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ABSTRACT

The presence of an extensive enterorecirculation of amino acids between the
intestine and the body, a1lows for the removal of elevated systemic phenylalanine present
in the phenylketonuric condition, by oral administration of microencapsulated
phenylalanine ammonia-lyase[28]. The work presented in this thesis, had the main goal of
assessing the feasibility of phenylalanine ammonia-lyase (pAL) loaded collodion
microcapsules. in reducing elevated plasma phenylalanine concentrations to standard levels
in genetically mutated, ENU2 PKU mice, within a 30 day time frame. The distinguishing
aspect from similar previous studies, originated with the available animal mode!. Rather
than artificial induction of elevated phenylalanine plasma levels, the mice representing the
human phenylketonuric condition, were mutated strains. deficient in the enzyme
phenylalanine hydroxylase.

Companson of the in vitro enzymatic actlVJtles between free and
microencapsulated PAL, from three different sources, showed that upon encapsulation
-50% of the original activity was retained when the PAL source was from the yeast,
Rhodotorula graminis. Subsequent characterization of this high activity yield enzyme,
upon encapsulation, yielded a temperature optimum at 40 oC and a pH optimum at 8.5,
both values close to clinically relevant physiological conditions. Advantages to
encapsulating the free PAL, were confirmed when the storage stability of the immobilized
enzyme was enhanced both at 4°C and 25°C. Integrity of the collodion membrane was
maintained, as there was no significant leakage of PAL, following storage of the
microcapsules.

Evaluation ofMichaelis-Menten kinetic parameters, for both free and encapsulated
forms of the selected PAL, showed the following: the Km value remainell constant at

1735 ~ whereas Vmax was 1.2 JU1lol/mïn for free PAL and 0.90 JU1lol/mïn for
immobilized PAL. Further experiments yielded no significant change in the activation
energy, from 68.3 to 69.2 kJ/mol, after encapsulation. Considering a1so that experimental
and calculated effectiveness factors were within the range of 0.68 and 0.82, internai
diffusional resistances were not severe enough to he incorporated into reaction rate
evaluatioDS.

The first in vivo study established a method for oral1y Ît.-";(\ing microcapsules, over
30 consecutive days, by mixing with soft, unripened cheese. Under this unique regime a
decrease of 51.3% ±9.02"/0 in phenylalanine plasma levels was observed after 23 days.
Reduction in the phenylalanine plasma levels to within the desired maintenance range of

250-1000 JU1l011L was observed in 2 out of 4 PAL treated mice, with only 50% of the
PAL dose used in previous rat studies by Bourget and Chang[3,5]. The second anirnaI
study confirmed the finding in the first study that, there is no significant decrease in the
plasma phenylalanine levels within the first seven days oftreatment.
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RESUME

La présence d'une entérorccirculation extensive d'acides aminés entre l'intcstin ct le
corps, permet l'élimination du taux élevé de phénylalanine systémique. présent lors de la
condition phénylkétonurique par l'administration orale de la phénylalanine
microeneapsulée. Le but essentiel du travail présenté dans cette thése est d'évaluer la
practieabilité des microcapsules en collodion replies de PAL. pour réduire la concentration
élevée du phénylalanine dans le plasma jusqu'au taux normal. chez les souris ENU2 PKU
génétiquement mutées, en 30 jours. Ce qui distingue cette étude des efforts précédents est
la dispomoilité du modèle animal. Au lieu d'enduire artificiellement des taux élevés du
phénylalanine. une lignée mutée de souris dépourvues de l'enzyme phénylalanine
hydroxylase réprésente la condition phénylkétonurique humaine.

La comparaison des activités enzymatiques ill ~'ilro entre la PAL libre et
microeneapsulée prover.ant de 3 souris différentes, a montré qu'une fois eneapsulée 50"10
de l'activité originale de l'enzyme était conservée pour la PAL en provenance de la levure
Rhodotorula gramillis. La caractérisation subséquente de cette enzyme à haute activité
après l'encapsulation, a permis d'obtenir les cocditions optimales de fonctioMement. n
s'agit d'une température de 40 oC et un pH de 8.5, des valeurs proches aux conditions
physiologiques et pertinentes cliniquement. Les avantages d'encapsuler la PAL bore, sont
devenues évidentes, lors de l'amélioration à 4 oC et 2S OC, de la stabilité de conservation
de l'enzyme encapsulée. L'intégrité de la membrane en coUodion était maintenue, car il n'y
a eu aucun passage significatif de PAL à travers la membrane lors de la conservation des
microcapsules.

L'évaluation des paramètres cinètiques Michaelis-Menten, pour l'état libre et
encapsulé de PAL, a montré que la valeur de Km restait constante à 1735 pM, tandis que
Vmax était 1.2 Ilmollmin pour la PAL bore et 0.90 Ilmollmin pour la PAL immobilisée.
De plus aucun changement significatifd'énérgie d'activation variant de 68.3 à 69.2 kJ/mol
après l'encapsulation fut observé. Ayant tenu compte du fait que les facteurs d'éfficacité
variaient entre 0.68 et 0.82, les résistances internes à la diflùsion n'étaient pas assez
importantes pour être incluses lors de l'évaluation des taux cinétiques.

La première étude in VÏlIO a établi une méthode pour l'administration par la voie
orale des microcapsules mélangées avec du fromage doux, Ricona, pendant une période
de 30 jours: Sous ce régime unique une baisse de 51.3%:!: 9.2% en taux de phénylalanine
fut observée après 23 jours. Cette réduction en taux de phénylalanine du plasmajusqua'au
niveau d'entretien désiré de 250-1000 llmollùt observée chez 2 sur 4 souris traitée, ayant
eu seulement besoin de 50"10 du dosage PAL utilisé auparavant par Chang et Bourget. La
seconde étude animale confirme la conclusion de la première; ainsi il n'y a aucune baisse
significative des niveaux élevés de phénylalanine dans le plasma au cours des sept premiers
jours du traitements.

ü
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PAL phenylalanine ammonia·lyase

PAH phenylalanine hydroxylase

phE phenylalanine

Hb hemoglobin

conc concentration

nm nanometer

micrometer

Thiele modulus

• 1'\ effectiveness factor

S.D. standard deviation

MW molecular weight

gl gastro-intestinal

NOMENCLATURE

D diffusion coefficient

k reaction rate constant

1'\ intrinsic viscosity

Ra Stoke's radius

T absolute temperatu.-e

• Pp particle density
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1.0 INTRODUCTION

Phenylketonuria (PKU) is a genetic disorder of phenylalanine (phE) metabolism,

characterized by a deficiency in the enzyme phenylalanine hydroxylase (PAH) [56). This

results in failure to hydroxylate the amino acid phenylalanine to tyrosine. leading to an

excessive accumulation of phenylalanine in the blood. PKU patients are presently treated

with reduced phenylalanine diets. which are unpalatable, as weil as difficult to implement

and monitor in young patients. If phenylalanine levels are not controlled. severe mental

deficiencies result. The oral administration of microencapsulated enzyme, phenylalanine

arnmonia-Iyase (pAL), will be examined both in vitro and in ~'i~'o, in order to assess its

potential use in treatment of human PKU patients. Specifica\ly. the effectiveness ofdaily

oral administration of microencapsulated PAL to phenylketonuric mice in reducing plasma

phE levels within 30 days, will be exarnined. The availability of PAL from a yeast source

overrides the restrictions imposed by large sca\e isolation and purification of mamrna1ian

tissue enzymes.

The use of artificial cells in the treatment of PKU has been studied previously by

Bourget and Chang in 1987[3,5,6,28]. The study was aimed at determining the effect of

various amounts of rnicroencapsulated enzyme on the serum phenylalanine levels in PKU

induced rats. Systernic phenylalanine blood levels were ehernica\ly increased by 15-20 fold.

Microcapsules containing 5 units of PAL, given to 150 gram model PKU rat, lowered the

systernic phenylalanine level to 20 % ±8 % ofthe original level in 7 days. This level was

not significantly different from that ofnormal rats. At the time it was thought that most of

the phenylalanine removed was from ingested food, thereby preventing reabsorption.This

1
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bcing the case. many thought that this approach was not different from a phenylalanine

free diet. More recently. Chang et al[28,29]. showed that there is an extensive

recirculation of amino aeids which comes from the body rather than from ingested food.

The 'theory of enterorecircuIation of amino acids' was thus proposed. harnessing the

specificity of microencapsulated enzymes towards selectivcly depleting undesirable body

amino acids[28,29].

In the present study, instead of having the phenyIketonuric condition chemically

induced. it was available through genetically mutated homozygous (ENU2) mice[57]. thus

representing a doser correlation to the genetically inherited human PKU condition.

However, the difficulty of knowing whether this modeI is a suitable model for enzyme

therapy, the aim ofthis study was also to assess whelher these animais cao indeed be used

as a model for experimental enzyme therapy. Several factors which were considered in the

pOlential use of ENU2 mice invoIved their smalI size and extremely feeble condition, as

weil as the fact that normal phenylalanine hydroxyIase activity is ten times higher in mice

than in humans[47].

In addition to the assessment of the in vi\'o performance of microencapsulated

phenylalanine ammonia-lyase, severa\ in vitro charaeteristics of the enzyme were also

delermined. Briefly, characterization of the enzyme involved assessment of the activity

between free and encapsulated (immobilized) enzyme from various sources, kinetic

parameters. temperature. pH and storage stability profiles, extent ofenzyme leakage from

the microcapsules as weil as a determination of whether the enzyme kinetics are mass

transfer or reaetion limited.

2
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2.0 BACKGROUND

2.1 INBORN ERROR5 OF METABOLl5M

lnborn errors of metabolism occur as a result of mutant genes transmilted to

offspring. They are charaeterized by the absence of a metabolic enzyme or a disorder of

enzyme activity. Such deficiencies can result in the reduction. the absence or the

overproduetion of a specific metabolic pathway. The severity wiil depend on (a) whether

the blocked metabolic pathway is essential (b) whether the metabolic pathway block is

complete and (c) whether metabolites which are increased are toxic to the

organism[14,37]. Approximately 300 inborn errors of metabolism, with important

nutritional consequences, have been discovered. Mental retardation is a ncarly constant

finding, and the treatment for such disorders is mainly dietaly. lt bas been found that, if

diet treatment is started carly enough in infancy, serious mental and physical deficiencies

may be elirninated.

2.2 PHENYLKETONURIA

Phenylketonuria is an inborn error involving amino acid metabolism. lt was

discovered in 1934, when Dr. Asbjorn Folling , added ferric chloride to the urine of two

siblings. The urine tumed a deep green color indicating the presence of phenylpyruvic

acid. 13ter, he confirmed that phenylketonurics contain high blood and urine phE

leve1s[45]. In 1947, the metabolic defeet was identified, as shown in Figure l, to being the

black laying between phE and tyrosine.

3



•

•

•

O H HO) OH H 0C-C-C' Ph.nyl.l.ninl) HO _ _ 1/
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Figure 1. ElI:yme defeel ill humall PKU[6-IJ.

The enzyme phenylalanine hydroxylase (PAH) is missing and there is failure to

hydroxylate the amine acid phE to form tyrosine. This results in the accumulation of

excessive amounts of phE in the blood. Phenylpyruvic acid and other abnormal phE

metabolites are excreted in large amounts in the urine. PhE is an essential amine acid

involved in protein synthesis i:. mamrnalian tissues. The daily requirement is much gi'eater

during early infancy and decreases as growth rate slows. The major metabolic pathway is

through enzymatic conversion to tyrosine. Tyrosine is then further metabolized to

dopamine and norepinephrine. essential components to the central nervous system, as

shown in Figure 2[1].

Figure 2. Normal metabo/icjl(JW ofphEand tyrosïlle[64j.

4
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There are two recorded classes of distinct PKU discase: (a) the classical PKU

having no PAH activity and leading to mental retardation if untreated and (b) a milder

variation which has 1.5-35.4% enzyme activity compared to a normal group. which does

not necessarily lead to mental retardation even ifuntreated[55].

The excessive accumulation of phE and its abnormal metabolites prevents normal

development of the brain and central nervous system. This process can be arrested but not

reversed through the use of proper dietary management. The clinical manifestations from

carly infancy are: severe mental defects. lightening in skin, hair and eye color. strong

aromatic odor to the urine, vomiting, eczema, irritability and unusual mannerisms. Early

diagnosis and treatment are paramount to preventing cerebral damage. Diagnostics tests

are available, and intensive detection programs are currently in progress on a national

scaJe. The incidence ofPKU is 1 in every 10000 infants and is transmitted by inheritance

ofan autosomal recessive gene carried by 1person in 50.

2.3 DIETARY TREATMENT

AlI food protein contains approximate1y 5% ofphE. The objective ofthe diet is to

lower the abnormally high phE (15-6Omgll00mL serum) in the body to safer leve1s

(206mg), while supplying an adequate amount for growth and development. The basis of

the diet is a specially prepared protein substitute from which mos! of the phE has been

removed, along with the elimination of all dietary protein foodstuffs. Special phE

restricted acid mixtures or milk preparations, complete in all other constituents are

available commercially under the trade names Ketonil, LofenaJac and EnaI[l]. These

5
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mixtures are unpalatable and their administration frequently meets with considerable

resistance.

Serum level determinations are necessary for dietary adjustment every 2 to 4

months. As saon as the serum phE retums to normal, additional protein, including phE is

added to maintain leveIs between 2.0 and 8.0 mgllOOmL while allowing normal growth

and development. For infants, a small suppkment feeding of 1 to 2 ounces of milk is

necessary to insure normal serum levels, prevent growth retardation. anemia,

hypoglycemia and maintain normal nitrogen balance. Although PKU infants are believed

to be normal at binh, unless the deticiency is detected and treated early in infancy. mental

retardation will occur by the end ofthe tirst year[1].

2.4 SCREENING METHOOS

Initially. urine samples are examined for phenylpyruvic acid. A green color is

produced when renic chloride is added or a red color is produced when

2:4-dinitrophenylhydrazine is added to PKU urine. Positive tests are confirmed with a phE

blood leve\ determination. Regulation ofdietary phE intake, gives better final IQ results,

when determined through blood concentrations rather than when just the urine is kept free

from phenylpyruvic acid.

There are eight methods for serum or plasma phE leve\ determinations: (a) Paper

chromatography[45] (b) Guthrie microbiological inIu"bitioD assay[35,45] (c) Enzymatic

decarboxylation[45] (d) Kapel1er-Adler reactïoD[45] (e) Snake venom L-amino acid

oxidase reactïOD[45] (f) Moore and Stein oo\umn[45] (g) Shen and Abe\l
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spectrophotometric method[58] (h) F1uorometric spectrophotometry[46]. Only methods

(b), (g) and (h) are considered from an economical, practical and sensitivity perspcctive.

The v.idely used, simple Guthrie assay is based on the fact that the inhibition of the

groWlh of Baeil/lls slIbtlllis by thienylalanine in a minimum culture medium is specifically

prevented by phE, phenylpyruvic acid and phenylactic acid[35,45]. This test will

demonstrate elevated phE blood levels below 20 mg per ml, which is valuable in delccting

PKU in early infancy. The assay employs smaliliiter paper discs. impregnated with blood

or urine, placed upon the surface of an agar culture medium. This test is simple for

screening large populations and since the arnount of blood required is small and collected

on a filter paper, it cao be used for small infants[35].

The Shen and AbeU method involves the simultaneous deterrnination of plasma

phE and tyrosine in a quantitative spectrophotometric assay. It is based on the conversion

of phE and tyrosine by yeast phenylalanine ammonia-lyase to trans-cinmmic acid and

trans-coumaric acid, respectively. Sample incubation and deproteinization is not required.

The amount of tyrosine in the sample is determined directly by measuring the rate of

increase of absorbance of trans-coumaric acid at 315 nm. Trans-cinnamic and

trans-coumaric acid absorb at 290 nm, thus, phE is determined by difference at this

wa'·elength[58].

Although these two methods are simple and rapid, they do not offer the accuracy

and sensitivity of the f\uorometric method[46]. When a presumptive positive, (> 6 mg

phE/loo mL blood) phenylketonuric is detected, confirmation is required by quantitative

methods such as automated amino acid analysis or f1uorometry. Due to its high sensitivity,
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fluoromelry permits the assay of small amounts. To enhance sensitivity, oxidized forms of

the compounds are treated with alkali, to yield a strongly fluorescing compound, in

addition to using a selective filter. The overall sensitivity of this method is a thousand

times that ofabsorption photometry.

