 400 deaths per annum in England and Wales, and 

includes a number of deaths from paracetamol overdose, 

viral hepeticie. Uxeosuce to hepatotoxins or drug 

@,9,26-29) reactions ~The second form includes 

patients in end stage cirrhosis (irreversible liver 

failure),where regeneration is disturbed by a hyper- 

trophic architecture of fibrotic tissue. In this 

situation there is no hope of reversing the course, 

but transplantation may be possible. This is pot- 

entially the largest group of patients, as cirrhosis 

alone accounts for about 1400 deaths per annum in 

England and Wales (Dunlop 1975) 9), For these extreme 

forms of liver disease, and for critical situations 

pefore and after liver surgery a temporary arti- 

(30) | Thus ficial liver support system is needed 

the artificial liver wouldbe used like an artificial 

kidney, both to gain time until a donor organ becomes 

available and to improve the condition of the recipient. 

It is known that kidney transplantation would 

not be undertaken without dialysis Anepyest 31-32 nS 
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However, as yet, no equivalent procedure can be carried 

out before the technically more difficult liver trans- 

plant. Likewise at present, there are no means whereby 

a patient with liver failure can be kept alive until 

such time as a donor becomes available for liver trans- 

pilentation 2537s The major deficiency in 

available therapy for patients with hepatic failure 

is an efficient and practical method for temporary 

liver support. The development of a corresponding 

artificial liver is made more difficult by the sheer 

complexity of the biochemical role played by the liver, 

and the rapid way in which severe impairment of hepatic 

failure is reflected in disturbances in other organs, 

notably the brain, as previous stated. On the other 

hand, these difficulties are to some extent counter- 

balanced by the ability of the liver, given correct 

(36-37) Tirnue if conditions, to regenerate rapidly 

functions of the liver can be supplemented during an 

acute crisis, and the patient maintained with full 

consciousness and in good metabolic conditions, total 

recovery and liver regeneration is possible in many 

cases, provided that the initial assault is not too 

severe®9), his is the aim of the artificial liver 

support system. The procedure needs to be quickly 

available when needed, safe and capable of sustained 

support for up to 7 days.



1.6 A brief overview of the trials and tribulations 

with artificial liver support: Past experience 

and basis for present project 

The ultimate aim of hepatic support techniques is 

to sustain the patient in liver failure while regener- 

ation takes place or while a suitable organ for trans-— 

plantation can be found. The ideal liver support, 

therefore, would be one which could take over the 

functions of the liver which are essential for the 

survival of the patient over this period. The priority 

is control of the endogenous intoxication which leads 

to hepatic coma and death’ 38 ), There have been numerous 

attempts by many workers at replacing the liver's 

excretory function in patients with acute liver 

failure. The range of such techniques employed, includes 

cross-perfusion techniques, extracorporeal pig:or 

baboon liver perfusion, exchange transfusion of blood 

or plasma, haemodialysis and haemoperfusion over 

adsorbents, all of which have been extensively reviewed 

AAS past (8+18,21,22,39-51) | 

However, none of these methods are entirely satis- 

factory due to problems largely associated with platelet, 

erythrocyte and leucocyte depletion, a reduction in 

fibrinogen, complement and antibody levels in the 

patients, and also the adsorption of other blood con- 

stituents (e.g. glucose, calcium) (16°52), Most of the 

haemoperfusion methods employed were used for short- 

term treatment of acute intoxication and Yatzidis (1964) 

was the first to report the use cf charcoal granules in 

direct blood perfusion for uraemia and acute intoxication. 
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Microencapsulation (coating) of activated charcoal 

using albumin-collodion, first proposed by Chang (1966), 

prevented the free passage of charcoal particles into 

the circulation, which had long been recognised as a 

potential hazard. These problems associated with the 

use of adsorbents and the measures employed to increase 

their biocompatibility, are reviewed in a subsequent 

chapter - Chapter 4. However, it is appropriate at 

this point to note that following the use of the bio- 

compatible albumin-collodion microencapsulated activated 

charcoal (by Chang 1972) and the demonstration of its! 

successful use in acute fulminant hepatic failure, 

most successful adsorbents have a blood compatible mem- 

brane assoeiated with them. 

Incidentally the principle of artificial cells 

can be used to include charcoal, resins, enzymes, 

antigens and numerous other biologically active materials 

as shown in Fig 4.5 (22238253) | 

Other approaches such as microencapsulating 

enzymes, immobilized enzymes, liver perfusion, liver 

slices, liver cell culture, immunoadsorbents and other 

systems may eventually all be required to make up a 

complete artificial liver (containing multiple sorbents 

or reactors). In this present time, new methods like 

continuous membrane plasma separation and liver cell 

transplantation into the spleen have been developed. 

The older methods of haemoperfusion and dialysis have 

been improved. Enzymological methods and liver trans- 

plantation have made good progress 22) 100) 
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Unfortunately clinical difficulties continue to 

arise in obtaining conclusive results in long-term 

survival of acute fulminant hepatic failure patients. 

These are related to variations of survival rate with 

age and etiology, the comparatively small number of patients 

in any one centre, and the use of haemoperfusion 

devices of varying blood compatibility and efficiency. 

Thus an animal model suitable for the statistical analysis 

of long-term survivaland recovery is desperately required 

to solve this Beenie 49,56 M 

1.7 An Overview of the Present project 

While some adsorbents are known to date to give 

satisfying results, they still show no selective 

adsorption. The need exists for a range of bio- 

compatible adsorbents, showing some degree of spec- 

ificity and selectivity for various blood toxins, to 

supplement and overcome some of the disadvantages of 

available adsorbents such as charcoal and ion exchange 

resins. The use of adsorbents which are themselves 

biocompatible would present the ideal adsorbent. No 

attempt has been made by workers to synthesise pur- 

posely built biocompatible permselective adsorbents, to 

meet the desired or 'ideal' specificity and variability 

for toxins elevated in liver failure. In this project 

however, such novel hydrogel adsorbents based on the 

acrylic hydrogel poly(hydroxyethylmethacrylate) or 

polyHEMA, have been synthesised (although not by the 

author) in particulate form and evaluated (by the author) 
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for their selective adsorptive properties. The com- 

position of these adsorbents are also varied by the 

incorporation of additional copolymers in the structure 

of the particulates. The synthesis of these adsorbents 

is detailed in enewes he 

Most haemoperfusion trials in the past have been 

earried out by clinicians who usually use the best 

empirical approach possible to correct abnormal toxin 

levels. The major aspect of this study is to obtain 

more specific sdective adsorbents for low molecular 

weight nitrogenous hepatic toxins, in particular ammonia, 

and also amino acids and amines, which are chosen as 

examples of model hepatic toxins in this project. 

Charcoal, an. important adsorbent material because 

of its' broad adsorptive spectrum, is initially used 

uncoated in this project. Studies with poly(2-hydroxy- 

ethylmethacrylate)(polyHEMA) coated charcoal species 

are also performed, to determine whether polyHEMA, 

(which is used to confer some degree of biocompatibility) 

can also transport ammonia, as it does water and other 

small molecular weight substances. Studies of this type 

have not been performed before. Incidentally, the 

coating procedure employed and the use of polymers in 

biomedical studies are discussed in Chapter 4. 

A range of conventional ion exchange resins of both 

the acidic and basic types, and also polymeric Amberlite 

XAD resins are also used. The structure and properties 

of these adsorbents are detailed in Chapter 4. These 

aes



adsorbents are 'screened'for their potential adsorptive 

capacity for nitrogen-based toxins in an attempt to 

arrive at information concerning the effectsfunctional 

groups and structural specificity have, on the eventual 

adsorptive capacity of these resins. Again there is no 

quantitative information on ammonia, amino acid and 

amine adsorption by ion exchange resins and polymeric 

resins in the literature. As a measure of biocompatibility 

these adsorbents are also encapsulated with HEMA and further 

studies involving the coated species performed. Assess- 

ments of the permselectivity and transport properties of 

the polymer membrane are then obtained by dynamic 

adsorption techniques (detailed in Chapter 3) which 

provide the common basis for the evaluation technique 

of such adsorbents in this project. Using such techniques, 

the effects that the polyHEMA coating impose on the rate 

and efficiency of adsorption are investigated. Again this 

work on the adsorption of ammonia by polyHEMA coated ion 

exchange resins has not been studied before. 

This study is used as a step towards the design of 

permselective membranes for the specific toxins studied 

in this project - ammonia being the most important. 

Information of this type is of great value in designing 

novel biocompatible particulate hydrogel adsorbents, 

possessing various structures and specific adsorptive 

properties, for use as artificial cells in artificial 

liver support systems: the ultimate aim of this project. 

It is appropriate to note that the novel hydrogel 

particulate adsorbents are not synthesised by the author 

Te



the reason being that two such projects are being run 

in parallel. One using a chemist is involved with the 

synthesis of novel hydrogel polymers. The other using 

a biologist (the author) is involved with the initial 

development of the evaluation and analytical techniques 

and thus the evaluation of the adsorbents and pern- 

selective membranes used. The author is also involved 

in the evaluation of the HEMA - based novel hydrogel 

beads, synthesised by using and combining some of the 

advantages of ion-exchange and polymer membrane prop- 

erties observed throughout the project. 

In conjunction with this, the project is involved 

in the design and modification of permselective polymer 

membranes for use in the semi-conductor-based gas sensor 

field, and related applications. Both projects are con- 

cerned with membranes and adsorbents that will deal 

selectively with nitrogenous bases such as ammonia and 

also amino acids and amines in aqueous solution. 

The use of gas sensors by EMI, the collaborating 

body, has been involved in the detection of water-bound 

waste, ranging from simple gaseous molecules such as 

Py and CO, in a range of atmospheric conditions, to 

high molecular weight pollutants (e.g. chlorinated 

hydrocarbons) in aqueous environments (e.g. rivers). 

These sensors, in order to operate satisfactorily, need 

to be encapsulated (in this project by a polymeric 

membrane) for protection and exert permselective control. 

One aspect of this requirement is reflected in the need 

for such sensors to operate in aqueous environments 
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and atmospheric environments of varying humidities. 

Since the semi-conductor sensors are sensitive to water, 

it is necessary either to preferentially prevent the 

access of water to the device (which is difficult because 

of the low molecular weight of water) or to ensure that 

the weter signal is constant. The hydrogel containing 

only 'bound! water is one type of membrane having con- 

siderable potential in this respect. Since these semi- 

conductor sensors can detect ammonia, they may be an 

important asset for use in artificial liver support 

systems. 

1.8 Specific Aims of the Project 

In summary, the objectives of this project are 

therefore severalfold. Firstly it is involved in the 

evaluation of the adsorptive capacity of conventional 

adsorbents for nitrogen containing toxins. Secondly, 

it is involved in the development of polymer based 

biocompatible membranes for the microencapsulation of 

these adsorbents. Thirdly it is concerned with the 

evaluation of the ammonia transport properties of 

these polymer based membranes used. Fourthly, these 

studies are conducted in an attempt to obtain guide- 

lines for the ultimate design of novel hydrogel part- 

iculate polymers, which could be useful in providing 

a better understanding of how to reduce hyperammonaemia, 

encountered in acute hepatic failure. 
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Novel biocompatible hydrogel particulates, thus 

synthesised are then evaluated for the selective 

adsorption of the model nitrogenous hepatic toxins 

(particularly ammonia) studied. It is hoped that from 

the range of adsorbents studied, a quantitative and 

qualitative understanding of the variable specificity 

and selective adsorption of these toxins will be created. 

At the same time, it is hoped that the adsorbent will 

allow the undisturbed passage of other chemical species, 

not indicated in liver failure. This study of the 

evaluation of polymer-based artificial liver support 

systems, is conducted purely on an in-vitro basis, 

to provide a better understanding of these materials 

before pursuing the more difficult work involving 

hazardous animal work and clinical trials. 

A selection of biocompatible adsorbents should 

then be available for use in clinical animal studies 

and if success permits, applied biomedically in art- 

ificial liver support systems. Fifthly, in parallel, 

this work is expected to provide information that will 

assist in the design of more ammonia permeable mem- 

pranes, for the encapsulation of semi-conductor ammonia 

vegan sensors. These sensors may then be useful in 

artificial liver support systems if they could be 

implanted and thus be used in conjunction with adsorbents, 

to monitor the ammonia concentration of the circulating 

blood at different points. 
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CHAPTER 2 

MATERIALS AND EXPERIMENTAL TECHNIQUES



2.1 Introduction 

A record of the materials used and their suppliers 

are contained in this chapter. In addition, an account 

of the methods and experimental techniques employed is 

included. A detailed description of the dynamic 

adsorption technique and the automated analysis of 

nitrogen containing compounds is not presented here, 

since these techniques were developed during the course 

of this project, and are detailed in Chapter 3. 
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Model Toxins 

The following model toxins, 

were all supplied in solid form, 

ethanolamine, 

Table 2.1 

CHEMICAL 

shown in Table 2.1 

with the exception of 

supplied in liquid forn. 

SUPPLIER 

  

DL -&% Alanine 
(2-Amino propionic acid) 

Ammonium chloride (AR) 

Bromosulphophthalein 

L-Cysteine 

Ethanolamine 

Glycine (Aminoacetic acid) 

L-Histidine 

D-L-B-hydroxyphenethylamine 
(2-Amino-1-Phenylethanol) 

D-L-Isoleucine 

D-L-Methionine 

D-L-Octopamine hydrochloride 
(D-L-p-hydroxyphenylethanolamine| 
HC1) 

L-B-phenylalanine 

L-Tyrosine 

Urea (AR)   D-L-Valine 

229 

Hopkin & Williams Ltd. 

BDH Chemicals Ltd. 

Koch-Light Laboratories Ltd. 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

Hopkin & Williams Ltd. 

BDH Chemicals Ltd. 

Sigma Chemical Company 

BDH Chemicals Ltd. 

Hopkin & Williams Ltd. 

Sigma Chemical Company 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

Hopkin & Williams Ltd. 

Koch-Light Laboratories Ltd.



2.3 Adsorbents 

A number of adsorbent materials were used in this 

research. They were thoroughly washed before use and 

are listed in Table 2.2 

Table 2.2 

MATERIAL SUPPLIER 

  

Activated charcoal beads 

Amberlite XAD-2 resin 

Amberlite XAD-4 resin 

Amberlite XAD-7 resin 

Amberlite IRC-50 (H’form) 
STD grade 

Amberlite IR-120 (Na* form) 
STD grade 

Amberlite IR-120 (H* form) 
Analytical grade 

Amberlite IRN-77 (H* form) 
Nuclear grade 

Dowex 1-X4 (Cl form) STD grade 

Dowex 5O0W-X8 (H* form) STD grade 

Duolite 6255 (H° form) STD grade 

HSA coated Amberlite XAD-7 

Glass Beads (+60 mesh) 
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BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

Polysciences Inc. 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

Rohm & Haas Ltd. 

Polysciences Inc. 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

Kings College, London 

BDH Chemicals Ltd.



Additional adsorbent materials used were the part- 

iculate hydrogels. These were synthesised during the 

course of this work by Dr. P.J. Skelly and Mr. U.S. Atwal 

of this research laboratory. The monomers and cross- 

linking agents used in their synthesis are shown in 

Tables 2.3 and 2.4 respectively. 

  

Table 2.3 

MONOMERS ABBREVIATION 

Acrylic Acid AA 

Acrylamide ACR 

Diacetone acrylamide DAA 

2-Hydroxyethyl methacrylate HEMA 

Methacrylic acid MAA 

N-Methylolacrylamide NMACR 

Table 2.4 

  

CROSS-LINKING AGENT ABBREVIATION 

Ethylene dimethacrylate EDM 

NN-Methylene bis acrylamide NN'MBA



2.4 Materials for Preparation and Application of 

Hydrogel Coatings 

Some of the adsorbent materials were also used 

after the application of an encapsulating membrane of 

the hydrogel polyHEMA. The polymerisation of HEMA is 

described in Chapter 4. A list of the materials used 

in the polymerisation technique is shown in Table 2.5. 

  

Table 2.5 

MATERIALS FOR POLYMERISATION SUPPLIER 

Monomer 2-Hydroxyethylmethacrylate Victor Wolf 
Ltd. 

Initiator t-Butyleyclohexyl Laporte 
perdicarbonate Industries 

Solvent Ethanol BDH Chemicals 
Ltd. 

The purification of 2-hydroxyethylmethacrylate was 

carried out by Victor Wolf Ltd. The purified monomer was 

stored in a refrigerator until required for polymerisation. 

The materials for the microencapsulation of 

adsorbents are shown in Table 2.6 
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Table 2.6 

  

MATERIALS FOR ENCAPSULATION SUPPLIER 

Polymer poly-2-hydroxyethyl Prepared in research 
methacrylate 

Solvents Ethanol BDH Chemicals Ltd. 

Acetone BDH Chemicals Ltd. 

Propan-l-ol BDH Chemicals Ltd. 

Repelcote 2% sol dimethyl- Hopkin & Williams Ltd. 
dichlorosilane in 
1,1,1-trichloroethane 
(water repellent- 
surface treatment) 

2.5 Experimental Techniques 

This section contains information relating to the 

experimental techniques used during the course of this 

research and the materials employed in such techniques. 

2.5.(1) Technicon AutoAnalyser 

The chief analytical technique used throughout 

this research project was that of the Technicon Auto- 

Analyser, used for the assay of nitrogen containing 

liquid samples. This section contains a list of the 

reagents used and their suppliers, presented in Table 

2.7. In addition, an account of the preparation of the 

reagents and’.standard solutions for the analysis is 

included.



Table 2.7 

  

REAGENT SUPPLIER 

Ethylene diamine tetra acetic acid BDH Chemicals Ltd. 

or EDTA (disodium salt) 

Sodium hypochlorite solution BDH Chemicals Ltd. 

(12% W/V available C1) 

Phenol BDH Chemicals Ltd. 

Sodium hydroxide BDH Chemicals Ltd. 

Sodium carbonate BDH Chemicals Ltd. 

Ammonium chloride BDH Chemicals Ltd. 

All reagents should be of analytical grade. 

pared all reagents are stable for a considerable time. 

The preparationsof reagents are as follows: 

i. Disodium ethylene diamine tetra-acetate 

Once pre- 

(EDTA) 

2g EDTA were dissolved in 1 litre of distilled 

water and 0.1 ml of concentrated Teepol added. 

The solution was adjusted to pH 11.00 with sodium 

carbonate solution. The use of EDTA prevents the 

precipitation of salts, which, if allowed to occur, 

gives rise to a noisy base line on the recorder. 

Teepol acts as a wetting agent to promote good 

bubble patterns. 
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ia) 

iii) 

iv) 

vi) 

Sodium hypochlorite 

This solution should contain 5 per cent available 

chlorine and any suspended matter should be removed 

by filtration through glass wool. 

Phenol 

83g phenol were dissolved in 100 ml distilled water 

at room temperature. 

Sodium hydroxide (Stock solution) 

200g sodium hyroxide were dissolved in 1 litre of 

distilled water. 

Sodium phenate 

180 ml of the sodium hydroxide were added to the 

phenol solution prepared as above and diluted to 

1 litre with distilled water. This alkaline phenol 

solution darkens on standing, even when stored in 

an amber-coloured bottle. Although this has no 

effect on the analytical system, it can be pre- 

vented to some extent by keeping the reagent in the 

refrigerator, when not in use. 

Standard solution of ammonia 

0.191g of ammonium chloride was dissolved in ammonia 

free water and diluted to 1 litre. This solution 

contains 50 mg of ammoniacal nitrogen per litre. 

Appropriate standard solutions containing 1, 5, 10, 
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15 and 20 mg Nos! were prepared from this solution. 

2.5.(2) Dynamic Adsorption System 

This experimental technique was developed during 

the course of the research project and is described in 

Chapter 3. 

2.5.(3) Scanning Electron Microscropy 

The surface morphology of uncoated and coated 

adsorbents was examined using the Stereoscan S150 Model 

scanning electron microscope. The electron micrographs 

of a selection of the uncoated and coated adsorbents are 

presented here in Plates 2.1 - 2.13 and illustrate the 

existence of a microencapsulation coating. (The 

adsorbent materials (dehydrated) were prepared for 

scanning by coating with gold). 

2.5.(4) Ultra Violet Spectroscopy 

The analysis of Bromosulphophthalein (BSP) samples 

was performed using the SP 600 U.V. Spectrophotometer. 

Samples were read at 580 nm against standard solutions 

of BSP in 0.1M NaOH. Using a stock solution of 

2 2 x 10 °M BSP, standard solutions of various concen- 

5 5 2g trations (e.g. 2 x 10°°M, 1x 10°°M, 0.5 x 10°7°M, 

0625 x 107 °M, 0.125 x 107M and 0.0625 x 107M BSP) were 
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prepared. The calibration curve obtained for the 

standards is presented in Fig 2.1 

2.5.(5) Atomic Adsorption Spectrophotometry 

Atomic adsorption spectrophotometric analysis 

using the Perkin Elmer Spectrophotometer Model 400 was 

used for the assay of inorganic ions (va*, x’, wey 

2+) 
Mg . This assay was performed by Miss A.Mistry and 

Mr. K. Murthy of the Geology Department. 

2.5.(6) Amino Acid Analyser 

An Amino Acid Analyser (Locarte, London) was used 

in the determination of amino acid concentrations in 

samples containing a mixture of amino acids. Samples 

were assayed by Mr. S. Howitt of the Biological Sciences 

Department. 

2.6 Miscellaneous Chemicals 

In addition to the previoualy listed chemicals 

the physiological media - Krebs Mammalian Ringer Solution 

(Krebs improved ringer 1)6 6) was used. This was pre- 

pared using solutions all isotonic with serum. The 

chemicals for the stock solutions (all of analytical 

grade) are listed in Table 2.8. The stock solutions 

were made up individually and then added in series in 

their appropriate volumes. 
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Table 2.8 

  

MATERIALS SUPPLIER 

Sodium chloride Fisons Scientific Apparatus Ltd. 

Potassium chloride Fisons Scientific Apparatus Ltd. 

Calcium chloride Fisons Scientific Apparatus Ltd. 

Potassium dihydrogen Hopkin & Williams Ltd. 
Orthophosphate 

Magnesium sulphate BDH Chemicals Ltd. 

heptahydrate 

Sodium bicarbonate Fisons Scientific Apparatus Ltd. 

Sodium pyruvate 

Sodium fumarate 

Sodium glutamate 

Glucose   
BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

BDH Chemicals Ltd. 

oesous
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CHAPTER 3 

THE DEVELOPMENT OF A DYNAMIC 

IN-VITRO EXPERIMENTAL TECHNIQUE 

FOR THE EVAULATION OF ARTIFICIAL 

LIVER SUPPORT SYSTEMS



3.1 Introduction 

At the outset of this work, the literature did not 

contain a generally agreed in-vitro dynamic adsorption 

technique, which could be used to test the potential 

adsorptive capacity of adsorbents. Experimental 

animal models had been used, their purpose being to 

provide results applicable to man. However, the 

extrapolation of experimental data to man is never without 

hazard. It is hoped that in time, better animal models 

will be found, or more desirably, a non-animal model. 

With this in mind, this chapter is initially concerned 

with the development of an in-vitro dynamic evaluation 

technique, consisting of an adsorption system and an 

analytical system. The details of the dynamic eval- 

uation technique and the systems involved are des- 

ecribed in subsequent sections. Briefly three sections 

are included in the dynamic evaluation technique. The 

first section on the adsorption system will contain the 

design of the 'flow' or ‘perfusion cell', (which 

represents the central part of the dynamic apparatus) 

and the associated constituents used. The operation of 

the dynamic adsorption system and its' associated fraction 

collection unit will also be described. 

The next section will include the commissioning 

of the Technicon Auto-Analyser for the analysis of 
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ammoniacal-nitrogen in samples of nitrogenous solutions. 

The preliminary experimental work involved in deter- 

mining correct conditions for this system, the operation 

of the autoanalyser and the chemical reactions which occur 

will also be discussed. Finally a discussion on the 

evaluation and preliminary studies performed is given. 

Before beginning these sections, the nature of the 

conventional 'static' evaluation of adsorbent behaviour 

will be discussed. 

3.2. The Static Technique 

The specificity and efficiency of adsorbents are 

conventionally measured by the construction of ad- 

sorption isotherms, using static techniques. Such 

techniques have been used in this study to obtain some 

quantitative information about the adsorptive capacity 

of various potential adsorbents for the model nitro- 

genous hepatic toxins chosen. The static evaluation of 

adsorbents involves shaking 1g of washed adsorbent con- 

tained in a 10 ml glass phial with a 5 ml aliquot of the 

desired aquesus nitrogenous solution, for a period of 1 

hour or 2 hours at room temperature. The solutions are 

then decanted off into sample cups for analysis. 'Release' 

or'desorption studies' are then conducted using distilled 

water in an identical manner, to determine the strength 

of adsorptive binding (i.e. the adsorbents! ability to 

irreversibly bind the adsorbed nitrogenous toxins). Thus, 

the analysis of the samples gives the amount of adsorbed 

nitrogen released. 
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Fig 3.1 shows a representative of such an adsorption 

isotherm, by this technique. In this case the model 

toxin was Tyrosine and the adsorbent Duolite 6255(H’) 

( an ion exchange resin) whose nature is described in 

Section 4.2(4). 

2074 

Aone 

conc. 
Tyrosine 
adsorbed 

Staal 

    
T T T T 

5 10 15 20 

cone. Tyrosine in solution mg nim! 

Fig 3.1 Adsorption isotherm constructed for adsorption 

of nitrogenous hepatic toxin - Tyrosine - by the 

adsorbent Duolite 0255(H’) 

Nitrogenous solutions containing 15 mg ammoniacal-nitrogen 

per litre (referred to as 15 mg NH-NI are adopted 

throughout the study for various reasons. The use of a 

higher nitrogenous concentration produces better discrin- 

inatory results and minimises errors which would be 
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encountered in the use of low concentrations of model 

toxin. In addition the rate and adsorption capacity 

of adsorbents can be more satisfactorily studied, and 

the ammoniacal nitrogen concentration employed through- 

out the study is within a convenient range of sensitivity 

on the analytical system. 

The time intervals used for static adsorptionstudies 

were1 hour and 2 hours because it had been noted in pre- 

liminary experiments with ion exchange resins that contact 

periods of 15 minutes, 30 minutes or 60 minutes did not 

produce a significant difference in the results obtained. 

Thus a 1 hour and 2 hour experimental time was adopted 

to allow a safety margin and ensure that equilibrium 

adsorption had been achieved under the conditions stated. 

Initial experiments with the static adsorption technique 

and performing experiments in duplicate and triplicate, 

enabled conditions to be set identically for further 

static experiments. Thus any errors previously encountered 

in early experiments, were reduced to negligible levels 

of 12% and no attempts were made to record statistical 

means and the standard errors of the mean (25.8.M) in the 

results. 

3.3 Dynamic Adsorption Technique : Adsorption System 

3.3.(1) Continuous Flow Apparatus 

The continuous flow apparatus of the adsorption system, 

shown in Plate31consists of three parts - the reservoir, 

the feed system and the flow cell. These are made out 
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Plate 3.1 The Continuous Flow Apparatus for Dynamic 

Experiments 

  
* $6) =



Plate 3.1 The Continuous Flow Apparatus for Dynamic   

 



Plate 3.2 Flow Cell of Continuous Flow Apparatus   
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Plate 3.2 Flow Cell of Continuous Flow Apparatus 

 



of glass and can be readily sterilized by autoclaving. 

i) The reservoir is a large glass receptacle, used 

as a 'storage' for the model toxin solutions, 

ii) The double-walled feed system into which the model 

toxin solutions flows to before reaching 

the third component, comprisesthe intermediate 

component, 

iii) The double-walled flow cell, into which the 

adsorbents for analysis are placed, forms the 

third component. The flow cell column (Plate32) 

is 2.5 cm. in diameter, with chambers of 2 cm. 

below and 8 cm. above the glass sinter (porosity 1). 

Adsorbents for evaluation are placed above the glass 

sinter, whose purpose is to prevent entrainment distally 

of the adsorbent particles. Jacketing of the feed-systen 

and flow cell, enables the circulating test fluid to be 

temperature controlled if desired. Both components are 

fitted with stop cocks, thus flow rates can be controlled. 

All components are sealed with high vacuum grease and 

secured tightly together with wire. The design of the 

flow cell, the central part of the adsorption system, 

will now be discussed. 

The flow cell was designed and initially developed 

en the feeeticnation ofipoiymenc >”) (Buautiehe 1965) 

and was based on the well characterized apparatus 

devised by Duveau and Piguet ae It was altered 

further for this research project, to produce a mini- 

aturized flow cell, suitable for a dynamic adsorption 

system, in the following way. 
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Adsorbent weight, flow rates and blood volumes (8721126159, 

Boao ean animal and clinical work by various authors 

were initially compared. These values were then scaled- 

down to arrive at a suitable adsorbent weight and flow 

rates for the miniaturized flow cell. Thus the conditions 

encountered using this system closely matched the con- 

ventional haemoperfusion techniques and were in accord- 

ance with the range of space velocities which satisfy 

clinical situations. The space velocity is derived from 

the general mathematical expression: 

sn,71) . Volume per unit time 
Space Velocity (time ) = Volume of adsorbent 

Conventional perfusion systems used for animals and 

patients have space velocities in the range of 0.02 - 

1.5 min’. The system employed in this study arrives at 

0.4 - 1.0 nin! space velocities, using a flow rate of 

2 mls/min - 5 mls/min and adsorbent volume of 5 mls. 

3.3.(2) Fraction Collector 

The collecting system employed is that of an auto- 

mated fraction collector, consisting of a siphon and 

siphon stand, a funnel and holder and a turntable disc, 

containing test-tubes to collect the liquid fractions. 

The whole dynamic adsorption apparatus is assembled 

(assembling time 45 mins) and supported by a 7 ft. metal 

frame, which can accommodate the use of two such con- 

tinuous flow systems. 

3.3.(3) Operation of Continuous Flow Apparatus 

The desired adsorbent is washed with distilled 

water (and 0.9% physiological saline, if preferred), 
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drained, dried with filter paper and 5g transferred to 

the adsorption cell, where it is supported by the glass 

sinter. To prevent the dislodging of adsorbent particles 

(which can eventually pass out of the flow cell) a piece of 

glass wool is placed over the adsorbent. The permeant 

or test fluid is placed in the glass reservoir which is 

connected to the feed system. This then leads to the 

inlet tube of the flow cell (Plate31). Below, the flow 

cell, siphon, funnel and test tubes are positioned for 

the collection of successive fractions without spillage. 

Perfusion is conducted in an antigravity direction to 

eliminate streamlining and to ensure uniform and 

efficient adsorption. In this way a continuous stream 

of test fluid flows from the feed system, down the inlet 

tube of the flow cell, and then up through the glass 

sinter and bed of adsorbent. The circulation is reg- 

ulated by means of a stop-cock at the outlet tube and 

can be maintained at any flow rate (usually 2-5 mls per 

minute) for the desired length of time. The perfusate 

then flows to the outlet tube, where the liquid fractions 

are collected dropwise in the siphon. When filled, the 

contents of the siphon (capacity range used: 3 - 10 mls) 

are delivered into the test tubes via a funnel. The 

automated fraction collector rotates after each sample/ 

fraction collected, thus presenting a clean tube for 

successive sample collection. Fractions collected are 

loaded on to the autoanalyser for analysis, after one 

passage through the adsorption system. A detailed 

description of the autoanalyser system is given in the 

next section. 
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3.4. Dynamic Adsorption Technique : Analytical System 

3.4.(1) Introduction 

The analytical system needed is one which can 

cope with the analysis of the range of nitrogenous 

compounds to be used in this study, and at the same 

time provide accuracy, reproducibility and reliability 

of results. Thus, in this case, a group reaction for 

nitrogenous compounds is indicated (discussed later 

in this section). The Technicon autoanalyser is 

chosen as the preferred system, because normal color- 

imetric procedures are automated with the continuous 

monitoring of samples and the results are displayed 

permanently by a recording system. The operation of 

the system is simple and rapid to execute, i.e. suit-—- 

able for routine use (over 300 analyses can be performed 

in an 8 hour working day) without the need for exotic 

equipment or techniques. Its!' sensitivity, specif- 

icity, working range and economical low cost per 

analysisare also very attractive. The components of 

the autoanalyser and its' operation will now be dis- 

(66-68) 
cussed . 

3.4.(2) Operation of AutoAnalyser 

The components of the autoanalyser consist of a 

sampler, proportioning pump and manifold, dialyzer 

(not essential), heating bath, colortmeter and recorder, 

see Plate 3.3, Each component and its' mode of operation 

will now be discussed. 
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Sampler 

The sampler contains a tray which holds up to 

40 sample cups. As the loaded sampling plate 

rotates, at the pre-set rate of speéd (40 

samples/hour) a metal probe dips into the cup 

presented, and picks up its' contents for a 

given time period. The probe then lifts out 

of the cup, aspirates air for about 1 second, 

and dips into a wash recetacle, where liquid 

wash (distilled water) is aspirated. Again, 

after a pre-set interval, the probe rises from 

the wash receptacle, aspirates air and moves 

into the next sample. (For analyses of 40 

samples/hour, sample:wash ratio is 2:1). This 

in-and-out action is repeated until all the 

samples on the plate have entered the system. 