Sigma Biochemicals Division produces a kit that enables accurate fluorometric

testing of ph:::[59]. It is based on the reaetion between phE and ninhydrin and is preferred

for quantitative use in the clinical settings from the standpoint of simplicity, sensitivity and

cost. The methodology originated in 1958 by the addition of the peptide glycyl-D-L-phE,

enhancing the fluorescence in the reaction of phE with ninhydrin. Modifications by

McCaman and Robins rendered the procedure more sensiûve and specifie for phE, by

adding L-leucyl-L-alanine and modifying the pH with suecinate buffer[46]. Sigma has

further modified the succinate buffer, opûmized the ninhydrin soluûon and introduced a

second incubaûon step, minimizing the contnouûon of other fluorescing serum

eonstituents. This method a110ws phE to be seiectively measured quanûtaûveIy and

requires only a few microliters ofserum.

2.5 ENCAPSULATED PROTEINS IN ARTIFICIAL CELLS

The ulûmate goal in the therapy of inbom errors of metabolism is to supply the

missing or defective protein. This can be difficu1t ifa highly purified enzyme is required to

prevent toxicity and ifenzyme will be {ccognized as foreign giving rise to immunologicaI

rejection. These problems are successfùlly circurnvented by employing the

microencapsulaûon technologies pioneered since 1957, by Dr. T.MS. Chang, in forming
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artificial cells[14]. These technologies fonn one of the four major approachcs of

bioreactant immobilization: (a) adsorption (b) covalent linkage (c) matrix entrapment and

(d) microencapsulation[24]. AIl involve retaining enzymes, cells, microorganisms or other

biological materials(17). The first three involve models associated with biological

membranes in a rnicroenvironment. However. microencapsulation involves a model in

which the enzymes are found intracellularly within microscopie membranous containers,

similar to biological cells. Microencapsulation technology will be the focus of this work.

2.5.1 Properties and Functlons: Artificial cells are designed to take

advantage of the simple properties ofbiological cells(18). The most significant ofthCSl: is

the large surface area to volume relationship which allows extremely rapid exchange and

equilibration of penneant solutes across the membrane [23,27]. At sirnilar sizes to

biological ce1ls, artificial cells yield an exchange area of 2.5 cm~ in 10 mL of 20 /1III

diar.Jeter rnicrocapsules[17]. Cells can be prepared to ultrathin membrane thickness of

0.02 J.lIl1, with an equivalent pore radius of1.8 nm[27).

Enzymes are mostly intrace1lular and carry out their functions by acting on

substrates which cross the ce1l membrane passively or actively. The intracellular

environment a1lows enzymes to be in doser proximity with specifie substrates[27]. The

standard lOg/dL lib solution present in mos! artificial cell preparations provides an

intrace1lular environment comparable to red blood cells and a1lows encapsulated enzymes

to be stabilized by a high protein concentration, without leaking out. However. due to the

high concentration ofenzymes within artificial cells, membrane restriction to free substrate

9



• diffusion and enzyme inactivation during preparation, assayed activity of encapsulated

enzymes can vary - 30 % ofthe enzyme in free solution[27].

If a foreign, free enzyme solution is injected in the body, hypersensitivity

reactions, anlibody production and inactivation will occur. The artificial membrane, as

iIIustrated in Figure 3, proteets the enclosed enzyme from immunological antibody

rejeetion and tryptic enzymes, thus warranting ils use in enzyme therapy.

•

suesTRATrs-4----

ANT'8001tsy~

LrUCOCYTES@ . OUTAUCTM; sua

•

Figurr 3. Schematie representatioll ofprillciple ofimmobili:edell..Jlmes withil/ artifieial

eel/s. Permeant molecules e1lter cell0IId exitfollowillg cOllversioll[23J.

Membrane compositions have been varied substantially over the years, as shown in

Figure 4. and can be fonned from synthetic polymers. biodegradable materials. proteins.

lipids or synthetic polymers[24]. Artificial cells used in medicine and biotechnology may

contain a variety of contents[14.1S.16]. Table 1 Iists some of the different types of

artificial ceIIs aVllllable and their areas ofmedical application[17. 19]:

10



Artificia! Cell CQntents
1. Adsorbents

Contents Rnd AppliCfttions of Mkrot'RpSu1a

•
TABLE 1:

2. HemQglQbin Qr FluQrocarbQns
3. Living Cells

4. Lipid-Membrane Cells
5. Enzyme Systems

Application
1. Trcatments of: acule drug PQisQning. high

bloQd aluminum. iron. kidney and
Iiver failure

2. Transfusion: red blood cclI substitutes
3. Trcalments Qf: diabetes. Iiver failure

(bilirubin, cholesterol)
4. Drug carriers (targeters)
S. a) Treatments Qf: hereditary enzyme

deficiency diseases
b) CQnversion Qfwastes: urea, ammonia,
c) PrQductiQn Qf: monoclQnal antibQdies.

inlerfcrQns. biQtecMQ!Qgy products
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Figure 4: VariatiQns in artificial ceIJ membrane compositiQns and configurations[27].

2.5.2 PreparatIon Techniques: The techniques availab!e fQr preparing

artificial ceIJs are: (a) emulsiiication for smaD ceIls (b) drop techniques for Iarger cells (c)

u1trathin membrane coatings fQr sorbent containing ceIJs[23].
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Emulsification techniques for preparing mierocapsules ranging between 1 and 100

J1, can be formed la) physically: by interfacial coacervation, IC. (interfacial precipitation),

where polymer is deposited around emulsified aqueous droplets forming a collodion

(cellulose nitrate) membrane, or (b) chernically: by interfacial polymerization, IP,

(interfacial polycondensation) as in the formation ofa nylon membrane[2,14].

Interfacial coacervation describes the salting out or phase separation, of Iyophilic

colloids into liquid droplets rather than solid aggregates. With coacervation a solid

precipitate is not formed, instcad a polymerie phase consisting of liquid droplets is

formed. During encapsulation these droplets encompass the original dispersed phase. Wall

formation occurs when the wall material is caused to separate out into Iiquid coacervate

droplets by the addition ofa hydrophilic material. In contrast, interfacial polymerization is

defined as polymerization which takes place at the interface of two or more immiscible

Iiquids[41]. Emulsification methods give a high recovery of enzyme activity and both

techniques revolve around the following three main steps[14]:

1. Emulsification or dispersion ofprotein solution in an immiscible organi" Iiquid:

(a) lC: water saturated ether solution

(b) IP: chloroform-cyclohexane

2. Addition ofa suitable coating material to the above emulsion, lcading to formation ofa

permanent polymer membrane at the interface ofcach emuisified rnitrodroplet:

(a) lC: collodion (cellulose nitrate)-ether solution

(b) IP: sebacoyl chloride containing cyclohexane-chloroform Iiquid

12
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3. Following a certain incubation time, the microcapsules are stabilized by transfer from

the organic liquid phase into an aqueous medium, washing \\;th detergent,

centrifugation and resuspension in an appropriate aqueous butrer:

(a) le: (1) n-butyl benzoate (2) Tween 20 detergent solution (3) aqueous butrer

(b) IP: (1) Tween 20 detergent solution (2) aqueous butrer

Emulsification procedures require a high concentration of Hb to provide a stable

intracellular environment and facilitate capsule sphericity with a high protein osmotic

pressure [14,16,24,25]. The enzymes are suspended in Hb solution and the final mixture is

adjusted to ensure a final concentration of 1Ogll OOml and a pH of 8.5. Microcapsule

diameters depend on the degree ofemulsification by variations in the mixing speed used to

form the emulsion. Membrane thickness is determined by concentration of the materials

used. In this work interfacial coacervation was used to form ceUulose nitrate membrane

microcapsules. The preparation steps are summarized in Figure S.
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Figure 5. Schematicjlowsheet ofthe variousphases i1ll'Olvedinpreparing

microcapsules by interjacial coacervation (precipitatioll)f23}•
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2.6 ENZYMES IN METABOLIC DEFICIENCY TREATMENTS

In 1968, Chang and Poznansky showed that implantation of semipenneable

microcapsules containing catalase can be used to counteract catalase deficiency in

acatalasaemic mice(I8]. The idea of encapsulated er.:.:ymes for enzyme replacement

therapy arose from previous in vivo studies in which microencapsulated urease efficiently

con\lened body urea to ammonia, when the capsules were injected intraperitoneally,

[14,15,16], or placed in an extracorporeal shunt system[13].

In a clinical trial reponed by Chang in 1989, anificial cells containing xanthine

oxidase successfully remo\led elevated hypoxanthine in Lesch-Nyhan disease, a deficiency

of hypoxanthine phosphoribosyltransferase[13]. Hypoxanthine is a precursor to toxic

superoxide radicals . Following treatment, hypoxanthine levels fell in one week[22].

Khanna and Chang, in 1990, again demonstrated the use of collodion

microcapsules by encapsulating 2-histidine ammonia-Iyase. Histidine was successfully

depleted in vitro to 40"10 ofits original value. This may be useful in treating histidinemia,

where the defecti\le enzyme is L-histidine ammonia-lyase[39].

Ofspecial interest are the results presented by Bourget and Chang, in 1984, 1985,

1986, 1987[3,4,5,6,7]. Microencapsulation of the enzyme phenylalanine ammonia-lyase

(pAL) was developed for in vivo depletion of systemic phE within induced

phenylketonuric rats. Systemic phE blood leve1s were chemicaIJy increased by 15-20 fold

with daily intraperitoneal injection of l00mg/kg phE and 300mg/kg

para-chlorophE-phE[28]. Daily oral administration of 5 units of PAL loaded collodion

artificial ceIIs lowered the systemic phE level by 35% ±8% in 2 days and by 75% ±8%,
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i.e. to nonnal levels, within 6 days. Compared to non-treated rats, treated rats did not

show signs ofabnonnal behaviour or weight loss.

By administering microcapsules orally, Chang and Bourget circumvented problems

associated with parental administrations: long-tenn surgical intervention. infection. chronic

fibrotic reaction and accumulation of immobilized material in the body(5,15). However,

this approach was originally believed to serve only in removing phE from food, thus not

much different from diet treatment. Consequently, there was not much interest in

microencapsulated enzyme systems. Only protein from ingested food, digested by tryptic

enzymes was thought to fonn the major source of intestinal amino acids. These digested

proteins, are then absorbed as they pass down the intestinal tract. Pancreatic and other

g1andular secretions were thought to fimction only in supplying the required digestive

enzymes. As such, the contribution ofthese secretions as a source ofintestinal amino acids

was not thought to be significant.

2.7 ENTERORECIRCULATION THEORY OF AMINO ACID5

Chang, Bourget and Lister, in 1989, proposed a new theory ofenterorecircuJation

of amino acids in which the major source of intestina1 amino acids is from gastric,

pancreatic and intestina1 secretions(28,29]. Tryptic digestion converts the proteins,

enzymes, polypeptides and peptides from these secretions into amino acids, which are

reabsorbed back to the body as they pass down the intestine. A large amino acid

enterorecirculation between the body and intestine is thus fonned and this theory led to
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hamessing' the specificity of microencapsulated enzymes towards sclectively depleting

undesirable body amine acids[28.29].

Thus. dietary protein was shown not to be the major source of intestinal amino

acids. as experimentally there was no difference in the duodenum betwecn n'Ûce on nonnal

diet and mice on protein·free diet[28]. Figure 6 illustrates the difference between the

classica1 theory of amino acid digestion and the new theory based on an extensive

recircuIation ofamino acids from a larger body pool.

AMINO ACIDS
fNZVlol(VAOUIHS§ÇTC BODY POOL ..-

'1l0t0l PANOlf"TIC 1

Clt."tCJU..\1l RCRElIONS

•• \Io .....4t~.:....'v ..~\... ' .. t.·~~~ ~

NTESTINE
-=-=::~""'~_'IIlI:"""I"!"·~_IIZ:II::::~_k5_*",iD=;-;:II_iU~_'i' .::.::JIL." Ci -=:a;:w

fNZYIEa"AOTEINS [TC
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PAOTEINS(N '000) TA PTIC
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AMINO ACIDS
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•

Figu~ 6. (a) C/assicol represelllation ofabsorption ofamino acids derivedfrom

dierary sources.

(h) Theary ofenterorecircuJation ofamino ocidsfrom bath diet and bodily

secretions. the /atter heing the major contributor[28J•
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Thus, a phE-free diet is not as effective as anificial ceUs in lowering blood phE.

Artificial ceUs containing PAL not only removed phE from food entering the

gastrointestinal tract, but also phE passing from the blood into the tract. CompaJ1mental

anaIysis of phE levels in the tract, blood, cerebral spinal f1uid, and brain tissue showed that

PAL anificial cells cao lower phE in ail these areas[28]. Microencapsulation is crucial as it

prevents the entry ofintestinal tryptic enzymes that otherwise would destroy PAL[19].

Previous studies using anificial ceUs immobilized asparaginase, glutaminase and

tyrosinase also suggested the presence of an amino acid enteropoJ1a1 recirculation. Six

hours after 1 oral administration lowered the corresponding levels in the small intestine to

10"10 of the control[29]. Since the concentration of amino acids in the small intestine is

generally 100 times higher than in the plasma, repeated long-term administration would

result in depleting the specific substrate from the body, preventing recirculation [29].

2.8 PKU ENZYME THERAPY WITH PAL

Due to the existence ofan enterorecirculation of amino acids, oral dosing of PAL

anificial cells was found to be more effective than phE-free diet in reducing phE from the

intestinal tract., plasma and cerebrospinal f1uid, thus preventing undesirable reabsorption

back into the body[28].

Although the enzyme for a perfeet human enzyme replacement would have been

Iiver PAH, it is very unstable and requires cofactors. There are also problems ofexpense

and labor, re\ated to large sca\e isolation and purification of multienzyme systems from

mamma\ian tissues[4]. Wrth progress in biotechnology, PAL, E.C.4.3.1.5., moleèular
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• weight 303 000 daltons, is avaiJable (rom various sources and eonverts L-phE, by

monoxidative deamination. into trans-cinnarnie acid (reA) and ammonia, both non-toxie

compounds to humans. This reaetion is simply iIlustrated in Figure 7. Microcncapsulation

results in good retention ofenzyme aetivity[19].

Phenylalanine

H Ammonia-Lyase0
O~ CH.-~-COO- ~ If •

_ 1 H

NHa

H
1
C
1
COO·

+ NH-4+

L-phenylalanine

•

•

Trans-cinnamic
acid

Figure 7. Reac/ion be/w!eenphE and tyrosine, ell;ymatically cata/y:ed by PAL[7]•

Three sources of PAL were available in this study. The first was obtained from

Sigma Co. and was derived from the yeast Rhodotoru/a g/util1is. PAL from this source bas

prcviously becn purified by saIt fractionation and sephadex chromatography. with a MW

estimated from 275 000 to 300 000[36]. The formation of TCA, the produet of phE

deamination, is monitored by the appearance ofoptical absorbance al 290 nm. The enzyme

is competitively inhibited by TCA and D-p~ and is inacti\'ated by cyanidc and

borohydridc. PAL absorption peak lies at 280 nm. Maximum activity was obtained at a

ternperature optimum of49 oC and a pH optimum of8.5. The enzymc's Michaelis-Menten

kinetic parameters, from double reciprocal plots, were estimated as : Km= 2S0J,IM
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and Ymax = 1.4Ilmoles/min(36). One unit of PAL was thus delincd as the amount thm

catalyzes the appearance of 1Ilmole ofTCA per minutc at 30 "C[SS).

The other two sources examined in this study were provided by lBEX

Technologies lnc. The tirst was again. puritied l'rom a yeast. this time R!lIIdo1lJrttlu

grClfllillis. The second IBEX PAL enzyme was derived l'rom a bacterial source.

specitically. E. coli. Physical and kinetic properties were not yet available as these

preparations are still in developmenl.

2.9 PHENYLKETONURIC ANIMAL MODELS

Mutant mice exhibiting heritable hyperphenylalaninemia have been isolated aller

ethylnitrosourea mutagenesis. One mutant homozygote pedigree in which PAH activity is

severely deticient, while other biochemical components of phE catabolism are normal. has

been detined by McArdle Laboratories in Wisconsin. USA[47]. Genetic mapping has

localized the mutation to murine chromosome 10 at or ncar the PAH locus. the structural

gene for PAH. This mutant phenotype. fully penetrant and transmitted as a single

autosomal recessive trait. provides a useful genetic animal model which permits

investigations restrieted to human beings.

To produce these mutants the a1kylating agent N-ethyl-N-nitrosourca was used.

creating the HPH-S mutant animal deficient in PAH. III vitro assay of the enzymes

involved in phE hydroxylation revealed that thcsc mutants were deticient in hepatic PAH

aetivity. The PAH ENU2 mice have a 10-20 fold elevated serum pIlE, severelyelevated
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urinary phenylketones and markedly deficient PAH activity in liver extracts. The miee

grow sIowly, have small heads, abscesses, rough, dull coats, hunched backs and exhibit

behavioural abnormalities. Young mutants also have balance problems, are uncoordinated

in swim tests, appear less alerl, Iethargic and display hypopigmentation. Adult sizes vary

between 18 and 35 grams[61].

Biochemical induction of the PKU phE state in experimental animais, with PAH

enzyme inhibitors and high phE concentrations, limits any formulation of the relationship

of high tissue levels of phE and its metabolites to impaired brain function. It cannot be

assumed that the critical factor in brain dysfunction is simply elevated levels of tissue phE.

Animal modeIs designed to test brain dysfunction should mect the genetic and biochemical

criteria ofhuman PKU: (1) absence ofliver PAR activity (2) persisten!ly elevated levels of

plasma and tissue phE (3) depressed levels of plasma tyrosine. Behavioural changes

associated with PKU are not reproducible in animais chemically induced past the period of

rapid brain development[44]. Lower brain weight and abnormal myelination processes are

also not obtained from chemical inductions but are readily available with a genetic mouse

model, rendering results more substantial in quality.
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3.0 THEORY AND EXPERIMENTAL ANALYSIS

3.1 ENZYME CHARACTERIZATION

Enzymes have several remarkable features lacking in nonbiological catalysts: (1)

extremely high catalytic activity (2) unique specificity ofaction and (3) ability to function

under rnild conditions. However, enzymes also suffer !Tom serious drawbacks (1)

instability under operational conditions (2) water-solubility renders separation from

substrates and products difficult[40].

3.1.1 Enzyme Stabllitv: A very important factor in the application ofenzymes

is their stability in concentrated, dilute and after mixing form. Enzymes must be stable

during long-term storage, in assay stock solutions and in the test mixture during the

reaction period at a given incubation temperature[2]. Stability can be improved by addition

of stabilizers such as g1ycerol, ammonium sulfate or sodillm chloride. by chemical

modifications, or by optimization of the enzyme's primary structure by protein

engineering[2]. The PAL preparations used in this study. were stabilized either in a 60%

g1ycerol solution or in a 0.75M, > O.75M ammonium sulfate solution. Pre-encapsulation,

ail preparations were stored al -20"c. and in encapsulated fonn were stored at 4°C. In final

fonn, the enzyme preparation should be !Tee of stabi1izers and preservatives that might

impair fi.mction. Concentration ofPAL by ultrafiltration will thus remove g1ycerol, known

to impair formation ofartificial membranes. Nonetheless, activity foUowing encapsulation

is highly variable, as some enzymes retain activity for weeks white others lose most in a

day[14].
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The proper choice of pH and temperature is also important for maximizing

enzymatic stability and thus activity in assay systems. The optimum pH range depends on

ionic strength and buffer type. It may also be influenced by temperature and substrate

concentration. For most enzymes, the pH optimum lies in the range from 5 to 7. The

temperature dependence of enzyme catalyzed reactions exhibits an optimum.. generally

between 40 and 60°c[2]. This is due to the thermodynamic increase ofreaction rate that is

followed by a steep drop and caused by thermal degradation of the enzyme. 1/1 vivo

applications however, impose an assay temperature of37"C.

3.1.2 Mlchaells-Menten Klnetlcs: The activity ofan enzyme depends on the

concentration of its substrates. A hyperbolic substrate dependence curve is characteristic

of an enzyme displaying Michaelis-Menten behaviour. Enzymatic reactions are composed

of IWO major steps. The fust is the reaction of enzyme (E) with substrate (S) to produce

an enzyme-substrate complex (ES). This reaction is reversible and subjected to the law of

mass action. The second is the breakdown of (ES) to produce free enzyme and produet

(P). Chemica1ly. this is expressed as:

kl
E+S­

k2

The concentration of the ES cvmplex depends on the concentration ofthe components E

and S. If E is constant, an increase of S yields an increased reaction rate, v. until aIl

enzyme is bound as ES complex. Under these conditions, the reaction rate reaches its

maximum v. Vmax, and the enzyme is saturated with substrate.

Using steady-state assumptions, the :ates of formation and breakdown of ES are

• thesame: kI[E][S] =k2[ES] + k3[ES].
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Substituting E =Er • ES. where Er denotes total enzyme. the f\lllowing expression is

obtained:

[ES] =[Er][S] 1«la + k3)lkl) + [5].

The term (la + k3)1k1 is the Michaelis-Menten constant. Km. Il is a mcasure of the

aflinity ofthe enzyme for its substrate and is defined as the substrate concentration at half

the maximal rcaction rate. Vmax. Typically. Km values follow an inverse relationship with

aflinity. The rate ofproduct formation is given by the expression:

v =k3[ES].

At very high substrate concentrations. virtually ail the enzyme is present as ES. In this

case,

v = k3[Et] = Vrnax.

This maximum reaction velocity. Vrnax, is the second Michaelis-Menten parameter

genera\ly evaluated. The rate of reaction can therefore be expressed in terms of Km and

Vrnaxas,

v = V=x[S) 1Km + [S].

and is known as the Michaelis-Menten equation. Linearizing. by taking the reciprocal of

both sides ofthis equation yie\ds,

11 v = (Km 1VrnaxXll [S) + 11 Vrnax,

known as the Lineweaver-Burk equation. lt indicates that a plot of (I/v) vs. (I/S) is a

straight line with a s10pe equal to (KmIVmax). a y-intercept of (INmax) and an

x-intercept of(-l/Km}.
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Ideally. the substrate concentration used in assays. must be high enough 50 that the

value of Km is neglected. The rate then approaches Vmax and is equal to the maximum

rate detined by the Michaelis·Menten equation. At this point the reaction follows pseudo

zero-order lcinetics, whercas prior to the maximum rate region, tirst or second order

kinetics are obeyed[43.62).

3.1.3 Reaction Ra!es: The aim of studying Michaelis-Menten kinetics is to

deter .:'le cxperimentally the rate of the rcaction and its dependence on parameters such

as concentration and temperature.

The rcaetion rate is expressed as the change in concentration of a rcaetant

molecule with time. For a stoichiometrically simple enzyme catalyzed rcaetion, such as

phE to TCA, if the concentration ÛlmolIIiter) ofphE at limes t, and t: is [R.J and [R.J. the

rate of the rcaction over this time interval is given by lR:-R,]/(t:-t,) = -d[R]/dt. The rate

can also be expressed in terms of the appcarance of a produet, however in this projeet

concentration deteetion methods were only developed for phE.

The rate ofa rcaction is not constant over all time intervals, but is proportiona! to

the concentrations ofthe reaetants raised to some power. The proportionaIity constant. k..

the rate constant. is affeeted only by temperature. This principle will come into effeet

when the temperature dependence of PAL activity is determined. FoUowing evaiuation of

the rcaetion velocities al various temperatures the corresponding rate constants will be

determined. As the phE concentration conditions will be chosen to be in the tirst order

regime of the MichaeIis-Menten kinetics curve, a first-order rate Iaw with respect to phE

will apply. Thus a plot ofln[R]/[RJ vs. t. will yield a straight line with s10pe = -k[ll).
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3.1.4 Enzyme Assays: Activity is reponed in terms of the standardized

International Unit. which is defined as the activity under optimized standard conditions.

eatalyzing the conversion of 1 ~mol of substrate per minute. For experimental kinetic

studies. well-mixed reactors are used sc that the reaction rate is spatially uniform.

Reaction rates are thus used to measure catalytic acti\ities. At time zero. solutions of

substrate and of an appropriate amount of purilied enzyme. free or encapsulated. are

mixed in a well·stirred iscthermal vessel containing a buffer solution to control pH. TIll:

substrate concentration is monitored at several time intervals later. The use of initial rate

data is preferred since reaction conditions arc known best at time zero. The initial slope of

the substrate concentration depletion vs. lime curve is then estimated from the data. This

approaeh is favored as it is reasonably reproducible.

Due to the particular structure of immobilized enzymes. specifie assays are

required in order to deterrnine their activity. At lcast !Wo different assay procedures are

used: one employs a stirred suspension in a vesse\, the other. a paeked bed or a column

reactor. Enzyme activity can be assayed continuously or batchwise. This study will use

bateh s!Jak;ng for ill ,"itro assessment of PAL activity. This will ensure simple acquisition

ofdata and replication of experimental conditions. Due to the significant cost of the PAL

enzyme, interest in small working volumes does DOt aIlow the use of continuous reactors

which require \arger working volumes.
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3.2 DIFFUSIONAL EFFECTS;

Immobilization convens enzymes from homogeneous to heterogeneous

catalysts[40]. The Iranspon of subslrate 10 the enzyme becomes subject 10 dilfusional

resistances, which reduce the catalytic efficiency .of immobilized enzymes and should

therefore be minimized. This can be achieved by decreasing size, optimizing geometry,

incrcasing substrate concentration, enhancing stirring raIe, increasing porosity and

optimizing distribution ofenzyme in microcapsules[32,40].

ln systems including both chemical reaetion and mass transfer, il is necessary to

determine e!Tects of diffusion, mass transfer, resistance on reaetion rates. The IWO

categories ofdiffusion resistances are (l) e.xternal diffusion- beIWeen the bulk fluid and the

external surface of the cell and (2) internai diffusion- of the substrate from the external

surface to the interior ofthe celI[32].

Generally, it is assumed that mass transfer resistance between the external solution

and membrane surface is negligibly smalt. Furthermore, in this study, it will be assumed

that (1) enzymatic aetivity is uniform inside the cell (2) membrane diffusion ofsubstrate is

modelled by Fick's first law (3) reaetion involves only one substrate and reaetion (4) the

system is at steady-state conditions (5) there is no spatial dependence ofthe diffusivity or

the activity and (6) consurnption of substrate within the membrane occurs by

reaction[32,60].

3.2.1 Analysls of Intrapartlcle Diffusion and Reaction: When the

substrate diffuses through the pores within the ceIl the concentration al the pore mouth

will be higher than that inside the celI[32]. This effeet of intraparticle diffusion through
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artificial membranes, on the kinetic b~haviour of the enc10sed enzymes, has been

considered theoretically in terms of an effectiveness factor[54). This factor accounts for

concentration gradients within the capsule which may influence kinetics. In addition an

effective diffusivity coefficient is used to describe the average diffusion taking place at any

radial position in the cell. The effective diffusivity takes into account the substrate path,

variation in pore cross-sectional area and membrane semi-permeability[32).

3.2.1.1 Differentiai Mass Balance: Diffusion & Reaction: As

described by Fogler. Bailey and Smith, a steady-state mole balance on the substrate. a.

entering the semi-permeable cell, yields the following concentration profilel2,32.60):

d=Ca / dr + (2/ r)(dCa / dr) - ((kJ(Ai) / De}Ca = O.

where Ca=substrate concentration, De=effective diftùsivity. Ai=intemal surface area per

unit volume, n=reaction order, and k"=rate constant for the nth order reaction. The

following !Wo boundary conditions apply: (1) Ca is finite at r=O and (2) Ca=Ca. at r=R.

This equation accounts for both diffusion and reaction within the cell.

From this equation, by introducing dimensionless parameters the following relation

can be obtained:

where cl>=CalCas and ;.= rlR[2.32). c1l. represents the Thiele modulus and c1lz• represents a

measure of the ratio of a surface reaction rate to a rate of diffusion through the celI,

evaluated from
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Therefore, when the Tlûele modulus is large, the overall rate of reaction is diffusion

limited and the substrate is consumed very close to the ex1ernal cell surface, with tittle

penetration to the interior of the ccII. When the Thiele modulus is small, the surface

reaction is the rate-limiting step and a significant amount ofthe substrate diffuses weil into

the cell interior[32). Whtn a first-order enzyme catalytic reaction is assumed the T1ûele

modulus, c%I, can be defined from the dimensionless mass balance as follows:

where Sa=internal surface area per unit mass ofenzyme. In terms ofthe microcapsule

radius, r, the above equation becomes:

.~ =(r 13 )[kpp 1Derr.:, [2,60].

3.2.1.2 Measure of DiffusIon & ReactIon limItatIons: One step

beyond evaluation of the T1ûele modulus is necessary in order to assess wlûch ofthe two

processes, difiùsion or reaction, are dominating the encapsulated enzyme system.

Consequently, an internaI etrectiveness ratio, 1'\, ranging from 0-1, is defined. T1ûs factor,

is a measure of how far the reaetant diffuses in to the catalyst before reaeting. It is the

effect of intraparticle difiùsion in artificial membranes on the kinetic behaviour of

immobilized enzymes[2,32,60]. Thus the internai effectiveness factor represents a ratio of

the aetual overall rate of reaction to the rate ifboth internai and external conditions were

identical[32].

For a first-order reaction in a spherical catalyst, 1'\ becomes[2,32,60]:
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Tl = (3 / cI>:)(cI>cothcI> - 1), [32,60].

It has been found that as panicle diameter becomes very small, cI> dccreases, Tl

approaches 1 and the reaction is surface-limited, i.e. chemical kinetics control the rate.

When cI> is large (-30), Tl is small and the reaction is diffusion limited. When Tl=I, ail of

the surface is fully effective but when Tl«lonly surface near outer pcriphery of the cell is

efTective. The center is not utilized and this is caused by a low effective diffusivity. The

need for De may be eliminated by making rate mcasurements for two or more sizes of

ceUs, provided De is the same for ail sizes. In this case, the rate must also be measured at

the same initial conc. for both catalyst sizes. Last1y, in a system where internai and

extemaJ diffusion are both significant, an overall effeetiveness factor is generally

evaluated.

3.2.1,3 Prediction of Diffusion Coefficients: A1though a number

of experimental values of protein diffusion coefficients are reponed, engineers often face

difficulties in tinding particular values as the available Iist is incomplete. Experimental

determinations are tedious, time consuming, and costly when only an approximate value is

desired.

Severa! reliable methods exist for estimating diffusion coefficient values within

desired degrees of accuracy[65]. If the molecular weight is known beforehand, the

following methods can used to estimate the diffusion coefficient:
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1. Stokes-Einstein Equation

Represents the c1assical equation from which the following correlations developed:

o = kT/67t11Ra.

2. PQison Method

Relationship of molecular weight to diffusion coefficient based on Stokes-Einstein

equation: 0 = AI M 113 ; where A = 2.85xI0·scm:sec·1g'l3 mol·ll3.

3. FlOQ'-Mandelkem-Scheraga Method

This more aceurate correlation takes into account molecule f1CX1bility.

0= 13kT/T\(M[T\])113 ; B= 13kT/T\ and lies between 3.968 and 4.680xI0·s cm) sec" mor" ,

T\ =1.002 cP.

4. Young - Carroad - Bell Method:

Derived from the Stokes-Einstein Equation:

0= 8.34xI0" T/[T\MI13]; where 8.34xI0" T/T\ = 2.44xI0-5 cm:sec·1gll3 mol·I13.

Relatively new correlations have been developed [65] which take into account

electrostatic forces, intrinsic viscosities and solvation effects. Rather than assuming the

rigid sphere radius, behaviour is modelled as to random coiled chain hydrodynamic

behaviQur. This implies using the radius QfgyratïQn, Rg, which is prQPQrtiQna! tQ particle

anisotrQPY. HQwever difficu1ty in accurate assessment Qf the radius Qf gyratiQn Qf

phenylalanine., led tQ disregarding this correlatiQn. Since Qnly an estimate Qf the effective

diffiJsivity is required., conducting experiments tQ estimate additiQna! parameters in

diffusivity correlatiQns was nQt necessa'Y.

30



•

•

•

Since the Stokes-Einstein equation overestimates the diffusion coefficient value. as

it is based on the rigid sphere mode! which neglects electrostatic forces and solvation

effects in water, only values from correlations 2, 3 and 4 will be compared.

3.2.2 Estimation of extent of diffusion and reaetlon limitations: The

detailed experimental verification of a reaction-diffusion model of immobilized cells is

difficult, owing to experimental uncertainties in assessing the acti\ity of the enzyme. the

effective diffusivity and the distribution of enzyme within each cell. Therefore, several

indirect methods to infer the presence of both extemal and intracapsular mass transfer

resistance, have been developed.

A. Extemal Mass Transfer: If the effect of nùxing speed on the reaction rate is

found to be negligible, then extemal diffusion resistance outside the microcapsule wall is.

assumed to be negligible.

B. Internai Mass Transfer: (1) Variation of the reaction temperature allows the

calculation ofan apparent activation energy[34). Under mass transfer control, the apparent

activation energy is depressed. (2) The variation of substrate concentration to determine

an apparent rate law is aise an indicator. Observation of an incrcased apparent Km is

associated with mass transfer resistance[38]. (3) Lastly, the Weisz-Prater criterion, Cwp,

for internai dif1ùsion, may be used. If Cwp is « 1 there are no diffusion limitations.