The combination of air bubbles and liquid wash, 

form an insulating barrier between samples. 

Thus each sample travels through the auto- 

analyser as a separate entity, barred from con- 

tact with its' neighbours by air segments and 

wash fluid. In addition, the rapid descent of 

the sample probe eliminates any possible dif- 

ferences in the analytical results, due to 

variations in fluid level from sample cup to 

sample cup. Samples then pass on to the pro- 

portioning pump and manifold. 
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ii) 

iii) 

Proportioning Pump and Manifold 

The proportioning pump consists of rollers 

occluding plastic tubes which are thus 

stretched taut on a platen (Plate34). As the 

rollers move forward, fresh fluid is drawn in 

from behind, while fluid is pushed forward. 

The rate of pumped fluid is dictated entirely 

by the internal diameter of the pump tube. 

The system of pump tubes, interconnecting tubes, 

mixing coils, glass and plastic pieces is called 

the Manifold. From here samples move on to the 

oil heating bath. 

Heating Bath 

In this system, the reaction is not fairly 

rapid, and the mixing coils do not give 

enough time for the colour reaction to be 

developed, thus the liquid must be held for 

a longer period. Therefore the fluid is passed 

through a heating bath at 90°C, containing a 

"time delay coil' of about 40 feet of glass 

tubing wound into a spiral coil. The fluid 

takes about 5-15 minutes to pass through the 

coil, depending on the volume of the coil 

and the pumping rate, within which time the 

colour is sufficiently developed to be measured 

colorimetrically. 
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iv) Colorimeter 

The liquid stream is pumped through the color- 

imeter flow cell, fordetermination of the optical 

density of the fluid. Air bubbles are vented and 

the air-free or non-segmented liquid passes through 

a tubular flow cell. The concentration of ammoniacal- 

nitrogen in samples varies proportionally with 

colour intensity, resulting in an increase or 

decrease in transmitted light. 

Recorder 

The results are displayed by the recording system. 

The recorder chart paper moves continuously at a 

fixed rate, and peaks appear for the changing 

optical density of the continuously flowing reaction 

mixture. Peak heights are determined with the use 

of a transparent chart overlay and are translated 

into meaningful values using the Apple Computer II. 

It would be of great value in the future to interface 

the autoanalyser to a computer system. This would 

enable a direct computer print-out of peak values 

to be presented immediately. 

TOON =



3.4.(3) Reagents and Conditions Required 

The chemical reaction chosen for the analysis of 

the nitrogenous solutions is the 'indophenol' meacutonioy 110,700) 

a modificiation of the original Folin Technique and 

the use:of Nessler's reagent. Reagents used for this 

reaction are disodium ethylene diamine tetra acetate 

(or more commonly EDTA), sodium hypochlorite (NaOCl) and 

sodium phenate, the concentrations of which are included 

in Chapter 2. To arrive at the correct specific con- 

ditions for the desired colour formation, the reagents 

are used in various dilutions and volumes, at different 

temperatures and time periods. The information from 

the best conditions within this 'test tube! pre- 

liminary work is then transformed into significant 

expressions on the autoanalyser, by converting the vol- 

umes of reagents to flow rates of the various channels 

(determined by the bore of the individual tubes). (The 

flow diagram for the determination of ammoniacal nitrogen 

is shown in Fig 3.2. The instrument is then stabilised 

for 30 minutes and standard solutions of ammonium 

chloride at concentrations of 1, 5, 10, 15, 20 mg. 

ammoniacal-nitrogen per litre (NH,-N/1) are analysed. 
3 

A calibration curve (Fig 3.3)is then constructed and 

samples are analysed. 
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Fig 3.3 Calibration Curve for Determination of 

Ammoniacal Nitrogen 
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3.4.(4) Colour Reaction 

Samples introduced into the autoanalyser system are 

firstly treated with an alkali EDTA/NaOH buffer solution 

maintained at pH 11.0 to ensure that all the ammonium 

ions are converted to free ammonia. (Alkaline samples 

slowly lose ammonia, but this 'closed' analytical system 

prevents this). The EDTA chelates with any interfering 

metal ions (such as Cu, Ni, Hg, Ca), thus preventing 

the precipitation of their salts in the system. This 

is important especially when body fluids are being 

analysed. 

Sodium phenate and sodium hypochlorite in turn are 

then added to the system and mixing takes place. 

Ammonia and hypochlorite react together under these 

alkali conditions to give chloramine which then reacts 

with the phenol to form quinonechloramine. Quinonechlor- 

amine couples with another mole of phenol and forms the 

yellow associated indophenol which then dissociates in an 

alkali medium, to give a blue chromogen, indophenol. The 

chemical scheme for the development of the coloured 

reaction product is shown in Fig3.4. To obtain the full 

development of the blue colour, the reaction mixture is 

heated to 90°C for 5 minutes in the heating bath. The 

optical density of samples is measured in a colorimeter 

at 660 nm and récorded on a chart recorder, appearing as 

a series of peaks on a flat base line. 
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3.5. Dynamic Adsorption Technique : Evaluation of 

Technique and Preliminary Studies 

3.5.(1) Introduction 

This system will indicate the preliminary evaluation 

of the dynamic adsorption system modified for this 

application, and will also contain the preliminary 

studies performed using such a system. 

Although the equilibrium capacity of various 

adsorbents for many substances of clinical importance 

is high, the time required to achieve this can be 

several hours/days, and until the biocompatibility 

problem is overcome, perfusion is likely to be poss- 

ible for only a few hours at a time. Thus with this 

in mind it is therefore necessary to design such a 

column which makes the best use of the limited time 

available. The identification of the rate limiting 

step in the adsorption process is a necessary pro- 

cedure to improve the design of the column, so that 

maximum efficiency can be achieved. The adsorption 

of a metabolite from blood or in this case, nitrogen 

from a nitrogenous solution, takes place in several 

(9), 
stages. Dunlop and workers 1975 have indicated 

thoroughly the implications of these steps in dynamic 

systems. They claim that the diffusion through the 

external boundary or stagnant layer of fluid adjacent 

to the adsorbent particles, is the only step in the 

adsorption process that can be significantly altered 

by the column design’ (the dynamic adsorption tech- 
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nique in this study is essentially a basis for making 

comparisons. Certain simplifications are adopted, 

especially where surface area of adsorbents is con- 

cerned. Adsorbents differ in surface area. However, 

the same or equivalent volume of adsorbent is used 

throughout the study, but due consideration is given 

to the surface areas, when evaluating the adsorbent's 

efficiency. Although in principle, it is possible to 

change the significance of the stagnant layer, in 

clinical usage, certain factors such as volume of 

adsorbent and blood flow rate,can only be varied in 

certain limits. In this work, the question of flow 

rate and volume of adsorbent have been decided on the 

basis of common experience in the clinical evaluation 

of adsorbents. Thus blood flow rates of 100-200 

mls/min and adsorbent volumes of 200-500 mls are 

common. By scaling down (as previously described in 

Section 3.3.(1)), whilst maintaining equivalent 'space 

velocities', an adsorbent volume of 5 mls and flow 

rates in the order of 2-5 mls are found to be accept- 

able. This volume of adsorbent and flow rate of per- 

fusate are employed in this study. 

3.5.(2) Preliminary Evaluation Studies 

In order to assess the time period over which 

mixing occurs when solutions are passing through the 

adsorption (or perfusion) cell in conditions of no 

ee
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adsorption, two experiments are performed, as follows: 

i) 

44) 

A standard solution of ammmonium chloride (NH, C1) 

containing 15 mg NH,-N/1, that is 15 mg ammoniacal- 

nitrogen per litre is placed in the perfusion cell 

(Plate 2) in the chamber above the glass sinter to 

its' full capacity: 35 mls. Distilled water is then 

perfused at a rate of 2 mls/min for 5% hours, through 

the cell, and fractions (8 mls/fraction) collected 

and analysed. Results are then expressed by means 

of a graph as presented in Fig 3.5. 

A second experiment is performed using 5 mlof glass 

beads as a blank (in the place of an actual adsorb- 

ent) which are placed above the glass chamber of 

the flow cell. An ammonium chloride solution con- 

taining 15 mg NH,-N/1 is firstly perfused through 

the system and then a solution of phenylalanine 

(an amino acid) also containing 15 mg N/l. 

Samples collected are analysed, and results 

expressed in the form of a graph as shown in Fig 3.6. 

3.5.(3) Discussion 

These two studies indicate that on perfusion, a 

certain degree of mixing of the perfusate occurs. Thus 

there are no stagnant flow regions in the column. The 

extent of this mixing, or more strictly, the rate of 

diffusion of the perfusate into the solution of the 

flow cell, which represents the ‘boundary or stagnant 

Se



layer', is indicated in Figs 3.5 and 3.6. 

It is clear, that in altering the concentration 

or the nature of the perfusate, there is a gradual 

change in the graph obtained. Thus an abrupt switch 

or 'step-change' in the graph is very rare and does 

not occur in practise. Figures 3.5 & 3.6 are combined 

and presented in Fig 3.7 where the curve obtained for 

Fig3:6is separated at the point of addition of the 

phenylalanine solution, and the curves expressed 

individually, as curves I & II - (curve I representing 

the first section and curve II the second section of 

the graph). Curve III and also its' mirror image 

curve IV are superimposed on curves I & II. 

By comparing the curves, it can be seen that the 

changes taking place, occur within a certain 'dead 

space volume', equivalent in all cases. For curves 

I & II, however, one must allow for the fact that a 

volume of 5 mls of the perfusion cell is occupied by 

the glass beads. The dead space volume is approx- 

imately equal to a volume of 120 mls - 140 mls. 

Because these results are consistent, and the time 

involved for the complete change from one regime to 

another is in the order of 60 mins - 70 mins, one is 

not going to be particularly anxious about a change in 

adsorption capacity in that time period, since this is 

very small in comparison to the time period of 2-4 days 

employed for some experiments. 

Because adsorption is assessed by rapidly filling the 
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cell from the reservoir, and then allowing perfusion 

to take place at the desired flow rate, information of 

this kind on the dimensions the 'dead space volume! is 

important in confirming that no abnormal adsorption 

effects are occuring. 
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CHAPTER 4 

MODEL TOXINS AND ADSORBENTS USED IN STUDY



4.1. Model Toxins Used in Study 

4.1.(1) Introduction 

Although the identity of the actual toxins pro- 

ducing hepatic coma remains shadowy, many of them are 

nitrogen-containing. They form part of a wide spectrum 

of various compounds, ranging from ammonia and amino 

acids, to free fatty acids, phenols, mercaptans and 

other sulphur containing specien (+9) c2n72-75)8 In this 

work, however, attention has been confined to the nitro- 

genous toxins. This section of Chapter 4 aims to intro- 

duce the hepatic toxins studied and to justify reasons 

for their choice in the project. Their physiological 

significance will be dealt with first, followed by a 

discussion on their pathological roles in liver failure. 

It is important at this stage to state that the 

type of adsorbent required for an artificial liver 

support system, is not necessarily a very aggressive 

super-efficient adsorbent, because other non-toxic 

nitrogenous compounds would then also be removed. 

Also the complete removal of a toxin could be disastrous, 

especially if it serves vital functions at physiological 

levels. 

Since the chemical species of interest in this 

project possess a dual role (i.e. a physiological role 

at normal levels and a pathological role at elevated 

levels), it is vital that levels lower than physiol- 
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ogical levels are not encountered on adsorption. However, 

it is not altogether easy in the clinical situation to 

distinguish between physiological and pathological levels, 

especially in the case of individual amino acids, because 

the level at which some amino acids become toxic is 

only broadly defined, and is spread over a wide range 

for different individuals, for the various causes of 

liver failure (7) | 

The model hepatic toxins employed in this study 

(all nitrogenous in origin) include ammonia, amino acids 

and amines. These will now be discussed in turn. 

Levee) Ammonia 

4.1.(2)1. Production 

Under normal physiological conditions, most of 

the blood ammonia (NH,) is derived from small intest- 
3 

inal digestive processes of dietary protein and from 

bacteria, which metabolise urea and products of protein 

digestion. Other tissues (tiver, muscle, nerve tissue, 

brain, kidney and red blood cells) also generate signif- 

icant quantities of anon ak ea 71-32 )5 

A.1.(2)2. Metabolism 

Because of the low permeability of the blood brain 

barrier to ammonium ions, transport of ammonia from 

(83), 
blood to brain is diffusion limited Ammonia is 

metabolised in the brain according to the following path- 

way - shown in Fig4.1. 
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NH 

    
NADH 

Glutamate 

TCA cycle €—%%-ketoglutarate ATP NE 
2 

ADP, P 
NH, 1 

o -ketoglutargmate Glutamine 

a&-keto acid 
Amino Acid 

Fig 4.1 Pathway of Ammmonia Metabolism in Brain 

Reductive amination of %-ketoglutarate and energy- 

dependent amidation of glutamate are the major routes 

of ammonia removal in brain. Although conversion of 

glutamine to “-ketoglutaramate and subsequent hydrolysis 

of “-ketoglutaramate to A-ketoglutarate does occur in 

brain, the flux through this portion of the cycleis 

thought to be low in normal individuals. In patients 

with hepatic encephalopathy, increased concentrations of 

glutamine and certain &-keto acids (phenylpyruvate) in 

brain tissue may promote glutamine transamination leading 

to % ketoglutaramate formation. 
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Skeletal muscle metabolises large quantities (50%) of 

ammonia in normal individuals, and plays a normal role in 

ammonia homeostasis. The kidney and brain are only minor 

:, 81 
sources of ammonia in normal animals and noe i 

4.1.(2)3. Funetion 

Ammonia adjusts the acid-base balance of the body 

by being excreted as ammonium ions. If ammonia 

(as ammonium ions) were not available, the excretion of 

acids would involve the removal of the basic ions of the 

blood and so endanger blood neutrality. Blood ammonia 

levels are normally in the range of 20-70 pg NH,-N per 

100 mls (ae78e) 

4.1.(2)4. Excretion 

Ammonia from any source is converted to urea in 

the liver by enzymes of the Krebs-Henseleit eyes tC! 85 87) | 

according to the following simplified chemical scheme: 

/NHS 
2NH, + CO,——> C=0 + # 

3 2 NYE, 

Urea 

Most urea is excreted in the urine by the kidney,. but 

about 25% diffusesinto the gastro-intestinal tract. 

Normally ammonia generation by the kidney involves the 

metabolism of glutamine and the deamination of other 

amino acids. Ammonia thus liberated combines immediately 

with hydrogen ions (H*) derived from ionized carbonic 

= (> =



acid to form ammonium ions (wH,*). The latter are then 

exchanged for sodium (Na*) and potassium (K*) ions in 

the urine. Thus, this production of ammonium ions allows 

the excretion of excess anions and hydrogen ions, without 

the corresponding loss of fixed base (na* and xt) (81) | 

The mechanism and chemical scheme of ammonia excretion 

(6), are shown in Figs 4.2 and 4.3 respectively 

4.1.(2)5. Liver failure 

In liver failure, ammonia is poorly metabolised, and 

ammonia laden portal blood bypasses the liver to enter the 

systemic circulation. (This is portal systemic shunting) 

(851747778, 88-93) | Ammonia is therefore elevated in the 

blood and cerebrospinal fluid (C.S.F.), and there is an 

increase in the permeability of the blood brain barrier to 

ammonia (ammonium donee). This is highly neurotoxic, 

and leads to hepatic encephalopathy or coma. The ammonia 

concentration in the brain is closely linked to the level 

of neural activity. See Fig 4.4 for ammonia in hepatic 

pucentaloparhy Hyperammonaemia also contributes to 

encephalopathy indirectly by raising the brain concen- 

tration of neutral amino acids which alter neurotrans- 

mitter metabolism by toxic effects on neuronal metabolism 

(82,91,95-98) | Up to the 1950's ammonia intoxication 

was poorly understood, to the extent that patients with 

failing liver from any cause were given a high protein 

diet, if necessary by tube when they were maconeetons cc 

This is now known to be detrimental to the health of the 
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patients. However, little progress has been made to 

date in the removal of ammonia in hepatic encephalopathic 

patients. 

4.1.(2)6. Use of Ammonia in this Project 

Ammonia is chosen as a model toxin in this study 

because of its' obvious implications in liver failure 

as already stated, and also because its' elevated levels, 

up to 180 pg NH,-N/100 ml in some cases,also contribute 

to increased levels and neurotoxic effects of other 

potentially toxic nitrogenous hepatic toxins - namely 

the amino acids and amines (false meuretransuittess) a 0) 

Ammonia, a weak base, is structurally and chemically 

the simplest toxin implicated in liver failure, but 

plays a central role in the pathogenesis of hepatic 

coma. In choosing a nitrogenous model toxin from the 

vast range available, it therefore seemed appropriate 

to begin with ammonia. Also the solubility of ammonia 

in water is an important asset for the in-vitro eval- 

uation procedures to be used in this study, and its' 

analysis could be easily met using the analytical 

methods adopted. 

4.1.(3) Amino Acids 

het. (3)1. Function 

Amino acids are the fundamental components of 

Srotei mee 7025108)" and take part in all living 

processes. In addition to the protein-bound amino acids, 

ara Yeles



the cellular tissue and plasma of living organisms con- 

tain a permanent reservoir of free amino acids ('amino 

acid pool') which take part in numerous metabolic react- 

ions and biosynthetic pathways. The amino acid distrib- 

ution patterns of blood, plasma'and urine are of great 

diagnostic significance in medicine. 

4.1-(3)2. Amino Acids in Liver Failure 

A convenient finding in acute liver failure is 

that amino acids are elevated to abnormal concentrations 

in plasma, cerebrospinal fluid (C.S.F.), urine and brain. 

Amino acids also play a role in the pathogenesis of 

hepatic coma, and they may even act synergistically to 

Cina 2 228271095110). concentration potentiate the effect 

of amino acids producing hepatic encephalopathy (coma) 

in liver failure differs with the individual, such that 

whilst the level of an amino acid in one patient may 

produce coma, this level may have no significant detri- 

mental effect on another patient. In chronic liver 

failure without encephalopathy, many of the straight 

chain amino acids are increased in the plasma, and with 

the occurrence of encephalopathy they increase further 

( ey In acute fulminant hepatic failure, the plasma 

concentration of all except the branched chain amino 

acids is increased OTS) 

Among the most prominent changes in plasma are 

increased concentrations of aromatic amino acids, 

methionine (more than tenfold), phenylalanine, tyrosine 

and unbound/free tryptophan (most toxic, about three to 

on



five fold), and also aspartate, glutamate and citrulline 

and others (less than three fold). Decreased concentrations 

are found of the branched chain neutral amino acids, leu- 

cine, isoleucine and valine as are threonine and arginine, 

to levels often below 50% of the normal plasma concentration 

(23,82,118-122) | Correlations have been observed be- 

tween the rise and fall of plasma amino acids, and the 

progression or improvement of the encephalopathy. The 

reasons for this altered pattern are still incompletely 

understood. <A cerebral imbalance of aromatic and 

branchedchain neutral amino acids, reflected by a de- 

creased plasma [(1eucine + isoleucine + valine)/ 

(tyrosine + phenylalanine) | ratio may precipitate enceph- 

alopathy, possibly by promoting the synthesis of toxic 

aromatic amines. The molar concentration ratio of the 

above mentioned amino acids in plasma, correlates in- 

versely with the severity of neurological impairment in 

patients with hepatic encephalopathy. Revere aeleeet it 

seems unlikely that an imbalance between branched chain 

and aromatic amino acids in either plasma or brain causes 

(Breen) 
the encephalopathy . 

4.1.(3)3. Use of Amino Acids in This Project 

Amino acids have been chosen as examples of model 

nitrogenous hepatic toxins from the range available because 

of their importance in hepatic encephalopathy and because 

their selective adsorption is virtually unknown. Several 

other factors have been important in selecting



amino acids as model toxins. 

Firstly, they differ chemically and structurally from 

ammmoria. Their molecular weightsare greater than that 

of ammonia, and they are suitable toxins to use in order 

to expand on the ammonia study. 

Secondly, amino acids (general formula R-GH(NH,) COOH) 

are alike in containing an «carboxyl group (-COOH) and an 

«amino group (CH(NH,)), but their chemical nature is 

dependent on their side chain residue - R. This residue 

may be acidic, basic or neutral depending on their iso- 

electric pointe oa Thus different amino acids 

with varying structures could be chosen from the range of 

amino acids available. 

Thirdly, it is this R-group which is important in 

deciding the size and solubility of the amino acids. The 

nature of this substitute affects not only the biochemical 

role of the molecule physiologically, but governs the 

pathological role of the amino acid as a toxin (e.g. 

phenylalanine). This chemical variability may also be 

important in governing the nature of adsorption and may 

also be useful in obtaining a certain degree of select- 

ivity in adsorption of amino acids. 

Thus the amino acids appear to be a useful group of 

toxins chosen for investigation, as their structure en- 

ables them to be studied not only as a large group of 

toxins, but also as a range of different compounds within 

that group. The amino acids used in this particular study 

are listed in Fig 4.5. 
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4.1.(4) Amines 

Intimately connected with the amino acids and 

their chemistry are the neurotransmitters and false 

neurotransmitters. A number of compounds meet many 

of the criteria necessary for chemical neurotransmission, 

0234124 )snines are one set of such compounds which act 

as false neurotransmitters in hepatic encephalopathy. 

Before discussing these amines, however, it is approp- 

riate to consider the normal neurotransmitters. 

4.1.(4)1. Neurotransmitters 

The actions of neurotransmitters are ubiquitous, 

influencing a variety of tissues and physiological 

functions. For a compound to be considered a neuro- 

transmitter, it should be present in nerves, together 

with its' biosynthetic enzymes. When the nerves are 

stimulated, the transmitter should be discharged from 

nerve endings. Once liberated, the transmitter should 

be recognised by and bind to its' specific receptor 

on the postjunctional cell membrane and produce a bio= 

logical response characteristic of that cell. Mech- 

anisms should be available to rapidly terminate the 

actions of the meuGotsanent een ee 

The neurotransmitters are substances such as 

norepinephrine and serotonin, histamine and possibly 

even several highly neuroactive amino acids such as 

glycine, alanine, taurine, ¥ amino butyrate, glutamate 

and asparate, which in addition to acetylcholine may 

play important roles in normal synaptic transmission 

ee a



in the brain and spinal cord. The role of amines as 

false neurotransmitters will now be discussed. 

4.1.(4)2. Amines as False Neurotransmitters 

The role of amines is far less recognised and 

obvious than that of the amino acids and ammonia. The 

strongest evidence implicating amines as toxins, relates 

to their role as false neurotranemitters’ 9°22"). This 

occurs with the failure of hepatic function. In this 

case the blood brain barrier selectively allows incorrect 

amounts of neurotransmitter precursor amino acids such 

as phenylalanine and tyrosine to enter the central 

nervous system. This then leads to altered neuro- 

transmitter synthesis. Fig 4.5shows the synthesis of 

some false and true neunotnenamiivers! O Phenylalanine 

and tyrosine are precursors of the normal cerebral neuro- 

transmitters - norepinephrine and dopamine, as well as 

several neuroactive substances such as phenylethylamine, 

tyramine and octopamine, which are normally present only 

in small amounts ( 16*82,122,127) | The precursor amino 

acids and aromatic amines, are produced in the gut by 

protein degradation and by bacterial action along with 

ammonia and mercaptans. They are normally efficiently 

(128129),,, monoamine oxidase (MAO) removed by the liver 

and cleared from portal blood. But when hepatic functionis 

impaired and blood is shunted around the liver, pre- 

cursors accumulate in the blood and flood the central 

nervous system. They are then locally Brhydroxylated by 

relatively non-specific enzymes and replace normal 

yas



Fig 4.6 Synthesis of Some False and True Neurotransnitters ®) 
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A scheme of synthesis of catecholamine and phenyl- 

ethylamines has been suggested and is shown above. 

Blocks in the synthetic function are indicated by lines 

and suggest that there are numerous sites at which 

catecholamine synthesis can be blocked. If tyrosine, 

for example, cannot go to DOPA, it is primarily decar- 

boxylated to tyramine and then to octopamine, thus - 

perhaps explaining the increase in brain octopamine while 

brain norepinephrine is decreased on the basis ‘of dimn- 

inished thesis. nished synthesis see



transmitters, acting as false peurotnanent trans 7 ey co) 

4.1.(4)3. Amines Used in This Project 

The range of nitrogenous toxins implicated in liver 

failure is vast. This study looks at a cross-section 

of model toxins selected from that range. Already dis- 

cussed in the previous sections are ammonia (a basic 

toxin), and amino acids (which can be both acidic and 

basic). These have been chosen as suitable represent- 

atives within that range. Amines have also been chosen 

as model hepatic toxins in this study because they com- 

plete the range of water soluble nitrogenous hepatic 

toxins selected from the large range available, and 

because of their importance as cerebral toxins in liver 

failure. The adsorption of false neurotransmitter amines 

in artificial liver support systems is a desirable goal 

in the treatment of liver failure patients. The analysis 

of amines poses no problems as they can also be analysed 

by the system used for ammonia and amino acid. They have 

not been studied in great detail in the past, and their 

relative adsorption is virtually unknown. The amines 

studied in this project are octopamine, phenylethanolamine 

and ethanolamine, the structuresof which are shown in Fig 

ies trn Of these, octopamine, one of the most important 

false neurotransmitters, has received much attention by 

many workers, and is discussed in the next section, 
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together with phenylethanolamine, its' analogue. 

4.1.(4)3.(i) Octopamine 

The sympathomimetic amine octopamine, 

(1-[p-hydroxypheny1] -2 aminoethanol or B-hydroxyphenyl- 

ethanolamine) has the properties of a neurotransmitter 

in man (and Careatepratea)h 125). It has been proposed 

(Fischer 1971, 1972, 1976) that octopamine is involved 

in the pathogenesis of hepatic encephalopathy (HE), 

acting as a false neurotransmitter (or co-neurotrans- 

mitter), i.e. a synaptic competitor to the physiological 

adrenergic transmitters '21>131-333) getopamine is syn- 

thesised from intestinally derived tyramine (for which 

there is a relative blood-brain barrier) and also from 

amino acids in the brain. Brain levels of octopamine 

and tyrosine correlate closely in animals with hepatic 

insufficiency (128), Octopamine is taken up by central 

nerve endings and stored in granules and competes with 

a normal physiological adrenergic central neurotrans- 

mitter dopamine or norepinephrine for uptake and release 

in central nerve endings. This therefore leads to 

encephalopathy, and increased urinary levels of 

pe copanine GoLe Elevated levels of octopamine pre- 

cursors, phenylalanine and tyrosine, with lesser 

elevations of other amino acids have been found. Normally 

these precursors are converted successively to dopa, 

dopamine, noradrenaline and adrenaline in nerve endings. 

291 =



However, in liver failure, the enzyme converting tyrosine 

to dopa (tyrosine hydroxylase) is inhibited and tyrosine 

and phenylalanine accumulate, and are directed into 

synthesis of tyramine, then octopamine by relatively 

non-specific eugymen’ (7129 ) 

Normal subjects have octopamine blood levels below 

1 ng/ml (N=70), while patients with grade 3 or grade 4 

encephalopathy show values above 3.2ng/ml (w=70) (137), 

4.1.(4)3.(ii) Phenylethanolamine 

The aromatic amine, B-phenylethanolamine or 

Prhydroxyphenethylamine (2-amino-1-phenylethanol) is 

basically octopamine minus an -OH group. It is able 

to undergo transmethylation in a competitive manner 

with octopamine, and play a role in hepatic enceph- 

alopathy, either synergistically or as an alternative 

to octopamine itself. When phenylethanolamine levels 

are increased in the brain, it can be released from 

sympathetic nerves and thus act as a false neuro- 

transmitter. Blood levels of phenylethanolamine 

have been elevated sometimes to levels as high as 

1 pe/al in some patient ac wanna. 

alt



4.2. Adsorbents Used in Study 

4.2.(1) Introduction 

A variety of adsorbents 1S employed in this study. 

These range from neutral adsorbents such as activated 

charcoal, through to polymeric neutral uncharged resins 

of the Amberlite XAD type and the acidic and basic ion 

exchange resins. Hydrophilic hydrogels are also used, 

and are specially synthesised for the purpose of this 

project. A description of these adsorbents will now be 

presented. 

4.2.(2) Activated Charcoal 

4.2.(2)1. Introduction 

In the past, the accumulation of a wide range 

of potentially toxic substances of differing molecular 

size and physical properties, suggested that a specific 

approach to artificial liver support, for the treatment 

of fulminant hepatic failure (FHF)was not yet possible, 

as the nature of these toxins had not yet been fully 

determined. Thus, in the past,charcoal, a broad spectrum 

adsorbent, emerged as the best adsorbent available for 

use in whole blood haemoperfusion, although it is non- 

selective and often unpredictable, because it could 

adsorb a range of toxins due to its' large adsorptive 

capacity, which is a result of its' large internal sur- 

face area (227 601515134-139) | A typical haemo- 

(1.37) perfusion system using charcoal is shown in Fig 4.8. 

SCs



Fig 4.8 A Typical Haemoperfusion System 

    

     
    

200 ml/min flow rate 

Activated 
Charcoal 
Column 

  

to artery   
from vein 

Blood 
Pump 

Patient



Activated charcoal is used as an adsorbent in this study. 

The structure and properties of activated charcoal will 

now be discussed briefly, followed by its' use in medicine. 

4.2.(2)2. Structure and Properties 

Activated charcoal (carbon) is a highly porous 

material, prepared by carbonisation and activating - 

organic substances, mainly of biological origin, such as 

wood, petroleum, coal, peat and coconut shells 51+60,137 ) , 

It has a very large surface area because of its! micro- 

porous structure, but as a result of this structure it is 

a relatively soft, fragile material, which presents pro- 

blems associated with biocompatibility, when used for 

haemoperfusion purposes. These problems will be dis- 

cussed in Section 4.2.(2)4. 

4.2.(2)3. Use of Activated Carbon in Medicine 

The concept of flowing blood over activated charcoal 

granules to remove unwanted substances, originated with 

Yatzidis (1964), who used such a column to remove creat- 

inine, uric acid, phenolic compounds, guanidine bases 

B528560,140) vie aidis aentioned the and organic acids 

possible use of such a system in removing endogenous toxins 

(as in kidney or liver failure) as well as exogenous toxins 

(drugs or poisons). Side-effects noted were the removal 

of some blood cells (especially platelets) from the 

blood, hypotension and the embolism of fine charcoal micro- 

particles into the blood. These are then deposited in 

various organs (e.g. lungs, spleen, liver, kidneys), 
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1. 

2. 

oe 

4e 

5. 

and plug organ capillaries which causes tissue necrosis. 

Fine particle generation can be brought to a minimum by 

extensive preliminary washing procedures before use. 

Before using an activated carbon for haemoperfusion the 

minimum evaluation tests that should be performed are 

microparticle generation, adsorption capacity and ion 

elution. A summary of these tests is outlined in 

Fig 4.9. 

Fig 4.9 Summary of Tests to Evaluate Carbon 

Cleanliness 6. Microparticle generation 

Washability 7. Ion elution 

Attrition resistance 8. Blood compatibility 

Surface morphology 9. Sterility, toxicity, 

Adsorption capacity pyrogenicity 

At present, however, the majority opinion is that 

coating of the carbon is essential before use in haemo- 

perfusion systems, in order to decrease the incidence of 

thrombus formation, by reducing the friability of the 

adsorbent (037 135*140-143). Thus the embolism of fine 

carbon microparticles into the blood is prevented, which 

in effect promotes biocompatibility of the charcoal with 

blood, and so blood cell loss during haemoperfusion is 

reduced to tolerable levels. 
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4.2.(2)4. Use of Materials for Coatings 

A large number of membrane materials for micro- 

encapsulation of charcoal, which includes nylon, cellulose 

acetate, heparin-complexed materials, collodion, albumin- 

collodion coating and others, have now been studied for 

use in uraemia, intoxication and liver failure (Chang) 

( 8413551445145) | These are listed in Fig 4.10. 

Fig 4410 Biomedical Coatings Used For Activated Charcoal 

ie Albumin (adsorbed) 

2. Albumin (adsorbed on cellulose nitrate) 

ot Albumin (crosslinked) 

4e Cellulose acetate 

5. Cellulose triacetate (deacetylated) 

6s Cellulose nitrate (collodion) 

Ta Dextran (adsorbed) 

Se Haemoglobin (adsorbed) 

Oe Heparin complexed cellulose nitrate 

10. Hydroxyethyl cellulose 

Tice Methacrylate copolymers 

tee Nylon 

136 Polyhydroxyethyl methacrylate 

1d Poly(acrylic acid and stryrene copolymer) 

Tid. Poly(acrylonitrile) and Acrylonitrile methyl acrylate 
copolymer 

16. Poly(acrylic acid Butyl methacrylate) 

The coatings used, however, are not entirely satis- 

factory, as they are non-specific and thus not permeable 

to a wide range of Certne. 51), Thus for the long-term 

goal of a total artificial liver, additional systems 

would be required for the removal of toxins not removed 

oa



by activated charcoal. Within the last few years, a 

few haemoperfusion columns based on coated activated 

charcoal have been developed, and they became commerc- 

dally marketed 07127), These devices and their major 

features are listed in Fig4.11.A picture of one of 

these devices is shown in Fig 4.12. 