However, when Cwp » 1 the reaction is severely limited by internai diffusion[32]. This

criterion can be manipulated se as to use measured values of the rate of reaction of two

düferent size microcapsules to determine if internai diffusion is the Iimiting step. More
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• specifically, interpretation of Cwp, also known as the observable modulus. as it is

independant ofintrinsic kinetic parameters, can be made based on Table 2[2]:

TABLE 2: CRITERIA FOR MASS TRANSFER EFFECTS

Criterion

Cwp<O.3

Cwp>3

TI value

-1

- 41'\

Limiting process

chemical reaction

diffusion

Mass transfer limitation

negligible

large

•

•

A complete derivation and evaluation ofthis parameter will be presented in section 7, with

reference to Appendix V.

3.2.2.1 Experimental determinatlon of Activation Energy: The

Arrhenius equation, presenting the activation energy, relates temperature to the

corresponding reaction-rate constants (k):

k = Ae!·EollT] •

where Ea = activation energy. R = gas-Iaw constant, A = constant, T = absolute

temperature. This equation implies that the reaction rate depends upon the number of

molecules possessing the necessary activation energy. Ea.

The rate ofthe enzymatic reaction is measured at different temperatures. while ail

other conditions are he1d constant. Linearization ofthe Arrhenius equation yie1ds a plot of

the natura! logarithm of the reaction-rate constants at the reciprocal of absolute

ternperature. The s10pe ofthe plot will estimate the activation since, slope = -EalR[ll].

32



•

•

•

4.0 RESEARCH OBJECTIVES

Dietary treatment being the only trcatment for PKU. investigation into an enzyme

therapy has been under way sinee the carly SOs. Studies have been prompted by the

unpalatability ofthe diet as weil as difficulty ofindividual implementation and monitoring.

The present researeh has the main goal of assessing the feasibility of PAL loaded

collodion microcapsules in reducing elevated plasma phE concentrations to standard levcls

in genetically mutated PKU mice. within an appropriate time frame. The distinguishing

aspect of the current study lies in the available animal mode\. Rather than artificial

induction of elevated phE serum levels, the mice which will represent the human PKU

condition are mutated strains which are deficient in the enzyme PAH.

In addition to the in vivo evaluation of PAL, the study will also characterize

severa! physical properties ofthe free and encapsulated PAL, including:

1. Comparison of the enzymatic activity of free versus encapsulated PAL, from

three different sources.

2. Size distn'bution of microcapsules, by the methodology developed by Chang in

1964 (updated in 1985), and the effect ofspeed on diameter and activity retained.

3. Ternperature and pH profiles of free and encapsulated PAL, in addition to

storage stability and extent ofPAL leakage from the microcapsules.

4. Michaelis-Menten parameters and activation energy of free and encapsulated

PAL.

5. Whether the enzyme kinetics of the encapsu\ated enzyme are mass transfer or

reaction limited.
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5.0 MATERIALS AND METHODS

5.1 PHENYLALANINE AMMONIA·LYASE (PAl)

The PAL enzyme solution used in the initial enzyme kinetic assessments and in the

tirst animal study, was obtained from Sigma Co. (cal.no.P95 19). The preparation was

provided as 940 units/700mL. 1.34-1.47 units/mL, derived from yeast Rhodotontla

glulillis. Grade II and supplied in 60010 glycerol containing 3mM Tris-HCl, pH 7.5, O.5M

(NH.J:SO. (0.2-0.8 unitslmg protein where 1 unit = IJ.l1T1oVmin of phE to tyrosine).

Glycerol being inlubitory to encapsulation, the enzyme solution was concentrated to 10

unitslO.7mL. with Arnicon Centriprep 100 (100 000 daltons MW cut-oft) concentrator

·tubes, in a Beckman J-68 centrifuge set at 4 oC, 1200 rpm, for approximately 3, 30 minute

cycles. In each cycle, the glycerol-PAL solution was diluted with pH 8.5, TRIS buffer to

facilitate the transpon ofglycerol across the concentrator membrane.

The improved PAL enzyme formulation, used to conduet ail experiments for the

charaeterization ofPAL and for repeating the initial 7 day period ofthe animaJ study, was

obtained from IBEX Technologies Inc. The preparation was provided in 5 and 10 unit

(-20~) a1iquots, derived from the yeast Rhodotorula gramillis. The enzyme was stored

in a solution with the foUowing composition: 37.6mM sodium phosphate bclfer, pH 8.0,

9.9 % (O.75M) ammonium sulfate, 2.5mM phE, 2S0/!M l3-mercaptoethanol. The

preparation contained a volumetric activity of 53.1 unitslmL, protein concentration of

17.95 mg/mL and a specific aetivity of 2.96 units/mg. This preparation was already
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provided in conccntrated forrn. in 5 and 10 unit aliquots and did not require any additional

preparation procedures prior to encapsulation.

lastly, the third source of PAL, isolated l'rom the bacterium. I~·. ,·o/i. and used to

deterrnine preliminary in l'i/I'o kinetics only. \Vas again supplied by lBEX Technologies

Inc. This preparation \Vas also provided in concentrated form and did not require any

additional processing prior to encapsulation. The enzyme \Vas stored at -70"C bel'ore use

and its specific activity \Vas deterrnined daily. Further details on the preparation solutions

were not available.

5.2 PREPARATION OF TRIS BUFFER AT VARIOUS pHS

A: 0.2 M solution ofTRIS (24.2g11000 ml), B: 0.2M HCl,

50 ml of A + x ml ofB. diluted to a total 01'200 ml.

,! pH
5.0 9.0
12.2 8.6

5.3 MEASUREMENT OF Hb CONC.

Concentrations of Hb solutions prepared for use in microcapsule preparations.

were deterrnined with a commercially available preparation based on a ferrous cyanide

solution. Drabkin's reagent. 5 ml of Drabkin's reagent were mixed with 20 III of /-lb

solution. in a 5 ml test tube. and a1lowed to set for 5 min. The absorbance was then

determined at 540 nm and correlated to concentration by:

y = 0.02768x - 0.005; wherey = Hb absorbance. x = Hb concentration
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5.4 PREPARATION OF COLLODION MICROCAPSULES

This technique followed the original method of Chang[14) with the more recent

updating[21]:

1. 1.5 g bovine Hb. Type 1. 2 x crystallized and dialysed, and Iyophilized from Sigma Co.,

are dissolved in 10 ml TRIS butTer (pH 8.6) by rotary mixing for 2 hours at 4·C, then

." filtered through Whatman no. 42 filter paper.

2. Materials to be encapsulated are suspcnded in 2.5 ml ofprepared Hb solution.

3. pH of mixture is adjusted to pH 8.5 with TRIS buffer.

4. Hb solution concentration is adjusted to 10 gldL, with TRIS butTer.

5.2.5 ml of solution from Step 4, is added to ISO ml glass beaker.

6. Water saturated ether (BDH) is prepared by shaking analytical-grade ether with distiIled

water in a separatory funnel, allowing for phase separation.

7. Collodion solution prepared by evaporating 100mL USP collodion (Mallinckrodt) to

thin sheet and redissolving in 82.5mL ether and 17.5mL absolute alcohol (Commercial

Alcohollnc).

8.25 ml ofwater saturated ether are added to the 2.5 ml Hb solution in step 5.

9. Ether Hb solution is immediately stirred at a setting of5 for 5 sec.

10. 25 ml of collodion solution is then added immediateIy wlule stirring is continued for

60 sec.

II. The beaker is covered and let to stand unstirred al 4°C for 45 min.

12. Supematant is decanted. 30 ml ofbutyl benzoate (Aldrich Chem. Co.) are added to

capsules, nùxed for 30 sec (setting of5) and let to stand uncovered for 30 min al 4 oC.
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13. Butyi benzoate is removed completely following centrifugation at 350 g for 5 min.

14. Capsules are washed once with 50% v/v Tween 20 and three times with 1% v/v

Tween 20 and then suspended in TRIS buffer (pH 8.5).

5.5 PREPARATION OF PAL LOADED MICROCAPSULES

Using the above technique, 0.9-l.lmL of concentrated Sigma PAL were added to

1.4-1.6mL of 14-15% Hb. The mixture was then adjusted to a final pH of 8.5 and Hb

concentration of lOg/dL. In the case of both IBEX PAL enzymes, 20 J.1.L were added to

2.5 mL of 10% Hb yielding final solutions of 10% Hb, pH 8.5. The mixtures were then

encapsulated and ill ~'itro assay was perfonned to assess the enzymatic activity of PAL

fol1owing microencapsulation. under varying conditions, presented further on.

5.6 FLUOROMETRIC DETERMINATION OF PHE

Sigma Phenylalanine Diagnostics Kit (cat.no.60) was used for determination of

phE concentration Ievels for all in vitro and in vivo experiments.

•

Reagents:

1. Succinate Buifer

2. L-leucyl-L-alanine
3. Ninbydrin
4. Copper Concentrate

5. P-A Standard Solution

6. Tricbloroacetic Acid Solution

Succinic Acid. 0.6 moUL
pH=5.9, T=25°C
preserved with chlorofonn
2mg
27 mg
Copper sulfate pentahydrate, 0.6 g/L
Sodium potassium tartrate
Sodium Carbonate
L-pbenyJalanine, 0.02 mg/mL
in tricbloroacetic acid. 0.2 moUL

0.6 moUL (10"/0 w/v)
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M1lv Solutions:

1. L-Ieucyl-L-alanine solution: reconstitute vial with 2 ml distilled water

2. Ninhydrin Solution: reconstitute vial with 5 ml distilled water

3. Dilute Copper Solution: mix 2.0 ml Cu concentrate with 18 ml distilled water

4. Ninhydrin-Peptide Solution: mix 2.5 ml succinate buffer, 0.5 ml

L-leucyl-L-alanine solution and 1.0 ml Ninhydrin Solution

Assay Procedure:

1. To sample volume of 100 L, add one volume oftrichloroacetic acid.

2. Samples are mixed well and centrifuged for 5 min to precipitate and seule proteins.

3. Test, Blank and Standard tubes are labelled and 0.30 mL ofNinhydrin Peptide Solution

are pipeted into cach.

4. 20 J.1L of water are added to the Blank tubes, 20 J.1L of P-A Standard Solution are

added to the Standard tubes and 20J.1L ofsample su;>cmatant are added to Test tubes.

5. Tubes are incubated 2 hours in a 6O·C water bath and cooled for 3 min in cold water.

6. 2.0 ml ofDilute Copper Solution are added to cach tube and let to stand for 10 min.

7. Samples are transferred to cuvets, fluorometer adjusted to zero with Blank, and the

relative fluorescence of the Standard and Test samples are recorded within 45 min. The

primary tilter ofthe fluorometer is set at 365 nm, the secondary at 477 nm.

The following equations were used to convert fluorescence rcadings to phenylalanine

concentration readings in JUIlollL:
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FQr Sigma PAL assaYS (equatiQn Qbtained frQm Sigma):

phE (J.lmQVL] = (Reading QfTest! Reading QfStandard) • 242

FQr !BEX PAL assaYs (equatiQn Qbtained experimental\y):

y=0.169r-14.2; wherey=absorbance, r=phEcQnc.

5.7 CALIBRATIONS

5.7.1 PhE Cone. In Potassium Phosphate Buffer: phE was disSQlved in

standard 0.01 M PQtassium phQsphate buffer, pH 7, prepared as fQl\Qws:

A: 0.2 M mQnQbasic sodium phQsphate sQlutiQn(27.8 grarns in 1000 ml)

B: 0.2 Maibasic sodium phQsphate sQlutiQn(53.65 grams QfNéYiPO,.7H:0 in

1000 ml)

39.0 ml QfA + 61.0 ml QfB, diluted tQ a tQtal Qf200 ml.

The pQtassium phQsphate buffered solutiQn was then used tQ prepare aliqUQIs of

varying phE (165.195 glmQle, Sigma Chemical Inc.) cQncentratiQn solutiQn~ narne1y 320,

160, 80, 40 and 20 IIM The previQusly descnbed method fQr the simultaneous

determinatiQn Qf plasma phE and tyrQsine in PKU, by Shen and Abell. was used fQr the

spectrQphQtQmetric assay[58].

5.7.2 PhE Cone. In Potassium Phosphate Buffer (Sigma KIt): Varying

concentratiQns of phE solutiQns were prepared within a range frQm 0 tQ 800 J.1M,
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dissolvcd in O.OIM potassium phosphate buffer. Samples were measurcd lluoromctrically

with the Sigma Diagnostics Kit.

5.7.3 PhE Conc. In TRIS Surfer (0-3000 uM Range): PhE solutions were

prcpared in the range from 0 to 3000 J1M, dissolved in 0.2 M TRIS buffer. This curve was

used for enzyme assays with mEX PAL preparations.

5.7.4 PhE Conc. In TRIS Surfer (3000-10 000 uM Range): Again. phE

solutions were prepared, this time in the range from 3000-10 000 /L'\1, dissolved in 0.2 M

TRIS buffer. This curve was also used only for enzyme assays with mEX PAL

preparations.

5.7.5 Bovine Hb Conc.: Hb solutions ofknown concentration were prepared

in the range from 0 to 25 gldL. The commercially available Drabkin's reagent was then

used to detennine the absorbance of the solutions. 5 mL of Drabkin's reagent are mixed

with 20 pL of the Hb solution in a test tube and a1lowed to set for 5 minutes. The

absorbance is then recorded at 540 nm.

5.7.6 Plasma PhE Conc.: Approximately 4.0 mL of heparinized blood were

obtained from 5 standard. healthy male mice, by sternal eardiac puneture. FoUowing

centrifugation. 1.5 mL of plasma were coUected. The volumes cited were obtained

foUowing pooling of the blood dmm from ailS mice. The plasma was stored at -20 oC

ovemight and assayed the foUowing day with the Sigma Diagnostic Kit.
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• The plasma was use<! to generate varying phE solutions. Specifically.

concentrations of O. 100. 200. 300. 400. 500. 600 and 800 ~1 of phE were prepared the

proportions of plasma mixed with 8000 I!M phE solution were as fol1ows:

phE conc. (uM)

o
100
200
300
400
500
600
800

A (mL)
100.0
87.5
75.0
62.5
50.0
37.5
25.0
o

B (mI.,)

o
12.5
25.0
37.5
50.0
62.5
75.0
100.0

•

•

where A: 9:1 ratio ofplasma to buffer (0.45 mL plasma were mixed with 0.05 mL butTer.

for 0.5 mL total solution)

B: 9:1 ratio ofplasma to buffered 8000 J.lM phE solution ( 0.45 mL plasma were

mixed with 0.05 mL phE solution, for 0.5 mL total solution)

5.8 ASSESSMENT OF PAL ACTIVITY

Microcapsules. with various quantities of PAL. were place<! in a sterile 25 mL

Erlenmeyer flask containing 10 mL of3000 J.lM phE solution in pH 8.5 TRIS butTer. The

flasks were incubated in a Lab-Line Orbit Environ Shaker (temperature control 1±OC) at

37 oC and agitated at ISO rpm to ensure proper mixing. Samples of 120 ).1.1. were

withdrawn at specifie time intervals and centrifuged for 2 min in an Eppendorf centrifuge

to separate the microcapsules. The SIlpernatant was removed and stored at -20 oC until

tested fluorometrically. Free enzyme activity was assessed in the same manner except that
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the samples were treated upon removal from the batch vessel with trichloroacetic acid.

terminating the enzymatic reaction. The activity of PAL was then measured by calculating

the initial rate of phE depletion versus time over a duration of 15 minutes. This represents

the linear portion of phE depletion profiles obtained under var)ing conditions.

The procedure for assessing the aetivity of microcapsule and free solution samples

was similar for ail of the various assays performed. Depending on the variable being

studied (pH, temperature. phE or PAL concentration). ail other parameters remained

constant at the above-mentioned values.

5.9 PREPARATION OF MICROCAPSULES HAVING VARIOUS DIAMETERS

Microcapsules at different diameters were prepared by varying the Jumbo

magnetie stirrer mixing speed. SpeciticaJly. tive different speeds were used: 3. 4. 5. 6 and

7. Diameters of microcapsules prepared were determined under Iight microscopy with the

aid of a graduated ocular. The mean and standard deviation of 100 capsules was

calcu1ated for eaeh size distnoution.

5.10 MICROCAPSULE LEAKAGE ASSESSMENT

Three different experiments for assessing leakage ofPAL from artiticial ceIIs were

performed. (1) After a kinetie assay was completed, the assay microcapsule/buffer

suspension was centrifuged. The supematant was coUected and assayed in the same

manner as PAL in free solution. (2) Microcapsules were stored al 4 oC and al specifie time
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intelVals an aliquot of the supcrnatant was removed and assayed for aetivity. as described

above. (3) Extent of leakage of PAL into supernatants created during eneapsulation

procedure was also assessed. Aliquots of supernatants were again assayed using the

standard method.