Fig4.11 Commercial Haemoperfusion Devices 

  

  

Adsorbent 
; Manu- size Adsorbent 
oo facturer po acr ee (om coating 

diameter) 

Haemocol Sander Ltd 300g 2-4 5 pm acrylic 
1974 Charcoal hydrogel 

Adsorba 300C Gambro Inc 300g 1 &2nm) 3-5 pm 
Charcoal cellulose 

Hemodetoxifier Becton- 9he 0.3-0.84 None 
Dickinson Charcoal 

  

However, whether these devices are still being used 

is not known. They may be employed in acute intoxication 

cases, but not in artificial liver support systems. 

Activated charcoal has been used for adsorption purposes 

and also as a base material in this project, for applying 

and testing the microencapsulation technique, the coating 

procedure of which will be explained subsequently. 
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4.2.(2)5. Characteristics of Coating Material 

Coatings applied to adsorbents for biocompatible 

reasons can be purposely made to confer some degree of 

pemselectivity for the adsorbent, and thus control the 

nature of the materials allowed access to the adsorption 

Csi) ; - It is desirable to select sites of the adsorbent 

a polymer coating that has a high affinity for certain 

specific toxins and a low affinity for the other non-toxic 

compounds present. The characteristics of an ‘ideal! 

coating system have been defined by Bruck as being:- 

Ws The coating must be strong enough to eliminate 

fragmentation and generation of microemboli. 

26 The coating must be freely permeable to the 

toxins of interest. 

3. The coating must be blood tolerable, part- 

icularly with respect to adhesion of blood cellular 

elements. 

he The coating must permit good flow and low pressure 

drops in the column, i.e. coated particles must not 

adhere or aggregate in the column. 

5. The coating must be readily sterilizable, non- 

toxic and non-pyrogenic. 

In addition to these properties, the coating might 

also be used to impart a degree of selectivity to the 

(145) | charcoal With these points in mind the preparation 

and application of a coating material is investigated. 
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4.2.(2)6. Preparation and Application of 

Coating Material 

Activated charcoal is encapsulated in this project 

to confer some degree of biocompatibility. The coating 

material used is an acrylic hydrogel such as poly- 

hydroxyethyl methacrylate, commonly abbreviated topoly 

HEMA . The function and properties of HEMA will be dis- 

cussed in section 4.2.(5) on hydrogels. However, it is 

necessary at this point to state how polyHEMA is pre- 

pared, before giving details on the coating procedure. 

4.2. (2)6.(i) Polymerisation of HEMA 

Poly(2-hydroxyethyl methacrylate), polyHEMA, is pre- 

pared by solution polymerisation of the monomer HEMA (200g) 

using t-Butylcyclohexylperdicarbonate (1g) as initiator, 

and ethanol (2 1) solvent, in a nitrogen atmosphere. 

Reaction time and temperature are 36 hours and 50°C 

respectively, with continuous stirring of the reaction 

mixture. Precipitation of the prepared polyHEMA solution 

is accomplished by the dropwise addition of the solution 

to diethylether, which has the advantage of also elimin- 

ating any residual monomer that may be present. The poly- 

HEMA is then oven dried at 40°C for 36 hours, before use. 

Dele orcrt) Microencapsulation of Adsorbents 

In this project, microencapsulation is performed using 

activated charcoal, and ion exchange resins as adsorbents 

(26,1243 1445146>147) Vr iyeawiny) died: polyHEMA (1a) 46 
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dissolved in 49g of a solvent mixture, containing ethanol 

and acetone in a 90:10 ratio (weight). This mixture is 

then introduced into a glass rotaflask (previous treated 

with Repelcote, 2% solution of dimethyldichlorosilane in 

1,1,1-trichloroethane to produce a 'non-stick' silicone 

surface), containing 20g adsorbent particles (resin par- 

ticles are dried before coating). This mixture is then 

rotated for 10 minutes to produce electrostatic charges 

on the beads, and so prevent sticking to one another. The 

rotaflask is then placed in a water bath at 30°C, the 

solvent 'evaporated off' (15-90 minutes) and the coated 

adsorbent removed from the reaction vessel. 

In later coatings, propan-1-ol is used as the pre- 

ferred solvent instead of acetone in the solvent mixture. 

This method produces a 5% polyHEMA coating. This per- 

centage of HEMA coating is an expression involving the 

ratio of the weight of HEMA to the weight of beads encap- 

sulated. To produce other percentages by weight of HEMA, 

the weight of HEMA or adsorbent used is altered accord- 

ingly. The surface morphology of the uncoated and coated 

adsorbent particles is then examined with a Stereoscan 

$150 Model Scanning Electron Microscope. The electron 

micrographs are shown in Plates 2.1 - 2.13 in Chapter 2. 

4.2.(3) Polymeric Uncharged Resins 

4.2.(3)1. Introduction 

Alternatives for carbon are being sought and are 
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largely centred on available polymer particles, such as 

the polymeric neutral uncharged resins. This project 

employs such resins for the adsorption of the model 

hepatic toxins (nitrogenous-based) used in this study. 

From this class of resins, those of concern in this 

particular project are discussed below. 

4.2.(3)2. Structure and Properties of Poly- 

meric Uncharged Resins 

The macroreticular polymeric adsorbents of the 

Amberlite XAD-resin type such as Amberlite XAD-2, XAD-4 

and XAD-7 are employed in this study. Amberlite XAD-2 

and XAD-4 resins are hydrophobic aromatic adsorbents of 

polystyrene divinyl benzene copolymers. Amberlite XAD-7 

resin is a polar aliphatic adsorbent of acrylic ester. 

The chemical structure of these Amberlite XAD resins are 

shown in Fig geigice, 1482149) 

Fig 4.13 Chemical Structure of Amberlite XAD Resins 

-CH,-CH-CH,-CH-CH,-CH- fH fee 

9 8 38 [9-8-3] 
c=0 o=0 
I 1 
0 0 

~CH,-CH-CH,-CH-CH,-CH- i 1 
R R 8 oO Gow : 0 QO 

| ) 
fee ‘0 

[—o#.-§-0% i—| 

CH, CH, 

Amberlite XAD-2, 4 Amberlite XAD-7 
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As it can be seen from the chemical structure of 

Amberlite XAD-7 in Fig 4.13, the precise nature of this 

material has not been given and there is great reluct- 

ance on the part of the manufacturers to completely des- 

cribe it and reveal the nature of the group R, which they 

simply describe as a 'polyfunctional aliphatic residue 

(1455 149 ) 

The properties of the polymeric adsorbents used are 

Aag8 there it can be seen that in shown in Fig 4.14 

the case of the Amberlite XAD-2 and XAD-4 there is an 

inverse relationship between surface area and pore size 

with the smaller pore size adsorbent having the greater 

surface area. These resins occur in the form of white, 

hard, insoluble polymerised beads. The individual beads 

may each be considered to be an agglomeration of a large 

number of very small microspheres, fused together into 

(148 ). a spherical agglomeration This is depicted in 

Fig 4.15 below: 

Fig 4.15 Sketch of an Individual Amberlite XAD Resin Bead 

  

   



This macroreticular structure results in a con- 

tinuous solid phase, as well as a continuous pore phase. 

In the absence of functional sites, the polymeric adsor- 

ent derives its' adsorptive properties from its' com- 

bination of macroreticular porosity, pore size distrib- 

ution, high surface area and nature of its!' structure. 

Adsorption in these Amberlite XAD resins involves 

van der Waals' forces, which bind the sorbate to the 

solid surface, leading to surface adsorption. Water 

or other solvents then very rapidly penetrate the pores. 

Many fits of interactions such as hydrophobic bonding, 

dipole-dipole interaction and hydrogen bonding are 

important Ws) . 

Albumin-coated Amberlite XAD-7 Resin 

The use of human serum albumin (HSA) has been 

investigated as an alternative coating material to 

synthetic polymers, by the Liver Unit team of the Kings! 

College Hospital and Medical School. This protein has 

been shown by several workers (Packham, Chang) to reduce 

platelet adhesion to foreign surfaces and to improve the 

blood compatibility of such surfaces. HSA-coated 

Amberlite XAD-7 has been used in the development of an 

artificial liver support system for the removal of 

bilirubin, the bile acid chenodeoxycholic acid, bromo- 

4 TSA 
sulphophthalein (BSP) and phenoles ocr ), This clinically 

used adsorbent is used in this project for the adsorp- 

tion of the model toxins detailed in section 4.1, 

(e.g. ammonia, amino acids, amines). Amberlite XAD-7 
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has a higher affinity for human serum albumin (HSA) than 

the other resins of the Amberlite series and HSA can be 

tightly bound to Amberlite XAD-7. The coated resin used 

also contained 0.1% Azide as an antibacterial agent. 

4.2.(4) Ion Exchange Resins 

4.2.(4)1. Introduction 

While it is difficult to predict or vary the pro- 

perties of charcoals, ion exchange resins have clearly 

defined structures and many variations have been syn- 

thesised commercially. Thus, ion exchange resins are 

employed in this study because, by the use of the dif- 

ferent classes available, a comparative study of the 

adsorptive capacity, for the range of nitrogenous toxins 

of interest can be achieved. Also the type of groups 

capable of adsorbing the model nitrogenous toxins can be 

investigated. 

An ion exchange material may be broadly defined as 

an insoluble matrix of fixed ionic groups, containing 

labile or mobile ions of the opposite charge, which are 

free to wander throughout the resin interstices, and are 

thus capable of exchanging with ions in the surrounding 

medium, without any major physical change taking place 

in its! structure (14871521153) In general, the ion 

exchangers used are spherical particles and approximately 

one-half millimetre in diameter. The structure and pro- 

perties of the various types of ion exchange resins used 

will now be discussed. 
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4.2.(4)2. Structure and Properties of Ion 

Exchange Resins 

4.2.(4)2.(i) Basic Anionic Ion Exchange Resin 

The strongly basic anion exchanger of polystyrene 

divinylbenzene copolymers, substituted with quaternary 

ammonium active functionality such as Dowex 1-X4 is used. 

This resin derives its' properties from the amino group 

in the resin structure. The basic strength of the resin 

depends partly on the nature of the active group and also 

on its' position. The quaternary ammonium group (-mR; OH ) 

gives rise to a strongly basic resin, the functional 

feaeeTy? group of which is shown below, Fig 4. 466625 148, 

Fig 4.16 Strongly Basic Functionality (quaternary ammonium) 

—CH—CH, == cH—— OH, — 

cH- CH, CH, ne Ry Cle 

The properties of this anion exchange resin are presented 

in Fig 4.20. 
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4.2.(4)2.(ii) Acidic Cationic Exchange Resins 

Weakly acidic and strongly acidic cation exchange 

resins are also employed in this study. These will be 

discussed in turn. 

a) Weakly Acidic 

Weakly acidic cation exchangers of a cross-linked 

polyacrylic-divinylbenzene matrix with carboxylic (-COOH) 

functionality, e.g. Amberlite 1RC-50, is used. The 

functional (ionogenic) group of this resin is shown below, 

Pig 4.1f 029148+152-154) | 

Fig 4.17 Weakly Acidic Functionality 

coo-Na* 

eee 

cH, 

CH-CH 
2 

This ion exchangerisin the form of white opaque, 

spherical particles and is insoluble in water. The 

exchange capacity and selectivity of this resin are 

derived from the carboxylic acid groups and are also a 

result of its' physical and chemical properties. The 

properties of this resin are presented in Fig4.20. The 

macroreticular structure of Amberlite 1RC-50 resin 

imparts high adsorptive capacities, and the rough physical 
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structure permits its' use without the pre-treatment 

steps of extraction and clarification,required by other 

(148,152,154) adsorbents, e.g. Amberlite XAD-7 These 

pre-treatment steps are given in Chapter 4.2.(5). 

b) Strongly Acidic 

The strongly acidic cation exchangers of a cross— 

linked polystyrene-divinylbenzene matrix with sulphonic 

acid functionality, e.g. Amberlite 1R-120, Dowex 50W-X8, 

Duolite C255, and Amberlite 1RN-77 (Nuclear grade ion 

exchange resin derived from parent resin,Amberlite 

1R-120) are employed in this project. The properties of 

these are also presented in Fig 4.20.Cation exchange 

resins are generally in two forms, the free acid or 

hydrogen form and the salt form, often the sodium form. 

The functional (ionogenic) group on these cation 

exchangers is shown below (hydrogen form), Fig 4.18 62> 

152-154 ) 

Fig418 Strongly Acidic Functionality 

—CH—CH, —CH—CH, _ 

O.G 
CH- CH, 

Conventional ion exchange materials contain ion-active 

sites throughout their entire structure with a grossly 
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uniform distribution of activity. Thus in Fig 4.19 a 

cation-exchange resin with a negatively charged matrix 

and exchangeable positive ions (cation) is indicetea >). 

The hydrogen form will absorb. cations and release an 

equivalent amount of hydrogen ions into solution, 

whereas with the sodium form, cations are absorbed and 

the equivalent amount of sodium ions released. 

The exchange potentials for cation absorption on 

to a strongly acid resin are influenced by a number of 

Fig 4.19 Cation-Exchange Resin Schematic 

     

  

    

a $c > 

7 / 

{ Nose / 
(8017 H*/\*so37 H* 

PRee 

y Z 

*The word ‘'adsorb' and 'absorb!' are used here with their 

usual connotation, i.e. 'adsorb' refers to processes which 

involve the sorption of one material at the surface of 

another, while 'absorb' is used to describe other types of 

sorption. 

- 111 -



factors, the most important being molecular weight, size, 

valency and concentration. In general, for efficiency 

in ion exchange, the affinity of the ion to be absorbed 

must be substantially greater than that of the ion 

already in the begin 22. 

4.2.(4)3. General Use of Ion Exchange Materials 

Ion exchange materials have been used for water 

treatment in the past and still find wide application in 

water softening. The use of ion exchange in medicine 

and the pharmaceutical industry at present, utilises 

many facets of ion exchange bechnolcey (| (4712 2)e 

It is now being used in many discrete areas; the 

use of ion exchangers and related materials as artificial 

organs remains the immediate interest area in this project. 

It is hoped that the use of the range of ion exchange resins 

outlined, will provide clinically useful comparative 

information about the adsorption of nitrogen containing 

toxins, as there is still no widely accepted method of 

treatment available at present for the reduction of such 

toxins in hepatic failure. 

4.2.(4)4.Pre-treatment of Adsorbents 

It is known that the use of uncoated adsorbents in 

haemoperfusion results in the production of fine micro- 

particles in the haemoperfusion system, and thus bio- 

incompatibility of the adsorbents. However, when charged 

resins are used and an ion exchange capacity is introduced, 
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the loss of essential ions from the circulation, 

(62,156,157) Resin haemo- (e.g. Na, K, Ca, Mg) occurs 

perfusion also results in the adsorption or disruption 

of formed blood elements, removal of vital substances 

from the blood, and the addition of toxic substances 

to the blood from the resin material itself, as well as 

the embolism of resin material into the circulation. 

Usually, this problem is solved by applying a bio- 

compatible coat to the adsorbent surface. However, in 

this study, uncoated species of adsorbents are employed, 

to firstly determine their adsorptive capacity, and no 

account is taken of the biccompatibility of the 

adsorbent material in the initial stages of preliminary 

screening of adsorbents. Therefore, in order to obtain 

some idea of the levels of interfering species imparted 

to the test solution by the adsorbents, in the event of 

adsorption studies, the adsorbents were treated with 

distilled water as follows: 

10g of adsorbent ore shaken with 50 ml distilled 

water for 2 hours, and the samples analysed for any 

detectable species, using the Auto-Analyser. On addition 

of d.H,0 to the adsorbent, the colour imparted to the 
z 

water was noted, and the py of the solution recorded 

(using an Orion pH meter). The adsorbent and d.H,0 are 

then subjected to gentle agitation as experienced in the 

static adsorption technique used in this project. The 

colour of the water is again noted, the pH taken and the 
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Pigs.21 Effect of Addition of Distilled Water to Adsorbents Jefore and After a 24 Jour   
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washings analysed for any species detectable by the Auto- 

Analyser evaluation technique. 

The observations from these static 'H,0-blank! pro- 

cedures are presented in Fig4.21 for each adsorbent 

employed. From these observations, it is clear that some 

sort of washing procedure is necessary prior to the use of 

adsorbents. The standard washing procedure adopted will 

now be outlined. 

4.2.(4)4.i) Washing Procedure 

hee The adsorbent (10g) is thoroughly mixed with five 

times its' volume of d.H,0 (50 ml) in a large vessel. 

At this stage, the adsorbents become swollen with water 

and the mixture takes the form of a slurry. 

2. The water is then decanted off from the adsorbent 

and the washing repeated twice with additional quantities 

of water. This is continued until the leaching of the 

colour from the adsorbent does not occur. 

3. The adsorbent is dried with filter paper before 

being used. Heat is not used for drying the adsorbents 

because the extremely dry beads which would be formed 

re-swell very rapidly when placed in aqueous or other 

polar solutions, thus causing severe strains which may 

lead to bead breakage. 
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In the case of activated charcoal, because of its' highly 

porous nature, many fine particles loosely adherent to the 

surface of the beads, readily break off during the washing 

procedure with a decrease in fines as the washing is con- 

tinued. 

The ion exchange resins onthe other hand are produced 

in the form of attrition resistant spherical particles, thus 

the problem of fines production is not important. However, 

when these resins, especially the cation exchange resins are 

placed in water after long storage, a yellow to red-brown 

(148) In the case of the colour is imparted to the water 

anion exchanger a cloudy component is released into the 

washings. This isdue to small amounts of reaction products 

left within the beads during manufacture. Generally the 

colour throw ceases after a few washing runs have been 

made 

Washing of the Amberlite polymeric adsorbents is 

essential because normally these adsorbents are rinsed with 

dilute sodium chloride and sodium carbonate solutions before 

packaging, to control bacteria and mould growth during 

storage. These preservative agents and residual monomeric 

compounds still present in the pores, must therefore be 

rinsed from the resin with water before use. 

4.2.(4)5.Use of Coated Ion Exchange Resins 

Attempts to modify the resin surface by using a bio- 

(158) 
compatible membrane have been made in the past and also 

in this project, by the method outlined previously. However, 
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it is common knowledge that the adsorption of toxins to 

be removed is partly reduced, as they do not readily 

diffuse across such membrane coatings. By the coating of 

resins and the examination of the membrane properties of 

these encapsulated resins, this project aims to eliminate 

this unfortunate disadvantage encountered with the use 

of such essential biocompatible coatings. 

Fig4.22 Membrane Properties (22, 38,54) 

\ 
Small and middle molecules 

Lipid soluble molecules 

ne, nee & blood 

cells 

eS
 Blood compati

bility 

——_—_—_ jae <——sO Protein Bound molecules 
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Ab 

@ 2 
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by Ag 
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Membrane properties can be extensively varied to 

selectively remove specific types of molecules. This 

principle is being extended,modified and developed 

extensively as expressed in Fig 4.22. 

4.2.(5) Hydrogels 

4.2.(5)1. Introduction 

At present,adsorbents are made biocompatible by 

coating them with biocompatible membranes. The ideal 

solution to eliminate the use of bio-incompatible 

adsorbents, would be to use adsorbents which are them- 

selves biocompatible. Thus, adsorbents composed of the 

biocompatible membrane material used for the coatings 

remain the ideal materialsfor synthesising such 

adsorbents. With this in mind, particulate hydrogels, 

hydrophilic in character are synthesised in a separate 

project and used as adsorbents in this project. The 

structure and properties of hydrogels will now be dis- 

cussed. 

4.2.(5)2. Structure and Properties of Hydrogels 

i) Definition 

A hydrogel is a three-dimensional polymeric net= 

work, capable of imbibing large quantities of water (by 

swelling) without the dissolution of the polymeric net- 

(159) 
work 

Three main types of hydrogels have been defined by 
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B. J. Tighe and co-workers (1971) and consist of non- 

ionic hydrogels, thermally reversible hydrogels and novel 

microcrystal hydrogels, all of which have been used in 

(eon lee iawever: the hydrogels biomedical applications 

used in this study are mainly of the neutral non- 

ionic hydrogel types. Hydrogels possessing cationic 

exchange ability are also used. The hydrogels which have 

received the most attention over recent years have been 

those derived from polymers of hydroxyl esters of meth- 

acrylic and acrylic acid, in particular poly 2hydroxyethyl 

methacrylate) or polyHEMA. Because polyHEMA was the 

first synthetic hydrogel used for biomedical applications, 

it has been the most extensively studied. Bearing this in 

mind, a review of the structure and properties of hydro- 

gels must necessarily be mainly concerned with polyHEMA. 

Particular emphasis is placed on these properties rele- 

vant to artificial liver support. 

ii) Structure 

HEMA (Figs 4.23, 4.24) belongs tothe family of mon- 

omeric esters, having the general structure shown in 

Fig 4.23, where R = CH, and n = 0. 
3 

Fig 4.23 

—
w
 

CH, = © = COO(CH,CH,0) CH,CH,OH 
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Fig4.24 

ots 

CH, = Cc - COOCH,OH,OH 

iii) Properties 

a} Swelling and Factors Which Govern It 

A cross-linked hydrophilic polymer, when placed in 

water will swell, by ahsorbing water, until an equil- 

ibrium is reached between the osmotic pressure of the 

polymer segment which causes the swelling and the 

opposing and retractive forces arising, as the chains 

between the cross-links elongate. The water uptake at this 

equilibrium point is known as the equilibrium water con- 

tent (EWC) of the hydrogel and is the weight of water in 

the equilibrated hydrogel, expressed as the percentage 

weight of the hydrogel. 

PolyHEMA hydrogel has an equilibrium water content 

of around 40%, which because of the thermodynamically 

poor solvent power of water for polyHEMA is relatively 

unaffected by the number of cross-links in the initial 

dilution (160), 

b) Hydrophilicity 

This important property is relevant to other pro- 

perties, such as permeability, mechanical strength and 

biocompatibility, which will all be discussed subsequently. 

The hydrophilicity of a polymer is the result of the 
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presence of hydrophilic groups on the polymeric chains. 

It enables swelling of cross-linked polymers when they 

are equilibrated with waren oo) 

ec) Permeability 

Permeability is an important property in biomedical 

application of hydrogels for dialysis, ultra-filtration 

or adsorption of toxins and is determined by the physical 

(145) and chemical nature of the water, whether free or bound 

d) Mechanical Properties 

In its' dehydrated state, polyHEMA is hard and brittle, 

but when swollen in water, polyHEMA hydrogel is soft and 

exhibits rubber-like pene oun os 

e) Biocompatibility 

Biocompatibility is of two types - tissue and blood 

compatibility. Since this project is concerned with 

artificial liver support, the property necessary for the 

145,159,162 a 45,159,16 , hydrogels is blood compatibilit Materials 

useful for blood-contacting biomedical application should 

not cause: 

i) thrombosis 

ii) destruction of the cellular elements of the blood 

iii) alteration of the plasma proteins 

iv) destruction of enzymes 

v) depletion of electrolytes 

vi) adverse immune reactions 

vii) toxic and allergic reactions 

Biocompatibility of hydrogels is achieved due to the 
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presence of water in the structure. The biocompatibility 

of hydrogels is the most important property of hydrogels, 

from the point of view of biomedical application. They 

present a surface to blood, which does not cause dis- 

turbed physiological reactions such as blood clotting 

(135,162-164) 

f£) Surface Smoothness 

The smoothness of a surface has been held to be 

important in the prevention of clotting, but even very 

smooth surfaces, such as glass are thrombogenic. Thus 

other properties are essential for overall biocompatibility 

(145) 

4.2.(5)3. Biomedical Applications of Hydrogels 

Hydrogels are one of the main group of materials 

considered for biomedical eeelication (04). They 

were first proposed by Wichterle and Lim for biomedical 

use, where hydrophilicity of the polymer was important,with 

regard to biocompatibility’'94), the division of their 

applications into separate areas in the biomedical field 

is presented in Fig 4.25, and has been extensively re- 

viewed ( 145+160,161,165-170) | 

4.2.(5)4. Use of Hydrogels in This Project 

The hydrogels used in this project are based mainly 

on the use of hydrogels of hydroxyethyl methacrylate, 

HEMA. These are designed and prepared by a chemist 

28



Fig 4.25 

Biomedical Uses of Hydrogels and Linear Hydrophilic Polymers 
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(Drees Pola ske11y)' 145) ena a biochemist (Mr. U. S. Atwal 

and evaluated by the author (a biologist), using in- 

vitro techniques explained in Chapter 3. These adsorb- 

ents are synthesised as particulate hydrogels by a 

range of techniques including freeze-thaw techniques 

and variants on this technique, suspension polymerisation 

and inverse-suspension polymerisation. These methods 

will now be discussed in funn 2) 

4.2.(5)4. (i) Freeze-Thaw Technique 

The possibility of employing the principle of poly- 

merisation on a crystalline matrix (used by Krach and 

Sanner and extended by Halden and Lee) was investigated 

by Dr. P. J. Skelly for the polymerisation of the hydro- 

gel 2-hydroxyethyl methacrylate, commonly abbreviated to 

HEMA. This produced a macroporous hydrogel bead having 

strength, blood compatibility and adsorptive properties, 

appropriate to use in haemoperfusion studies. 

This method involved the initial freezing or rapid 

cooling of the homogenous monomer-solvent mixture (of 

appropriate monomers and cross-linking agents in water 

and water-ethylene glycol mixtures, photo-polymerisation 

in the presence of, for example, benzoin or uranyl 

nitrate) to produce a network of solvent crystals between 

which, in the interstices is the monomer. On thawing and 

subsequent hydration, a highly porous (macroporous) 

hydrogel structure (polymer gel) is cee), 

ese



Variation in solvent : monomer ratio, the nature of the 

monomer and cross-linking agents and the cross-link 

density produces membranes having a range of equilib- 

rium water contents. The properties of these membranes 

are different from their homogenous counterparts in 

respect of strength, opacity, water binding properties, 

and porosity (having mean por diameters in the range of 

0.2 - 2.0 microns). 

4.2.(5)4.(ii) Variation on Freeze-Thaw 

Technique 

Macroporous hydrogel beads prepared by Mr. U.S. Atwal 

used a technique involving the introduction of a stream of 

monomer solution (either dropwise or with a motorised 

syringe) into a stirred bath of non-solvent (e.g. heptane) 

cooled to -70°C by the addition of solid carbon dioxide. 

Variations in the rate of injection from 0.2 - 0.5 ml secs | 

caused a decrease in the mean diameter of the beads pro- 

duced, from 3.0 mm to 0.1 mm. The frozen beads were 

either phtopolymerised 'in-situ' or could be removed, 

stored in cold non-solvent and polymerised subsequently. 

In these beads,a uniform and inter-connected pore 

structure extends throughout the beads, and the internal 

surface area was several times greater than that of the 

superficial extended surface. Typical macroporous beads 

obtained at a fixed (50 : 50) monomer : solvent ratio 

(the solvent consisting of 75 : 25 water : ethylene 

glycol) have water contents in the region of 552. 
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Variations in this ratio produce beads of different 

equilibrium water contents. Most of the water is held 

in the macropore, the remainder being strongly bound in 

the polymer matrix. The range of polymers synthesised 

by this technique, was extended and complemented by 

suspension polymerisation. 

4.2.(5)4.(iii) Inverse Suspension Poly- 

merisation 

This technique uses either hexane (inverse suspension) 

or saturated brine solution (suspension polymerisation) 

as the continuous phase. Monomers that can be thus 

polymerised in particulate form, but which do not possess 

appropriate freezing behaviour for macroporous polymer- 

isation were used. These include acrylamides and sub- 

stituted acrylamides. Hydrogel beads having varying 

compositions and different adsorption characteristics 

were thus synthesised using a modification of a tech- 

nique developed by Haymann et al and previously used 

by Goddard. 

By suspension polymerisation (in saturated brine) 

the monomers were polymerised while maintained salted 

in organic phase dispersion,in the saturated brine, con- 

taining xanthum gum,and hydroxypropyl methyl cellulose 

as stabilisers. 

ier



4.2.(5)5. Macroporous Hydrogels 

To create hydrogels of great permeability, either 

the water content of the gel can be increased to high 

levels to give large pores, or by using a high concen- 

tration of cross-linking agent, and a diluent in which 

the monomers are not highly soluble, one can create a 

porous structure of polymer nuclei (inter-connected with 

polymer chains) between which are discrete pores. The 

degree of porosity, depends on factors such as monomer 

to solvent (diluent) ratio and the percentage of cross- 

(145) | Macroporous hydrogel beads con- linking monomer 

tain many large discrete pores (an average pore diameter 

of 13004 is not unusual) and these facilitate ion dif- 

fusion, so that high molecular weight ions can be more 

completely removed from solution. Such macroporous 

hydrogels synthesised and used in this project, extend 

the scope of ion exchange technique. The macroporous 

hydrogel beads had been used previously for exchange of 

large molecules such as bilirubin and bromosulphophthalein 

BSP in this laboratory, before the onset of this partic-— 

ular project. However, studies which involve smaller 

molecular weight substances had not been performed. This 

particular project evaluates the adsorptive capacity of 

the macroporous hydrogel beads for nitrogen-containing 

hepatic toxins, such as ammonia, amino acids and amines, 

in an attempt to use them as adsorbents for artificial 

liver support systems. 
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CHAPTER 5 

REMOVAL OF AMMONIA BY POTENTIAL 

HAEMOPERFUSION ADSORBENTS



5.1 Introduction 

The major priority of artificial liver support 

systems is to control the endogenous toxins elevated in 

liver failure, which lead to hepatic coma and ultimately 

qearn. 38). Ammonia is a key cerebral toxin in liver 

failure, but although it has been frequently stated 

that an adsorbent is required for the adsorption of 

ammonia, no solution to this problem has been achieved. 

Thus ammonia adsorption remains a desirable pont ee 2 

This chapter of the project aims to eliminate un- 

certainties associated with the removal of ammonia, by 

the comparative study of ammonia adsorption using a 

variety of substrates. It is hoped to provide, as a 

result, clinically useful adsorbents, suitable for use 

in the correction of hyperammonaemia in artificial liver 

support systems. The adsorbents employed in this study 

are charcoal, ion exchange resins /and novel Byreeel poly- 

mers. The performance of these adsorbents in adsorbing 

ammonia will now be discussed. Firstly the observations 

from the static adsorption studies for these adsorbents 

will be presented, followed by their dynamic adsorption 

studies. 

The experimental procedures of these techniques, pre- 

viously detailed in Chapter 3, briefly involve the inter- 

action of ammonia at room temperature with selected adsorb- 

ents. Under static adsorption conditions, 5 ml model toxin 
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solution, ammonium chloride ( (NH, 1] j=15mgm1~") are shaken 

with 1g adsorbent using standard shake times of one hour 

and two hours. Dynamic adsorption studies involve per- 

fusing up to 6 litres model toxin solution at a known 

flow rate over 5g adsorbent, for up to four days con- 

tinuously. 

5.2 Adsorption of Ammonia on Activated Charcoal 

: Static Adsorption Studies 

Charcoal, an adsorbent with a broad adsorptive 

spectrum, is of continuous interest in liver support 

systems, and is extensively used in medical application 

for uraemia and drug intoxication 8+ 42+151,184,185) -However 

there is no recorded use in ammonia adsorption, as 

ammonia adsorption on charcoal is not a clinically prac- 

tised technique. It has been stated, however that charcoal 

does not adsorb ammonia’? , but whether this means that 

charcoal adsorbs negligible quantities of ammmonia or none 

at all, remains uncertain. Because all charcoal haemo- 

perfusion systems do not have the same clearance, it does 

not automatically mean that all charcoal haemoperfusion 

systems have low clearances or none at aii! ee a4 With this 

in mind, charcoal was the first adsorbent chosen to be used 

in this study, as there was no quantitative information 

on the ability of charcoal (carbon) to adsorb ammonia in 

=O <



the literature. 

It is widely accepted, that most adsorbents used in 

artificial liver support systems need to be encapsulated 

(8,22 ye for with a 'biocompatible' membrane before use 

reasons already stated in Chapter 1 and detailed in 

Chapter 4. This project investigates the use of the 

hydrogel poly-2-hydroxyethyl-methacrylate as the possible 

coating material and activated charcoal is used as an 

adsorbent for developing the coating procedure, which is 

outlined in Chapter 4. A study of the influence of this 

coat (when applied as a thin coat to activated charcoal 

beads) on the adsorption of ammonia is performed, and will 

now be discussed. 

Uncoated and coated activated charcoal beads of 

14-25 mesh (0.6-1.2 mm diameter) were evaluated for their 

ability to adsorb ammonia, using the conventional static 

technique detailed in Chapter 3. By this technique 5 mls 

of a solution of ammonium chloride (NH,C1) containing 
4 

15 mg ammoniacal nitrogen per litre (15 mg NH,-N/1) are 

shaken up with 1g pre-washed (see Chapter 2) activated 

charcoal for time periods between two and sixty minutes, 

and the supernatant liquid sample decanted off for analysis. 

Under the conditions of examination described above, 

no ammonia adsorption was observed with the uncoated char- 

coal grade used. Although different grades of charcoals 

do differ in their adsorptive ability, they are not that 
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widely different. The observations made here, therefore, 

confirm the opinion that apparently exists, namely that 

charcoal is not an effective agent for ammonia removal 

in haemoperfusion. 

Under the static adsorption conditions outlined 

overleaf, it is observed as shown in the histograms of 

Fig 5.1 that 2% polyHEMA éoated charcoal beads prepared 

as described previously in Chapter 4 adsorb 0.15 mg 

NH,-N per g beads in one hour from an ammonium chloride 

solution containing 15 mg NH,-N/1. The polyHEMA coating 

is expressed as a percentage of the bead weight. The 

same figure demonstrates that 10% polyHEMA coated charcoal 

beads unexpectedly adsorb 2.4 mg NH5-N/g beads. It was 

surprising that polyHEMA adsorbed ammonia and it was not 

expected that the greater percentage by weight of polyHEMA 

would affect the adsorption of ammonia so dramatically. 

Thus a fivefold increase by weight of polyHEMA (i.e. from 

2% to 10% pHEMA) resulted in an increase in ammonia 

adsorption by sixteen times. This observation has great 

implications in the membrane properties of polyHEMA, 

(discussed in Chapter 4) which will be important for 

future work of this chapter. However, the adsorbed ammonia 

is not held strongly to polyHEMA as demonstrated in 

desorption studies, where the adsorption was shown to be 

reversible to the extent that the 2% polyHEMA coated 

charcoal released all its' adsorbed ammonia in one hour 
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Fig5-41 
ADSORPTION OF AMMONIA ON UNCOATED AND COATED CHARCOAL 

CONDITIONS: (wa, c, = 15 mg wiz"; 1g adsorbent; 

1 hr static adsorption study 

Fig 6:2 

  

ADSORPTION OF AMMONIA ON polyHEMA COATED ACTIVATED 
CHARCOAL 
CONDITIONS: [vx ct] , = 15 mg NHgN1~"; 1g adsorbent; 
o +: 2% polyHEMA coated charcoal 

e : 10% polyHEMA coated charcoal 
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of gentle agitation with distilled water. Further 

static adsorption studies performed using coated char- 

coal beads, followed similar trends (Fig 5.2). 

In this study employing polyHEMA coated activated 

charcoala static adsorption time of one hour was 

adopted because the important observations at this stage 

were thos concerning the effects of the polyHEMA coat 

on adsorption. This static adsorption time was retained 

for further experiments, since the coated beads were 

found to reach equilibrium adsorption in one hour. 

But to ensure that this was a reliable adsorption time, 

two hour static adsorption studies were also performed. 

Due to the fact that a 5 ml sample taken from a 

1 litre solution of NH) C1 was used for the one hour 

static adsorption studies, the ammonia adsorbed by 2% 

PolyHEMA coated charcoal can be corrected to 

Vox 10° 'g NH,-N (i.e. 1.5 x 1074 x 5/1000 or 

volume sample ) 
ees overt volume stock—solution . Similarly for 

the 10% polyHEMA coated charcoal beads, the corrected 

value for the amount of ammonia adsorbed is 1.2 x 107g 

a NH,-N (1.6. 2.4 x 10 -*x 5/1000). 3 

Using these values and taking into account the weight 

of adsorbent used in haemoperfusion systems (200g) and 

the level of ammonia that would need to be removed in 

liver failure, the time required to reduce elevated hyper- 

ammonaemic levels in man can be calculated. 
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Normal blood ammonia levels are in the range of 

20 - 70 pg NH,-N/100 ml. Since the blood volume of man 

is 51 (5000 ml) this amounts to a total blood ammonia of 

1000 - 3500 pg NH,-N (or 1 - 3.5 mg NH,-N). Elevated 

blood ammonia levels in liver failure have been said 

to reach 180 pg NH,-N/100 ml. Similarly taking 5 litres 

as the total blood volume, the elevated level is equiv- 

alent to 9000 pg NH-N or 9 mg NH,-N - In situations 

where levels are elevated from the lower limit (i.e. from 

1 mg NH,-N to 9 mg NH,-N) a level of 8 mg NH,-N would need 

to be removed. Where levels are elevated from the upper 

normal limit (i.e. from 3.5 mg NH,-N to 9 mg NH,-N) a 

level of 5.5 mg NH,-N would need to be removed. 

Further calculations show that with the use of 200g 

of 2% polyHEMA coated charcoal, a time of 37 - 54 hours 

would be required to reduce the ammonia levels to the 

normal range stated, assuming it was elevated to 9 mg 

NH,-N. However, such perfusion times are not suitable 3 

for haemoperfusion systems. Similarly 200g of 10% poly- 

HEMA coated charcoal beads can reduce elevated levels of 

ammonia to normal levels in 2-4 hours. This is a more 

suitable haemoperfusion time, and is similar to those used 

in haemoperfustonsystems. Nevertheless, it is not very 

desiratle to use polyHEMA coated charcoalas an adsorbent 

material for ammonia, since charcoal itself does not adsorb 

ammonia, although polyHEMA does. A wiser solution would 
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be to coat adsorbents capable of adsorbing ammonia, or to 

use adsorbents composed of the coating material - polyHEMA. 

Since polyHEMA based adsorbents are not commercially 

available, these would need to be purposely synthesised. 

With these points in mind, this study is continued by 

examining polymeric resins, and ion exchange resins for 

their ammonia adsorptive capacity. 

5.3 Adsorption of Ammonia on Uncoated Polymeric 

Uncharged Resins : Static Adsorption Studies 

To date there is no information in the literature 

on the ability of polymeric uncharged resins to adsorb 

ammonia in liver failure. This study uses macro- 

reticular polymeric uncharged resins such as Amberlite 

XAD-2, XAD-4 and XAD-7 and observes their ability to 

adsorb ammonia. The structure and properties of these 

adsorbents have already been detailed in Chapter 3. 

From this study it is hoped that the use of such resins 

for ammonia adsorption will provide some useful inform- 

ation about the need for charges and functional groups 

on adsorbents,in ammonia adsorption. 

The static adsorption technique outlined in Chapter 

3 is used and the resins mentioned above are investigated 

for their ammonia adsorptive ability as follows: 
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A 5 ml solution of NH, C1 containing 15 mg 

ammoniacal-nitrogen per litre (15 mg NH,-N/1) is shaken 

with 1g of adsorbent for one hour and two hour periods, 

and the samples analysed for unadsorbed anemic 

nitrogen. Two static adsorption times (one hour and two 

hours) are adopted in these studies, to observe whether 

time has any significant effect on the equilibrium adsorptive 

capacity of the adsorbent material under observation. 

Under the conditions stated it was found that in one 

hour adsorption studies, using the aromatic polystyrene 

resins, Amberlite XAD-2 and XAD-4, a quantity of 0.2 mg 

ammoniacal-nitrogen per gram beads (i.e. 0.2 mg NH,-N/g 

beads) and 1.4 mg ammoniacal-nitrogen rer gram beads 

(i.e. 1.4 mg NH,-N/g beads) were adsorbed by these resins 

respectively from an ammonium chloride (WH, C1) solution 

containing 15 mg NH,-N/litre. These results are shown in 

Table 5.1. Under similar conditions Amberlite XAD-2 and 

XAD-4 adsorbed 12.5 and 14.9 mg NH,-N per g beads respect- 

ively in two hours. The adsorption of ammonia by these 

resins confirm the fact that there is an inverse relation-— 

ship between surface area and pore size, with the smaller 

pore size adsorbent (in this case Amberlite XAD-4) 

having the greater surface area and thus a greater adsorp- 

tive capacity. A strikingly high adsorptive capacity 

achieved for two hour static adsorption studies suggests 

that equilibrium adsorption was not reached in one hour. 
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Amberlite XAD-7, an aliphatic resin of acrylic ester, how- 

ever, did not adsorb ammonia in one hour or twe hour 

static adsorption periods. 

It may be possible that these resins actually adsorb 

more ammonia than the results show, but this capacity 

is not made apparent due to the simultaneous leaching 

of impurities from the adsorbents into the liquid sample. 

Attempts were made to reduce the impurities by pre- 

washing (see Chapter 3). However, this problem continued 

especially with Amberlite XAD-7, in which case the leach- 

able extracts were clearly detectable at the wavelength 

(660 nm) of the analytical system. Such impurities are 

certainly undesirable in artificial liver support systems. 

It may be that on desorption of adsorbed ammonia, the 

distilled water used, extracts ammonia (base extraction) 

together with perhaps residual preservatives (sodium 

chloride, sodium carbonate) and components of the resin. 

Because the precise nature of Amberlite XAD-7 has not 

been given by the manufacturers, it is difficult to state 

which components in the unknown R group of the resin is 

resonsible for the observations in this study. 

The observations from the desorption studies per- 

formed for two hours using XAD-2 and 4 resins are pre- 

sented in Table 5.1 and show that about 20% of the appar- 

ent adsorbed ammonia is later released. The ease of 

release suggests that ammonia is bound to the outer sur- 
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face of the beads, with very few ammonium ions bound 

strongly to the inner surfaces. Thus the surface bound 

ammonia is easily desorbed. 

The results for the investigation of polymeric 

uncharged Amberlite XAD resins are not very reliable, 

and the reproducibility is very low, due to the uncon- 

trollable leaching effect observed with these resins. 

For this reason, the results for these adsorbents are 

therefore presented as histograms (Fig 5.3) with a ‘wavy! 

horizontal line which indicates a degree of uncertainty of 

the results, and the fact that these values have been 

corrected,with the standard error of the mean being in the 

order of z 1.5 mg NH,-N. Results for desorption studies 

are presented as broken horizontal lines on the histo- 

grams. The polystyrene resins XAD-2 and XAD-4 have the 

tendency to produce slow leaching of impurities and do 

not reach equilibrium within one hour. However, there 

is a rapid increase in adsorption within two hours as 

indicated by the histogram (Fig 5.3). On the other hand 

the acrylic ester resin XAD-7 produces leaching of 

impurities very rapidly, to the extent that it appears 

that ammonia is not adsorbed at all. Corrected values are 

also used for this resin, and appear as a 'wavy' hori- 

zontal line on the histograms. 
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5.4 Adsorption of Ammonia on Ion Exchange Resins (uncoated) 

:Static Adsorption Studies 

It was felt that ion exchange resins would be useful 

adsorbent materials for observing the adsorption of ammonia. 

Since a large range of ion exchange resins ‘s commercially 

available, comparisons can be made between the perform- 

ance of the types selected. A study of this kind will 

provide information related to the effect the charge and 

functional groups of adsorbents have on their ability 

to adsorb ammonia. 

One study employing a cation exchange resin for the 

treatment of experimental hyperammonaemia in dogs, had 

been performed at the onset of this project’ °*). This 

technique had also been shown to be effective in the 

correction of hyperammonaemia in three patients. However, 

this method has not been tried by other workers and has 

not been properly pvaduares coe 

From the range of ion exchange resins available, 

those used in this project included the basic (anionic) 

and acidic (cationic) types. These ion exchangers are 

examined for their ammonia adsorptive capacity. The static 

adsorption technique adopted is the same as that outlined 

in Chapter 3 and briefly involves shaking 5 mls of an 

NH C1 solution containing 15 mg NH4-N/1 with 1g adsorbent 

for periods of one hour and two hours, and analysing the 

supernatant liquid for ammoniacal nitrogen. 

a oe



5.4.(1) Adsorption of Ammonia on a Basic (Anionic) Exchange 

Resin 
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Fig 5.4 Adsorption of Ammonia by the Strongly Basic Ion 

Exchange Resin - Dowex 1-X4 

Conditions: [NH,C1], = 15mg yi-'; 1 hour and 2 hour static 
adsorption study 1g adsorbent 

  

Under the conditions stated above, it was observed 

that 0.9 mg NH-N/g beads are adsorbed from an NH) C1 

solution containing 15 mg NHZ-N/1 in one hour, and 

0.8 mg NH,-N/g beads in two hours. These results are 

shown in Fig 5.4. If the beads are not thoroughly washed 
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before use, as in the case of the one hour study, the 

release of adsorbed ammonia in subsequent desorption 

studies is apparently greater than that adsorbed. This 

is due to the leaching out of extracts of the resin 

structure, which is obviously an undesirable factor. The 

concentration of ammonia releaseiin the one hour desorption 

study is therefore presented as a 'wavy' horizontal 

broken line and represents the best corrected result for 

the desorption study. Desorption studies performed for 

two hours show that this leaching tendency is effectively 

reduced by washing. In this case 0.3 mg NH,-N/1 is later 

releasedin two hour desorption studies - represented by a 

broken horizontal line in the histogram. However, in terms 

of adsorption capacity, this anionic exchange resin is not 

suitable for ammonia adsorption. Furthermore, the ease of 

desorption of the adsorbed ammonia (about 502%) is also 

undesirable, as is the leaching of components of the resin. 

Nevertheless, in contrast to the neutral uncharged poly- 

meric resins, which also leach extracts, this anionic 

exchanger yields more reproducible results, with regard 

to the fact that equilibrium (although low) is reached in 

one hour. 
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5.4.(2) Adsorption of Ammonia on Weakly Acidic 

(Cationic) Exchange Resins 

Using static adsorption conditions, the weakly acidic 

cation exchange resin Amberlite IRC-50(H*) in the 

'"hydrated' state, was shaken for one hour and two hours, 

with 5 mls NH) CL solution, containing 15 mg NH,-N/1. This 

adsorbent was shown to adsorb ammonia, such that 7.4 mg 

NH,-N were adsorbed per gram beads in one hour and 7.2 mg 

NH,-N/g beads in two hours. These results are presented 

in the form of a histogram in Fig 5.5. Subsequent one 

hour and two hour studies of this resin later release 

3.6 and 4.9 mg NH,-N/g beads respectively. Studies with 

the 'dehydrated' species of this resin,on the other hand, 

showed that a larger quantity of 9.2 mg NH,-N/g beads were 

adsorbed in one hour and 3.9 mg NH,-N/g beads released in 

desorption studies. Equilibrium adsorption for this resin 

is achieved within one hour and there is no significant 

difference in the adsorption capacity of the hydrated beads 

in one hour, compared to a two hour study. 

The ammonia adsorptive capacity of this resin is 

adequate for reducing hyperammonaemic levels encountered 

in liver failure, but the observation that the adsorbed 

ammonia is easily released is undesirable. Nevertheless 

the results of this study will provide a basis for future 

discussion and comparison with the static adsorption studies 

of the hydrogels, in a subsequent section. 
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Although dehydrated Amberlite IRC-50 resin beads 

adsorb a greater quantity of ammonia, the use of the 

dehydrated species of other adsorbents will be discon- 

tinued in further studies. This is because dry beads 

re-swell very rapidly when placed in aqueous solutions, 

thus causing severe strains which may lead to bead 

fracture or breakage. 

5.4.(3) Adsorption of Ammonia on Strongly Acidic 

(Cationic) Exchange Resins 

Strongly acidic cationic exchange resins such as 

Amberlite IR-120 (Na* and H* form), Amberlite IRN-77(H*), 

Dowex 50W-X8 (H*) and Duolite C255 (H*) were employed in 

this study. Amberlite IR-120 (Na*) was also regenerated 

to the hydrogen form and used in this study. The regen- 

eration procedure is outlined in Rec (SQ,\5¢., These resins 

all contain sulphonic acid functionality on a polystyrene 

divinylbenzene matrix. Their structure and properties 

have been detailed in Chapter 3. 

Using the static adsorption technique outlined for 

the other adsorbents, it was observed that these ion 

exchange resins adsorb 14.0 to 15.0 mg NH,-N/g beads from 

an NH) C1 solution, containing 15 mg NH,-N/1, in one hour 

and two hour static adsorption studies respectively. 

These results are shown in Fig 5.6 in histogram form. 
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It is evident from the results that the large 

ammonia adsorptive capacity is due to the acid function 

of the active group. The sodium form of Amberlite IR-120 

Gia”) exhibits a reduced ammonia adsorptive capacity with 

11.0 mg NH,-N/g beads being adsorbed, compared to an 

adsorption of 15 mg NH,-N/g beads, for its' acid counter- 

part - Amberlite IR-120(H*). From the desorption studies 

it is apparent that the strength of the adsorptive bonds 

of these resins for ammonia, !s very powerful. During 

the one hour and two hour desorption studies the 

adsorbed ammonia remained bound, because of the acid 

function (H*) of the resins. In the case where the sodium 

form of Amberlite IR-120(Na*) resin is used, these bonds 

are only very slightly weaker and 0.9 mg NH,-N/g beads is 

releasalafter one hour and two hour desorption studies. 

These results are presented in Fig 5.6 with values for 

adsorbed ammonia represented by solid horizontal lines in 

the histograms and values for desorption studies as broken 

horizontal lines. 

Equilibrium adsorption occurs very rapidly for these 

ion exchange resins. Previous studies involving 

Amberlite IR-120(Na) and Dowex 50W-X8(H*) however did 

show that equilibrium adsorption is already reached with- 

in a ten minute contact time with 14.0 and 14.9 mg NH,-N/g 

beads being adsorbed respectively by these resins. However, 
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to be able to compare the adsorptive capacity of these 

resins with other adsorbents, standard one hour and two 

hour static adsorption periods were maintained. 

5.5 Adsorption of Ammonia on Coated Adsorbents 

: Static Adsorption Studies 

The use of uncoated adsorbents in haemoperfusion 

systems is an accepted and widely used technique for the 

treatment of severe drug intoxication (22153159161,62, 

Tee=191)e In this case the most 

critical aspect is to reduce the overdose in a relativ- 

ely otherwise healthy patient. The use of uncoated 

adsorbents in haemoperfusion systems, however, is rarely 

practised in liver failure , because this leads to pro- 

blems in biocompatibility and further complications in 

the state of the patient (as previously detailed in 

Chapter 4). It is important, therefore, to distinguish 

between cases of intoxication and liver failure in the 

practical sense. This thesis is concerned with arti- 

ficial liver support for patients in liver failure. 

It is known that the use of uncoated ion exchange 

resins as adsorbents also interfereswith the electrolyte 

balance of the patient. Thus is was felt that the use of 

the neutral uncharged polymeric resins (which have 

negligible effects of this sort) as adsorbent materials 

oe 50



for ammonia, would be a valuable study in this project. 

5.5.(1) Polymeric Uncharged Resins 

Experiences with Amberlite XAD-2, 4 and 7 in this 

study have already shown that whilst uncoated XAD-2 and 

4 may be efficient for ammonia adsorption, XAD-7 is 

unsuitable due to the 'leaching-out! of impurities 

observed and detailed in section 5.3. However, research 

(150,150) a5 centred at King's College Hospital, London 

on the use of this particular resin for clinical haen- 

operfusions, where bilirubin and bild acids (e.g. cheno- 

deoxycholic acid) are successfully adsorbed. Before 

use, this resin is coated with the protein human serun 

albumin, abbreviated to HSA. The nature, structure and 

properties of this adsorbent material were discussed in 

Chapter 4. This project uses HSA coated Amberlite XAD-7 

resin and observes its' ammonia adsorptive capacity over 

a one hour static adsorption period, using the same con- 

ditions outlined previously (i.e. 1g adsorbent, 5 ml 

NH) C1 solution containing 15 mg NH,-N/1). Experiences 

in this project with the biocompatible resin show that 

10 mg NH3-N/g beads ace adsorbed after one hour static 

adsorption studies. The results are presented in Fig 5.7. 

One hour static adsorption studies were employed for this 

adsorbent as this was a realistic time for clinical situ- 
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ations. Adsorption obtained with the coated Amberlite 

XAD-7 resin in this case is a property of the protein 

albumin encapsulation, since the uncoated species did 

not adsorb ammonia. 

Amberlite XAD-7 resin has a high affinity for HSA 

which migrates into the inner pores of the macroporous 

resin, thus the great adsomtive capacity occurs because 

HSA adsorbs ammonia internally as well as externally, 

i.e. on the surface of the resin. However, the binding 

of ammonia to HSA can be said to be relatively weak 

because 5.3 mg NH,-N/g beads (just over 50% of the 

adsorbed ammonia) is later releasedin one hour desorption 

studies. 

Se5ae)0 ston Exchange Resins 

The uncoated ion exchange resins, already used in 

static adsorption studies in this project, could never 

be used without a biocompatible coat in principle, and 

so in this study a biocompatible coat of poly 2-hydroxy- 

ethylmethacrylate or polyHEMA is applied to the resin 

before use. (The preparation and application of this 

coating material have been detailed in Chapter 4.2). 

However, the problem of biocompatibility is not of im- 

mediate interest at this stage, although it was con- 

sidered. But, it is appropriate at this point to demon- 

strate whether the polyHEMA membrane behaves as predicted 

ess =



on the basis of size and solubility of ammonia, as 

compared to that for oxygen, which had been previously 

evaluated on this hydrogel material by other workers 

in this daporatory +! 277 22). 

Research concerning the transport of ammonia through 

polyHEMA membranes has not been recorded in the literat- 

ure, and this work has not been performed by other workers. 

It has been demonstrated, however, from the earlier work 

on coated activated charcoal in this project, that poly- 

HEMA does bind ammonia. Having thus studied the effect 

of polyHEMA on activated charcoal, (which is considered as 

a 'low-ammonia', or more correctly a 'non-ammonia' adsorb- 

ing material), a comparable study is performed with 

adsorbents having high ammonia adsorptive capacities. The 

use of the strongly acidic cation exchangers (which are very 

good at adsorbing ammonia) for encapsulation, will thus 

provide the most rigorous conditions under which the poly- 

HEMA membrane properties can be demonstrated and evaluated. 

The undesirable adsorption of electrolytes by these 

resins which apparently accompanies adsorption in haemo- 

perfusion systems, can be easily corrected by the use of 

the Na, K, Ca, Mg forms of the resin, or by replenishing the 

(62,64,156) 
electrolyte balance on perfusion For this 

reason, the ionic balance is not taken as a serious pro- 

io



blem for immediate investigation in this project. 

Because there is no relevance in coating the whole 

range of ion exchange resins used previously in this 

project and then investigating each one individually, 

only one cation exchange resin is chosen, for the appli- 

cation of the biocompatible polyHEMA coat. This resin 

(Duolite 6255(H*) is selected from the preliminary observ- 

ations of the static adsorption studies, as being the 

"cleanest! ion exchange resin, possessing a high ammonia 

adsorptive capacity. It is coated with polyHEMA by the 

technique previously outlined in Chapter 4.2 to produce 

a thin (1-3pm) uniform coat of 5% polyHEMA, and then used 

in one hour static adsorption studies following the same 

procedure and conditions used for uncoated adsorbents. 

By comparison of the results obtained for the coated 

ion exchange resin (Duolite 6255(H’) with that of the 

HSA-coated polymeric uncharged resin Amberlite XAD-7, 

it is seen that polyHEMA coated Duolite C255(H*) resin 

possessea larger ammonia adsorptive capacity. These 

results are presented as histograms in Fig 5.7. This 

study demonstrates that ammonia adsorption by the ion 

exchange resin, is not hindered by the polyHEMA coat. 

However, the ease of release of the adsorbed ammonia, 

suggests weak non-specific binding of polyHEMA with 

ammonia. 
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5.6 Adsorption of Ammonia on Uncoated and Coated Ion 

Exchange Resins 

: Dynamic Adsorption Studies 

Having observed the adsorptive capacity of uncoated 

and coated ion exchange resins for ammonia under static 

adsorption conditions, the rate of ammonia adsorption 

for these ion exchange resins was examined under dynamic 

adsorption conditions. To determine whether the transport 

properties of polyHEMA affect the ion exchange resin's 

ability to adsorb ammonia, similar dynamic adsorption 

studies were performed, using polyHEMA coated strongly 

acidic cation exchange resins. The procedure for the 

dynamic adsorption study is detailed in Chapter 3, but 

briefly involves placing the adsorbent into the perfusion 

cell and allowing the NH) C1 solution containing 10 or 15 mg 

NH,-N/1 in the reservoir to fill the perfusion cell at its! 

own rate. The flow rate is then regulated when the 

perfusate begins to flow through the outlet tube, by 

means of a stop-cock at this exit. Perfusion is continued 

for the desired time, and analysis of liquid fractions are 

performed immediately for the determination of ammoniacal- 

nitrogen. The results obtained are expressed in graph- 

form, by plotting the midway point between two points, 

(196) | against sample numbers A smooth curve is then drawn 

as far as possible through the midpoints, to give an 

adsorption curve. 
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5.6.(1) Weakly Acidic (Cationic) Exchange Resin 

Dynamic adsorption studies using Amberlite IRC-50 

(a*) were conducted at various flow rates to determine 

whether the flow rate of the perfusate had any effects 

on the ion exchange capacity or efficiency of the resin. 

The observations are presented in graph form in Figs 

5.8 and 5.9, and show that flow rate does affect the 

capacity of the resin to adsorb ammonia to some extent. 

High flow rates cause higher leakage of the toxin being 

removed from solution and reduce the operating capacity. 

Thus, a slow flow rate was more efficient because 

saturation or equilibrium adsorption was achieved later 

than if a faster flow rate was used. Some quantitative 

illustration of this is provided by Fig 5.10, which 

shows the efficiency of ammonia removal at a given (30th) 

fraction number, as a function of flow rate. The initial 

state of the beads (i.e. hydrated or dehydrated) was 

found to have no significant effects on the performance 

of the resin. The cumulative graph of ammonia adsorbed 

by Amberlite IRC-50(H") resin at different flow rates is 

presented in Fig 5.11. 

As a result of the dynamic studies in this section, 

(which provide a good basis for comparison with hydrogels) 

a flow rate of 2 mls/min is chosen as being the most suit- 

able for subsequent studies. This flow rate is within the 

limitations of space velocities employed in this project, 
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and in this particular study gave representative results 

and did not produce extremes of behaviour. 

5.6.(2) Strongly Acidic (Cationic) Exchange Resins 

Dynamic adsorption studies performed using the 

strongly acidic ion exchangers show that their capacity 

and rate of ammonia adsorption are very high. Also their 

ability to adsorb ammonia continues for long periods ( up 

to four days in some cases) as shown in Figs 5.12, 5.14 

and 5.16, and thus saturation of the resin adsorptive 

sites is still not attained. The total amount of 

ammonia adsorbed is illustrated in the cumulative adsorption 

graphs for these adsorbents, also shown in Figs 5.12, 5.14 

and 5.16. The long duration of adsorption can be said to 

be a property of the strong ionic binding of the ammonium 

ions to the fixed ionic groups of the resin structure and 

the availability of these sites. The graphs obtained for 

the different ion exchange resins examined e.g. Amberlite 

IR-120(Na*), Dowex 50W-X8(H*) and Duolite C255(H*), all 

follow a similar pattern. 

In order to study the feasibility of using polyHEMA 

as a biocompatible coating in conditions where its! 

ability to transport ammonia is important, studies with 

these strongly adsorbing resins in the coated state were 

performed. The coating technique is that described in 

Sree



Chapter 4. The dynamic adsorption study demonstrated that 

the efficiency, rate and capacity of ammonia adsorption 

by these ion exchange resins are not hindered in any way 

by the polyHEMA coating. Thus, the graphs obtained for 

coated ion exchange resins are similar to that for the 

materials in their uncoated state. The results of that 

study are presented in Figs 5.13, 5.15 and 5.17, together 

with the cumulative ammonia adsorption by the resins, which 

demonstrate their infinite capacity to adsorb ammonia. 

Ammonia adsorption by the coated resin is limited 

by the solubility of ammonia in water, membrane diffusion 

resistance and the transport of ammonia in the membrane to 

the resin. These factors, however, did not impede the 

adsorption of ammonia and steady state adsorption con- 

ditions were achieved within the dead-space volume obs- 

erved in Chapter 3. 

The above observations have important consequences 

for two distinct, but related areas. The first, for the 

design of particulate hydrogel adsorbents, the second for 

the design of membranes for semi-conductor-based ammonia 

sensors. The semi-conductor-based sensor study is 

detailed in Chapter 7, and that of particulate hydrogel 

adsorption in the following section. 
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Fig 5-14 
ADSORPTION OF AMMONIA ON DOWEX 50W-X8 (H*) RESIN 

CONDITIONS: [xx,c2], = 15 mg wi7'; 5g adsorbent; 

flow rate = 2 mls/min for=4 days; 

— ammonia adsorbed; --- cumulative ammonia 
adsorbed 

Fig 515 
ADSORPTION OF AMMONIA ON POLYHEMA COATED DOWEX 

50W-X8 _(H*) RESIN 
CONDITIONS: [NH,c1], = 15 ng N17'; 5g adsorbent; 
flow rate = 2 mls/min fore 3 days; 

— ammonia adsorbed; --- cumulative ammonia 
adsorbed 
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FIG 516 

AMMONIA ADSORBED ON DUOLITE 0255 (H*) RESIN 

CONDITIONS: [wH,c1] , = 15 mg ni7'; 5g adsorbent; 

flow rate = 3 mls/min for=4 days; 

— ammonia adsorbed; --- cumulative ammonia 
adsorbed 

FIG 517 

AMMONIA ADSORBED ON POLYHEMA COATED DUOLITE 6255 (a*) 

RESIN 
CONDITIONS: [we cr] , = 15 mg N1~'; 5g adsorbent; 
flow rate = 3 mls/min for 23 days; 

— ammonia adsorbed; --- cumulative ammonia 
adsorbed 
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5.7 Adsorption of Ammormia on Particulate Hydrogels 

An ‘off-the-shelf! artificial liver support system 

is not being sought in this project, as one major aim is 

to provide a new system based on novel adsorbents, using 

the observations from the study of ammonia adsorption on 

the commercially available adsorbents. By combining these 

observations it is felt that an adsorbent containing the 

hydrogel polyHEMA for biocompatibility and acidic 

functional groups for ammonia adsorption, would be ef- 

ficient. Such polyHEMA based macroporous hydrogel 

adsorbents were synthesised in a separate project. 

Available information concerning the clinical eval- 

uation of these hydrogels as regards their biocompatibility 

shows that these hydrogels do meet the stringent biocom- 

patibility requirements |49*197) the spectrum of hydrogels 

investigated in this study is shown in Tables 5.2 —— 5.4 

in the appropriate sections. The monomers used to manu- 

facture the synthetic hydrogels will now be presented. 

Monomers Used to Manufacture Synthetic Hydrogels by 

Polymerisation 

A wide variety of monomers have been used in making 

(non-ionic) hydrogels, by polymerisation of hydrophilic 

monomers. Some examples are given below: 
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1) Hydroxyethylmethacrylate 

os 

CH, = oC 

c=0 HEMA 
vA 

ns 
CH,CH,OH 

ii) Acrylamide 

H 
7 

CH, = < 

c=0 ACR 
Z 

HON 

iii) Diacetone acrylamide (substitution of an amide 

hydrogen by a hydrophobic group) 

H 
cH on 22 

SS E 
a 

HN cH 
Se 2 
we DAA 

HSC CH, 

\ 
c=0 

E.G 3 
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iv) N-Methylol acrylamide 

Hq 
cH, = 6% 

Z S Ca=20 NMACR 
a 

\ CH, OH 
H 

In addition, acidic, cation-exchange ability is con- 

ferred on a hydrogel by copolymerisation with acidic 

monomers such as acrylic acid and methacrylic acid. 

a 

CHS = iS AA 

c=0 
7 

HO 

CH 

CH, = of z 
2a Ks MAA 

c=0 
a 

HO 

Also needed are cross-linking agents to give the 

structure the required integrity. There are a wide variety 

of these having different reactivities, hydrophilicities 

and other properties. Two of the most important are 

ethylene dimethacrylate (EDM) and NN methylene bis- 

acrylamide (NN'MBA). These were employed in this study. 
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coi Gl eeota tic Adsorption Studies 

In this study macroporous hydrogel beads, synth- 

esised by the Freeze-thaw technique and variations on 

the Freeze-thaw technique (which are described in Chapter 

4) are evaluated for their ability to adsorb ammonia. 

For these particular materials, an initial assessment 

is carried out using a variation on the static technique 

used with the other adsorbents. Briefly, under static 

adsorption conditions, 1g of the hydrogel adsorbent is 

shaken with 5 mls NH) C1 solution containing 20 mg NH,-N/1 

for a period of time (the time is arbitrary, and is 

stated with each study). The liquid sample is 'decanted-— 

off' for analysis and a fresh NH, C1 sample of the same 

volume and concentration as previously used, is shaken with 

the hydrogel beads. Similarly, this sample is analysed 

after the shaking period, and the procedure continued until 

three or four such samples are collected for analysis. 