5.11 STORAGE STABILITY PROFILES OF PAL

Storage stability tests of microeneapsulated and ITee PAL were performed at 4 oC

and at 25 oC. Free and encapsulated enzyme preparations were stored in 5 ml of 0.2 M

TRIS buffer at pH 8.5. At specifie time intelVals. cens were washed to remove any PAL

aetivity readings ITom PAL leaked out, resuspended in buffer and a 1 ml aliquot ITom

both preparations was then removed and suspended in the 10 ml phE solution. Enzyme

activity was measured as before.

5.12 pH ACTIVITY PROFILE:

The enzyme activity of the artificial cens al various pH levels, obtained with

different buffer solutions, was studied using the same batch technique. The following

buffers, al the indicated pH values, were prepared as fonows:

pH 3 & 5: Citrate buffer

Stock Solutions:
A: 0.1 M solution ofcitric acid (21.01 gin 1000 ml)
B: 0.1 M solution ofsodium citrate (29.41 gin 1000 ml)
x ml ofA+ y ml ofB. diluted to a total of 100 ml.
3 I. pH
46.5 3.5 3.0
20.5 29.5 5.0
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pH 7: phosphate buffer

Stock Solutions:
A: 0.2 M solution ofmonobasic sodium phosphate (27.8 g in 1000 ml)
B: 0.2 M solution ofdibasic sodium phosphate (53.65 gin 1000 ml)
39.0 ml of A + 61.0 ml ofB, diluted to a total of200 ml.

pH 9.0; TRIS buffer

Stock Solutions:
A: 0.2 M solution ofTRIS (24.2 g in 1000 ml)
B: 0.2MHCI
50 ml ofA+ 5.0 ml ofB, diluted to a total of200 ml.

pHJl: carbonate-bicarbonate buffer

Stock Solutions:
A: 0 2 M solution ofanhydrous sodium carbonate (21.2 g in 1000 ml)
B: 0.2 M solution of sodium bicarbonate (16.5 g in 1000 ml)
45.0 ml ofA + 5.0 ml ofB, diluted to a total of200 ml.

5.13 DESIGN OF ANIMAL STUDIES

Gennline ethylnitrosourea (ENU2) mice, with hyperphenylalaninemia, and thus

suitable models for studying PKU , were obtained from Dr. A. Shedlovsky (McArdle Lab

for Caneer Research & Lab of Genetics, University of Wisconsin) with a weight range of

25-38 grams(3I,57]. Each mouse was identified by a clipped number marking on the ear.

Miee were acclimatized for severa! weeks prior to experïmentation.

5.13.1 Arst Animal Experlments: N"me ENU2 miee were used at the

beginning ofthis study. Originally microcapsules were given with 18 gauge stomach tubes.

The ENU2 miee did not withstand this procedure and some ofthem died. Four remaining

miee were treated with 0.44 units PAL/day using carriers ofge\atin, Jello and cheese for

the microcapsules. Thus, stomach feed tubing was not required and will be discussed in

more detall further on. Four blood sampIes were drawn; on Days 0, 8, 23, and 38.
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5.13.2 Second Animal Experiments: Eight mice in total were uscd, and

were divided into 2 groups based on similar plasma phE levels. Four received control

capsules and four received PAL loaded capsules with 1.2-1.56 units per dose.

Twenty-four hours prior to the onset of treatment. the regular diet of mouse chow was

discontinued and the mice received treatment as the sole diet. Water was pro\;ded ad

libitum before and during treatment. Control and PAL capsules were mixed in - 5 grams

oflow fat unripened cheese and IOOmg sodium bicarbonate.

The eight mice were initiaUy divided into 4 groups of 2 mice/group based on

similar plasma phE levels. One mouse !Tom each of the 4 initial groups was randomly

assigned to the treatment group (Px) or the control group (C) This was important as there

was a wide range in the plasma phE levels in the mice.

Treatment Groups:

Treatment

•

•

•

1 Microencapsulated PALin cheese 4

2 Control microcapsules in cheese 4

It was expected that not ail mice would survive throughout the study due to

anesthesia during blood sampling and other required manipulations. The study continued

with the surviving mice. Feeding mixtures were provided to the mice after the clinica1

signs ofeaeh mouse were observed for 5 min, bcginning daily at 4:00 p.m. Measurements

recorded daily included:

(a) Duration of Daily Treatmeut: the amounts of treatment diet consumed by the

mice were observed from the time when the treatment diet was provided (4:00 p.m.) until
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5:00 p.m. If tOlal diel was consumed during this time period. the duration for consuming

the entire treatment diet was recorded. If not tolally consumed. complete consumplion

was confirmed the next day. 24 hrs \aler.

(b) Clinical Signs: lelhargy and shaking. were observed daily for 5 minutes

immediately prior to providing the treatment. Clinical signs were graded on a scale of 1 to

10 (worst).

5.13.3 Slood Sampling: 200 IJ,L blood samples were withdrawn from each

mouse from either a post-orbital sinus and/or tail vein bleed (described later). using 70 IJ,L

heparinized capillary hematocrits. The mice were placed under general anesthesia with an

intramuscular injection of 100mglkg ketarnine (anesthetic) and 2.5mglkg acepromazine

(sedative). diluted 1:10 [10]. A 30-40 gram mouse may only have 0.1 to 0.2mL blood

collected each week, for a total of three times. Blood sarnples were transferred to

Eppendorf tubes. centrifuged for 5 min at 15000g to separate the plasma, then stored al

-20 ·C until anaIyzed fluorometrica\ly. As not ail mice survived initial anesthesia, blood

sarnpling, and oral gavage dosing, the study continued with the surviving mice.

5.13.4 ln Vivo Experlments Calibration Equation: The following linearly

regressed calibration equation was established using plasma obtained, by sternal eardiac

puneture, from standard healthy male mice, and was used to convert fluorescence readings

to phE concentration readings in J1I11ol1L. from in vivo plasma sarnples:

y=0.223x+17.365; wherey=absorbance, x=phEconc.
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5.14 ANIMAL HANDLING AND BLOOD SAMPLING TECHNIQUES

5.14.1 Oral Feeding by Gavage: Oral dosing of the mierocapsules was

accomplished with a 20 gauge 3.5-4.0cm curved ball-tipped feeding needle. The needle

should be gently passed along the roof of the mouth, while the head is in moderate

extension. The tube should be measured by the distance from the mouth to the last rib.

5.14.2 Blood Collection Techniques:

A. Sternal Cardiac Puneture: Following anesthe! ization with pentobarbitol, the

animal is placed on ils back. The heartbeat and the xiphoid processes arc palpatcd. The tip

of the needle with syringe is introduced in the area where the xiphoid process and the last

ribs meet, at 10-30· away from the mouse's body. The needle is inserted slightly to the left

ofthe midline. A small amount ofnegative pressure should be in the syringe 50 that blood

is secn when the heart il' first penetratcd.

B. Post-orbital Sinus: The mouse is anesthetized as previously described. The

head is fixed between the thumb and the forefinger. tightening the skin over the sides of

the face which ret~ets the eyelids. A 70 !1L capillary hematocrit tube is inserted dorsal to

the medial canthus slighùy twisting and thrusting to break through the bulbar conjunetiva.

The tube is then direeted towards the medial aspect of the bony orbit. Hemorraging will

occur following removal of the tube, thus pressure with a gauze pad should be applicd

over the eyelid. A 40 gram mouse may have 0.1 to 0.2 mL colleetcd each week, from

alternating sides, for a total of three limes ooly. This represents 10 % of the mousc's

circulating blood withdrawn over the tbree week period[30).
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6.0 CHARACTERIZATION OF PAL SYSTEMS

Artificial cells result in enclosed biological materials capable ofacting on e"1emal,

permeant diffusing molecules. Likewise, these cells are impermeable to intestinal tryptic

enzymes and immunologically reactive macromolecules that can destroy the viability of the

enclosed biologicals. This selective permeability results !Tom the thinness, porosity and

high surface area to volume relationship offered by the artificial membrane.

Microencapsulation, unlike other types of immobilization techniques, models the native

intracellular environment ofthe enzyme.

The following section will present and discuss results ofexperiments condueted in

light of selecting a suitable, commercially available PAL enzyme preparation for use in

subsequent in vNo studies. Upon selection, experiments were designed to charaeterize

sorne of the main properties of PAL. Knowledge of kinetic parameters and physical

limitations will aid in understanding the ill vivo performance of encapsulated PAL.

A1though speetrophotometric eva!uation of phE concentrations, was initiaIly the method

of choice, accuracy of readings and a wider range of applicable concentrations. led to

investigations in a1ternate detection methods. AlI data represents triplicate samples of: at a

minimum, replicate experiments. Double speetrophotometric readings were taken and

averaged over aIl samples. Results obtained had negligible degree oferror, thus standard

error bars were omitted !Tom aIl graphical representations. The reported activity values in

aIl figures and corresponding tables were measured by calculating the initial rate of phE

depletion vs. time over a total duration of!5 l'linutes.
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6.1 CALIBRATIONS

Calibrations relating absorbance. spectrophotometric or f1uorometric. to

concentration ofphE and Hb were obtained.

6.1.1 PhE in Potassium Phosphate Butter: A calibration relating

concentration of phE dissolved in standard potassium phosphate butrer to

speetrophotometric absorbance, was initially construeted using the Shen and Abell

procedure[58]. Severa! unsuccessful trials. where no readings were obtained. indicated

that phE on its own absorbs light at 254 nm. lnitially. solutions of phE prepared at 1-8

!lM. proved to be too low for establishing significant readings. The assay was redone

within a higher range of concentrations. namely 20-320 J.lM. The data fit the following

regression model: y = 0.000652r - 0.014130; where}=absorbance. x=phE conc. A linear

correlation coefficient of0.999 was deterrnined and the curve is shown in Figure la, (App.

1). From this graph it was concluded that the speetrophotometric method was not highly

accurate in determining phE levels. At very low concentrations. there was no significant

phE absorbance reading even though a substantial amount of phE was present. For all

experiments to follow it was decided that the more accurate f1uorometric method would

be used for both in vitro and ill vivo phE quantification.

6.1.2 PhE Diagnostics Kit: Due to the lack of accuracy and sensitivity

offered by the Shen and Abell assay, the f1uorometric kit was chosen from the standpoint

of simplicity, sensitivity and cost. Adaptations for a different spectrophotometer mode!
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and Iimited availability ofplasma from small mice were made. The following, regarding the

assay procedure was observed. after several trials:

a. Volume ofplasma used was 100 JLL •since this is the maximum amount of

plasma obtainable from the 30-40 gram mice.

b. PhE levels were not sensitive to fluctuations within ±5°C from the 60°C assay

incubation time.

c. Peak emission of477 nm was required for the secondary fluorometer filter.

6.1.3 PhE in Potassium Phosphate Butter (Diagnostics KIt): The

Sigma assay was used to obtain the calibration, shown in Figure Ib. (App. 1). The data fit

the following regression mode). with a linear correlation coefficient of0.9962:

y = 0.39205r + 4.35981; wherey=absorbance, .r=phE conc.

6.1.4 PhE ln TRIS Butter <0-3000 JlM Range): Prior to enzyme assays. a

revised calibration of phE concentration vs. fluorescence was needed. Since 0.2 M, TRIS

buffer was to be used in the microcapsule preparation, it was also used in preparing the

phE stock assay solutions. Furtherrnore, it was necessary to determine whether the

fluorometer mode! gave linear readings up to the maximum phE concentration of 3000

!JM. The plot shown in Figure le, (App. 1). fonows this regression mode!:

y = 0.1694r - 14.2; where y=absorbance, .r=phE conc. A correlation coefficient of

0.998. indicated linear fluorometer readings.
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6.1.5 PhE ln TRIS Butter (3000-10 000 uM Range): Evaluation of

Michaelis-\1enten kinetic parameters required batch assay solutions up to 10 000 /.lM

phE. A second calibration equation in the range 3000-10 000 J1M phE was established as

this was more accurate than combining the results over 0-10 000 I1M. The plot shown in

Figure Id, (App. 1), follows this regression model: y = 0.166.r - 70.85; where

y=absorbance, x=phE conc. Again, a correlation coefficient of 0.995, indicated linear

fluorometer readings. These calibrations over the 0-10 000 !1M phE range, were only used

in assays with mEX enzymes. A calibration provided by Sigma, was used for experiments

with Sigma PAL.

6.1.6 Bovine Hb: A calibration relating Hb concentration to absorbance was

required, for the Hb solutions used in preparing microcapsules. Figure le, ~App. 1), shows

the plot, with a linear correlation coefficient of 0.999. The following linear regression

model fits the data: y = 0.02748r - 0.002; wherey=absorbance, x=Hb cone.

6.1.7 Plasma PhE: A calibration for in vivo studies was obtained by

correlating mouse plasma phE levels to fluorescent absorbance. Figure If, (App. 1),

portrays the plot The data established a Iinear correlation coefficient of0.9967 and fit the

following regression model: y =0.2234r + 17.365; wherey =absorbance r =phE conc.
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6.2 PREPARATION OF MICRQCAPSULES

Collodion microcapsules were prepared according to the 1985 updated

methodology[21]. deve10ped by Dr. T.M.S. Chang in 1964[14], with the following

adaptation:

-When Hb solution was prepared within distilled water. the final pH was 5.2 and the Hb

concentration direetly after rotary mixing was 18 ±3 g/dL. The pH must be adjusted up to

8.5 and the final concentration must be lOg/dL. Problems associated with overdilution of

the Hb solution were encountered. Severa! atlempts were made at minimizing the amount

of TRIS buffer by increasing the pH of the buffer used. to either 8.6. 8.8 or 9.0. In ail

cases overdilution still occurred. Another complication which arose was the temperature

sensitivity ofTRIS buffer: The solution, prepared at 4°C. caused room temperature TRIS

buffers. to fluctuate significantly.

Prior to selection of an appropriate buffer. required to reach a pH of 8.5 with

minimum dilution, pH was correlated to temperature for 0.2 M TRIS buffers. The results

are shown in Table 3. where for each buffer prepared at 20 oC. the corresponding pH

foUowing storage at 4 oC is gi......~n:

TABLE 3: pH Changes 0(0.2 M TRIS Buffers with Temperature

•

2S'C

7.8
8.0
8.2
8.4
8.6
8.9
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8.58
8.78
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ln order to further prevent overdilution. the Iyophilized Hb was dissolved directly

in TRIS butTer. This created a Hb solution of pH 7.2-7.4 compared to 5.2 obtaincd with

distilled water. By using TRIS butTer at pH 8.9 at 20 "C. the problem of ovcrdilution was

eliminated.

6.3 SELECTION OF PAL PREPARATION

Samples of three commercial PAL preparations were available: (a) ycast:

Rho"olorll/a K/lllillis (Sigma Co) (b) yeast: RhocJowru/a KrcllI/illis (lBEX Inc) (c) /~. "o/i:

(lBEX Inc). Storage solutions and enzymatic activity varied significantly. when deplelion

rates were followed by monitoring the rate of disappearance of phE. Selection of the

suitable preparation was based on the highest activity recovered aller encapsulation•

favorable stability profile and etTeet on case of microcapsule preparation. Knowledge of

long-term microcapsule stability is an important parameter for potential c1inical use.

6.3.1 Yeast (Rhodotoru/a q/utinis) PAL: PAL from Sigma Co. was no

longer supplied in Iyophilized form nor stored in a potassium phosphate butTer. It was only

available in two forms: (a) glycerol solution (b) Iyophilized powder form. from potato

tuber containing 70 % protein. with an aetivity of 0.00\-0.01 unit/mg protein. The

glycerol formulation was chosen due to the higher reported aetivity. PAL loaded

microcapsules were prepared by adding the PAL to the Hb solution. However. the PAL

enzyme was rcceived as a lOunit/6.8mL solution containing 60% g1ycerol. This volume

was too large to he direetly used in preparing the microcapsules. Glycero' also prevents

proper formation ofthe artificial membrane resulting in leakage ofPAL[6]. Previous work
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by Bourget and Chang. reported removing the glyeerol using gel chromatography,

markedly decreasing enzyme aetivity ofPAL.

6.3.1.1 Glycerol removal: As the problem ofglycerol presence had to

be solved. it was decided that the enzyme solution had to be concentrated. Initially.

Arnicon Centriflo Membrane Cones, retaining molecules above a 50 000 MW cut-offwere

used. Following centrifugation for 90 minutes, no significant concentrating of the original

solution resulted. Arnicon Centriprep 100 concentrators, with a MW cut-off of 100 000

daltons, were found to be the most efficient, in terms offinal concentrate volume and total

concentration lime. Since the MW cut-offof the membrane was 100 000 daltons, glycerol

(95) was easily removed. whereas PAL (300 000) was retained. It was found that 3,

30 minute spin cycles. at 1200 rpm, were sufficient to concentrate 10mL down to

0.90-1.1J.lL The original glycerol solution was diluted with TRIS buffer in order to reduce

viscosity. facilitating membrane transport.

6.3.1.2 Actlvltv and Storage Profile: The first kinetic assessment

performed, determined the phE concentration remaining after one hour had e1apsed. Three

volumes of microcapsules were tested, specifically. 0.5, 0.2, and 0.1 mL. The capsules

were placed in a batch vessel containing 10 mL of 600 J.lIIIoVL phE. The aetivity was

assessed two days after the microcapsule preparation and was found to be only 2.5% of

the original amount loaded. It was decided that more care had to be exercised in keeping

the capsules at 4 "C during preparation and the aetivity measured sooner. The
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concentration of the phE solution was increased to 3000 llmoVL. ensuring saturation

kinetics. This value was used previously[4) and was funher justified by later e:"pcriments.

The second assay tested 0.5 mL of microcapsules containing 2.0 units of PAL.

Samples were taken every 5-10 minutes for 4 hours as weil as after 12 and 24 hours. This

large time span was required in order to determine the minimum time necessary to obtain

initial reaetion rates. After 24 hours, the concentration was too low to obtain a significant

reading, indicating that the reaetion occurred much sooner. Fifteen minutes were sufficient

to obtain initial rates, with sampling at 1,2,4,5.8,10 and 15 minutes. Since TCA inhibits

PAL, measuring the rate before 15 minutes, would reduce produet inhibition efTeets. PAL

was found to retain 22% ofthe original aetivity. as 0.44 units were recovered.

A complete assay assessing the activity of free and encapsulated PAL was then

performed. Table 4 summarizes the % activity recovered:

TABLE 4: % Recovered PAL Activity

PAL Form Original M
Free: 2.00
Encapsulated:
obr 3.75
24 br 2.00
48 br 2.00

RecoveredM
1.74

0.56
0.0822
0.00

% Recovered
87%

15%
4.1%
0"/0

Relative %

100"/0
27%
0%

•

The free enzyme was found to have 870/0 of the activity of the original enzyme

solution. The s1ight loss ofactivity may he due to the enzyme destabilization caused by the

buffered phE assay solution. The PAL loaded microcapsules were found to have retained

15% of the original theoretica1 free actîvity. Encapsulated PAL was thus found to retain
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approximatc1y 17 % of the assayed activity of the original free PAL. Il was concluded that

most of the enzyme activity loss occurred during the ultrafiltration process.

The batches of microcapsules prepared were divided into three groups in order to

determine the storage stability at 4 "C. over 3 days. The activity decreased 67%. of the

initial activity following encapsulation after 24 hrs and was negligible 48 hrs later. Since

the enzyme activity seemed to decrease rapidly in storage. the ultrafiltration and

encapsulation procedures had to be carried out daily. just before use inl'il'O.

6.3.2 E.cofi, PAL: This enzyme was stored in a high concentration ammonia

sulfate (> 0.75 M) solution. Details of the preparation were not available as the

formulation is still in the development stages. A preliminary assay of encapsulated PAL

demonstrated that only 3% (1.26 units 140 units loaded) of the theoretical loaded PAL

aetivity was retained. Since this value seemed to be abnormally low. a stability profile was

not obtained. However. samples of the various supernatants created during the

encapsulation procedure. were assayed for PAL aetivity in order to assess if enzyme losses

had occurred during the preparation.

Kinetic assays were performed on the following six supernatant solutions: butyl

benzoate. 50% Tween 20 \\oash. 1% Tween 20 (Ist. 2nd and 3rd wash) and the final TRIS

butTer suspension. Although there was no significant leakage deteeted. the aetivity ofPAL

recovered was o.1reme1y low in order to be praeticaJly considered for use during in l'il'O

experiments. In addition. a1though the butyl benzoate did not reveaJ any PAL aetivity. this

experiment was inconclusive, The PAL may have been inaetivated :'y the highly organic
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• nature of the butyi benzoate solution. As the main portion of the PAL may have been in

this solution, it was not detected in the remaining supematants.

6.3.3 Vaast (Rhodotoru/a gram/n/sl PAL: This enzyme was stored in a

0.75M ammonium sulphate solution. The major advantage to using this preparation was

that it did not require ultrafiltration. This enabled a more accurate assessment of enzyme

kinetics. Table 5 summarizes the aetivity retained over the entire tbree day period:

TABLE 5: ffiEX Yeast PAL % Recovei"ed Activity

Free PAL:
AssavDay Original M RecoveredM % Recovered Relative %

0(0 br) 1.00 0.77 77"10 100%
1 (24 br) 1.00 0.59 59% 77%

• 2 (48 br) 1.00 0.49 49% 64%'
3 (72 br) 1.00 0.24 24% 31%

EncapPAL:
Assay Day LoadedM RCCQveredM % Recovered Relative %

0(0 br) 1.00 0.49 49% 100%
1 (24 br) 1.00 0.48 48% 97"10
2 (48 br) 1.00 0.39 39% 80%
3 (72 br) 1.00 0.24 24% 50%

As opposed to the Sigma PAL. this free enzyme retained ail of the theoretical

activity, with no losses resulting from mixing with the buffered assay solutions. The results

demonstrated an encapsulation efficiency of 49% of the original loaded PAL aetivity.

These results are aIso portrayed graphica\ly in Figures 8 and 9. This PAL preparation

•
retained a higher percentage ofthe original PAL loaded into the encapsulated mixture, as

compared to the two previous preparations. Furtbermore, foUowing storage al 4 ·C. the
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• mi,crocapsulcs rClained their activity almost complctely for 24 hrs following cncapsulation

and a significanl portion 48 hrs laler. This was encouraging as il mcanl that microcapsules

did not have ta be prepared daily for i/l vivo use.
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MicrocapsuJes /oaded wilh PAL were testedlor en•."",e activity al O. 24. 48 and 71 hrs

jo//owing storage at 4 oc.

Based on these preliminary enzyme kinetic assays il was concluded that the PAL

purified from Rhodotorula graminis would be most effective in vivo. GeneraDy. when

comparing an enzyme from yeast and baeteria! sources. higher stability is recordcd from

the yeast source[43]. FurtIY.:nnore, at l'':gh enough concentrations. ammonia sulphate is

•
known to inhibit fJroper encapsulati(j~ resulting in leaky membrane formation[7].

Encapsulation ofthi\ enzyme yieJded a stabilizing drect, as the rate ofdecrease in relative

aetivity was slower tban the free fon~ a~ !hi>wn in the stabiIity profilcs in Figure 10.
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The optimal preparation offered the advantage ofnot requiring concentration wlule

yielding the Iüghest activity following encapsulation, retainable for at lcast 24 hours

following preparation. The Iügher yield of apparent activity can be explained by the faet

that there is no Ilecessary removal ofa stabilizing solvent, such as g\ycero~ lower arnounts

of membrane inlu"bitors. such as ammonium sulphate, and the yeast source. Nonetheless,

•
the R1Iodotoru/a g/utinis PAL pr~.ration was used for the first anima1 study as the

Rhodotorulagraminis source was not yet available on a large-scale.
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Previous studies have also shown that enzyme stability improved when

asparaginase, catalase and PAL were encapsulated within high Hb concentrations

[4,12,18,49). Increase in efficiency was explained by pH and ionic strength of the enzyme

being influenced by ionic interactions with Hb. The high concentration of Hb is thought to

interfere or influence the process of interracial condensation. thercby protecting the

enzyme from denaturation.

Overall activity may be lost duc to enzyme 1055 during washing stages. 1055 during

preparation inactivation and mass transfer limitations. It is known that proteins arc onen

denatured when they come into contact with organic solvents. In view of this, PALis

likely to be denatured and lose its activity during the encapsulation process since the use

of organic solvent is inevitable during the preparation. It'can be concluded therefore that

the reduction in activity of encapsulated PAL within the collodion membranes is mainly

due to contact with organic solvents and losses. This study showed that phE can

equilibrate rapidly through the membrane and be convened to TCA As TCA then

diffuses out of the artificial cell, this implies !hat oral administration of PAL loaded

microcapsules will reduce body pools ofphE.

6.4 VARIATION IN MICROCAPSULE DlAMETER

The size distn'bution is an important parameter in characterizing microcapsule

preparations, as primariIy, il is critical in seleeting the final route ofadministration ill vivo.

Physico-chemical properties of microcapsules such as shape, size and permeability are

detennined during preparation[S2]. These properties, if not considered may affect the
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kinetic performance of the enzyme profoundly. Thus, it was necessary to determine the

microcapsule diameter yielding the highest PAL enzymatic activity following

cncapsulation.

6.4.1 Effect Of Mlxlng Speed On Dlameter: A correlation between Jumbo

magnetic mixer speed and diameter was first established. Microcapsules of different sizes

were prepared by the standard emulsification technique. Oiameters. of microcapsules

prepared at speed settings of 3, 4, 5, 6, and 7 on a Jumbo magnetic speed stirrer, were

determined visua!ly under Iight microscopy with the aid of graduated ocular. Severa!

hundred microcapsule diameters were measured to the nearest ~ and the mean

diameter and standard deviations were calculated. Table 6 summarizes the values obtained

at the live ditrerent mixing speeds and Figure Il ilIustrates the correlation between the

mixing speed and diameters obtained:

TABLE 6: Variation of Mirrocapsule Diameters with Stirrer Spee<!

•

Stirrer Speed

3
4
5
6
7

Diameter. um (mean + S.O.)

441.75 ±98.80
339.75 :: 78.26
172.50:: 37.86
87.19::26.05
47.65:: 15.46
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At higher mixing speeds the microcapsules were of smalJer diameter. however

most appeared empty. Jess spherical and fragmented, and there was a significa:lt amount of

free Hb during the encapsulation procedure. This indicated that proper formation of the

collodion membrane was inhibited by the high speed of mixing. This would eventually

result in a significant loss of enzyme during the encapsuJation procedure and reduetion in

the spherical mass transfer surface area required for effective substrate diffiJsion through

the membrane. MicrocapsuJes obtained with speed settings of 6 and 7 were thus

eliminated from future study. The photographs in Figures 12a and 12b. demonstrate the
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proper formation ofa smooth and spherica1 l1Ûcrocapsule. with an intact lIb environmcnt•

versus the nonspherical fragments obtained under high speed settings.

FIGURE 12:

(a) MiCTocapsulesjormed under optimum condilions.r------__.
•

• ,

:.
• -II

•
•

•

• ,
(h) Microcapsulesjormed under highspeedemulsifieation speeds.
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• 6.4.2 Effect of Dlameter on Recovcrablo ActlvJ1lt:: Microcapsules

oblained with speed settings 3. 4. and 5 were then assayed for PAL aClivity in ordcr to

select the diameler yielding the highest activily. Figures 13 iIIuslrales the activity profiles

of the three different diameler microcapsules and Table 7 summarizes the activilies

obtained at the different microcapsule diameters:

TABLE 7: % Activity Rccovered With Change in Spccd

Speed Loaded ((J) Recovcred Cl!) %_ActivilY

3(442I.lm) 1 0.5395 54%

4(34Ol.lm) 1 0.3627 36%

5(1 731.lm) 1 0.49 490/0

3200FIGURE 13:
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ln vitro conversion by PAL encapsulatedwithin three dilferent diameter microcapsules.
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Microcapsules, in a 340 !Lm diameter range, were e1iminated, as thcy yielded the

10V/est recovered PAL aetivity. A1though it scemed that 442 !Lm diameter microcapsules

yielded a higher aetivity, such larger microcapsules tend to break more easily. This would

allow PAL to leak out and be present in free form during the assay, increasing the

apparent activity. Consequently, microcapr..ies in the 173 !Lm diameter range were

chosen, as thcy retained a significant percentage of the original loaded PAL aetivity. AIl

further experiments were performed with this size of microcapsules. The diameters of ail

batches prepared \liere within the same range 50 that initial rates of rcaetion could be

meaningfully compared. Reliable estimations of microcapsule diameters and kineties of

different size capsules, was al50 required for estimati~n ofdiflùsion limitations. and will be

discussed in section 7.0.

6.5 KINETICS OF CONTROL MiCROCAPSUlES

Control microcapsules, containing no enzyme, were al50 assayed with the standard

well-mixed batch vesscJ method. This was necessary in order to ensure that phE depletion

rates were not due to equilibration of phE into the microcapsules or adsorption. rather

than by removal by enzyme corr.'er5Ïon. This assay was repeated for ail ~ of

microcapsules uscd (for later diffusion studies). Figure 14 shows the results obtained for

lill three sizes of microcapsules. It sccms reasonable to assume that the Jack ofchange in

the phE coocentration is due to the absence ofenzyme.
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6.6 ROOM TEMPERATURE ENCAPSULATED KINETICS

Aetivity assays ofPAL loaded microcapsules prepared and subsequently stored al

room ternperature, were necessary in order to assess whether th~ iime taken by the ENU2

mice to ingest microcapsule pr~rations would reduce the avai~le eneapsulated aetivity.

•
Assays were performe.j al standard conditions. Table 8 summarizes the aetivities

obtained foDowing storage al room temperature, 30 min, 1 br and 2 hrs tater. The enzyme

aetivity does oot appear to change very much al the different lime intervals tested.



• TABLE Si % Activily Relained al Room Temperalure

Iime..(lJJi.lll !kc.9.vered CUl ~Aclivily~~Ql!J.)

0 1 0.490 49%
30 1 0.396 39%
60 1 0.3356 34%
120 1 0.2775 28%

Microencapsula:ed PAL again relained -50"10 of ils activity fo11o....;ng

encapsuJation. As allernale feeding methods were not available at the time, the 15%

reduetion in the enCdpsulaled activity observed after 1 hr, was nol crilica1. As will be

shown later, the majorily of the mice consumed their preparalions within the firsl hour,

eliminaling major reduetions in the available PAL aetivity. Resultl: of the apparent phE

depletion rates obtained for capsules slored at 25 ·C, are plotted in Figure 15.
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6.7 MICROCAPSULE STORAGE IN GLYCEROL
,

Storasc of PAL loaded microcapsulcs in a 60 % glycerol. TRIS buffcrcd solution

was allempted in order to investigate whether this would have any positive effect on

stabilizing encapsulated PAL aetivity. The g1ycerol solution prepared was modelJed after

the storage solution used to stabilize the yeast (Rhodoforula gll/fillis) free PAL.

Initially control microcapsules were prepared and Slored in the 60 % glycerol

solution. to observe if any physical abnormalities would result. from possible internai

transfer ofglycerol within the capsules. Observations made under the light microscope 1

min. 4 min. 1 br. 2 br and 24 hrs folJowing storage did not reveal any changes, neither in

the microcapsule integrity nor in the supematant. This meant that the g1ycerol did not

penetrate the membrane or allow leakage ofthe Rb contents.

However. assessment of encapsuLlted PAL aetivity 1 br. 24 hrs and 48 hrs

folJowing encapsulation did not reveal any significant phE uptake, l'':; üilUtrated in Figure

16. This was moSl likdy due to microcapsule coating effeets produced by the viscous
•

g1ycerol solution. inhibiting effective transfer of phE to the ce1I's interior. This idea was

diseontinued from further anaIysis.
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6.8 EXTENT OF MICROCAPSUlE LEAKAGE

Kinetic assays of supernatants coU~ed from microcapsuJe buffer suspensions,

were aitica1 in order to assess whether PAL significantly leaked out ofthe microcapsules

foDowing preparation.

6.8.1 Leakage Durlng Storage: Figure 17 shows the results of the

experiments where PAL Jeakage was assessed for cens stored 24, 48 and 72 hours

foUowing preparation and storage at 4 OC. Although sIightly cllirerent initial substrate

•
co~tration solutions were used. the resuJ..s show that for an limes assayed there is no

significant evidence of leakage. After 24 hrs. 0.0147 units were detected, aftcr 48 brs.
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• 0,0683 units wcre deteetcd and finally aner 72 hrs. O,OIOS units were detected. This lower
~

value ancr 72 hrs may be due to inactivation of frce enzyme as observe<! in frce PAL

storage results. Furthermore. visual inspection orthe cells under the light microscope also

reveaJed an intact ceU membrane and lib filled interior.

The structure and integrity of microcapsules was previously shown to depend on

the stirrer speed during preparation. As no leakage was detected. it was concluded that

microcapsules can effeetive1y retain PAL.