The hydrogel bead types used in this study are shown in 

Table 5.2. 

The evaluation of these adsorbents was performed when 

the beads were made available, and there are slight vari- 

ations in the conditions (with respect to the initial con- 

centration of the ammonia solution employed). The results 

of this study are presented in the form of a graph of cum- 

ulative ammonia adsorption, in relation to time in Fig 

5.18, and demonstrate that particulates of HEMA and AA do 
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Table 5.2 Macroporous Hydrogel Beads Used in Static 

Adsorption Study 

- Equilibrium f foster | Composition [Bifective |yater '] Synthetic Content (Z) 

F1 HEMA/EDM 2.0-5.0 44.5 Freeze-thaw 

(90:10) 

F2 AA/EDM 0.1-3.0 15* Freeze-thaw 

(100:8.5)* 

F3 AA/EDM 0.1-1.0 76 Freeze-thaw 
(100:8.5) (Variation) 

FA HEMA/EDM 0.5-1.0 56 Freeze-thaw 
(100:10) (Variation) 

        
*some possible doubt exists as to the precise identity of 

this specimen. 

adsorb ammonia. In comparison, the ammonia adsorptive 

capacity of the HEMA particulates of system F1 is superior 

to that of the AA particulates of system F2. 
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Particulates of acrylic acid (AA), possess an acidic 

cationic exchange ability. Such ion exchange ability has 

been observed to be particularly effective in attracting/ 

adsorbing ammonia in the study of the ion exchange resins. 

However, acrylic acid does not give rise to a very open 

macroporous pore structure and so there is little access 

to such ionic adsorption sites. Because the particulates 

of system F2 were of a broad size range 0.1 - 3.0 mm 

ammonia adsorption in this case is due to the combination 

of the small particle size of some of the particulates 

(which confers a large surface area) and the availability 

of the acidic adsorptive sites, rather than the nature of 

the groups. Thus HEMA particulates of F1, although being 

a neutral and non-ionic hydrogel with a larger particle 

size and thus reduced surface area, adsorbs an apprec-— 

iably larger quantity of ammonia than the acidic system F2, 

because of its' macroporous structure and chemical compos— 

ition. 

The fact that the surface area and particle size of 

an adsorbent is important in adsorption processes, is con- 

firmed in the study of the acrylic acid system AA (100) 

. EDM ($5) of F3. These particulates adsorb a quantity 

of ammonia far superiorto that adsorbed by systems F1 and 

F2. The great adsorptive capacity of this particulate 

adsorbent in this case, is due to the small particle size 

of the beads. This confers, as stated previously, a large 
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surface area to the adsorbent, which in turn results in 

an increased adsorptive capacity of these particulates, 

(which are of the same composition as those of system F2). 

However, although a small particle size is important for 

increased adsorption, this is only so, provided that the 

surface area is great and easily available. This is con- 

firmed by observations of the HEMA (100) EDM (10) 

system F4 of a small particle size and supposedly large 

surface area. Beads of this composition and a small sur- 

face area, i.e. system F1,were previously shown to possess 

a large ammonia adsorptive capacity. However, particulates 

of system F4 adsorbed very little ammonia, which suggests 

that in this case the available surface area was not 

easily accessible. 

The ammonia adsorptive capacity of systemsF1 and F3 

is comparable to that observed with the weakly acidic 

cation exchange resin , Amberlite IRC-50. But the fact 

that the hydrogel systems are themselves biocompatible 

in nature, makes them more attractive adsorbents for 

possible use in artificial liver support systems. 

In conjunction with these studies, macroporous hydro- 

gel beads obtained from the spectrum of compounds synth- 

esised by Freeze-thaw techniques, suspension polymerisation 

(in brine) and inverse suspension polymerisation (in hexane) 

were investigated for their ability to adsorb ammonia. 

ea 750



These particulates, shown in Table 5.3, were evaluated 

using the more conventional static adsorption methods 

used for the ion exchange resins. The technique is 

detailed in Chapter 3, but briefly, 1g of adsorbent is 

shaken with 5 ml NH) C1 solution for one hour and the 

liquid samples are then analysed for unadsorbed ammonia. 

The observations of this study are presented in the form 

of histograms in Fig 5.19 and show the ammonia adsorbed 

per gram beads. (For comparison with the macroporous 

hydrogel systems, similar observations obtained with the 

clinically used HSA-XAD-7 adsorbent (i.e. Human Serum 

Albumin coated Amberlite XAD-7 resin) and polyHEMA coated 

activated charcoal, are also presented). 

Investigations using these macroporous hydrogel part- 

iculates demonstrate that beads of the HEMA (40) AA (60) 

EDM (35) system S1, possess a large ammonia adsorptive 

capacity, comparable to that observed for the strongly 

acidic cation exchange resins. This adsorptive capacity 

is attributed to the presence of both HEMA and acrylic 

acid groups in the system which confers a different 

chemical structure and porosity to the particulates. The 

copolymerisation of the hydrogel HEMA with an acidic mon- 

omer such as acrylic acid confers an acidic cation exchange 

ability. This acidity, the small particle size of system 

S1 and also the porous surface of these particulates are 

all important factors for increasing the adsorption of 

=o.



  

  

Table 5.3 Macroporois Hydrogel Beads Used in Static 

Adsorption Study 

Equilbriun 
Code ; Effective |Water Synthetic 
Number Gompoetticn Size (mm) |Content Technique 

E.W.c. (2) 

87 HEMA/AA/EDM <0.15 64 Suspension 
260: Poly- 

(40:60:78.5) merisation 
(brine) 

82 HEMA/AA/EDM 1.0-4.0 St Freeze-thaw 
(50:50:10) 

83 HEMA/EDM 0.5-1.0 56 Suspension 
(=F4, ; Poly- 
Table (190-40) merisation 
be) (brine) 

84 AA/EDM 0.1-3.0 Goa Freegze-thaw 
(=F2, : * Negus (100:8.5) 

562) 

$5 HEMA/MAA/EDM 0.025- 58 Suspension 
ea Onde 5 Poly- 

(50:50:4.6) merisation 
(brine) 

S86 HEMA/NMACR/EDM 0.5-1.0 61 Suspension 
210: Poly- 

(90:10:28.5) merisation 
(brine) 

S87 HEMA/DAA/EDM 0.25-0.5 50 Suspension 
Pe Poly- 

(100:25:9) merisation 
(brine) 

83 ACR/NN'MBA 1.0-1.5 80 Inverse 
ce 

Suspension (100:10) pois 
merisation 
(hexane)         

*some possible doubt exists as to the precise identity 
of this specimen 
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ammonia. 

The strength of binding of the adsorbed ammonia 

in the case of system S1 is investigated in desorption 

studies (which involve shaking the adsorbent with 5 ml 

distilled water in a manner similar to that employed in 

static adsorption studies). After a one hour desorption 

study, this system did not release its' adsorbed ammonia. 

Thus the HEMA:AA system binds very strongly to ammonia. 

The ammonia adsorption capacity was also investigated 

for the HEMA(50) AA(50) EDM(10) system S2, similar in 

composition to system Si. These systems are very similar 

in percentage of monomers employed, and so the reduced 

ammonia adsorptive capacity observed for S2, is due to 

its' larger particle size. Thus the surface area of these 

particles is greatly reduced, and so the available sur- 

face area for adsorption is similarly reduced. 

Particulates composed of the hydrogel HEMA, e.g. 

HEMA(100) EDM(10) of system $3, possess a moderate ammonia 

adsorptive capacity, with 2.9 mg NH,-N/g beads being 

adsorbed in one hour. This might suggest that polyHEMA 

on its! own is not a good adsorbent for ammonia, and that 

acrylic acid is necessary for ammonia adsorption. This 

is not so, as investigations have previously shown that 

HEMA adsorbs appreciable quantities of ammonia. The 

reduced adsorptivecapacity of system S3 can thus be 

attributed to the lack of available adsorptivesites, and 
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the surface morphology of the adsorbent being only slightly 

porous. A porous surface within the structure conveys 

an effective surface area, and thus an effective ammonia 

adsorptive capacity. Desorption studies with this 

adsorbent demonstrated that the strength of binding of 

ammonia to the adsorptive sites is very weak. About 95% 

of the adsorbed ammonia was later released within a one 

hour desorption study. 

The adsorption of ammonia by AA:EDM of system S4 

reaches a high level of 8.5 mg NH,-N/g beads being 

adsorbed in one hour. This adsorbed ammonia was con- 

firmed to be very strongly bound to the acidic function- 

ality (i.e. acrylic acid) of the particulates by one hour 

desorption studies, where only 1.42 mg NH,-N/g beads were 

later released. 

Particulates of the HEMA(50) MAA(50) EDM(4.6) system 

S5, containing acidic, cation exchange ability conferred 

by copolymerisation of the hydrogel HEMA with the acidic 

monomer MAA,methacrylic acid,were also employed in this 

study. Investigations using this adsorbent showed that 

its' capacity for adsorbing ammonia is low, with 2.8 mg 

NH-N/g beads being adsorbed in one hour. Subsequent 

desorption studies showed that all the adsorbed ammonia is 

later released. This release is also accompanied by the 

simultaneous leaching of impurities into the liquid 
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samples, which are capable of being detected by the anal- 

ytical system. 

Previous studies with cation ion exchange resins 

suggest that the acidic functionality of system S5 is 

capable of a greater ammonia adsorptive capacity than 

that observed. However, the low ammonia adsorption may 

be caused by an alteration in the chemical structures of 

methacrylic acid and HEMA on copolymerisation. Thus the 

nature and capacity of ammonia adsorption is interfered 

with. 

Scanning electron micrographs of this particulate 

N22 eee that the sur- hydrogel (private communications 

face morphology is very smooth and is not a very open pore 

structure. Clearly,a porous surface favours an increase 

in the adsorptive capacity of an adsorbent. 

Investigations with the basic system of HEMA(90) 

NMACR(10) EDM(8.5) system S6 demonstrate that the presence 

of the basic monomer N-methylolacrylamide in the compos— 

ition of the hydrogel system confers a large ammonia 

adsorptive capacity. The observations also presented in 

Fig 5.19 show that of the ammonia adsorbed (i.e. 9.7 mg 

NH,-N/g beads) 1.6 mg NH,-N/g beads are released in a one 

hour desorption study. This large adsorptive capacity 

may be the property of the -CH,OH group of the N-methyl- 

olacrylamide structure, which attracts and binds ammonia. 

Of the systems studied, the monomers N-methylolacrylamide 

and HEMA are the only monomers used, which contain this 
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group (CH, 08) in their structure, and both systems possess 

effective ammonia adsorptive capacities. N-methylol- 

acrylamide is also very polar, and behaves similarly to 

HEMA. The large adsorptive capacity is also due to the 

small particle size of the particulates, which produces 

a large surface area. Scanning electron micrographs of 

the surface morphology of these particulates show a very 

porous surface (private Conuuni cations io. 

Another system investigated for its' ammonia 

adsorptive capacity is that of HEMA(100) DAA(25) EDM(9) 

system S7. Static adsorption studies with this basic 

hydrogel showed a very small ammonia adsorptive capacity 

(1.4 mg NH,-N/g beads) with the subsequent release of the 

adsorbed ammonia, together with detectable leachable 

species from the hydrogel composition. These observations 

are shown in Fig 5.19. The low adsorptive capacity is 

due to the presence of diacetone acrylamide which contains 

a 'bulky' hydrophobic group in its' chemical structure. 

This may hinder ammonia adsorption by 'shielding' avail- 

able adsorptive sites on the HEMA backbone. 

The physical structure of the particulates, as 

observed from scanning electron micrographs of the surface 

morphology, (private Goumunications 172) show a very 

smooth surface and the pore structure is not very open. 

The leaching phenomenon encountered in desorption 
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studies may be due to the presence of diacetone acryla- 

mide (DAA in the hydrogel. Previous studies with acetone 

showed that it extracts components from HEMA particulates. 

Thus, the presence of acetone in DAA may cause the extract-— 

ion of certain chemical species to occur with the release 

of adsorbed ammonia in desorption studies. 

Another particulate hydrogel system investigated, 

is that of the hydrogel acrylamide ACR(100) NN'MBA(10) 

system S8, synthesised by inverse suspension polymer- 

isation in hexane, detailed in Chapter 4.2. In this system 

the cross-linking agent employed to give the structure 

the required integrity is NN'methylene bisacrylamide 

R 
R 

identical reactivity to ethylene dimethacrylate (EDM), 

(NN'MBA). This monomer has two vinyl groups CHy=Cy, of 

previously used as the cross-linking agent for the other 

systems studied. Observations with this system (S8) 

showed that these particulates do not possess a high 

ammonia adsorptive capacity. This may be due to the 

presence of amide groups HNC=0 in the chemical structure 

of the monomers used, and the absence of the -OH group, 

found in methylolacrylamide and in HEMA, which adsorbs 

ammonia. 

These novel macroporous hydrogel particulates were 

studied with the intention that they would provide the 

selective adsorbents desired for ammonia adsorption. A 

range of substances with different adsorptive capabil- 
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ities is desired by many workers in the field of liver 

support, to enable a more slective adsorption to take 

place in individual cases of liver failure. Thus, this 

would enable the adsorption of toxins to be more clearly 

tailored to suit the individual patient. In this study 

the toxin of concern has been ammonia. 

The ammonia adsorption capacity of the range of 

hydrogel beads investigated is compared to that of the 

clinically successful adsorbent Human Serum Albumin:HSA- 

coated Amberlite XAD-7 resin (used for adsorption of 

bile acids) and to polyHEMA coated activated charcoal 

(though not exceptional) to see whether there are any 

similarities in ammonia adsorption. The clinical use 

of the coated polymeric uncharged resin is a recent 

(150,199) addition to the biomedical field A recent 

charcoal system employed in in-vitro haemoperfusion cir- 

cuits is that of the Biotec eyeten oe Because of the 

continuous use of activated charcoal in the biomedical 

field, the observations of polyHEMA coated charcoal 

(although not of the Biotec system) is included in this 

section for comparison. 

Comparing the ammonia adsorption for these systems, 

it is observed from the histograms presented in Fig 5.19 

that the ammonia adsorption capacity of the 10% polyHEMA 

coated charcoal is very similar to that of the hydrogel 

systems of S3 and S5. The binding strength of 

Sie, 2



adsorbed ammonia is also relatively weak for these systems, 

as with polyHEMA coated charcoal system. However, in 

terms of useful adsorbents for the adsorption of relat- 

ively low ammonia levels, these hydrogel particulates 

are more attractive adsorbents than charcoal, as they 

themselves are biocompatible, unlike charcoal, which 

requires pre-treatment with a biocompatible hydrogel such 

as HEMA before use. 

Observations with HSA coated Amberlite XAD-7 resin, 

(although not clinically used for the adsorption of ammonia) 

illustrate a capacity to adsorb appreciably large quant- 

ities of ammonia. Its! adsorption capacity can be com- 

pared to that of the hydrogel systems S1, S4 and S6, all 

of which are exceptionally good ammonia adsorbers. The 

strength of ammonia binding of the polymeric resin, however, 

is weaker than that observed for the hydrogel systems. 

Because HSA-coated Amberlite XAD-7 resin is already suc- 

cessful clinically, its' potential use as an adsorbent for 

ammonia in artificial liver support systems is suggested. 

In the case of the hydrogel systems, experimental ex-vivo 

haemoperfusion trials and,indeed,the haemoperfusion of 

suitable hyperammonaemic animal models, are essential 

before the clinical use of the novel hydrogel adsorbents 

in liver failure. 

Comparing the performance of the spectrum of macro- 

porous hydrogel particulates employed in this study, with 
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that for the ion exchange resins, it is apparent that the 

ammonia adsorptive capacity of the acidic system S2 

(HEMA/AA/EDM), the basic system S7 (HEMA/DAA/EDM) and 

S8 (ACR/NN'MBA) is similar to that encountered with the 

strongly basic anion exchange resin, Dowex 1-X4 (C1~). 

However, for application in artificial liver support 

systems, the preferred adsorbent for use is the hydrogel 

system because of the moderate efficiency and biocom- 

patibility of these particulates. 

The ammonia adsorptive capacity of systems $3 

(HEMA/EDM) and S5 (HEMA/MAA/EDM) on the other hand is 

greater (2-3 fold) than the previously mentioned systems 

and comparable to the capacity of the 10% polyHEMA coated 

activated charcoal. These hydrogels could be effectively 

used for reducing moderate hyperammonaemic levels in arti- 

ficial liver support systems. Likewise, hydrogels of 

systems S4 (AA/EDM) and S6 (HEMA/NMACR/EDM) could also 

be employed in artificial liver support systems. The 

capacity of such beads for ammonia is very effective and 

comparable to that demonstrated by the weakly acidic cation 

exchange resin, Amberlite IRC-50(H"*). These hydrogel 

systems are therefore very attractive adsorbents for 

reducing highly elevated ammonia levels in liver failure. 
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5.7.(2) Dynamic Adsorption Studies 

In order to investigate the ammonia adsorptive 

capacity and the rate and efficiency of ammonia 

adsorption for the particulate hydrogels, dynamic 

adsorption studies are performed. The particulates used 

in this study are shown in Table 5.4. As stated in Chapter 

3, these studies are performed using a scaled-down per- 

fusion cell, ensuring that correct space velocities are 

retained and all conditions closely mimic that of typical 

haemoperfusion systems (as far as possible). The part—- 

iculates used in this study are those selected from the 

spectrum available for showing efficient (high) ammonia 

adsorption under static adsorption conditions. 

The dynamic adsorption technique used is that detailed 

in Chapter 3, and briefly involves perfusing a known 

weight of adsorbent with a solution of NH) Cl of known con- 

centration, at a selected flow rate, regulated by means of 

a stop-cock. The observations from these ayaane adsorption 

studies are then converted to a haemoperfusion systen, 

where the weight of adsorbent normally used is approx- 

imately 200g. Taking the blood volume of man as 5 litres, 

and assuming that normal blood ammonia levels are in the 

range of 1.0-3.5 mg NH,-N and in elevated conditions these 

levels rise to9.0 mg NH,-N, the level of ammonia required 

to be removed in liver failure would be in the range of 

5.5-8.0 mg NH-N. From the dynamic adsorption studies, the 

sie



Table 5.4 Macroporous Hydrogel Beads Used in Dynamic 

Adsorption Study 

  

Equilibrium 
Code ae Effective |Water Synthetic 
Number Boupess tian Size(mm) Content Technique 

EWC (Z) 

D1 HEMA/EDM 2.0-5.0 44.5 Freeze-thaw 

(=F1, s 
Table (20210) 

5.2) 

D2 HEMA/AA/EDM 2.0-5.0 49.0 Freeze-thaw 

G752252 170) 

R354 HEMA/AA/EDM <0.15 64.0 Suspension 

aie 60: Poly- 
oo (40:60:28.5) merisation 5. 

(brine) 

D4 HEMA/NMACR/EDM 0.5-1.0 61.0 Suspension 
(+86, 110: Poly- 
Table gi eae) merisation 
Bis ))| (brine)     
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time required to remove this level of ammonia, using a 

known weight of the novel macroporous particulate hydro- 

gel adsorbents, can be calculated. This calculated time 

is illustrated by the point X on the cumulative adsorption 

graphs of the dynamic studies. 

Dynamic adsorption studies performed using macro- 

porous hydrogel particulates of systems D1, D2, D3 and D4 

demonstrate that effective ammonia adsorptive capacities 

are achieved for systems D1, D2 and D3. Systems D1 and 

D2 behave very similarly in their adsorption of ammonia, 

but system D2 has a slightly greater capacity for ammonia. 

Investigations with system D1 showed that within 

thirty minutes of perfusion, a maximum of 12 pe NH,-N were 

being adsorbed per gram beads. In comparison, a thirty 

minute static adsorption study using these particulates 

produced an adsorption of 11 mg NH,-N/g beads. However, 

such a direct comparison of ammonia adsorption with time 

cannot be made for both systems. By scaling down the 

weight of particulates used and the volume of solution per- 

fused in the dynamic adsorption system, to that encountered 

in the static adsorption system, the equivalent contact time 

of the toxin sohtion with the adsorbent,for the dynamic 

study,can be calculated. Calculations show that this is 

equivalent to allowing 5 ml toxin solution to be in contact 

with 1g beads, for about eight minutes in the dynamic 

adsorption system. 
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The total ammonia adsorbed within three and a half 

hours of perfusion for system D1 was about 550 pe NH,-N/g 

beads, as shown in the cumulative curve of Fig 5.20. The 

formation of a plateau at this stage on the curve demon- 

strates that the time required for the adsorption of 

ammonia on this hydrogel (system D1) to reach equilibrium 

(or for this adsorbent to be saturated) is approaching. 

The large particle size, small surface area and the avail- 

ability of adsorptive sites on the adsorbent being ata mini- 

mum probably all contribute to equilibrium adsorption 

being almost achieved at three and a half hours in this 

rate experiment. 

In the case of liver failure, ammonia levels are 

elevated such that levels in the range of 5.5-8.0 mg 

NH,-N would need to be removed in a typical haemoper- 

fusion system, in order to arrive at normal physiological 

levels. From the study of the hydrogel system D1, it is 

calculated that this range of elevated ammonia could be 

reduced by perfusing 200g of such beads at a flow rate of 

200 mls/minute for about sixty - ninety minutes, an 

acceptable clinical perfusion time. This calculated time 

range is illustrated as points X-X on the cumulative 

adsorption curve. Similarly, for particulates of systems 

D2 it is calculated that in order to remove an elevated 

ammonia level of 8 mg NH,-N, 200g of these beads would need 

to be perfused at 200 mls/minute for about one hour. This 
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FIG 5-20 
ADSORPTION OF AMMONIA ON HEMA/EDM (90:10) PARTICULATE 
HYDROGEL (D1) 

CONDITIONS: Lvn,c1] , = 10 mg m7; 3g adsorbent; 
flow rate = 2 mls/min for 3% hours; 
—- ammonia adsorbed; --- cumulative ammonia 

adsorbed 

FIG 5-21 
ADSORPTION OF AMMONIA ON HEMA/AA/EDM (75:25:10) 
PARTICULATE HYDROGELS (D2) 
CONDITIONS: [wH,c1] , = 10 mg N17'; 3g adsorbent; 
flow rate = 2 mls/min for 3% hours; 4mls/sample 
— ammonia adsorbed; --- cumulative ammonia 

adsorbed
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perfusion time illustrated by the point X on the cum- 

ulative adsorption curve of Fig 5.21 is in accordance 

with typical haemoperfusion systems. 

In addition to this study, the adsorption of ammonia 

was investigated using another acidic macroporous hydro- 

gel bead type, that of system D3, Which is similar in con- 

position to system D2) and also the basic system D4 con- 

taining N-methylolacrylamide (NMACR). Ammonia is 

adsorbed efficiently by system D3, which from the cun- 

ulative ammonia adsorption curve, Fig 5.22,appears to be 

an infinite capacity. From the performance of these 

macroporous hydrogel beads, it is calculated that a 

typical haemoperfusion system employing 100g of such 

beads would remove 8 ng NH,-N at a flow rate of 300 mls/ 

min within five minutes of perfusion. 

In comparison to this acidic system, investigations 

of the basic system D4 of HEMA(90) NMACR(10) EDM(2.5) 

showed that ammonia is adsorbed in initial stages of 

perfusion, but adsorption declines thereafter as equil- 

ibrium is achieved very rapidly. At this stage negligible 

quantities of ammonia se adsorbed, because the adsorbent 

is virtually saturated. These observations are presented 

in Fig 5.23. However, when applying the performance 

observed with these basic particulates to a typical haemo- 

perfusion system it is calculated that 400g of this 

adsorbent, perfused at 300 mls/min for two hours, would 

be adequate to remove elevated ammonia levels (of 8ng 
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FIG 5-22 

ADSORPTION OF AMMONIA ON HEMA/AA/EDM (40:60:8.5) 

PARTICULATE HYDROGEL D3 

CONDITIONS: [wx ca] oo 1 ome wi7'; 5g adsorbent; 

flow rate = 3 mls/min for 18 hours; 

— ammonia adsorbed; --- cumulative ammonia 
adsorbed 

FIG 5:23 

AMMONIA ADSORBED ON HEMA/NMACR/EDM (90:10:8.5) 

PARTICULATE HYDROGEL (D4) 
CONDITIONS: [nH ca) o = 15 me ni-'; 5g adsorbent; 
flow rate = 3 mls/min for 12 hours; 

-— ammonia adsorbed; --- cumulative ammonia 
adsorbed
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NH,-N) encountered in liver failure. The time required 3 

for this level of ammonia to be adsorbed is illustrated 

by the point X on the cumulative adsorption curve. How- 

ever, because this eoecreent reaches equilibrium adsorption 

very rapidly, it would not be suitable for application in 

haemoperfusion systems. 

The adsorption of ammonia under dynamic adsorption con- 

ditions, gives an indication of the rate of adsorption, 

which is different in principle to that of static adsorption 

conditions. Under static adsorption conditions the basic 

particulates of system D4 (S6 - Fig 5.19) displayed a high 

ammonia adsorptive capacity in one hour. However, as 

demonstrated by the results, a high adsorptive capacity 

under static conditions does not necessarily imply an 

effective adsorption capacity in dynamic adsorption studies. 

Scanning electron micrographs of these particulates 

(private communications) show a porous surface morphology 

(which suggests a high adsorptive capacity) and a large 

open pore structure. However, in spite of this com- 

bination the basic nature of the N-methylolacrylamide 

polymer species of these particulates and the absence of 

groups with great specific ammonia binding ability, pro- 

duce relatively little adsorptian. The fairly marked 

initial adsorption was due to the high surface area of 

the particulates. 

The strength of binding of the adsorbed ammonia is 
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an inportant factor in the continuous dynamic adsorption 

process. Desorption studies have previously shown that 

this hydrogel system, D4, releases about 16% of its! 

adsorbed ammonia in a one hour study (S6 Fig 5.19). 

Simultaneous adsorption and release of ammonia probably 

occurs throughout the dynamic perfusion of the model 

solution over this hydrogel. The observations of this 

study suggest that the release of adsorbed ammonia is 

exaggerated in the dynamic system, such that ammonia 

appears not to be adsorbed. 

The adsorption of ammonia by this basic hydrogel 

is very similar to that by the basic ion exchange resin, 

Dowex 1-X4, where adsorption under static adsorption 

studies was very low. 

5.8 Discussion 

The continuing bleak prognosis for patients with 

fulminant hepatic failure has increasingly stimulated 

investigations into the feasibility of developing some 

sort of artificial device which could perform the 

essential life preserving functions of the liver. For 

the most part, these studies have focussed on methods for 

carrying out the excretory functions of the divest)? However, 

the development of such artificial hepatic support sys- 

tems has proceeded empirically in the face of substantial 
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ignorance of the toxins to be removed, or of the metabolic 

abnormalities to be corrected. 

A number of different approaches to the development 

of such systems have been proposed (as previously des- 

cribed in Chapter 1) and several have been brought into 

clinical use after only a minimal amount of in-vitro 

and animal testing. Because of the complexity of the 

abnormal metabolic state which these devices are being 

called upon to alter and the lack of precise knowledge 

in the past of the nature of the toxins to be removed, 

a successful outcome was prevented even if the experi- 

mental device was by chance to remove the appropriate 

metabolites | 55), 

Ammonia is known to be an important cerebral toxin in 

liver failure, and its' adsorption remains a desired goal 

one in artificial liver support systems The adsorption 

of ammonia has been of particular interest in this 

chapter and a range of commercially available adsorbents 

such as activated charcoal, polymeric neutral resins and 

basic and acidic ion exchange resins were employed as 

potential adsorbents. Observations from these studies 

were later used as guidelines in the selection of pur- 

posely synthesised macroporous hydrogel particulates 

(designed and synthesised in a separate project) 198 ror 

the adsorption of ammonia. 

Before discussing adsorption by the various adsorbent 
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materials used, some general points as to the factors 

affecting adsorption will be made. Adsorption depends 

on factors such as particle size, surface area, porosity, 

moisture content and surface charge of the adsorbent. 

Generally speaking, functional groups were found to be 

important in the adsorption process, in this project. 

However, it was found that ammonia could be adsorbed on 

the polymeric neutral Amberlite resins, which contain no 

ion exchange functionality. A simple bead of the 

Amberlite resin consists of an agglomeration of a large 

number of very small microspheres. In the absence of 

ionically functional sites, such polymeric adsorbents 

derive their adsorptive properties from the combination of 

macroreticular porosity, pore size distribution and high 

(148) | Since ammonia is a small molecule and surface area 

is very soluble in water, it readily penetrates the porous 

structure of the polymeric resin, which is of an open-cell 

variety. This demonstrates the non-specific affinity of 

the resin for ammonia and ammonia binds to the solid poly- 

mer surface by both weak van der Waals' forces and hydrogen 

bonding. 

Adsorption of ammonia on the basic ion exchange resin 

Dowex 1-X4 (Cl”) (Fig 5.4) occurs via weak polar inter- 

actions between ammonia and polar groups in the resin 

structure. Such binding was shown to be relatively weak 

in desorption studies. On the other hand, adsorption of 

ammonia on the acidic ion exchange resins occurs by chemical- 
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ly more specific electrostatic forces. Since the stat- 

ionary phase of the acidic ion exchange resin is neg- 

atively charged, ion exchange takes place between ammonia 

(as ammonium ions) and the positively charged mobile phase. 

Thus, ammonia is ionically bound to the resin. 

The commercially based adsorbents employed were of 

various particle sizes, such that the polymeric neutral 

resins ranged in particle size from 0.25 - 1.22 mm. On 

the other hand, the strongly acidic and basic ion exchange 

resins covered a much smaller size margin of 0.45 - 0.62 mn. 

However, the weakly acidic ion exchange resin had an even 

smaller particle size range of 0.33 - 0.5 mm. A small 

particle size is known to enhance adsorption, since a 

larger surface area is presented for adsorptive processes. 

Of the other factors mentioned, porosity was very import- 

ant for adsorption in the case of the polymeric neutral 

resins and surface charge was the important factor in the 

case of the acidic ion exchange resins. Adsorption of 

ammonia on the weakly acidic ion exchange resin Amberlite 

IRC-50 (H*) was less efficient than that on the strongly 

acidic ion exchange resins, since the weak carboxylic acid 

group of the former is less strongly ionized than the sul- 

Phonic acid group of the latter. 

It is appreciated that adsorption of ammonia on such 

bioincompatible adsorbents as those described previously 

(200) | would never be undertaken in haemoperfusion systems 

for artificial liver support, without the application of a 
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biocompatible encapsulation membrane. Some of the factors 

associated with the behaviour of one type of biocompatible 

membranes have been of importance in the experimental 

results presented in this chapter. The hydrogel, polyHEMA 

was chosen for use in this project as a biocompatible 

coating material and was used specifically for encap- 

sulating activated charcoal, and ion exchange resins, 

because of previous experiences with polyHEMA in this lab- 

oratory. 

The factors affecting the transport of molecules 

(e.g. 05) across synthetic polymers (including hydrogels 

and hydrophobic polymers) and also factors affecting the 

permselectivity of polymer membranes to molecules have been 

(792-195) In addition examined in previous projects 

the effect of water binding properties of hydrophilic 

(hydrogel) polymers on transport properties has been 

studied. As a result, HEMA was found to possess a moderate 

degree of oxygen permeability properties for contact lens 

application. 

In the light of the previous findings, it was pro- 

posed that because ammonia is broadly similar to oxygen on 

the basis of size and solubility, its' permeability and 

transport by HEMA may also be similar to that observed for 

oxygen. The average pore radius given for polyHEMA hydro- 

gel is 4A° and indicates that ammonia being a small mole- 
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cule should penetrate the hydrogel network, as found for 

oxygen. The transport of molecules through hydrogel 

membranes is governed by the water content of the hydro- 

gel. The equilibrium water content of HEMA is about 402%. 

It is this water in the hydrophilic polymer which governs 

the transport properties of the iegieegon) TAL, 

A particular point of interest in the evaluation of 

polyHEMA coated activated charcoal was that polyHEMA 

initially used as a transport membrane for ammonia, 

actually adsorbed ammonia as shown in Figs 5.1 and 5.2. 

It is suggested that the adsorption of ammonia on polyHEMA 

takes place because of the polar nature of polyHEMA which 

attracts ammonia. Binding then occurs via weak polar 

interactions of ammonia and polar sites on the polyHEMA 

backbone. 

Another interesting observation was that ammonia 

adsorption on polyHEMA coated activated charcoal was sig- 

nificantly increased by the application of thicker poly- 

HEMA coatings. Such coating solutions were obtained by 

the evaporation of a 10% polyHEMA solution (wt/vol). Thus, 

as shown in Figs 5.1 and 5.2, 10% polyHEMA coated activated 

charcoal adsorbed more ammonia than did the 2% polyHEMA 

coated activated charcoal. However, with the use of 

coated activated charcoal, in order to achieve the level 

of ammonia adsorption necessary for an artificial liver 

support system, a fairly thick polyHEMA coating would be 

required. Since activated charcoal was merely used as a 
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support material in this case, and not as an adsorbent, 

the application of thick polyHEMA coatings was pointless. 