FleURE 17:
4000 ,-------- ---.

···6·····......

•
~ .

3500 f-

1):::::::·:·:·:··::·.. ·::·:.. ::··8·::.:::··
3OOO<;l....... ...... o,

_ 2500 ­
;,:
-8'c 2000 _
8
w
s:.
Q. 1500 - Supematant

···v· 0 hrs

1000 ~ ···0.. 24 hrs
. ·6·· 48 hrs

500 _ ·0· 72 hrs

.... li.
.. v
·0
o

•

oL...-_....I_-'Il-_..LI__J-I_....I__J-I_..1'_~

o 2 4 6 8 10 12 14 16

time(min}

KiJ1etÎcs ofsupematant ofmicrOCDpsuleITRJS buffersuspension.

71



• 6.8.2 Leakage Durlng Klnetlcs Assay: Lcakage of PAL was a1so

monilored in the suspension placed in the batch vessels during kinetic assays. Foltowi'ng

completion of an assay under normal conditions, the capsules in the suspension were

a1lowed to seule. Samples from the resulting supematant were then assayed in a new batch

vessel in order to determine if there was any PAL aetivity, during the original assay.

Figure 18 c1early shows lhat no significant decrease in the phE level was recorded,

indicating lhat no leakage occurs during the assay.

FlGURE 18:
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The decrease in PAL activity following encapsuIation is thus primarily due to PAL

instability and Ioss during the initial stages of preparation. rather than to enzyme lcakage.

The results obtained in these cxperiments correlate weil with findings from Bourget and

Chang, that Icakage effects were minimal during storage [4).

6.9 PAL TEMPERATURE AND pH PROFILE:

A1though it has been shown that encapsulated PAL can effectively deplete phE in

vitro, there are a number of variables that can interfere with the depletion rate. Extemal

factors such as temperature and pH on free and immobilized PAL kinetics will be

investigated in the following sections.

6.9.1 Temperature Profile: Enzymatic activity is dependant on temperature

much like any catalyst whose rate increases with temperature. The increase in reaction rate

with rise in temperature, is attributabIe to the disproportionate increase in the fraction of

molecules with the required activation energy. Nonetheless, there is a maximum

temperature above which the activity decreases, due to denaturation ofthe enzyme. As the

temperature increases, the therrnal denaturation rate is accelcrated, eventually dominating

over the catalytic activity. Hence, a plot of catalytic activity versus tempcrature will

usuaIly exhibit a maximum at the optimum temperature.

The standard batch ves>e1 assay was again used for kinetic determinations at the

various temperatures. AlI variables were held constant except for temperature.

Specifically, activities were determined at 20, 30, 37, 40, 50 and 60 ·C. Figures Da·llf, in

Appendix n. show the phE depletion curves at each temperature respectively, for bath
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• frce and encapsulatcd forms ofthe enzyme. Table 9 summarizcs thc units and % relative to

the maximum recovered following cncapsulation.

TABLE 9: % Activil'y Recovered With Temperature Variation

FreePAL

AssavTcmo Original (u) Rccovered (u) % Rccovered Relative %
20 1 0.2315 23 30
30 1 0.3365 34 44
37 1 0.7705 77 100
40 1 0.6579 66 85
50 1 0.6011 60 70
60 1 0.2216 22 29

Encap PAL

AssayTemp Loaded (u) Recovered CUl % Rccovered Relative %

• 20 1 0.1577 16 26
30 1 0.2698 27 45
37 1 0.49 49 82
40 1 0.5996 60 100
50 1 0.4368 44 73
60 1 0.137 14 23

The maximum activity was obtained at 37 oC for the free PAL form and at 40 oC

for the encapsuJated PAL fonn. This is c1early ponrayed in Figure 19 which illustrates the

ternperature profiles for both enzyme forms. Above the optimum ternperatures recorded,

the activity of the enzyme reaetion dccreased due to the denaturation of the enzyme

protein.

•
74



• FIGURE 19:
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Results !Tom tbis experiment show that there was no significant difference in the

aetivity profile of !Tee and immobilized PAL. However, the immobilized enzyme appears

to have somewhat greater. temperature optimum than the !Tee enzyme in solution. This is

consistent with the faet that the beat stability I)f an enzyme is galeraUy enhanced by

immobilization, due to the proteetive ceU interior.

6.9.2 pH Profile: As =ymes have many ionizable groups, the active sites must

be in the proper ionic fonn to maintain the conformation of the active si!c, essential for

substrate binding and eatalytic action. The pH corresponding to the maximum rate is
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• known as the optimum pH. Clinic'll use of microcapsules orally administrated, renders

important the assessment of the relationship of pH to enzyme activity. The artificial cells

have to be buffered in order to prevent their destruction within the very acidic stomach pH

environment. Stirred batch reaetions were carried out as previously described, with aU

parameters held at their standard values, varying only the pH of the phE assay solution.

The foUowing pH values were studied: 3, 5, 7, S.5, 9 and II.

The phE depletion curves, for both free and encapsulated PAL, at each of these

pH values are shown in Figures IIIa-IIIf, respeetively, in Appendix Ill. Table 10

surnmarizes the units and % relative to the maximum recovered foUowing encapsulation.

TABLE 10: % Activity Recovered With pH Variation

• Free PAL

Assay pH OriGinal M RecoveredM % Recovered Relative %
3 1 0.137 14 lS
5 1 0.30S 31 40
7 1 0.447 45 5S
8.5 1 0.77 77 100
9 1 0.59 59 77
11 1 0.3544 35 46

EncapPAL

AC9ypH LoadedM RecoveredM % Recovered Relative %
3 1 0.147 15 30
5 1 0.372 37 76
7 1 0.402 40 S2
8.S 1 0.490 49 100
9 1 0.475 48 97
11 1 0.417 42 S5

•
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• Figure 20 portrays the pH profiles of both enzyme forms. The enzymatie activity of

artificial cells containing PAL as weil as the free form was shown to be optimal at a pH of

8.5. Earlier studies, by Bourget and Chang. have aIso shown that PAL immobilized within

artificial cells is excluded from destruction by extemal in.lestinal tryptic enzymes and that

maximal activity was obtained in the 8.5-9.0 range[4).
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At lower pH values the encapsulated PAL had a higher relative activity. tban the

free PAL. This can be explained by the lib butrerïng capacity panicularly when used in
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high enough concentrations. Furthennore, the pH optimum corresponds to the average pH

ofthe small intestinal tract.

The pH range over which an enzyme is active may be broad or narrow. For the

encapsulated PAL. the profile obtained was broad as comparecl to the narrower profile

"i·,<,ed by the free fonn PAL. 5mall changes in pH lead to a dramatic change in the

reaction rate for free PAL, even though the magnitude ofthe optimum pH ofencapsulated

PAL coincided with that of fr~ PAL at pH 8.5. The broader profi1e of the immobilized

enzyme again reflects the protective nature of the membrane with respect to drastic

changes in the extemal environment. Changes in pH will not entirely destro)' the activity of

PAL enclosed witlùn a collodion membrane. This is significant in vivo as the PAL will be

protected from tryptic enzymes encountered in the stomach prior to reaching the small

intestine

6.10 MICHAELl5-MENTEN KINETICS

The kinetic parameters of free and encapsulated PAL as a function of phE

concentration, were determined using the assumptions underlying Michaelis-Menten

enzyme kinetics. Under certain conditions, the rate ofthe enzymatic reaction will depend

upon the concentration ofthe substrate. The concentration ofsubstrate, [5]. is considere<!

large enough 50 that the amount bound by the enzyme. at any lime. is negligible compared

to [5]. The rate ofreaction a150 depends on substrate concentration. By increasing [5]. the

reaction rate increases untiI the enzyme is saturated, at which point the rate becomes

independent ofsubstrate concentration. The deriw.tion ofthe Michaelis-Menten equation,
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• lcads to a method of obtaining the kinetic parameters of enzyme systems, both free and

immobilized. Dependence of rcaction rate on (5) was explorcd in the range of 300- 10 000

j.LM ofphE.

When plotting the initial observed reaction velocity against the initial substrate

concentration a rectangular hyperbola is obtained, algebraically cxpressing

Michaelis-Menten kinetics. Figure 21 depieted tbis relationship for both fonns of PAL.

The corresponding phE depletion curves for differcnt initial phE solutions arc shown in

Figulcs IVa-IVj, AppendLx IV, and the units recovered foUowing encapsulation are

summarizcd in Table Il.

TABLE Il: Units (Reaction Rate) Recovered at Varying Initinl phE Assay Conc.

• Conc(mM) Original M Free PAL: Recovered M Encap PAL: RCCQvered (Ul

300 1 0.19 0.14
750 1 0.40 0.22
2000 1 0.s5 0.39
3000 1 0.77 0.50
4000 1 0.95 0.76
5000 1 1.09 0.80
6000 1 1.08 0.85
7000 1 1.09 0.83
8000 1 1.08 0.83
9000 1 1.09 0.82

•
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The encapsulated PAL, as weil as the free PAL, appeared to follow

Michaelis-Menten kinetics, despite the faet that the magnitude of the immobilized rate is

lower than the corresponding free PAL rate. As one of the assumptions of

Michaelis-Menten kinetics is that the rate is proportional to the total amount of enzyme

present, from the hyperbolic plot it Clln he seen that the reaetion velocity of the free

enzyme reaches a maximum close to the theoretical amount of 1 unit of PAL loaded.

Another underlying assumption inherent in Michaelis-Menten kinetics is that the

•
enzymatic reaction is initially first order with respect to substrate concentration.

Gradually, it then becomes zero order as the substrale concentration is then increased and
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• the maximum rate, Vrnax. is approached. As can be seen in Figure 21. in the phE

concentration range rrom o~ -4000 J.1M, the PAL conversion of phE 10 TCA obeys first

arder kinetics whereas from 4000 ~ 10 000 J.LM. the reaction obeys zero-order kinctics,

i.e. '. is indepcndent of phE concentration. Thus a phE concentration of 3000 J.lM fOi PAL

charactcrization assays was selected for ail kinetic assays . This a1lowed operation within

the first order regime (required for the mass transfer study).

However. as the hypcrbolic plot is difficult to use for dcrivation of

Michaelis~Menten parameters. a Jinear transformation. to a double reciprocal or

Lincweaver-Burk plo~ yielded Figure 22.
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• The kinetic parameters. Km and Vmax, of free and encapsulated PAL. \Vere then

determined from the respective linearized plot (xintercept=-I/Km. yintercept=lNma.x.

slope=KmfVmax). Again, the linearity of the I/v vs I/S rclationship. proved the

Michaelis-Menten relationship. Table 12 summarizes the kinetic pararneters derived for

both free and encapsulated PAL systems. Whereas Vma.x is usually dependant on enzyme

concentration, Km is a mcasure of the affinity of the enzyme for a particular substrate. the

lowcr the constant. the higher the affinity. Km is an intrinsic property of enzymes. but

remains independent ofenzyme concentration[33].

TABLE 12: Michaelis-Menten PAL Kinetic Parnn::::!m

• FreePAL
Encapsulated PAL

Km(uMl

1731
1742

Vmax (umoVminl

1.20
0.90

•

Although the encapsulated PAL had a reduced apparent activity as compared to

the free PAL, encapsulation did not alter the Km value. The results however showed that

rnicroe:lcapsulation of PAL resulted in a slight drop in the apparent Vmax. Thus. the

rnicroencapsulated PAL retained -75% the Vmax activity in free solution.

Previous reports on encapsulated histidase and PAL (Rhodotorula glutinis) again

made similar observations[4,39]. The Km for the immobilized enzyme remained the same

as the free enzyme, whereas the Vmax was decreased. Although rnicroencapsuJated PAL

had retained only 20010 of the free enzyme, the Km for bath forms was 475 J1M whereas
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the Vmax for free and microcncapsulated PAL was 55 J1M/min and 9 J1M/min,

respectiveIy[4].

If the values of Km are similar, postencapsulation modifications to the enzyme's

conformation do not significantly affect the PAL phE affinity. These modifications may

arise from exposure to organic solvents and pH changes during encapsulation. This

suggests that encapsulation incfliciencies due to enzyme loss and inactivation during

preparation stages are more likely the main causes for the reduced PAL activity yields.

This decrease in the Vrnax of microencapsulated enzymes, while Km stays constant, has

a1so been attnouted to diffusion restrictions rcgarding the substrate into the microcapsule.

It is postulated that the membrane ofthe œil serves as a difiùsion barrier to the substrate.

the degree ofwhich will be determined later.

However, if the Km ofencapsulated enzyme is increased then the Icwer affinity for

substrate is due to s1owt:l' permeation rates of substrates and products through the

membrane[49]. Confonnational changes of the enzyme protein molecu\e and steric

hindrances usually lead to an increase in the Km value. ConverseIy, a decrease in the Km

value leads to a faster rate ofreaction than for its free counterpart.
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7.0 REACTION AND DIFFUSION LIMITATIONS

lmmobilization of enzymes adds a mass transfer barrier. the diffusion of phE

through the membrane. Given the difficulty of conducting detailed and well-controlled

expcriments with immobilized enzymes, mathematical theory of rcaction and diffusion in

immobilized cells will be applied. Determination of actual reaction raIe limitations will be

based on estimales of the intrinsic reactivity and the effective diffusivity of phE across the

membrane.

lt was shown that PALin free and immobilized form can deplete phE ill ~·ilro. The

global mte of this depletion can however, be controlled either by reaction kinetics or by

mass transfer. The ditrerence between a !Tee and immobilized enzyme is that once
.1

immobiIized, the enzyme is no longer completely surrounded by an aqueous environment

but rather, lies within a heterogeneous phase. The overaII reaction process now comprises

ofseven sequential stcps:

1. Diffusion ofthe substrate through the bulk phase to the microcapsule interface.

2. Difiùsion ofsubstrate through the external unstirred layer.

3. Diffusion through the microcapsule membrane.

4. Diffusion in the intracellular f1uid compartment.

5. Enzymatic substrate catalysis.

6. Product ofreaction moving in the reverse directions descn1>ed above.

7. Diffusion ofproduct in bulk phase.

Difiùsion of organic solutes into cells is a fundamental physiological processes

occurring in the body. However. cell membrane penneability can play an important role in

84



•

•

•

the overall mass transfer process of organic solutes in ccIIs, as it can provide the

controlling resistance to mass transfer into cells by limiting the influx ofsolutes.

A nllmber of experimental techniques have been devised to measure membrane

permeabilities trom mass transfer experiments[SO,S4]. However, such models require

knowledge of diffusion coefficients in both extracellular and intracellular phases.

Therefore. these are not suitable nor practical models to use. ln this work, only an

estimate of diffusion limitations was required. Extemal diffusional effeets were studied to

assess whether they could be neglected. The remaining factors Iisted above were then

examined to detennine which process, chemical kinetics or mass transfer. lends a greater

contnèution to overall activity observed.

7.1 EXTERNAL DIFFUSIONAL EFFECTS

External difiùsional resistr..,ce results trom the presence of a stagnant 'unstirred'

layer around the immobilized enzyme membrane surface. Transport of substrates through

this region oceurs mainly by molecular diffusion and if this rate is slow. the reaction rate

will be slow.

External difiùsion plays a significant role ifthe activity ofthe immobilized enzyme

depends on the efficiency of mixing. ln this case, the thickness of the stagnant layer is

inversely proportional ta the agitation rate. Such restrictions can then be eliminated or

minimized by increasing the degree ofagitation in a well-mixed system.
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• 7.1.1 Eff~ct of Assay RPM on Actlvlty Retalned: Figure 23 shows the

phE deplction rates by PAL measurcd in standard assays \\ith only variations in :he

Lab-Linc Orbit Shaker rpm. Profiles at three dilfcrent rpms wcre obtaincd. namely O. ISO

and 200 rpm. Table 13 summarizes the elfe<:! ofagitation rate on phE conversion:

TABLE 13: EfTt'e\ of Agitation Rate on % Acti\'ity

rate ofagitation (mm)
o
ISO
200

% phE conversion
9%
49'l.
52%

•
FIGURE 23:
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A quick glance at these figures may lead to assuming that extemal mass transfer

limitations are significant as the % of PAL aetivity recovered seems to significantly

increase !Tom 0 rpm to 150 rpm. However, in the absence of stirring, the microcapsules

used settle down by gravity. Analysis of the IWO remaining speeds. demonstrated that

within minimal degrees oferror, the values for the % aetivity recovered were rather close.

This implied that an extemal barrier, the "unstirred layer", to phE transfer for the

microcapsules could be safely assumed to be negligible. within this range ofstirring. Thus.

for well-mixed batch reaetor studies, extraparticle mass transfer constraints were

negligible.