A more relevant approach was to synthesise hydrogel part- 

iculates based on HEMA, and use them as adsorbents. This 

idea was then persued and will be discussed later. 

To further the microencapsulation study, polyHEMA 

coatings were applied to the strongly acidic cation 

exchange resin, Duolite C255 (ay, which was shown to 

adsorb ammonia (Fig 5.6). The thickness of the coating 

applied was in the calculated range of 1-3 pm and con- 

tained about 5% polyHEMA by weight. Although a better 

coverage of the adsorbent may be achieved with thicker 

coatings, the thickness of the dense coating would even- 

tually hinder adsorption, since available adsorption sites 

would not be easily assessible. Such coatings of the type 

applied did not affect the ability of Duolite C255 (H*) 

resin to adsorb ammonia under static adsorption conditions 

(Fig 5.7). In addition, a range of cation exchange resins 

was encapsulated with polyHEMA and ammonia adsorption 

investigated under dynamic adsorption conditions. The 

capacity and rate of ammonia adsorption were not impeded 

by polyHEMA coatings, as shown in Figs 5.12-5.17, and 

ammonia adsorption on the coated resins was similar to 

that observed on their uncoated counterpart. However, the 

ammonia adsorption capacity of the ion exchange resins was 

much greater than would be needed for the biomedial appli- 
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cation in artificial liver support systems. It is 

apparent on considering the performance of the ion ex- 

change resins under dynamic conditions, (Figs 5.12-5.17) 

that 1g of polyHEMA coated ion exchange resin adsorbed 

ammonia in the order of 3 mg NH, in nine hours. Typical 

haemoperfusion systems (1671734201) employ 100-200g of 

adsorbent material and elevated ammonia levels are in the 

order of 180 pe NH,/100 ml. It is therefore clear that ion 

exchange resins would be too powerful for this application. 

Furthermore, the sulphonic acid functional groups of the 

strongly acidic ion exchange resins (although desirable), 

adsorbs ammonia at the expense of essential inorganic cat- 

tons (20), 

The search for suitable adsorbent materials with 

suitable properties has proved difficult due to the adverse 

effects on~blood platelets and other blood constituents 

(175-178,182,183,200) | The requirements for purposely 

designed porous membranes for adsorbents is still a desired 

goal in artificial liver support systems. Research workers 

at King's College, London, have been successful in the 

elinical adsorption of bile acids and bilirubin on 

Amberlite XAD-7 resin, rendered biocompatible by the encap- 

sulation with Human Serum Albumin (asa) 6159), 

Static adsorption studies employing polymeric neutral 

resins of the Amberlite type, showed that the adsorption of 

ammonia on Amberlite XAD-2 and XAD-4 resins was variable 
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and inconsistent, and equilibrium adsorption was achieved 

slowly, whilst Amberlite XAD-7 did not adsorb ammonia. 

Further investigations were not carried out, as in 

addition to this, these resins had the tendency to leach 

residual monomeric compounds into the perfusate, which 

presented difficulties. Although the application of bio- 

compatible coatings (such as polyHEMA used for activated 

charcoal and ion exchange resins) would control the 

leaching to some extent, the encapulsation of the neutral 

resins with polyHEMA was not justified by their ability 

to adsorb ammonia. 

HSA coated Amberlite XAD-7 resin was employed in 

static adsorption studies and it was somewhat surprising 

to note that this system adsorbed ammonia (results pre- 

sented in Fig 5.19). This implied that adsorption was a 

property of the protein coat. Such an adsorption system 

is a typical example of the use of a base material, in 

this case, the polymeric neutral resin, Amberlite XAD-7, 

as a support system for the application of a biocompatible 

membrane, which is also capable of adsorption. It is sug- 

gested that binding of ammonia to the protein albumin 

occurs via strong protein forces, weak van der Waals! 

forces and general polar interactions. These studies lead 

to the assumption that HSA coated Amberlite XAD-7 resin 

could be used for the simultaneous removal of ammonia in 

liver failure. 
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The information obtained for ammonia adsorption 

studies on various adsorbent materials can be conven-— 

iently summarised at this point. Activated charcoal 

does not adsorb ammonia, whereas polyHEMA coated activated 

charcoal does, due to the interaction of ammonia with 

polyHEMA. The neutral polymeric resins, e.g. Amberlite 

XAD-2 and XAD-4 adsorb ammonia, but adsorption is very 

variable. However, Amberlite XAD-7 resin does not adsorb 

ammonia (Table 5.1, Fig 5.3). On the whole, the opinion 

arrived at from this study is that uncoated or polyHEMA 

coated activated charcoal and the polymeric neutral resins, 

either uncoated or HSA coated, would have a very limited 

role in the treatment of hyperammonaemia in hepatic coma 

and by themselves would do little to alter the elevated 

ammonia levels encountered. Ion exchange resins, on the 

other hand, are not suitable, either coated or uncoated, 

because of their 'infinite! capacity for ammonia. 

The interesting concept of using polyHEMA as a part- 

iculate adsorbent arose from these early results. In the 

light of such findings it was felt that the incorporation 

of weak acidic groups (such as the carboxylic acid groups 

of the weakly acidic ion exchange resins) into the particulate 

structure, would provide a more logical adsorbent system 

than would the use of polyHEMA coated ion exchange resins. 

The use of coated resins would involve extensive variations 
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in the properties of the encapsulating membrane to enable 

the resins to selectively remove lower levels of ammonia. 

Hydrogel particulates based on HEMA are biocompatible 

and also encompass important factors, such as strength, 

regularity of shape and particle size, polarity and ion 

exchange ability of the commercially available cationic 

exchange resins. Such hydrogel adsorbents could also be 

synthesised to fit the necessary requirements for the 

adsorption of ammonia in artificial liver support systems 197). 

Generally, the internal structure of adsorbents is 

important in governing the surface area properties. 

Therefore, the particulate hydrogels were synthesised 

(during the course of the project by Dr. P. J. Skelly 

and Mr. U. S. Atwal) as macroporous adsorbents, possessing 

large discrete pores in their structure (private commun- 

Meattons)e 17%) to aid adsorption. A range of these bio- 

compatible macroporous hydrogel particulates based on HEMA 

and varying in composition, particle size, porosity and 

water content, (equilibrium water content, EWC = 45-802) 

was evaluated by the author. 

The ability of the hydrogelsto adsorb ammonia is 

demonstrated in Figs 5.18-5.23. The overall conclusions 

from these studies were that the incorporation of acidic 

monomers, such as acrylic acid in the polymer structure 

imparted an ion exchange ability to the hydrogel part- 

iculates. This then enhanced ammonia adsorption due to 

the chemical specificity of such groups and the interaction 
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of HEMA (Figs 5.21-5.22). It could, therefore, be sug- 

gested that the binding of ammonia (as ammonium ions) 

to the acidic residues takes place by specific ionic 

bonding. The attraction to polar groups of the monomers 

in the particulate composition also play a role. Weaker 

hydrogen bonding mechanisms, and weak van der Waals! 

forces may also be important. Interfacial tension may 

also play a part in adsorption efficiency. Certain other 

factors which include the porosity of the particulates and 

a small particle size also facilitate adsorption, but the 

water content of the particulates did not appear to affect 

the adsorption of ammonia. 

It is suggested that the transport of ammonia through 

water swollen polymer particulates is very similar to that 

of oxygen, since ammonia and oxygen are broadly similar 

as regards their size and solubility (as previously stated). 

Thus, ammonia is readily transported through the water 

matrix in the pores of the particulate to available 

adsorption sites. 

Hydrogel particulates based on polyHEMA and con- 

taining basic monomers such as diacetone acrylamide and 

N-methylolacrylamide also adsorbed ammonia (Fig 5.19). 

Attraction to such particulates is due to the attraction 

of ammonia to the polar sites on the polyHEMA backbone. 

Thus binding occurs as a result of weak polar interactions. 

Basic particulates however, do not have a large capacity 
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for ammonia (Fig 5.23) and equilibrium adsorption is 

achieved relatively early. Such particulates would be 

useful for the adsorption of relatively low ammonia con- 

centrations in artificial liver support systems. They 

may, however, be better suited for the adsorption of 

) 6198) acidic chemical species (such as bile acids since 

they possess basic attraction sites. 

In summary, therefore, it can be said that the use of 

synthetic macroporous hydrogel beads would provide ways of 

producing purposely designed adsorbents for use in acute 

liver failure. By controlling the structure and compos-—- 

ition of these particulate hydrogels, they can be tailored 

to suit the needs of individual patients for use in arti- 

ficial liver support systems. Functional groups can be 

introduced effectively into the polymer/copolymer structure, 

so that the adsorbent can be specific for ammonia or can 

adsorb various amounts of ammonia, depending on the indi- 

vidual's requirements. 

The novel macroporous hydrogel particulates satisfy 

the general criteria relevant to the choice of adsorbents 

for haemoperfusion techniques 149) , They are manufactured 

as strong attrition resistant hydrogels of physical and 

chemical stability. They are non-toxic, are capable of 

being sterilized and exhibit no deleterious effects on 

the blood, thus they are also biocompatible. They are 

comparatively inexpensive and their mode of synthesis is 
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less complicated than that of the commercially available 

adsorbents used in this project. Their capacity to 

adsorb ammonia (under dynamic adsorption conditions) would 

allow the quantity of adsorbent, if employed in typical 

haemoperfusion systems, to be minimized to practical 

amounts. 

It has been calculated that in order to adsorb the 

levels of ammonia encountered in liver failure (e.g. 

5.5-8.0 mg NH,-N from the total blood volume of man) the 

use of 200g of hydrogel particulates composed of either 

HEMA (e.g. system D1) or HEMA and acrylic acid (e.g. system 

D2) would remove 8 mg NH,-N within one and a half hours 

at a perfusion rate of 200 mls/min. This time is denoted 

by 'x' in the dynamic adsorption curves of Figs 5.20 and 

5.21. By increasing the acrylic acid content of part- 

iculates (e.g. system D3) ammonia adsorption can be 

enhanced and the use of 100g of such hydrogel particulates 

perfused at 300 mls/min would remove similar elevated 

ammonia levels in one and a quarter hours (Fig See) « 

In terms of ammonia adsorption capacity, these hydro- 

gel particulates may be potentially valuable as an essential 

excretory component in artificial liver support systems for 

the direct removal of ammonia from blood of hepatic enceph- 

alopathic patients. Obviously, it is appreciated that 

before the novel macroporous hydrogel particulates can be 

used for humans, rigorous testing on biological samples and 

animals would be required and is the next logical step for 

future work in this area. 
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CHAPTER 6 

REMOVAL OF AMINO ACIDS AND AMINES 

BY POTENTIAL HAEMOPERFUSION ADSORBENTS



6.1 Introduction 

All amino acid levels are deranged in liver failure, 

as detailed in Chapter 4.1, but these pathological levels 

differ from one individual to another, and with the 

varying aetiology and severity of the liver disease (76,202) 

In many cases, whilst some amino acids (e.g. methionine 

and aromatic amino acids such as phenylalanine, tyrosine) 

are greatly increased, others (e.g. branched-chain amino 

acids, such as valine, leucine, isoleucine) are decreased. 

(203), range of amino acids shown in Table 6.1(where they 

are classified on the basis of the polarity of their 

R-groups) have been employed in this study in an attempt 

to selectively adsorb them on various commercially based 

adsorbents. The observations from this investigation 

are used as guidelines for the design and development of 

novel macroporous hydrogel particulates, and their even- 

tual use as adsorbents for the adsorption of amino acids. 

Conventional one hour and two hour static adsorption 

studies and dynamic adsorption studies, previously used 

for the adsorption of ammonia (Chapter 5) are also 

employed here, using similar conditions. The concentration 

of amino acid used is expressed as a function of the 

amino acid-nitrogen contained in the experimental sol- 

ution. All amino acid solutions employed,initially con- 

tain 15 mg ipa The analytical system used is the 
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Table 6.1 Amino Acids Used in Study 

a) Amino acid with non-polar (hydrophobic) R-groups 

Alanine (Ala), Valine (Val), Isoleucine (Ile), 

Phenylalanine (Phe), Methionine (Met) 

b) Amino acid with uncharged polar R-groups 

Glycine (Gly), Cysteine (Cys), Tyrosine (Tyr) 

ce) Amino acid with positively charged polar R-groups 

(basic) 

Histidine (His) 

Technicon Auto-Analyser, and the nitrogen in the samples 

4S measured using the same analytical method as that 

employed for ammoniacal-nitrogen. The amino acid 

levels in the samples, however, are compared to standard 

solutions of the amino acid in question, which contain 

15 mg Wis 4 Similarly, the adsorption of false neuro- 

transmitter amines (such as Octopamine (OTA), Phenyl- 

ethanolamine (PEA) and Ethanolamine (ETA)) on various 

commercially based adsorbents and novel macroporous 

hydrogel particulates,are studied. To avoid confusion 

with the amino acids, the abbreviated form of the false 

neurotransmitters are expressed with capital letters. 
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(The structure, properties and function of the false 

neurotransmitters are detailed in Chapter 4.1). 

The adsorption of amino acids and false neuro- 

transmitter amines on various adsorbent materials will 

now be considered. Some experiments with urea are 

also included. As in the case of amino acids, the con- 

centration of urea and amines employed in this study 

is expressed as a nitrogen concentration, and an initial 

sample concentration of 15 mg yi! is adopted throughout. 

Again, the analytical method used is the same as that pre- 

viously used for ammonia (Chapter 5). 

6.2 Adsorption of Amino Acids and Amines on a Range 

of Adsorbents 3 Static Adsorption Studies 

The adsorption of amino acids was initially invest- 

igated using activated charcoal as the adsorbent material. 

1g of this adsorbent was shaken (in the conventional 

manner for static adsorption studies, detailed in Chapter 

3) with 5 ml amino acid solution containing 15 mg nitrogen 

per litre (15 mg wi7') for one hour and two hour periods. 

The sample liquor was then decanted off for analysis of 

unadsorbed nitrogen. Desorption studies were then per- 

formed under similar conditions, using 5 ml distilled 

water, and samples analysed for the subsequent release of 

adsorbed amino acid. A summary of results obtained with 
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charcoal, neutral resins, basic ion exchange and weakly 

acidic ion exchange resins is shown in Table 6.2. A 

brief report of the preliminary findings will now be pre- 

sented. 

Although activated charcoal is known to possess a 

broad adsorptive spectrum, not all amino acids studied 

were adsorbed by charcoal, a non-selective and non- 

specific adsorbent. This confirms the view held by 

other workers’) ”), namely that activated charcoal is 

capable of removing amino acids, particularly methionine, 

phenylalanine, tyrosine (and histidine in this study), 

and,toalesser extent, other amino acids. 

Similar adsorption studies with Amberlite XAD-2 and 

XAD-4 resins (polymeric uncharged resins of polystyrene) 

demonstrated that their chemical structure does not pro- 

duce any systematic effects on the adsorption of the 

various amino acids studied. There was a fair degree 

of scatter in the results, particularly due to impurities 

on the part of the resins, and in general there was no 

significant uniform trend in the adsorption of the amino 

acids. In fact, these observations are comparable to 

those obtained with activated charcoal. 

In accordance with the fact that a greater surface 

area/small pore size combination results in an increase in 

adsorption, the adsorption of amino acids by Amberlite- 

XAD-4 resin was slightly greater than that by Amberlite 
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XAD-2. On the whole, charcoal and the XAD resins possess 

a higher adsorptive capacity for the amines than the 

amino acids, but again, there was a considerable degree 

of scatter in the results. The results presented in 

Table 6.2 show the mean concentration of amino acids, amines 

and urea adsorbed in static adsorption studies, and also 

the mean value releasedin desorption studies. Each result 

is a mean value * S.E.M. The number of studies are shown 

in brackets. 

The adsorption of urea by the XAD-2 and XAD-4 resins 

is fairly similar to that observed for ammonia (Chapter 

5, Fig 5.3). (Urea was not adsorbed by charcoal and 

Amberlite XAD-7 resin). In conclusion, charcoal and the 

XAD resins show relatively little affinity for amino 

acids, but are better for adsorbing amines. The XAD 

resins, because of their strength, however, present a 

more attractive option. Clearly, there is some question 

of impurity, as these resins are liable to leach impur- 

ities to the samples. Also, the effect of haemoperfusion 

on the formed elements of the blood and particularly the 

platelets is far more serious during’ haemoperfusion with 

Amberlite resin than with gharcoal\ |? Ms 

The clinically employed Amberlite resin system, 

albumin coated Amberlite XAD-7 resin, however, does 

overcome this problem by the protein coat which also 

serves a biocompatible role. The observations for this 

= 214 (=



coated resin will be discussed in a subsequent section. 

The adsorption of model toxins was also investigated 

using the strongly basic anionic exchanger Dowex 1-X4(Cl7), 

under static adsorption conditions. The observations 

of this study are presented in Table 6.2, and demonstrate 

that this ion exchanger possesses a higher average 

adsorption capacity for the amino acids than for the 

amines and urea. The desorption studies also show a 

stronger binding of the amino acids to this basic resin. 

The weakly acidic cationic exchange resin, Amberlite 

IRC-50 (H*), on the other hand, adsorbs relatively 

similar concentrations of amino acids and amines, with 

the amines being adsorbed only slightly better. How- 

ever, there was some degree of scatter in the results 

and the amino acid histidine and the false neuro- 

transmitter ethanolamine were being adsorbed with the 

adsorbent showing a slightly better than average aff- 

1 and 11 mg N17’ adsorbed inity for them (e.g. 15 mg Nl 

respectively). 

A separate adsorption study, employing histidine 

and ethanolamine, was carried out, using a variation on 

the static adsorption study. This particular study, per- 

formed on a cumulative time basis, involved shaking the 

adsorbent with 5 ml model toxin solution (containing 

15 mg y17!) for a period of time, and then analysing the 

liquid sample. A fresh model toxin sample (of the same 
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volume and concentration) was then added, and the pro- 

cedure continued until three such samples were collected. 

The observations of this study, presented in Fig 6.1, 

show that the adsorption of histidine and of ethanol- 

amine on Amberlite IRC-50 (a*) followsa similar pattern. 

6.3 Adsorption of Amino Acids and Amines on Strongly 

Acidic (Cationic) Exchange Resins : Static 

Adsorption Studies 

The strongly acidic cation exchange resins were also 

investigated for their adsorption of selected model toxins 

under static adsorption conditions. (The structure and 

properties of the cation exchangers used are detailed in 

Chapter 4.2). The model toxins, i.e. amino acids, false 

neurotransmitter amines and urea, were adsorbed very 

efficiently on the ion exchange resins, as shown in Figs 

6.2 - 6.4. The sodium form (Na*) of Amberlite IR-120 

resin, as expected, demonstrated a reduced adsorption 

capacity for the model toxins studied, when compared to 

its' acidic (H*) counterpart. The ability of the other 

cation exchange resins to adsorb amino acids and amines 

were, in most cases, very similar to each other, but 

Dowex 50W-X8 (R*) resin adsorbed smaller amounts of some 

‘of the model toxins studied, as shown by the histograms. 

Similar results were obtained for two hour static ad- 

sorption studies, but only those for one hour studies are 

presented here. 
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It is appreciated that most adsorbents require a 

biocompatible coating of some kind before their use in 

clinical haemoperfusion systems, for reasons previously 

detailed in Chapter 4.2. This project uses the hydrogel 

polyHEMA as the coating material for Duolite C255 (H*) 

resin. This resin was selected for coating because it 

is clean (i.e. it does not produce a ‘colour throw! into 

samples) and has a great affinity, when uncoated, for the 

model toxins studied. The effect of the polyHEMA coating 

on the adsorption of model toxins by this resin was 

investigated in a one hour static adsorption study. The 

results obtained show that the model toxins, e.g. amino 

acids (presented in Fig 6.3), false neurotransmitter 

amines and urea (presented in Fig 6.4) were adsorbed, 

with adsorption being very similar to that on the uncoated 

resin. These results illustrate that equilibrium adsorption 

of the model toxins was not affected by the presence of the 

polyHEMA encapsulation. 

To test the feasibility of such results, an invest- 

igation of the adsorption of these model toxins was con- 

ducted, using novel macroporous hydrogel polymer part-— 

iculates, based on the hydrogel polyHEMA. Since the 

removal of such high levels of amino acids, amines and 

urea,as those removed by the ion exchange resins,would not 

be required in clinical haemoperfusion, the ideal adsorb- 

ent is one possessing a lower affinity for these toxins. 

This adsorbent would also need to be biocompatible to 

= 22] =



abolish the need for a suitable selectively permeable 

biocompatible coating. However, similar functional groups 

and properties of ion exchange resins, observed to be 

effective in the removal of these model toxins ,would be 

important assets in such purposely designed adsorbents. 

With these points in mind, a range of hydrogels were 

synthesised (in a separate project) and evaluated for the 

adsorption of amino acids, amines and urea in this project. 

This study is presented in the following section. 

6.4 Adsorption of Amino Acids and Amines on Particulate 

Hydrogels : Static Adsorption Studies 
  

The effects of liver disease on amino acid metabolism 

(76 ) (8) and false neurotransmitter formation have received 

much attention, and their adsorption on materials such as 

) charcoal and neutral polymeric uncharged peeine 117 have 

been attempted. However, there is no record in the lit- 

erature relating to the use of hydrogels in particulate 

form,as adsorbent materials for such.nitrogen based hepatic 

toxins. This project employs a selection of hydrogels 

based on polyHEMA as adsorbent materials, and investigates 

their ability to adsorb amino acids (e.g. methionine, phenyl- 

alanine, tyrosine, histidine, glycine), false neuro- 

transmitter amines (e.g. octopamine, phenylethanolamine, 

ethanolamine) and urea. The structure and properties of 

the hydrogels employed in this study are detailed in Table 
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Table 6.3 Macroporous Hydrogel Beads Used in Study 

  

  

Equilibrium 
Code 7 Effective Water Synthetic 
Number compos tecn Size (mm) Content Technique 

EWC (2) ; 

S1 HEMA/AA/EDM <0.15 64 Suspension 
(40:60:8.5) poly- 

merisation 
(brine) 

82 HEMA/AA/EDM 1.0-4.0 57 Freeze-thaw 
(50:50:10) 

$3 HEMA/EDM 0.5-1.0 56 Suspension 
(100:10) poly- 

merisation 
(brine) 

$4 AA/EDM 0.1-3.0 vo® Freeze-thaw 

(100:8.5)* 

85 HEMA/MAA/EDM: 0.025- 58 Suspension 
(50:50:46) 0.125 poly- 

merisation 
(brine) 

S6 HEMA/NMACR/EDM 0.5-1.0 4 61 Suspension 
(90:10:8.5) poly- 

merisation 
(brine) 

87 HEMA/DAA/EDM 0.25-0.5 50 Suspension 
(100:25:9) poly- 

merisation 

(brine) 

88 ACR/NN'MBA 1.0-1.5 80 Inverse 
(100:10) suspension 

poly- 
merisation 
(hexane)         

*some possible doubt exists as to the precise identity of 
this specimen 
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6.3, and are the same as those used for the adsorption 

of ammonia (Chapter 5, Table 5.3). 

By the conventional static adsorption studies, 

1g of adsorbent material was shaken with 5 ml of model 

toxin solution, containing 15 mg tis. for one hour, and 

the liquid samples decanted-off for analysis. Similarly, 

this procedure was repeated in desorption studies using 

distilled water, and the liquid samples analysed for the 

release of adsorbed model toxin. 

The observations obtained for the hydrogel systems 

S1 - $4, presented in Fig 6.5, demonstrate the ability 

of HEMA/AA/EDM(S1) particulate to adsorb the selected 

model toxins studied. The adsorbed toxins were also 

strongly bound to the adsorbent, as shown in the de- 

sorption studies, where only a small percentage of 

adsorbed model toxin was released. The fact that a large 

particle size conveys a small surface area, and thus a 

decrease in adsorption, is demonstrated by the adsorption 

on system S2, which is similar in composition to system 

$1, but larger in particle size. 

Particulates of systems $3 (HEMA/EDM) and S4 (AA/EDM) 

also adsorbed the model toxins studied. In general, it 

was observed that the adsorption capacity of such part- 

iculates composed of individual monomers was inferior to 

that obtained with particulates containing both monomers, 

e.g. system S1 (HEMA/AA/EDM). 
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An additional study with particulates of system S4 

was performed using a variation on the conventional static 

adsorption technique. This involved shaking the adsorbent 

with 5 ml model toxin solution containing 15 mg ie for 

a period of time, and then analysing the liquid sample. 

A fresh model toxin solution was then added and the pro- 

cedure continued until three such samples were collected. 

The adsorption of histidine and ethanolamine was invest- 

igated by this technique. The results presented in 

Fig 6.6 show that such model toxins were adsorbed by 

hydrogel particulates of acrylic acid (S4) and adsorption 

is comparable to that observed with the weakly acidic 

cation exchange resin, Amberlite IRC-50 (H*) (Pig Cals 

Other hydrogel particulates employed,composed of 

acidic or basic monomers, also possessed the ability to 

adsorb the model toxins studied (Fig 6.7). However, 

although the absolute accuracy of adsorption levels is 

open to some doubt, the trends are clearly shown to 

indicate a considerable difference in adsorption capa- 

bilities between monomer structures studied. 

6.5 Adsorption of Amino Acids and Amines on Uncoated 

and Coated Adsorbents : Dynamic Adsorption Studies 

Although the static adsorption experiments pre- 

viously described provide a reasonable basis for the 
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Fig 6.6 ADSORPTION OF HISTIDINE AND ETHANOLAMINE ON NOVEL 

MACROPOROUS HYDROGEL AA(100) EDM(8.5) SYSTEM S4 

STATIC ADSORPTION STUDY 
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comparison of relative adsorption efficiences, in order 

to investigate the adsorption of amino acids and amines 

under conditions which more closely mimic clinical haemo- 

perfusion systems, dynamic adsorption studies were 

carried out. Such studies involved placing 5g adsorbent 

into the flow cell of the dynamic adsorption system 

(Plate 3,1) and perfusing the model toxin solution (con- 

taining 15 mg w17') over the adsorbent at the desired 

flow rate, for the desired length of time. Sample 

fractions were then analysed for unadsorbed model toxin. 

6.5.5(1) Adsorption on Acidic (Cationic) Exchange 

Resins 

The acidic cation exchange resins were used in this 

study because they demonstrated a strong affinity for the 

model toxins studied under static adsorption conditions. 

The model toxins (e.g. amino acids and false neuro- 

transmitter amines) employed in the dynamic adsorption 

studies include a selection from those significantly 

elevated in liver failure, e.g. phenylalanine, methionine, 

tyrosine, histidine, octopamine and phenylethanolamine, 

and also glycine and cysteine. The results from the 

dynamic adsorption study of amino acids on uncoated ion 

exchange resins are presented in Figs 6.8 - 6.15. 

On the whole the ion exchange resins demonstrated 

a large adsorptive capacity for the amino acids studied, 

with adsorption by the strongly acidic resins being 
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Fig 6.8 
ADSORPTION OF METHIONINE ON AMBERLITE IR-120 (Na*) RESIN 

CONDITIONS: [Methionine] 5 = 15 mg wi7!; 5g adsorbent; 

flow rate = 1.5 mls/min for 24 hours 

— amino acid adsorbed; --- cumulative amino acid 

  

adsorbed 

Fig 6-9 * 
ADSORPTION OF PHENYLALANINE ON AMBERLITE IR-120 (Na) 

RESIN 

conpiTIons: [Phenylalanine], = 15 mg N1~'; 5g adsorbent; 
1.5 mls/min for 3 hours;8mls/sample 

--- cumulative amino acid 
adsorbed 

flow rate = 

— amino acid adsorbed; 
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Fig 610 
ADSORPTION OF PHENYLALANINE ON DUOLITE C255 (H*) RESIN 

CONDITIONS: [Phenylalanine] , = 15 mg m!; 5g adsorbent; 

flow rate = 2 mls/min for 24 hours; 

— amino acid adsorbed; --- cumulative amino acid 

adsorbed 

Fig 6-11 
ADSORPTION OF GLYCINE ON DUOLITE 6255 (H*) RESIN 

CONDITIONS: [f1ycine] , = 15 mg N1~'; 5g adsorbent; 

flow rate = 2 mls/min for 3 days;8mls/sample 

cumulative amino acid — amino acid adsorbed; --- 
adsorbed
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FIG612 

ADSORPTION OF CYSTEINE ON DOWEX 50W-x8 (a*) RESIN 

CONDITIONS: [cysteine] | = 15 mg wi7!; 5g adsorbent; 

flow rate = 2 mls/min for 3 hours; 

— amino acid adsorbed; --- cumulative amino acid 
adsorbed 

FIG 6-13 

ADSORPTION OF TYROSINE ON AMBERLITE IR-120 (H*) RESIN 

CONDITIONS: [tyrosine] , = 15 mg wi! (in 0.9% saline); 

5g adsorbent; flow rate = 2 mls/min for 24 hours; 

— amino acid adsorbed; --- cumulative amino acid 

3mls/sample pasornet



 
 

  

     
  

  

(N 
3u) 

s
p
v
e
q
 

mers 
aod 

p
e
q
i
o
s
p
e
 

ptoe 
outue 

saTzeTnuNng 
x 

 
 

 
 

 
 

 
 

 
 

~~ 
e
l
 

= 
ro 

(N 
Su) 

Spveq 
weid 

sed 
p
e
q
i
o
s
p
e
 

prow 
outme 

e
a
T
y
e
t
n
u
n
g
 

3 
{ 

4 
oO 

=
 

i
N
 

ma 

SS 

Jin 

a ey 
Low 

a 
iy 

oO 
B
 

of 
Lo = 

a 3 n
 

a
e
 

| 4 
pin 

q
o
 

o 
q
f
 

u 
od 

< 
EI 

a
q
~
—
 

-
 

S41 
o 

© 
a
d
a
 

8 
o
e
 

o
t
 

> 
fe 

4 
e
e
 

T 
T 

. 
T 

T 
7 

Se 
° 

° 
° 

ve 
° 

° 
° 

’ 
N 

© 
as 

oO 
o“ 

nN 
= 

s
o
 

-
 

to 
oe 

2 
(Nn 

3
)
 

spreq 
fe 

(N 
3rf) 

speeq 
wea8 

sed 
p
e
q
a
o
s
p
e
 

ptor 
outuy 

weid 
red 

p
e
q
s
o
s
p
e
 

pfoe 
ourmy 

5do do 

  

SAMPLE NUMBER 

- 232 -



FIG 61h 
ADSORPTION OF HISTIDINE ON AMBERLITE IRC-50 (H*) RESIN 
CONDITIONS: [Histidine] | 215 ng Wi’; Sy adsorbent: 
flow rate - 4.5 mls/min for 24 hours; 
— amino acid adsorbed; --- cumulative amino acid 

adsorbed 

FIG 6-15 
ADSORPTION OF HISTIDINE ON DOWEX 50W-x8 (H*) RESIN 
CONDITIONS: [Histidine], = 15 mg N1~'; 5g adsorbent; 
flow rate = 2 mls/min for 24 hours; 8mls/sample 

—— amino acid adsorbed; --- cumulative amino acid 
adsorbed 
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superior to that obtained for the weakly acidic resin. 

In addition, the acidic (3°) form of the resins presented 

a greater adsorptive capacity for the amino acids, than 

that obtained with the sodium form (Na*). Such results 

are consistent with those previously obtained in static 

adsorption studies. 

In general the physiological and pathological amino 

acid levels cover a wide range, in different individuals. 

In hepatic failure, the removal of amino acids to lévels 

within the normal physiological spectrum is desirable. 

However, the performance of the ion exchange resins in 

amino acid removal show that they possess a greater 

affinity than would be required, since it is not nec- 

essary,and furthermore, not beneficial to deplete amino 

acid levels during haemoperfusion treatment. A more 

detailed discussion of this point will be considered in 

the final discussion, where amino acid levels in normal 

subjects and hepatic failure patients will be presented 

in a table. 

Despite this large adsorption capacity of ion ex- 

change resins, however, further studies employing poly- 

HEMA coated Duolite C255 (a*) resin were conducted. 

This evaluation was performed since a biocompatible 

coating is normally an essential requirement for most 

adsorbent materials used in haemoperfusion systems. Also 

some knowledge of the effect of the encapsulating material 
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on adsorption is required. 

The dynamic adsorption study was carried out, using 

a slightly different approach. Ammonia solution (as 

ammonium chloride) containing 15 mg yim! was perfused 

over polyHEMA coated Duolite C255 (B*) resin, followed 

by a water wash and then a solution of phenylalanine, 

also containing 15 mg aed Sample fractions were then 

analysed on the AutoAnalyser. The objective of this 

exercise was to’observe the extent that competition and 

saturation of adsorptive sites for different toxins occur. 

The results of this study are presented in F1256,1 6% 

Duplicate studies in which the adsorbent was first per- 

fused with water produced similar results and are pre- 

sented in Fig 6.17. These studies, when taken in com- 

parison with those involving uncoated resins (e.g. Fig 

6.8 - 6.15) give some information of the role of poly- 

HEMA coatings in impeding transport and adsorption. 

The adsorption of false neurotransmitter amines over 

uncoated and coated resins was also studied under dynamic 

adsorption conditions. The results of this study are 

presented in Figs 6.18 and 6.19. By comparing these 

results with those obtained in similar studies with 

ammonia (Figs 5.12 - 5.17) the difference in adsorption 

of false neurotransmitter amines and ammonia on ion 

exchange resins can be seen. The adsorption capacity 

of the uncoated resin for the false neurotransmitter 

amine,octopamine,is comparable to that observed with 

= 122 50=



FIG 6-16 

ADSORPTION OF AMMONIA AND PHENYLALANINE ON 5% 

POLYHEMA COATED DUOLITE 6255 (H*) RESIN 

CONDITIONS: [NH,Ci] , = 15 mg N17! @ 2 mls/min; 
d.H,0 @ 5 mls/min; [Phenylalaning] , = 15 mg m7! 

@ 2 mls/min; 5g adsorbent; 

— model toxin adsorbed; --- cumulative model toxin 
adsorbed 

FIG 6-17 

ADSORPTION OF AMMONIA AND PHENYLALANINE ON 5% 

POLYHEMA COATED DUOLITE C255 (HY) RESIN 

CONDITIONS: d.H,0 @2 mis/min; [NH C1] , 

@ 2 mls/min; [Phenylalanine], = 15 mg N17 

5g adsorbent; 

15 mg N17! 
@ 2 mls/min; 

=>
 

hk 

— model toxin adsorbed; --- cumulative model toxin 
adsorbed
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FIG618 

ADSORPTION OF OCTOPAMINE ON AMBERLITE IR-120 (at) 

RESIN 

CONDITIONS: [octopamine] , = 15 mg wit!; 

(in 0.9% saline); 5g adsorbent; flow rate = 2 mls/ 

min for 24 hours 

— amine adsorbed; --- cumulative amine adsorbed 

FIG 619 

ADSORPTION OF PHENYLETHANOLAMINE ON 5% POLYHEMA 

COATED DUOLITE C255 (H") RESIN 

CONDITIONS: [Phenylethanolamine] , = 15 mg N1™! 
(in 0.9% saline); 5g adsorbent; flow rate = 2 mls/ 

min for 12 hours; gml/sample 

--— amine adsorbed; --- cumulative amine adsorbed



 
 

  
     
 

  
  

 
 

 
 

(N 
3tf) 

s
p
v
e
q
 

m
e
a
d
 

sr0ed 
p
e
q
i
o
s
p
e
 

o
u
t
u
y
 

ol tt 
am) 

A
e
)
 

w
e
i
d
 

sed 
p
o
q
i
o
s
p
y
 

o
u
t
m
e
 

sat 
B
T
N
U
N
D
 

x
 

=
 

ao 
N 

J 
1 

1 
f 

=] 
¥ 

(Nn 
3t) 

Spveq 
weaid 

ted 
p
a
q
s
o
s
p
e
 

outwe 
e
a
t
z
R
T
n
U
N
g
 

oO 
o
 

°° 
oO 

a
T
 

I
O
 

— 
HO. 

ae 
7 

a 
a 

° 
Q
 

oO 
of 

Be 
& 

ae 
fe 

ot 

g 5 & 
. 

34 
i 

sO-f-u 
L
o
p
;
 
l
i
o
 

bo 
a
t
 

es 
at Ut 

°o Oo 
> 

oH 
ke 

oS 
3 

[ow 
a 

a 
@ 

14 
& 

nm 
a
 

a
 

osha 
e
s
 

£ 
u
d
e
 

5 
® 

A
e
d
t
 

cal 
co 

P
L
E
S
 

re 
4 

re 
a
l
 

i 
o
8
 

og 
ey 

SS 
si 

<0 
a 

= 
see 

24 
Pil 

By 
me 

fry 
(N 

3d) 
s
p
e
e
q
 

wesd 
sed 

p
o
q
a
s
o
s
p
e
 

e
u
r
m
y
 

SAMPLE NUMBER 

-237-



ammonia and amino acids. However, the adsorption of the 

false neurotransmitter amine, phenylethanolamine, on 

polyHEMA coated ion exchange resin is greatly reduced 

compared to amine adsorption on the uncoated resin and 

that observed for ammonia adsorption on coated ion 

exchange resins. This leads to the suggestion that 

the false neurotransmitters studied are not transported 

as readily through the polyHEMA coat to the adsorption 

sites of the resin. This point was indicated in Fig 

6.16 and 6.17, where the adsorption of phenylalanine, 

an amino acid, was shown to be inferior to that of 

ammonia, and the reduced transport of molecules larger 

than and less soluble than ammonia through polyHEMA was 

indicated. The reduced adsorption of less soluble 

organic species such as false neurotransmitter amines 

also points to the suggestion that the rate of transport 

through dense polyHEMA diminishes with an increase in 

molecular size of the model toxin and the introduction 

of organic groups. The use of macroporous membranes or 

particulates would overcome this problen. 

6.5.(2) Adsorption on Particulate Hydrogels 

Novel macroporous hydrogels in particulate form are 

employed in this study (since they are themselves bio- 

compatible) in an attempt to overcome the serious pro- 

oe



blems of biocompatbility generally encountered with the 

use of adsorbents in haemoperfusion systems. The hydro- 

gel particulates have previously demonstrated a moderate 

and selective adsorptive capacity for the model toxins, 

under static adsorption conditions. This level of 

efficiency is desirable and more attractive than the over- 

efficient capacity presented by the ion exchange resins. 

However, since static adsorption studies do not 

indicate the capacity of the beads, but really only com- 

pares the performance of the different adsorbents, 

dynamic adsorption studies are performed. Thus, the 

adsorption capacity for the model toxins is observed 

under conditons similar to that encountered in haemo- 

perfusion systems. 

The acidic and basic hydrogel particulates evaluated 

are shown in Table 6.4. Those particulates used show 

some differential adsorption efficiency for the model 

toxins under static adsorption studies. 

Histidine and octopamine,both elevated to pathological 

levels in liver failure were perfused over the hydrogel 

particulates, and their adsorption observed. The results 

of this study are presented in Figs 6.20 - 6.23, and dem- 

onstrate that the adsorption of histidine and octopamine 

is related to the chemical configuration of both the 

adsorbent and model toxin, a point which will be sub- 

sequently discussed in more detail. In general, the 

= 2395-



Table 6.4 Macroporous Hydrogel Beads Used in Dynamic 

Adsorption Studies 

  

  

        

Equilibrium 
Code ; Effective Water Synthetic 
Number Comper ttzon size (mm) Content Technique 

EWC (2) 

D1 AA/EDM 0.1-3.0 75* Freeze- 
(284; (100:8.5)* thaw 
Table 
6.3) 

D2 HEMA/AA/EDM 1.0-4.0 by? Freeze- 
(=S2, (50:50:10) thaw 
Table 
6.3) 

D3 HEMA/AA/EDM €0.15 64 Suspension 
(#81 (40:60:8.5) poly- Table merisation 
Gn 3) (brine) 

D4 HEMA/NMACR/EDM | 0.5-1.0 61 Suspension 
(=S6, (90:10:8.5) poly- 
Table merisation 
6.3) (brine) 

*some possible doubt exists as to the precise identity of 
this specimen 
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dynamic adsorption efficiency of the hydrogels, Figs 6.20 

- 6.23 was consistent with that observed in the static 

adsorption studies (Figs 6.5 - 6.7). 

It was apparent that the presence of acidic monomers 

such as acrylic acid in the composition of the hydrogel 

particulates, facilitated the adsorption of basic chem- 

ical species, such as histidine and octopamine Figs 6.20 

- 6.23. The greater percentage by weight of acrylic acid 

in the particulates of system D1 (Fig 6.20) compared to 

that of system D2 (Fig 6.21) assisted the adsorption of 

histidine. With the substitution of the acidic acrylic 

acid (AA) group for the basic N-methylolacrylamide (NMACR) 

group, the adsorption of basic species such as octopamine, 

could be reduced (Figs 6.22 - 6.23). A small particle 

size and the water content of the hydrogel particulates 

are also important factors in the adsorption process. 

The hydrogel particulates present a group of adsorb- 

ents which could be used to adsorb various levels of amino 

acids and amines. By the incorporation of the approp- 

riate monomers in the hydrogel composition, such mat-— 

erials could be tailored to suit specific individual needs 

in artificial liver support systems.



FIG6.20 

ADSORPTION OF HISTIDINE on AA/EDM (100:8.5) 
PARTICULATE HYDROGEL (D1) 

CONDITIONS: [Histidine] | = 15 mg mi7'; 5g adsorbent; 
flow rate = 9 mls/min; 

——— amino acid adsorbed; -~- cumulative amino acid 
adsorbed 

FIG 6-21 

ADSORPTION OF HISTIDINE ON HEMA/AA/EDM (50:50:10) 
PARTICULATE HYDROGEL (D2) 

CONDITIONS: [Histidine], = 15 mg ni-'; 5g adsorbent; 
flow rate = 8 mls/min; 

—— amino acid adsorbed; --- cumulative amino acid 
adsorbed



(N 
3u) 

s
p
e
e
q
 

mead 
ted 

p
e
q
i
o
s
p
e
 

ptow 
ourme 

e
a
T
z
e
T
n
m
n
g
 

 
 

  
  

 
 

  
 
   

  
 
 

F 
2 

mn 
nu 

-
 

j 
4 

J 
J 

S 
(Natt) 

s
p
v
o
q
 

w
e
d
 

ted 
p
e
q
i
o
s
p
e
 

pror 
ouptme 

e
a
T
z
R
T
N
U
N
D
 

o
 

o
o
 

° 
° 

o
o
 

° 
fs} 

o 
G-fo 

Lo 
za 

a 
9 

8 
“4 

wn 
a 

° 
fo) 

x
 

S 
P
t
 

Oo 
co 

t
O
.
 

g 
+ 

\ 
E 

= 
o
n
 

o
f
 

roy 
a
 

PAO 
6 

2
8
 

5 
< 

a 
x 

zB 
oe 

e
e
 

5 
2 

& 
S
e
e
 

a 
2 no 

a 
° 

a 
o
 

| 
a 

A
e
s
 

oO 
a
l
o
 

(a) 
o 

=
 

5 
“ 

rn 

2 
a
d
 

a
]
.
 

a 
o 

rd] 
o 

a 
8 

o} 
FI 

sag 
g]2 

s 
T 

T 
T 

T 
36 

wt 
a 

a
o
n
 

a 
al 

oe 
° 

o 
° 

o 
A
H
O
 

N 
oO 

0 
t 

a 
2
a
 

a 
a 

o
S
 

= 

= 
(N 

art) 
ee 

(N 
ar) 

s
p
e
e
q
 

w
e
i
3
 

ted 
p
o
q
i
t
o
s
p
e
 

p
t
o
r
 

o
u
t
u
y
 

a
 

s
p
v
e
q
 

w
e
1
9
 

s
e
d
 

p
e
q
a
o
s
p
e
 

p
t
o
e
 

o
u
t
u
y
 

oe 
* 

.o bo 
oA 
fy 

=21.2-



Fig 6-22 4 
Sg D4 HEMA/AA/EDM PERFUSED WITH A 15 mg N1 
OCTOPAMINE SOLUTION AT 4 mls/min FOR 5 HOURS 

Fig 6.23 
2g D4 HEMA/NMACR/EDM PERFUSED WITH A 15 mg N17! 
OCTOPAMINE SOLUTION AT 4 mls/min FOR 14 HOURS
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6.6 Discussion 

At present, artificial liver support systems are 

being devised to provide temporary therapeutic assis- 

tance in acute fulminant hepatic failure. The rationale 

for such devices is that they will potentially remove 

accumulated toxins which may be related to the assoc- 

iated coma and/or may inhibit hepatic regeneration( 204-214), 

These potential toxins have not been well characterized 

and encompass lower molecular weight substances - the 

so-called 'middle molecules',and substances bound to 

plasma proteins. Since these potential toxins cover a 

broad chemical-physical spectrum, it is unlikely that 

any one device will effectively remove them all from a 

complex biological system, such as eieeae oe For 

this reason this project has been interested largely in 

the removal of nitrogen based toxins and particularly 

the amino acids and false neurotransmitter amines in 

this chapter. 

Hepatic encephalopathic patients have raised con- 

centrations of all plasma amino acids, except for normal 

levels of branched chain amino acids : valine, leucine 

and isoleucine. Methionine, phenylalanine and tyrosine 

show the greatest proportionate rise and these are the 

precursors of the neurotransmitters implicated in the 

pathogenesis of hepatic coma (5592152216) | 

EP o eee



A range of commercially available adsorbents was 

employed in this study in an effort to remove amino acids 

and false neurotransmitter amines. The adsorption trends 

observed for activated charcoal and the neutral uncharged 

polymeric resins were very similar. Some amino acids 

were adsorbed more strongly than others, and there was 

a spectrum of activity and no distind difference in their 

adsorption. On the whole, the false neurotransmitter 

amines were more efficiently adsorbed, the capacity for 

them being about twice as that observed for the amino 

acids (Table 6.2). The neutral resins function much 

like carbon in their ability to adsorb,by bonding the 

hydrophobic portion of an organic molecule to the resin 

surface, and so adsorption of amines was more effective 

than that of the amino acids. Having said this, aromatic 

amino acids such as phenylalanine and tyrosine did show 

a slightly greater adsorption than did other amino acids 

on charcoal and on the neutral resins. Adsorption by 

charcoal and neutral resins is also due to their highly 

porous nature, hydrogen bonding and weak van der Waals! 

forces. However, since these materials were non-specific 

and non-selective in their adsorption behaviour, and the 

fact that they have the tendency to leach impurities into 

the perfusate, make. them unsuitable for clinical haemo- 

perfusion for liver failure patients, unless, of course, 

they are first coated with a biocompatible membrane. 
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The use of uncoated charcoal and polymeric resins 

is practised, but only for the relief of drug intoxi- 

cation, where the major priority is the removal of the 

elevated drug level and the general condition of the 

patient is not as severe as that in coma from liver 

failure. Drug overdose patients are relatively ‘healthy! 

and their liver can cope to some degree with platelet loss 

and the result of haemolysis arising from the use of such 

adsorbent materials. However, this is not so,for liver 

failure patients who depend on the biotolerance of the 

substrates employed. The need for biocompatible and pur- 

posely designed haemoperfusion substrates in such cases, 

cannot be over emphasisea (186) | 

This project aimed to evaluate biocompatible systems 

for such use, which was more laudable than using avail- 

able systems. Since the potential of activated charcoal 

and polymeric neutral resins was such that they were 

relatively unsuitable as adsorbents for amino acids and 

amines in liver failure, the design of biocompatible mem- 

branes for such adsorbents was not justified by their per- 

formance. Thus, no further investigations were made to 

develop coatings for activated charcoal and the neutral 

resins. However, studies were carried out using the clin- 

ically successful HSA-coated Amberlite XAD-7 resin 450,151), 

The question of biocompatibility and adsorption potential 

was well illustrated in this case,since the coating 
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(Human serum Albumin) was not only biocompatible, but 

also adsorbed amino acids and amines (Fig 6.24). Because 

the uncoated resin species does not adsorb such nitrogen- 

based hepatic toxins, it is suggested that albumin has 

an affinity for the amino acids and false neurotransmitter 

amines. This results in the attraction to the protein 

coat and binding by strong protein binding forces, hydrogen 

bonding and general polar interactions. 

In the HSA-coated Amberlite XAD-7 system, the 

resin acts as a support for the adsorption coat, in much 

the same way as charcoal acted as a support for HEMA in 

the adsorption of ammonia (Chapter 5). This is a reason- 

able approach, but does not maximise the use of adsorbents. 

Furthermore, the capacity of the available surface coating 

in such a system may not be practical for the specific 

removal of amino acids and amines in liver failure. How- 

ever, since HSA-coated XAD-7 resin is currently being used 

for the reduction of bile acid and bilirubin levels, per- 

haps it may make some contribution to correcting elevated 

amino acid and amine levels in artificial liver support 

systems. 

Studies were also carried out using ion exchange 

resins. Although ion exchange has proved useful in the 

processing as well as for the separation of certain amino 

(148) | acids its' use in the removal of amino acids in 

fulminant hepatic failure is not a widely established 
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practice. Adsorption studies with amino acids and amines, 

using ion exchange resins produced encouraging results. 

The strongly acidic cation exchange resins,in the acidic 

tan) form, demonstrated the greatest affinity for such 

model hepatic toxins, when compared to the resins of the 

sodium (Na*) salt form (Figs 6.2 - 6.4). The binding of 

amino acids to ion exchange resins occurs via electro- 

static ionic bonding between ionized groups of specific 

charge. 

In summary, the ion exchange resins are very effect- 

ive as adsorbents for amino acids and amines. Despite 

this, however, their lack of selectivity and more part- 

icularly, their great affinity for, and efficiency in 

amino acid and amine adsorption, makes them unsuitable 

for use in artificial liver support systems. Of course, 

the removal of such model toxins by polar mechanisms is 

desirable, but weakly ionic groups are more favourable 

than the strong ion exchange mechanism occurring with ion 

exchange resins. In addition, certain disadvantages do 

arise with the use of ion exchange resins in biomedical 

applications. These are largely concerned with their 

bioincompatibility, since they also remove blood platelets, 

red and white blood cells and essential inorganic cations 

(such as Na, K, Ca, Mg) from the blood. Furthermore, 

thrombocytopenia already present in liver failure, makes 

biocompatibility requirements much more stringent than for 

haemoperfusion applications,as in acute poisoning. However, 
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the cation exchange resins were used as a support material 

for the application and assessment of biocompatible men- 

branes, and not to develop them for use as coated adsorb- 

ents. In this case, the ion exchange resin acted as a 

useful 'sink' and the adsorption of amino acids and amines 

on polyHEMA coated Duolite 0255 (H*) was investigated. 

In general, the polyHEMA eiicapsulation material 

used to confer some biocompatibility to the ion exchange 

resin did not affect the equilibrium adsorption of amino 

acids and false neurotransmitter amines (Figs 6.3, 6.4) 

under static adsorption conditions. However, although 

the use of polyHEMA coated ion exchange resins seem pro- 

mising for the use in artificial liver support systems, 

the adsorption of such large amounts of amino acids would 

make them less than useful for this application. 

Normal amino acid-levels show a wide variation 

between individuals; this variation being caused by diet, 

genetic differences, age, sex, etc. (76981). Likewise, 

pathological amino acid levels also vary in patients, as 

illustrated in Table 6.5°76 ue To reduce elevated amino 

acid levels to levels lower than physiologically accepted, 

as would be achieved by the use of ion exchange resins, 

would be detrimental to the patient. Table 6.5 does not 

show the expected pattern of elevated amino acid levels in 

the liver failure patients, compared to the normal subjects. 

Other workers have quoted much higher pathological con- 
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centrations, but this table is presented since it 

illustrates that amino acid levels, which are physiological 

for one individual,may well be pathological in another. 

Dynamic adsorption studies employing polyHEMA coated 

Duolite C255 (H*) resin showed that although small mole- 

cular species such as ammonia and amino acids are adsorbed, 

some degree of competition occurs between such chemical 

species. Adsorption studies with ammonia demonstrated that 

ammonia is very strongly bound to the acid functionality 

of ion exchange resins and such materials have a large, 

almost infinite capacity for ammonia. Ammonia penetrates 

the polymer matrix, as the availability of the interaction 

sites apparently remains constant and independent of the 

amount of compound previously adsorbed. However, although 

adsorption sites are not saturated with ammonia, the sub- 

sequent adsorption of amino acids such as phenylalanine on 

HEMA coated ion exchange resins was impeded in the presence 

of adsorbed ammonia (Figs 6.16, 6.17). Although this 

experiment was not a definitive one and not intended to be, 

it illustrates competitive binding and the difference in 

transport between two chemically different species. 

Ammonia, being a very soluble small molecule, is more 

easily transported through the polyHEMA encapsulation, 

and thus adsorption on the ion exchange resin occurs more 

readily than for phenylalanine. The transport of phenyl- 

alanine (a large molecule) through the encapsulating men- 

brane (and thus adsorption on the ion exchange resin) may 
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have been reduced because its' transport depends on its! 

size and solubility. In addition, the reduction in 

phenylalanine adsorption may have been a result of the 

saturation cf polyHEMA with phenylalanine. This experi- 

ment illustrated that the transport of large molecular 

species such as amino acids (relative to ammonia) through 

hydrogels, is affected by the size and solubility of such 

chemical species, and the fact that transport through a 

dense coating layer of hydrogels affects amino acid 

adsorption on otherwise effective adsorbents. 

To expand on this study, the adsorption of amino 

acids was investigated under static adsorption conditions, 

using macroporous hydrogel particulates based on polyHEMA. 

The results presented in Figs 6.5 - 6.7 show that amino 

acids were adsorbed, but no general trend was observed 

for their adsorption on the various hydrogel compositions 

employed. The binding of amino acids to such macroporous 

hydrogel beads may be attributed to the degree of hydrogen 

bonding of such species to polyHEMA and to other monomers 

of the bead composition if present; the ability of the 

amino acids to ionize in aqueous solution (polarity), and 

their ability to be transported in the water phase of the 

beads. Adsorption is also a result of the macroporous 

structure of the beads, since large discrete pores facil- 

itate diffusion (217) | 

Because of their amphoteric/amphiprotic character, 

amino acids can exist in three ionic forms, e.g. cations, 
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anions and gwitterions. Thus, adsorption on acidic, 

basic or neutral hydrogel forms can take place. Adsorption 

of amino acids on hydrogels containing acidic monomers 

(e.g. acrylic acid (AA), methacrylic acid (MAA) or basic 

monomers (e.g. N-Methylol acrylamide (NMACR), diacetone 

acrylamide (DAA)) occur via ionic forces, whilst adsorption 

on the neutral hydrogels (e.g. polyHEMA) occurs via hydro- 

philic and polar forces. The observation that there was 

no great structural selectivity in amino acid adsorption 

on the hydrogels, may have great implications in artificial 

liver support systems, especially in cases where the whole 

amino acid profile is deranged and the reduction in their 

concentration is a desirable goal. In other cases, where 

certain amino acids are elevated, these hydrogels can be 

tailored to suit the specific needs of such individuals, 

and a haemoperfusion column containing hydrogels with com- 

plmentary adsorption spectra, would be a useful tool. 

The incorporation of acidic groups in the hydrogel 

structure would (as in the case of ion exchange resins) 

promote the adsorption of the more basic amino acids and 

false neurotransmitter amines, e.g. histidine and octo- 

pamine (Figs 6.20 - 6.22). Similarly, the incorporation 

of basic groups would promote the adsorption of the more 

acidic amino acids, whilst the adsorption of basic amino 

acids would be reduced. Thus the nature and structure of 

the monomers in such hydrogel particulates would then con- 

tribute to their adsorption abilities, together with other 
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factors such as the particle size, porosity and water 

content of the hydrogel particulates, which can all be 

controlled accordingly. 

Since the levels of amino acids in liver failure 

patients vary, a range of adsorbent materials such as 

the hydrogels that can deal with the adsorption of 

different elevated amino acid levels would be of great 

value in artificial liver support systems. The biocom- 

patibility of these hydrogels is also an advantage, since 

this abolishes the need for biocompatible encapsulation 

membranes. The adsorption capacity of the macroporous 

hydrogel particulates (although not as large as that 

observed with the ion exchange resins) may be adequate 

for the reduction of elevated amino acid and false neuro- 

transmitter amine levels in artificial liver support 

systems. The dynamic equilibrium between the body com— 

partments, means that any alteration in plasma concen- 

tration, however low this concentration is, will produce 

a shift in the other compartments (e.g. brain). Thus, a 

relatively small amount of toxin removed may be sufficient 

to produce a pharmacological effect (62), 

The hydrogels employed have also been shown to adsorb 

ammonia (Chapter 5), and could be used to correct hyper- 

ammonaemic levels simultaneously. Such membranes and macro- 

porous beads have also previously been shown to adsorb 

much larger chemical species such as Bromosulphophthalein 
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(BSP) and bilirubin'145) ena their adsorption potential 
may also be extended to accomodate the adsorption of 

large acidic chemical Bpectoss 7305 However, before 

such adsorbents can be used in artificial liver support 

systems, numerous in-vitro and in-vivo trials have to be 

carried out, which remains the next step for the con- 

tinuation of this work. 
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CHAPTER 7 

General Discussion, Miscellaneous Supplementary Experi- 

ments, Conclusions and Suggestions for Further Work 

The original aim of this research project was to 

evaluate polymer based adsorbents by in-vitro techniques 

for their potential use as adsorbents in artificial liver 

support systems, for the removal of elevated nitrogen- 

based toxins. 

It must be appreciated that the investigations did 

not concern the actual use of biological samples (such 

as whole blood or plasma) since the interest in this 

project was directed towards developing adsorbents suit- 

able for the selective removal of ammonia, amino acids 

and amines elevated in liver failure. Investigations 

were conducted by firstly examining quantitatively their 

adsorption on commercially available adsorbents as it 

was necessary to establish that the prospective mat- 

erials had useful adsorption properties, before the dif- 

ficult problems of biocompatibility assessments could 

be undertaken. Adsorption studies performed indicated 

factors important for the adsorption of nitrogen-based 

hepatic toxins. 

In general, it became apparent that acidic func- 

tional groups were important assets for the adsorption 

of such hepatic toxins. The ion eee resins were a 

particular group of adsorbents showing a great potential 
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in the adsorption of such compounds. (See Chapter 5, 

Figs 5.5 - 5.6 and Chapter 6, Figs 6.2 - 6.4). However, 

their adsorption capabilities were too great for the 

nitrogen based hepatic toxins, for them to be ideal for 

use in artificial liver support systems. Furthermore, 

vital blood elements (such as platelets and red and white 

blood cells) are also adsorbed by ion exchange resins. 

In addition there is a reduction in essential ionic 

levels confirmed in supplementary experiments (which 

will be discussed subsequently) . 

In view of the bioincompatibility of such adsorbents 

and their aggressive adsorption properties observed, 

this research project was not interested in developing 

such materials for use in artificial liver support systems. 

However, they were used as a support material for the 

application and development of biocompatible membranes 

in much the same way as charcoal and Amberlite XAD-7 and 

other adsorbents have been used by previous workers(1). 

The transport properties of such biocompatible 

encapsulating membranes for the nitrogen-based hepatic 

toxins were investigated. Adsorption studies using 

polyHEMA coated ion exchange resins demonstrated that 

the adsorption of ammonia was as efficient as that on 

the uncoated adsorbent (Chapter 5, Figs 5.12 - 5.17). 

PolyHEMA did not in any way impede the adsorption of 

ammonia under dynamic adsorption conditions, and the trans- 
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port of ammonia through polyHEMA was broadly similar to 

that of oxygen. Other studies also indicated the 

adsorption of ammonia on polyHEMA (Chapter 5, Figs 5.1, 

5.2). However, although such encapsulating membranes, 

which take the form of a dense layer covering the ~ 

adsorbent were adequate for ammonia adsorption, the trans— 

port (and not capacity) of larger molecular weight species 

(such as amino acids and amines) through such membranes 

was impeded to some extent (Chapter 6, Figs 6.16, 6.17, 

6.19). 

It was logical to expect that hydrogel coatings would 

not necessarily impede equilibrium adsorption of such 

larger hepatic toxins on strong adsorbents as ion 

exchange resins, but that their rate of transport would be 

reduced as their size increased. This rate effect would 

be partially controlled by increasing the water content of 

the hydrogel coating, since it is known that the transport 

of water soluble species is directly related to the water 

(192-193 ) 
content of the hydrogel In addition, the larger 

the hydrogel pore size, the faster the Deeneooe oe 

The most appropriate way of obtaining a large pore 

size and thus faster transport, without losing strength 

in the hydrogel, is to use macroporous hydrogel maven O), 

One of the greatest points in favour of the novel 

macroporous hydrogel structure is the size of the pores, 

which approach 1.0 pM. With the use of macroporous hydro- 

gel particulates, adsorption is not limited to the pore 
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diameter of hydrated polyHEMA which is in the order of a 

few angstroms (< 10A ) and so amino acids could be 

adsorbed. Because of the adsorption and transport pot- 

ential of such HEMA coatings, they were then developed 

further and used as adsorbents in the form of macroporous 

hydrogel beads for the adsorption of ammonia and other 

larger nitrogen based hepatic toxins, e.g. amino acids 

and amines. 

The structure of macroporous hydrogel particulates 

could be modified in much the same way as ion exchange 

resins, to incorporate acidic groups (which were most 

desirable for the removal of basic species), basic 

groups (for the removal of acidic species) or neutral 

groups. Such adsorbents could also be designed to 

accomodate the adsorption of chemically different species. 

Factors such as a small particle size and large pore size 

and the structure and nature of monomers used, all con- 

tribute to their adsorption ability. 

Such hydrogel beads were previously shown by 

P.J. ske1ly 145 to be capable of adsorbing organic mole- 

cules such as bilirubin. The incorporation of ion 

exchange groups in the structure of such beads, facili- 

tated the adsorption of ionically charged species in this 

project. This observation was particularly important since 

the ionic groups shown to be important for the adsorption 
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of nitrogen-based toxins on ion exchange resins, were 

also important for their adsorption on the purposely 

synthesised novel macroporous hydrogel particulates. 

Of course strongly acidic functional groups such as 

sulphonic acids (-S0H) were not incorporated in the 

hydrogel structure, since adsorption by such groups was 

shown to be too dramatic. (this argument was developed 

in Chapters 5 and 6, where the relationship between 

structure and adsorption was observed). Furthermore, 

such acidic groups in hydrogels adsorb a large amount 

of water. Instead, weaker carboxylic (-COOH) acid 

groups such as acrylic acid and methacrylic acid were 

incorporated by their copolymerisation with HEMA. (Such 

weak acidic groups adsorb less water). 

Together with the macroporous structure and a small 

particle size, the nature of the monomers in the hydro- 

gel particulates proved to be effective in the adsorption 

of ammonia, amino acids and amines (Chapter 5, Figs 5.18 

- 5.23 and Chapter 6, Figs 6.5 - 6.7 and 6.20 - 6.23). 

Ammonia being a very basic species, very soluble in water 

and also small in size and molecular weight is easily 

adsorbed. However, to extend this work to the adsorption 

of hydrophobic species, which are less soluble in water 

and larger in size than ammonia, the macroporosity of such 

novel hydrogel adsorbents would be important. 

The scanning electron micrograph of the surface of a 

novel macroporous hydrogel particulate is presented in 

Plate 7.1 
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Plate 7.1 NOVEL MACROPOROUS HYDROGEL PARTICULATES 

HEMA(100) EDM(10) (X2750) 
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Further work in this area would involve investigating 

the adsorption of other hepatic toxins using such macro- 

porous hydrogel particulates. 

The fact that hydrogel beads could be developed as 

selective adsorbents, is important as a range of sub- 

stances with different adsorptive capabilities is desired 

in the artificial liver support field. Such materials 

would enable a more selective adsorption to take place 

in individual cases of liver failure, thus allowing the 

adsorption of toxins to be more closely tailored to suit 

the individual patient. Of course, biocompatibility 

requirements would have to be met and numerous experi- 

mental trials performed on blood samples and then animals 

before the biomedical application to man. 

Although the work in this research project has been 

concerned with nitrogen-based hepatic toxins, the pot- 

ential use of these adsorbents can be extended to the 

adsorption of other toxins. Many of the principles can 

be extended to larger acidic molecules, such as BSP and 

bile acids. BSP or more commonly Bromosulphophthalein 

is often used as a model toxin for liver fate’ ce 

and bile acids (BA) are usually elevated in liver failure. 

Based on the reliability of the relationship of structure 

and adsorption capabilities of adsorbents, such acidic 

species may be adsorbed on basic hydrogel adsorbents. 
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Preliminary supplementary adsorption studies on 

different classes of commercially available adsorbents 

showed that BSP, unlike the nitrogen-based toxins, was 

not adsorbed on the strongly acidic cation exchange 

resins, but was adsorbed on activated charcoal, the 

neutral polymeric resins, and basic and weakly acidic 

ion exchange resins (See Fig 7.1). 

In parallel to this study, synthetic work has been 

carried out in a supplementary project by Mr. U.S. Atwal 

(138) where the importance of molecular size and HEMA 

pore size in the rate of adsorption of large acidic 

species (such as BSP and BA) has been demonstrated. This 

particular work illustrates the importance of macroporous 

particulates for such adsorption, since dense HEMA (as 

coatings) does not transport large molecules as efficiently. 

In addition, the observations reflect the requirements for 

the adsorption of acidic species. 

The preliminary work on various classes of adsorbents 

(Fig 7.1) pointed to the fact that macroporous hydrogel 

beads, with basic groups were required for enhanced 

adsorption of acidic species. Broadly speaking, this was 

the general opinion from this project , and the work per- 

formed by Mr. U.S. Atwal is consistent and in accordance 

with this. 

Biological samples have not been employed in the in- 
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vestigations in the project, since it was essential first 

to obtain results in an aqueous environment. However, if 

and when adverse results do occur with the eventual use of 

biological samples, they can then be counteracted, using 

the knowledge gained from these studies. 

In addition to the previously described experiments, 

investigations were carried out on ion exchange resins, to 

determine their extent of inorganic cation (e.g. Na, K, 

Ca, Mg) adsorption on perfusion, and to investigate the 

removal of ammonia, amino acids and amines when contained 

ina mixture. 5g of Duolite 0255 (H*), 8 strongly acidic 

cation exchange resin, (previously washed and soaked in 

0.9% physiological saline for 7 days) were perfused at 

2 mls/min for six and a half hours with a physiological 

media of Krebs Mammalian Ringer Solution (218) made up of 

solutions all isotonic with serum (See Table 7.1) and con- 

taining a mixture of ammonia, amino acids and false neuro- 

transmitter amines, all at an initial concentration of 

15 mg wiv! (see Table 7.2). The concentrationsof electro- 

lytes and organic acids were similar to mammalian serum, 

and contained intrinsic substances. Analysis of the 

nitrogen-based hepatic toxins was performed on an Amino 

Acid Analyser and the concentration of cations (Nay KGa, 

Mg) was determined by atomic adsorption spectrophoto- 

metric analysis using the Perkin Elmer Spectrophotometer 

Model 400. Such essential cations were shown to be 
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Table 7.1 

Physiological Media 

(Krebs Improved Ringer 1) 

Krebs Mammalian Ringer Solution 
(218) 

  

SOLUTION 

(All approximately isotonic 

with serum) 
PROPORTION BY VOLUME 

  

    

0.154M NaCl (0.902) 80 

0.154M KCL (1.15%) 4 

0.11M CaCl, (1.222) See! 

0.154M KHPO) (2.11%) 1 

0.154M — MgSO,.7H,0 (3.82) 1 

0.15M NaHCO, (1.32) 21? 

0.16M Na pyruvate (or L-lactate) (1.762) 4 

O.1M Na fumarate (1.62) tf 

0.16M Na-L-glutamate (2.92) 4 

0.3M Glucose (5.42) 5 

* Twice the conc. of ionized Ca in serum 

= Gassed with 100% co 
solutions 
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Table 7.2 

Contents of Model Toxin Mixture 3[5 mg y17"] 

  

2 

Ammonia Methionine Octopamine 

Alanine Glycine Phenylethanolamine 

Valine Cysteine Urea 

Isoleucine Tyrosine 

Phenylalanine Histidine 
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adsorbed by Duolite 0255 (Ht) resin and highlights some 

of the problems that would be encountered in the use of 

uncoated ion exchange resins in haemoperfusion systems. 

The analysis of the model toxins in sample fractions 

showed that ammonia, urea and the amino acids were all 

adsorbed on Duolite C255 (H*) resin, with adsorption de- 

creasing with time, as illustrated in Fig 7.2 The con- 

centration of each amino acid was assayed, and because 

they were all very similar to each other, their adsorption 

profileis expressed as one curve. Competitive adsorption 

between the model toxins is not indicated from the results, 

although it is interesting to note that equilibrium 

adsorption for the amino acids is achieved within three 

hours of perfusion, followed by that for urea within four 

hours of perfusion. In comparison, ammonia was still being 

adsorbed after six hours of perfusion, @lthough slowly 

diminishing),since adsorption sites were more easily 

accessible to ammonia, a smaller molecule. 
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Semi-Conductor Based Ammonia Sensors 

The adsorption studies using polyHEMA coated ion 

exchange resins revealed that ammonia, amino acids and 

false neurotransmitter amines could be transported 

through such microencapsulating membranes. This observ- 

ation bore particular importance to the closely related 

system of semi-conductor based ammonia sensors. Such 

devices, capable of detecting ammonia have been used for 

the detection of ammonia in the head space of water-bound 

waste, but may also show great potential in the use in 

liver failure, to monitor ammonia levels in the blood of 

patients during haemoperfusion. Of course, such a device 

would require a biocompatible encapsulation for protection 

and permselective control before use. Since HEMA, the 

hydrogel coating material employed for the encapsulation 

of ion exchange resins was permeable to ammonia, it was 

again used as a membrane coat to confer some degree of 

biocompatibility to the semi-conductor ammonia sensors. 

An appreciable amount of work was carried out in 

this area. However, for reasons of commercial security, 

details of the study are not given here. But, to keep to 

the general theme of work performed, only a brief account 

of this part of the work will be given. 

The semi-conductor based microchip devices, con- 

structed by Thorn EMI (CRL), Hayes, Middlesex (UK) con- 

sist of a miniature ammonia sensor, mounted centrally on 
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a thin electrical grid plate, through which an electric 

current is passed when in us?) the coating procedure of 

such devices was relatively simpler than that employed 

for coating ion exchange resins, and involved immersing 

the device in a hydrogel (e.g. polyHEMA) solution of 

different polymer concentrations (8-10%). The dip- 

coated devices were then dried. 

The selection of such membranes followed on logically 

from the results of Chapter 5. Thus, ammonia, a small 

water soluble, 'oxygen-like' molecule was readily trans- 

ported through polyHEMA, and hydrogels with a moderate 

water content provided excellent membranes for this type 

of work. 

Several areas of investigations are suggested for 

further research in the field of ammonia sensors. Of 

course, observations in an ammonia environment remain the 

major priority. (Studies of this type were not performed, 

although initially intended, since the nature of the pro- 

ject changed on the part of the collaborating body, who 

were responsible for such evaluations). This would be 

followed by in-vitro, then in-vivo evaluations of such 

devices. If success permits, the devices could be fur- 

ther developed for use in haemoperfusion systems for mon- 

itoring ammonia levels in perfused blood. Eventually, 

the devices could be implanted in arteries of liver 

failure patients for the direct and continuous monitoring 
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of ammonia levels. Such monitoring of ammonia levels in 

artificial liver support systems in the future would 

revolutionise the practise of medicine in as profound 

a manner as the introduction of the automated multi- 

analyser. 

Certain parameters such as the extent of clot form- 

ation and protein adsorption are usually the biggest pro- 

blems to be solved during in-vivo use of such sensors 

eae Investigations have already demonstrated the 

adequate biocompatibility of the hydrogel coating mat- 

orig >). Further research would involve the design 

of more ammonia selective permeable biocompatible men- 

branes and numerous tests before their practical appli- 

cation in the clinical and biomedical field. The use of 

the novel macroporous hydrogel particulates as preferred 

adsorbents for the reduction of elevated ammonia levels 

in liver failure, together with the use of such semi- 

conductor based ammonia sensors, would provide a pot- 

entially valuable technique for controlling hyper- 

ammonaemia in liver failure satan ta Such adsorbents, 

at the same time, could also be modified to reduce 

elevated amino acid and false neurotransmitter amine 

levels for individual patients. 

In summary, the use of synthetic macroporous hydro- 

gel beads offer ways of providing purposely designed 
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adsorbents for the use in biomedical application for 

patients in acute liver failure. The logical pathway of 

future work in this area would therefore involve: 

a) adsorption studies employing plasma or whole 
blood 

b) studies on animals 

Investigations using biological samples and animals are 

important and will be very complex. Such investigations 

were not omitted in this project because of foreseen dif- 

ficulties, but because it was important first to develop 

selective adsorbents and to understand adsorption pro- 

cesses. 

= 274 =



REFERENCES 

10. 

11. 

12. 

13. 

Popper H., Schaffner F. 
"Progress in Liver Disease! 
Grune and Stratten, NY Vol. 6 (1979) 

Tietz N.W. 
'Fundamental of Clinical Chemistry' 
W.B. Saunders Co. (1970) 

Sherlock S. 
'The Human Liver! 
CBR Readers (Head J.J. Ed.) No. 83 (1978) 

Jorge, J. 
Gastroenterology 80, 393-403 (1981) 

Arias I., Schachter D., Popper H., Shafritz D. 
'The Liver: Biology and Pathobiology' 
Raven Press, NY (1982) 

Green J.H. 
'An Introduction to Human Physiology! 
OUP 4th Edn. (1977) 

Roitman J.N. 
Lancet 1, (8226),944 (1981) 

Williams R., Murray-Lyon I.M. 
"Artificial Liver Support! 
Pitman Medical (1975) 

Dunlop E.H. 
Biomedical Engineering 10, 213-218 (1975) 

Zimmerman, H.L. 
'Hepatotoxicity: The Adverse Effects of Drugs and 
Other Chemicals on the Liver 
Acc NY (1978) 

Nimmo W.M. 
Brit. J. Anaesthesia 52, 1059-1060 (1980) 

Read A.E, 
Gut 19, 534-538 (1978) 

Blitzer B.L. 
Postgraduate Medicine 68, (3), 153-162 (1980) 

- 275 -



14. 

15. 

16. 

17. 

18. 

19. 

20. 

21° 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

Williams R. 
Clinics in Gastroenterology 3, (2), 419-436 (1974) 

Harrison H.B. 

Gastroenterology 80, (4), 820-825 (1981) 

Kenedi R.M., Courtney, J.M., Gaylor J.D.S., 
Gilchrist T. 
"Artificial Organs! 
Macmillan Press Ltd (1977) 

Hoyumpa A.M. 
J. Lab. Clin. Med 100, (4), 477-487 (1982) 

Williams R. 
Brit. Med. Bulletin 28, 169-179 (1972) 

Tygstrup N., Ranek L. 
Clinics in Gastroenterology 10, (1), 191-208 (1981) 

Massoudi, A.H. 
MSc Thesis 'The Coating of Activated Carbon with 
Hydrophilic Polymer to Produce Biocompatible 
Adsorbents for Potential Use in Liver Support! 
Department of Chemistry, The University of Aston 
in Birmingham (1978) 

Hughes R.D., Langley P.G., Williams R. 
Intern. J. Artif. Organs 3, (5), 277-279 (1980) 

Brunner G., Schmidt,F.W. 
"Artificial Liver Support! 
Springer-Verlag (1980) 

Chase, R.A. 
Gastroenterology 75, (6), 1033-1040 (1978) 

Delorme M.L., Denis J., Opolon P. 
J. Neurochem. 36, (3), 1058-1066 (1981) 

Condon R.E. 
Amer. J. Surg. 121, 107-114 (1971) 

Andrade J.D., Kunitomo K., Van Wagenen R., 
Kastigir B., Gough D., Kolff W.J. 
Trans. Amer. Soc. Artif. Int. Organs 17, 222-228 
(1971) 

Neurberger H.J., Davis M., Williams R. 
J. Roy. Soc. Med. 73, 701-707 (1980) 

Zimmerman H.J. 
Archives Internal Med. 141, 333-342 (1981) 

= 276e>



29. 

30. 

31. 

32. 

33. 

3h. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

Itoh S. 
Hepato-Gastroenterology 27, 423-431 (1980) 

Fortner J.G. 
Cancer 47, 2162-2166 (1981) 

Garth-Kirkwood R. 
Nephron 22, 175-181 (1978) 

Klein E. 
Artif. Organs 3, (1),47-61 (1979) 

Hood J.M. 
New Eng. J. Med. 302, 272-275 (1980) 

Haneman B. 

Med. J. Aust. 2, (5), 236-237 (1980) 

Starzl T.E. 
Gastroenterology 77, (2), 375-388 (1979) 

Popper H. 
Gastroenterology 66, 1227-1233 (1974) 

Kahn D. 
Gastroenterology 79, 907-911 (1980) 

Sideman S., Chang, T.M.S. 
'Haemoperfusion: Kidney and Liver Support and 
Detoxification' Part 1 
Hemisphere Publ. Co. Washington (1980) 

Davison A.M. 
‘Dialysis Review' 
Pitman Medical (1978) 

Matsumura K.N. 
U.S. Patent 3,734,851 (1973) 

Ioakim P., Rosen D. 
Biomed. Eng. 5, 351-353 (1976) 

Winchester J.F., Gelfand M.C., Knepshield J.H., 
Schreiner G.E. 
Artif. Organs 2, (4), 353-358 (1978) 

Denis J., Opolon P. 
Gut 19, 787-793 (1978) 

Opolon P., Rapin J.R., Huguet C., Granger A., 
Delorme M.L., Boschat M., Sausse A. 
Trans. Amer. Soc. Artif. Int. Organs 22, 701-710 
(1976) 

207 =



45. 

46. 

47. 

48. 

49. 

50. 

Silis 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

Silk D.B.A. 
Lancet 2, 1-3 (1977) 

Reed A.M., Gilding D.K., Wilson J. 
Trans. Amer. Soc. Artif. Int. Organs 23, 109-114 

(1977) 

Mohsini K., Lister C., Chang T.M.S. 
Artif. Organs 14, 171-175 (1980) 

Gimson A.E.S. 
Lancet 2, 681-683 (1982) 

Chirito E. 
Artif. Organs 3, (1), 42-46 (1979) 

Makowka L., Falk R.E. 
Science 210, 901-903 (1980) 

Wicks J.R., Richardson N.E., Meakin B.J. 
J. Biomed. Mater. Res. 14, 743-751 (1980) 

Aljama P. 
Proc. Eur. Dial. Trans. Ass. 15, 144-153 (1978) 

Rosenbaum J.L. 
New Engl. J. Med. 284, (16), 874-877 (1971) 

Chang T.M.S. 
'Biomateriakb in Artificial Organs! 
5th Seminar, September (1983) 

Sideman S. 
'Haemoperfusion' Part 1 (1980) 

Blitzer B.L. 
Gastroenterology 74, 664-671 (1978) 

Tighe B.J., Onyon P.F. 
Chemistry and Industry p1217 (1965) 

Duveau N., Piguet A. 
J. Poly. Sei. 57, 357-372 (1962) 

Gazzard B.G., Langley P.G., Weston M.J., 
Dunlop E.H., Williams R. 
Science and Molecular Medicine 47, 97-104 (1974) 

Walker J.M. 
Kidney International 10,8320-S327 (1976) 

Rosenbaum J.L., Winsten S., Kramer M.S., 

Moros J., Raja R. 
Trans. Amer. Soc. Artif. Int. Organs 16, 134-140 

(1970) 

- 278 -



623 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

70a 

ize 

72. 

73. 

The 

15. 

76. 

Maini R. 

Int. J. Artif. Organs 1, (4), 196-201 (1978) 

Lauterburg B.H., Dickson E.R. Pineda A.A., 
Taswell H.F. 
Int. J. Artif. Organs 3, (5), 281-285 (1980) 

Juggi J.S. 
Surgery 41, (2), 194-201 (1971) 

Tijssen J. 
Artif. Organs 3, (1), 11-14 (1979) 

Berry A.J. 
J. Proc. Inst. Sew. Purif. 6, 513-521 (1966) 

Park N.J., Fenton J.C.B. 
J. Clin. Path. 26, 802-804 (1973) 

Buckee G.K. 
J. Int. Brewing 80, 291-294 (1974) 

Chapman B., Cooke G.H., Whithead R. 
J. Inst. Water Poll. Control.2, 3-7 (1966) 

Harwood J.E., Huyser D.J. 
Water Research 4, 501-515 (1970) 

Bolleter W.T. 
Analytical Chemistry 33, (4), 592-594 (1961) 

Dunlop E.H., Cox L.R., Gazzard B.G., Langley P.G., 
Weston M.J., Williams R. 
Medical and Biological Engineering 14, 220-226 

(1976) 

Holloway C.J. 
Artif. Organs 3, (1), 15-19 (1979) 

Webster L.T. 
J. Lab. Clin. Med. 56, 426-431 (1957) 

Phear E.A. 
Clin. Sci. 15, 93-117 (1956) 

Benjamin L.E., Steele R.D. 

Amer. J. Physiol. 24, G503-508 (1981) 

Morgan M.Y. 

Gut 23, 362-370 (1982) 

- 279 -



77.6 

78. 

79. 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

91. 

92. 

93. 

Onstad G.R., Zieve L. 
Gastroenterology 77, (4), 803-805 (1979) 

Dawson A.M. 

Gut. 19, 504-509 (1978) 

Weber F.L., Veach G.L. 
Gastroenterology 77, (5), 1166 (1979) 

Weber F.L., Veach G.L. 
Gastroenterology 77, (2), 234-240 (1979) 

Eastham R.D. 
"Biochemical Values in Clinical Medicine! 
6th Edn. Wright and Bristol (1978) 

Schiff L., Schiff E.R. 
"Diseases of the Liver! 
5th Edn. L.B. Lippincott Co., Philadelphia (1982) 

Clark G.M. 
New Eng. J. Med. 259, (4), 178-180 (1958) 

Bromberg P.A., Robin E.D., Forkner C.E. 
J. Clin. Invest. 39, 332-341 (1960) 

Bretagne J.F. 
Gastroenterology Clinique et Biologique 5, (3) 
354-355 (1981) 

Staben J.R. 

J. Clin. Invest. 38, 373-383 (1959) 

Lehninger A.L. 
"Biochemistry' 
2nd End. Worth (1970) 

Lockwood A.H. 

J. Clin. Invest. 63, 449-460 (1979) 

Bessman S.P., Bessman A.N. 
J. Clin. Invest. 34, 622-628 (1955) 

Keynes W.M. 
Annals of Surgery 173, (4), 604-612 (1971) 

James J.H. 
Lancet 2, 772-775 (1979) 

Hindfelt B., Plum F., Duffy, T.E. 
J. Clin. Invest. 59, 386-396 (1977) 

Ehlich M., Plum F., Duffy T.E. 
J. Neurochem. 34, (6), 1538-1542 (1980) 

- 280 -



94. 

95. 

96. 

97. 

98. 

99. 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

Anderson-Price S., McCarty-Wilson L. 
'Pathophysiology: Clinical Concepts of Disease 
Processes! 
2nd Edn. McGraw-Hill (1982) 

Sherlock S. 
Gastoenterology 41, (1), 1-8 (1961) 

Hoyumpa A.M., Desmond P.V., Avant G.R., Roberts P.K., 
Schenker S. 
Gastroenterology 76, (1), 184-195 (1979) 

Crossley I.R., Wardle E.N., Williams R. 
Clin. Sci. 64, 247-252 (1983) 

Soeters P.B., Fischer J.E. 
Lancet 2, 880-882 (1976) 

Stahl J. 
Annals Intern. Med. 58, 1-24 (1963) 

Schalm S.W., Van Der Mey T. 
Gastroenterology 77, 231-234 (1979) 

Walker C.0., Schenker S. 
Amer. J. Clin. Nutr. 23, (5), 619-632 (1970) 

Prior R.L., Clifford J., Visek W.d. 
Amer. J. Physiol. 219, (6), 1680-1683 (1970) 

McKhann G., Tower D. 
Amer. J. Physiol. 200, 420-424 (1961) 

Traeger H.S. 
Metabolism 111, (2), 99-109 (1954) it 

Jakubke H.D., Jeschkeit H. 
"Amino Acids, Peptides and Proteins: An 
Introduction 
Macmillan Press Ltd. (1977) 

Greenstein J.P. 
'Chemistry of the Amino Acids! Vol. 1 
J. Wiley and Sons NY (1961) 

McElroy W.D., Glass B. 
'A Symposium on Amino Acid Metabolism! 
Baltimore, John Hopkins Press (1955) 

Bloomgarden Z.T., Liljenquist J. 
Amer. Physiol. Soc. 241,(1), B90-100 (1981) 

Rudman D. 
Amer. J. Clin. Nutr. 26, 916-925 (1973) 

- 281 -



110. 

VA A6 

112. 

113. 

114. 

115. 

116. 

Tite 

118. 

VAG: 

120. 

et. 

122. 

leds 

124. 

125. 

126. 

Gimmon Z. 
Gastroenterology 79, (2), 1020 (1980) 

Zieve L. 

Gastroenterology 76, (1),219-221 (1979) 

McCullough A.J. 

Gastroenterology 81, (4), 645-652 (1981) 

Fischer J.E. 
Surgery 78, 276-290 (1975) 

Fischer J.E. 
Surgery 80, 77-91 (1976) 

Fischer J.E. 
Dig. Dis. and Sci. 27, (2), 97-102 (1982) 

Record Co. Europ. J. Clin. Invest. 6, 387-394 
(1976) 

Hughes R.D., Chase R.A., Williams R. 
'Amino Acid Analysis' Chapter 17, 269-280 
Ed. Rattenburg,J.M. John Wiley & Sons (1981) 

Iber F.L. 
J. Lab. Clin. Med. 56, 417-425 (1957) 

Wu C., Bollman J., Butt H.R. 
J. Clin.. Invest. 34, 845-849 (1955) 

Huet P.M., Pomiier-Layrargues G., Duguay L., 
DuSouich P. 
Amer. J. Physiol. 241, G163-169 (1981) 

Smith A.R. 

Annals of Surgery 187, 343-350 (1970) 

Rossi-Fanelli F. 
Gastroenterology 83, 664-671 (1982) 

Synder S.H. 
Fed. Proc. 32, (10), 2039-2047 (1973) 

Iversen I.L. 

Lancet 2, 914-918 (1982) 

Axelrod J., Saavedra J.M. 
Nature 265, 501-504 (1977) 

Cohen R.A. 
Annals Intern. Med. 65, 347-362 (1966) 

- 282 -



VAT. 

128. 

29's 

130. 

731. 

132. 

133. 

134. 

135. 

136. 

137. 

138. 

139. 

140. 

Tht. 

Fischer J.E., Baldessarini R.J. 
Lancet 2, 75-79 (1971) 

Lam K.C. 
Scand. J. Gastroenterology 8, 465-472 (1973) 

Zieve L., Osten R.L. 
Gut. 18, 688-691 (1977) 

Fischer J.E. 
Brit. J. Pharmacol. 24, 477-484 (1965) 

Rossi-Fanelli F. 
Clinica, Chimica. Acta. 67, 255-261 (1976) 

James J.H. 
J. Neurochem. 27, 223-227 (1976) 

Fischer J.E. 
New Eng. J. Med. 293, (22),1152-1153 (1975) 

Hew J.T. 
Gastroenterology 74, 661-663 (1978) 

Andrade J.D. 
Trans. Amer. Soc. Artif. Int. Organs 18, 473-483 
(1972) 

Idezuki Y. 
Trans. Amer. Soc. Artif. Int. Organs 27, 428-433 

(1981) 

Cooney D.A. 
"Activated Charcoal and Antidotal and Other Medical 
Uses! 
Drug and the Pharmaceutical Sciences Vol 9. 

Marcel Dekker Inc. NY (1980) 

Chang T.M.S. 
Trans. Amer. Soc. Artif. Int. Organs 26, 593-597 
(1980) 

DeMyttenaere M.H. 
Trans. Amer. Soc. Artif. Int. Organs 13, 190-198 

(1967) 

Denti E., Luboz M.P., Tessore V. 

J. Biomed. Mater. Res. 9, 143-150 (1975) 
Chang T.M.S. 
Can. J. Physiol. & Pharm. 47, 1043-1045 (1969) 

= 283 -



142. 

1436 

144. 

145. 

146. 

147. 

148. 

149. 

150. 

151. 

152: 

153. 

154. 

155. 

156. 

157. 

Hughes, R.D., Langley P.G., Williams R. 
Int. J. Artif. Organs 3, (5), 277-279 (1980) 

Otsubo 0., Horiuchi T., Ochima T., Takai N., 
Tsunetsugu T., Inou T. 
Trans. Amer. Soc. Artif. Int. Organs 26, 124-128 (1980) 

Courtney J.M., Falkenhagen D., Holtz M., 
Schmidt R., Klinkman H.. 
Biomed. Applic. Polymers. 3-5, (1981) 

Skelly P.J. 
PhD Thesis 'The Design of Hydrogel Polymers for 
Artificial Liver Support Systems! 
Department of Chemistry, The University of Aston 

in Birmingham (1979) 

Hood R.G., Courtney J.M. 
Brit. Patent No..1,496,330 Dec. 30 (1977) 

Courtney J.M., Gilchrist T., Hood R., 

Townsend W. 
Proc. Eur. Soc. Art. Organs 2, 210-212 (1976) 

Rohm and Haas (UK) Limited 
'Technical Bulletin' (1981) 

Paleos J. 
Rohm and Haas Company (1969) 

Ton H.Y. 
Artif. Organs 3, (1), 20-26 (1979) 

Hughes R.D., Williams R. 
Int. J. Artif. Organs 4, (5), 224-229 (1981) 

BDH - Product No. 570204G 
'Ion Exchange Resins! 6th Edn. Nov. (1981) 

R. Kunin 
Rohm and Haas Company 
‘Ion Exchange! p1-17 in ECT 1st Edn. Vol. 8 

The Dow Chemical Company 
'A Laboratory Manual in Ion Exehange'(1982) 

Schechter D.C. 
Surgery Forum 9, 110-114 (1958a) 

Juggi J.S. 
Med. J. Australia 1, 926-930 (1973) 

Schechter D.C. 

Surgery 44, 892-897 (1958) 

- 284 -



158. 

159. 

160. 

161. 

162. 

163. 

164. 

165. 

166. 

167. 

168. 

169. 

170. 

171. 

172. 

Motycka S., Nairn J.G. 

J. Pharm. Sci. 68, (2), 211-215 (1979) 

Bruck S.D. 
J. Biomed Mater. Res. 7, 387-404 (1973) 

Pedley D.G. 
PhD Thesis 'Hydrophilic Polymers! 

Department of Chemistry, The University of Aston 
in Birmingham (1976) 

Goldberg E.P., Nakajuma A. 
"Biomedical Polymers: Polymeric Materials and 
Pharmaceuticals for Biomedical Use' AP (1980) 

Bruck S.D. 
Trans. Amer. Soc.Artif.Int.Organs 18, 1-8 (1972) 

Lemm W., Unger V., Bucheri E.S. 
Med. @ Biol. Eng. & Comput. 18, 521-526 (1980) 

Ikada Y., 
J. Biomed. Mat. Res. 15, 697-718 (1981) 

Rembaum A., Shen M. 

"Biomedical Polymers! p5-15, 141-160, 263-279 
Dekker Inc. (1971) 

Beugeling T. 
J. Poly. Sci: Poly. Symp. 66, 419-428 (1979) 

Van Der Does L., Beugeling T., Froehling P.E., 
Bantjes A. 
J. Pély. Sci: Poly. Symp. 66, 337-348 (1979) 

Abbou C., Leandri J., Auvert J., Rey P. 
Trans. Amer. Soc. Artif. Int. Organs 235 371-374 

(1977) 

SzycherM., PoirierV., Keiser J. 
Trans. Amer. Soc. Artif. Int. Organs 23, 116-124 
1977) 

Hoffman A.S. 
p200-262 in 'Science and Technology of Polymer 
Processing! 
Ed. Suh N.P. & Sung N.K. 
MIT Press, Cambridge (1979) 

Atwal U.S., Caesar P., Skelly, P.J., Tighe B.J. 

Biological Engineering Society, The Plastics & Rubber 
Institute, International Conference: Biomedical Polymers, 
Proceedings p299-300 Durham (July 1982) 

Atwal U.S., Caesar P., Skelly, P.d., Tighe B.J. 
Biomaterials in Artificial Organs: The Fifth Seminar, 
Abstracts p38 Strathclyde (September 1983) 

~coon—



173. 

174. 

175. 

176. 

177. 

178. 

179. 

180. 

181. 

182. 

183. 

184. 

185. 

186. 

Chang T.M.S. 
"ArtificialKidney, Artificial Liver, Artificial 
Cells' 
Plenum, NY (1978) 

Ching N.P., Nealon T.F., Gibbon J.H. 
T.A.M.A. 183, (5),350-351 (1963) 

Baillie H., Maini R. 

Int. J. Artif. Organs 1, (2),84-87 (1978) 

Berk P.D., Scharschmidt B.F., Martin J.F., 
Plotz P.H. 
Kidney Int. 10, $233-238 (1976) 

Williams R. 
Gut. 19, 578-583 (1978) 

Fischer J.E. 

Int. J. Artif. Organs 1, (4), 187-195 (1978) 

Tabata Y., Chang T.M.S. 
Trans. Amer. Soc. Artif. Int. Organs 26, 394-399 
(1980) 

Brunner G. 

Artif. Organs 3, (1), 27-30 (1979) 

Wolf C.F.W. 
Artif. Organs 4, (4), 279-284 (1980) 

Nealon T.F., Ching N. 
Trans. Amer. Soc. Artif. Int. Organs 8, 226-228 
(1962) 

Chaudhry N.C. 
Lancet 1, 1262-1264 (1962) 

Matthew H., Lawson A.H. 
'Treatment of Common Acute Poisonings' 
4th Edn. Churchill Livingstone (1979) 

Sparks R.E. 
Trans. Amer. Soc. Artif. Int. Organs 17, 229-235 
(1971) 

Nealon T.F., Sugerman H., Shea W., Fleegler E. 
J.A.M.A. 197, (2), 118-120 (1966) 

- 286 -



187. 

188. 

189. 

190. 

191. 

192. 

193% 

194. 

195. 

196. 

197. 

198. 

199. 

200. 

201. 

Stajié M. 
J. Forensic Science 4, 722-751 (1979) 

Rohm and Haas Company 
‘Summary Bulletin - Amberlite Polymeric 
Adsorbents' (1981) 

Heath A. 
Acta. Med. Scanda, 207, 455-460 (1980) 

Benowitz N. 

Clin. Pharmacol. Ther. 27, (2), 236-242 (1980) 

Hoy W.E. 
Annals Int. Med. 93, (3), 455-456 (1980) 

Ng C.0., Tighe B.J. 
Brit. Poly. J. 8, 78-82, (1976) 

Ng C.0., Tighe B.J. 
Brit. Poly. J. 8, 118-130 (1976) 

Tighe B.J. 
Brit. Poly. J. 8, 71-77 (1976) 

Pedley D.G., Tighe B.J. 
Brit. Poly. J. 11, 130-136 (1979) 

Allen P.W. 
'Techniques of Polymer Characterization' 
Butterworths (1959) 

Skelly P.J., Tighe B.J. 
Polymer 20, 1051-1052 (1979) 

Atwal U.S. 
‘Private Communication! 

Hughes R.D. 
Int. J. Artif. Organs 1, (3), 129-134 (1978) 

Stein G. 
Int. J. Artif. Organs 5, (2), 105-109 (1982) 

Chang T.M.S. 
"Artificial Cells! 
American Lecture Series Pub. I.N. Kugelmass (1972) 

= 287 -



202. 

203. 

204. 

205. 

206. 

207. 

208. 

209. 

210. 

211. 

212% 

213. 

214. 

215% 

216. 

James J.H. 
Lancet 2, 772-775 (1979) 

Morgan M., Milson J., Sherlock S. 
Gut. 19, 1068-1073 (1978) 

Piskin K., Chang T.M.S. 
Int. J. Artif. Organs 3, (6), 344-347 (1980) 

Shu C.D., Chang T.M.S. 
Int. J. Artif. Organs 3 (5), 287-291 (1980) 

Chang T.M.S., Malouf C. 
Artif. Organs 3, (1), 38-41 (1979) 

Eriksson S., Hagenfeldt L., Wahren J. 
Clin. Sci. 60, 95-100 (1981) 

Eriksson L.S. 
Gut. 23, 801-806 (1982) 

Hughes R.D. 
'Private Communication! 

Willson R.A., Webster K.H., Hoffman A.F., 
Summerskill W.H.J. 
Gastroenterology 62, 1191-1199 (1972) 

Willson R.A., Hoffman A.F., Kuster G.G.R. 

Gastroenterology 66, 95-100 (1974) 

Plotz P.H., Berk P.D., Scharschmidt B.F., 
Gordon J.K., Vergalla J. 
J. Clin Invest. 53, 778-785 (1974) 

Scharschmidt B.F., Plotz P.H., Berk P.D., 
Waggonner J.G., Vergalla J. 
J. Clin. Invest. 53, 786-795 (1974) 

Hughes R.D., Dunlop E.H. 
Biomat. Med. Dev. Art. Organs 5, (2), 205-221 (1977) 

Plaa G.L., Hewitt W.R. 
"Toxicology of the Liver' : Target Organ Toxicology 
Series. Raven Press NY (1982) 

Schaffner F., Sherlock S., Leevy C.M. 
'The Liver and its' Diseases' 
Intercontinental Medical Book Corp. NY (1974) 

- 288 -



217. 

218. 

219. 

220. 

Ral. 

Morris J.G. 
'A Biologist's Physical Chemistry: Contemporary 
Biology" 
Edward Arnold (1972) 

Dawson R.M.C., Elliot D.C., Elliot W.H., Jones K.M. 
'Data for Biochemical Research! 
OUP (1959) 

Thorn EMI (CRL) U.K. 
Private Communication 

Shimada K., Yano M., Shibatani, K., Komoto Y. 
Med. & Biol. Eng. & Comput. 18, 741-745 (1980) 

Harrow J.J. 
Trans. Amer. Soc. Artif. Int. Organs 27, 31-35 
(1981) 

- 289 -