7.2 OTHER MICROENCAPSULATION FACTORS

The above resu\ts showed that the unstirred layer was minimal, owing to efficient

mixing of the bulk solution. Thus, changes in PAL activity after encapsulation are

therefore due to any ofthe following factors: diffusion across the microcapsule membrane;

intrace\lular diffusion; concentration of intracellular enzyme; concentration of phE

intracellularly not being the sarne as the extema\ concentration; diffusion ofproduct out of

the microcapsules; potential enzyme degiadation due to affinity or conformational

changes; 10ss ofenzyme during encapsuIation procedure.

In immobilized enzyme systems, these effeets are difficu1t to separate out

individually without very extensive research. Consequently, generalized conclusions can be

drawn from an ana1ysis ofthe apparent Michaelis-Menten parameters.
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7.2.1 Sign'flcance of M'chaells-Menten Parameters: Determination of

Km value, reflecting affinity between enzyme and substrate, is important as immobilization

cao result in an increase or decrease of tbis parameter. If Km values of the free and

immobilized enzyme are close, tbis implies that no conformational changes resulted from

the encapsulation. However, an increase in the Km value, after microencapsulation, may

also be due to major diffusionallimitations across the encapsulation membrane, with a fast

reacting enzyme resulting in a much lower substrate concentration intracellularly.

As it was mentioned in section 6.1 0, the Km value for both free and encapsulated

PAL was found to be 1735 J.l.M. This finding supports the assumption that there are no

changes in the enzyme conformation to alter the affinity between substrate and enzyme.

However, the significaot though small decrease in Vmax after encapsulation indicate that

there is (1) some lll3SS transfer resistance to the substrate and/or product ofthe reaction or

(2) a decrease in enzyme concentration due to loss ofenzyme during encapsulation. In this

case, mass transfer not being the limiting factor, reaction kinetics control the observcd

rate. Three different mass transfer resistance estimation parameters will he invcstigated in

the foUowing sections, conditions ofwbich will indicate wbich of the two factors atrccting

Vmax, controls the observcd rate.

7.2.2 Slgnificance of Apparent Activation Energy: One method of

estimating the extent of mass transfer resistance is to determine the effect of tcmpcraturc

on reaction rate for the immobüizcd and frcc enzyme. If the Arrhenius plot yiclds a

straight Iinc with an cquaI siopc for bath forms, it implies that difiùsion limitation is
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• insignificant. Controlling diffusion limitations will howcver, result in a curvature at higher

temperatures.

The constant obtained, upon linearation of the concentration depletion curves,

from the slope repres~nts the reaction rate constant. A linear plot ofln[phE "'\Jnc] vs. time,

suggests a fust order phE depletion kinetics mechanism. The sJopes can therefore be

considered as the tirst order rate constants. Table 14 summarizes the tirst order reaction

rates obtained at each of the different assayed temperatures, along with the corresponding

linear correlation coefficient (only in activation region), again proving tirst order reaetion

mechanism with an initial phE substrate of3000 J.lM.

TABLE 14: Reaction Rate Constants As a Function ofTemperature

• Temperature Free PAL Rate ConstantOc) Encap PAL Rate Constant Oc)

20
30
37

0.00567 (r=O.937)
0.01082 (r=O.99S)
0.0259 (r=O.976)

0.0038 (r=O.92S)
0.0083 (r=O.994)
0.0175 (r=O.920)

•

Figure 24 shows the semilog plot of the first order rate constants, against the

reciprocaI of the corresponding temperatures. This is known as the Arrhenius plot. The

line represents a linear regression, whose slope gives the activation energy (-EalR)

required for the conversion of pilE to TCA by PAL. Thus, expeJimentaI activation

energies of68.3 and 69.2 kJ/mol were found for the free and immobilized PAL reactiollS,

respeetÏvely.
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• FIGURE 24:
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Li:lcarity of the Arrhenius plots implied that mass transfer of phE across the

microcapsule was not the factor limiting the global rate. Il an he concluded that

inactivation during the encapsulating procedure and enzyme lost during the preparation

are the main factors. contnDuting to a lower Vmax value and lower assayed cncapsulatcd

PAL aetivity compared to the free PAL .

7.2.3 Prediction of Effective Dlffuslvlty: Using literature estimation

•
correlations. it was found th3t the diffusivity ofphE in coDodion capsules is in the range of

4.45x1o-' to 7.87xl~cm2/s. Table IS summarizes different correlation values:
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• TABLE 15: Predkted EtTertive DitTusivities

Correlation ~

1) Poison: S.I9xIO"
2) Flory-Mandelkern-
Scheraga Method: 7.87xI0"
3) Young·Cmoad-
Bell Method: 4.4Sx10"

•

•

These are very high diffusivity values. as generally effective diffusivities in the

order of 10"cm:/s are considered relatively high in Iiquids[36,42). This rate is much larger

than the global rate ofphE depletion by PAL. indicating that phE can diffuse in and out of

the microcapsules(20). The reaction rate is therefore not 1imited by diffusional resistances.

but rather is kinetica11y controlled. It cao thus he assumed that the global rate is not

influenced by internai concentration gradients, since the diffusivity predicts rapid diffusion

and equilibration ofphE within the rnicrocapsule.

7.2.4 51gnificance of Effectlveness Factors: The observed reaction rate

results from simultaneous reaction and diffusion of phE within the imrnobilized enzyme

partic1es. The effect of internai diffusion on irnmobi1ized kinetic behaviour cao he very

significaot in being the rate controlling $lep. In order to again assess the relative

importance of these two processes. the system cao aIso be anaIyzed either directly or

indirectly, and quantified with respect to the effectiveness factor, TI. When the substrate's

diffusion rate is slow, the observed rate of the reaction is lower than that expected for

enzymes in solution. The enzyme molecules will not be in contact with the substrate at a

concentration leve1 identi:al with that of the bu1k solution. When TF1. reaction kinetics
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are controlling and when 1'\ < 1. dilTusionallimitations are controlling. in the presence of

diffusiona! limitations. Michaelis-Menten kinetics are no longer obcyed. For immobilized

enzyme systems. instead of Km. only an apparent Km can be obtained as previously

discussed. By using the etTectiveness factor. the Michaelis-Menten equation can be altered

for the immobilized enzyme system.

The direct method reiies on the ditTerential mass balance around the microcapsule

and subsequent evaluation of the Thiele modulus and etTectiveness factor through

simultaneous solution. Genera1ly, however, graphica1 correlations of the etTectiveness

factor as a function ofthe Thiele modulus are available in the Iiterature and are introduced

for simplification of calculations. EtTectiveness factors derived in this manner are referred

to as calculated factors, 'l'l.... and require knowledge of the etTective dilTusivity. either

measured experimentally or predicted by correlations.

The indirect method relies on observable pararneters that may be easily obtained

experimentally. such as the reaction rate and microcapsule diameter. Typica1ly. the rate is

measured for two ditTerent size particles, eliminating need for the etTective diffusivity and

the set-up of complex time-consuming experiments. This occurs upon algebraic

manipulation of the equations defining the Thie\e modulus and etTectiveness factor.

yie\ding a pararneter known as the Weisz-Prater criterion, Cwp. This criterion uses

measured values of the rate of reaction to determine if internai diffusion is Iimiting the

reaction. This metbod eva\uates an etTectiveness factor referred to as an experimental

value, 'llc... Comparison ofthe two values, TI.. and ll..z.. allows assessment of the validity
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of assumptions made in estimating the effective diffusivity. Reference to Appendix V will

demonstrate the derivation of these methods, and evaluation of the effectiveness factor

and Thiele modulus for the PAL enzyme immobilized system.

From both analyses, it can be seen that as particle diameter decreases, 41 decreases

and Tl approaches c10ser to 1. As the diameter decreased from 339.75 to 172.5 Ilm, the

Thiele modulus decreased from 3.74 to 1.9 and the respective effectiveness factor

increased from 0.589 to a value c10ser to the ideal kinetically controlled regime, i.e." to

0.82. This follows from the analytical discussion whereby it was shown that as Tl

approaches l, intraparticle mass transport has no effect on the rate. This occurs as, Tl

represents the ratio ofthe actual rate of reaetion to the rate if there are no concentration

gradients within the ce11. If Tl=l, then the aetual rate is equal to such a rate occurring

within the absence of concentration gradients. Thus, the chemical steps fu1Iy control the

rate.

Nonetheless, as Tl is slighüy less than one and since evaluation of an additional

parameter, Cwp, is relatively close to 3, it can only be concretely concluded that diffusion

resistances will not he the dominating factor, 50 long as care is taken in producing

unimodal microcapsules. Drift into larger capsule distn"butions rapidly increased the Thiele

modulus as was shown, in the calculated value derived in Appendix V. As shown before,

the larger the Thiele modulus, the more the effeetiveness factor will depart from the ideal

of l, and the larger the effect of intraparticle diffusion, resu1ting in a slow substrate

diflùsion within the capsule. COnsequCDÜy, Cwp, increased sharply from 2.96 to 8.24.
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Lastly, comparison ofthe calculated versus experimental values of the elTectiveness factor

for the smaller capsules, justified the predicted range ofvalues for the elTective dil1ùsi,ity,

as the two values were relatively similar (0.70 and 0.82). consideration given to

experimental errors in measuring reaction rates.

In terms of immobilized enzyme systems evaluation of 1'\ is significant. If it is

significantly less than unity, then intrapellet mass transfer should be accounted for when

evaluating reaction order and activation energy. Intraparticle transport effects also bccome

less important as the particle size decreases. However. within the range ofconditions used

in these experiments, forrnicrocapsules prepared at a speed setting of S. the Thiele

modulus of 1.9 and effectiveness factor of 0.82, correspond to a kinetically controlled

.
system without severe intraparticle diffusion limitations. Cwp is < 3 and 1'\ is not much less

than unity. When a reaction oceurs within a membrane, a concentration gradient will

always exist and the effectiveness factor will never bc unity. Thus the Weisz-Prater

parameter is a general criterion for c1aiming insignificant intraparticle diffusion effects.

The results showed that both external and internai mass transfer resistances are

negligible. Previous studies by Poznansky and Chang also showed that the permeability of

small molecules such as urea and glucose, comparable to pilE, is relatively large, again in

the order of 104 cm1/sec[20]. Thus, smalI molecules will take fractions of seconds to

penetrate the collodion membrane rendering membrane resistance to mass transfer

negligible.
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8.0 ENZYME REPLACEMENT THERAPY IN ENU2 PKU

MICE USING MICROENCAPSULATED PAL

Since in vitro laboratory tests cannot always show complex interactions witlùn the

human body. human reactions to new drugs cannot be forecasted. However. as humans

and animaIs share more than 250 common illnesses, investigators always seek to obtain

animal models ofthe human condition being studied.

Oral administration commands the least requirements for biocompatibiliry as

opposed to the blood compatibility and nontoxicity requirements of extracorporeal blood

circulation, the biocompatibility. sterility. nontoxicity. noncarcinogenic and

nonimmunogenic requirements of intraperitoneal, intrarnuscular and subcutaneous

injections. Furthennore, if metabolites diffuse freely across the intestinal tract and

controUed drug re\ease is not desired, oral administration is preferred[16]. Thus, oral

administration was chosen as the method ofmicrocapsule feedings.

8.1 RRST ANIMAL EXPERIMENTS:

During the initial planning ofthe animal experiments, the idea was to use standard

stomach tube gavaging for feeding ofcontrol and PAL loaded capsules to the mice. The

0.44 unitslday. found within 0.3mL ofmicrocapsules and suspended in TRIS buffer to a

total maximum amount of 0.7mL, were to be delivered through 18 gauge, 3.5-4.0 c.n

curved ball-tipped, stomach gavage feeding needles. However, severa! major unforeseen

problems arase: The mice were much smaUer than normal mice and significantly smaller
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than the rats use!! by Bourget and Chang[3]. The ENU2 mice wcre also much weaker

physically than normal mice. and thus were unable to withstand such large fecding tubes.

Smaller tubes. 20 gauge. were not suitable for ISO !lm microcapsules.

Shortly after the tirst feeding, 4 out of the 9 mice died as a result ofblecding in the

mouth and esophagus. The mice also rcgurgitated their stomach contents during the

feeding process. Severa! exploratory methods were then investigated in order to solve the

feeding administration problem:

(1) Microcapsules were prepared as usual and added to 5 mL ofcommercial Jello

solution and alloweG to gel at 4 ·C. Only 2 out of the 5 remaining mice initially responded

to this feeding method, however, on Day 17 and 18, even these mice stopped taking tbis

formulation.

(2) The remaining 3 out of the 5 surviving mice were administered a different

formulation when it was clear tbat they were not. taking to the Jello mixture. This time

microcapsules were again prepared but mixed with 5 mL of clear, gelatin. Although the

mice initially responded positively to this formulation, between Days lOto 15 these

animaIs became unpredietable as to whether they would eat the entire dose, and

eventua11y stopped taking this formulation 15 days following treatrnent initiation.

(3) It was then decided to mix the eapsules with approximately :; grams uflow fat,

fine grade unripened cheese and 100 mg Na bicarbonate. As the animais took to this

regiment immediately, it was continued successfully trom Day 18 until the Iast day, Day

38, orthe study.
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• Table 16 summ3rizcs the fecding formulation changes throughout the 38 day •

study, in addition to indicating the plasma phE levels (J..lmollL). Figure 25 represents the

same data in graphical form.

TABLE 16: Freding Regiment and ENU2 Moust Plasma PhE Levrls
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FIGURE 25:
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•

•
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(1) PAL micrQcapsules mixed with gelatin Qr JeIlQ:

As previQusly indicated. there was nQ significant decrease in any Qf the mQuse phE

plasma levels after seven days QfcQnsecutive treatment with either JellQ Qr gelatin. Rather.

there was a cQnsiderable increase in the levels Qf PAL treated mice #2 and #3 as weil as

cQntrQI mQuse #5. As the gelatin and JellQ fQnn a hard mass surrQunding the micrQcapsule

preparatiQn, tbis might increase the mass transfer resistance. cQnsequently decreasing the

micrQcapsule effectiveness.

(2) PAL micrQcapsules mixed with cheese:

The levels recorded Qn Day 23 were mQst prQmising. After 6 days Qf PAL

micrQcapsules and cheese treatment, 3 Qut Qf the 4 PAL treated mice had significanùy

reduced levels. CQntinuing.with the cheese regime, the levels recQrded Qn the last day

were again positive. The same 3 treated mice again had their plasma levels even further

reduced. After 20 days Qf PAL microcapsules and cheese treatment, 3 Qf the 4 treated

mice had their plasma leve\s reduced by 51.3% ±9.02%. Phenylalanine levels greater than

1200 J.UIlQI/L are considered pheny1ketQnuric and leve\s mQnitQred with reduced

phenylalanine intake are maintained at levels Qf <1000 but >250 j.lmQI/L. Thus. 2 Qut Qf

the 3 mice with reduced final phenylalanine levels were within the < 1000 > 250 J.UIlQI/L

range of desired maintenance values. Clinically at this point, nQ shaking or physical

distress was observed in these animais, as opposed to the colQny Qf mice wbich were ail

shaking and not moving around free\y.
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This study was fundamental in establishing a method for orally feeding

microcapsules, both control and enzyme loaded. over 30 consecutive days. A decrease in

phE plasma levels to within the desired maintenance range was observed in 2 out of 4

mice, using 50% of the PAL dose used in previous rat studies by Bourget and Chang[5].

Considering the 150 gram size of the chemically induced rats and the fact that they were

administered 5 units of PAL per dose, would require that the 30 gram ENU2 mice be

administered with 1 unit of PAL per dose. However, due to limitations imposed by the

maximum volume obtained following concentration of the Sigma PAL, only a 0.44 unit

PAL dose was possible. Thus, it took much longer to decrease the plasma phE leveI, than

the formerly published study by Bourget and Chang where, daily oral administration of

microencapsulated PAL to phenylketonuric rats decreased the systemic phenylalanine level

by 35 ± 8 % in 2 days and by 75 ± 8 % in 7 days[4]. The possibility of capsule rupture

following ingestion was dismissed when mouse feces were examined, following dissolution

in water. revealing intact microcapsules.

The length oftreatment in this study led to the addition ofa second animal study in

order to c1arify the results obtained within the tirst seven days. It was not known whether

the initial gelatin formulations, low PAL dosage or physiological condition of the ENU2

mice had inhibited a more rapid decline in plasma phE levels. comparable to the chemically

induced rats used by Bourget and Chang.
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8.2 SECOND ANIMAL EXPERIMENTS:

The objective of this sccond study. was to dctcrmine whether daily oral

administration of microencapsulated PAL (in a higher dose than previously reportcd by

Bourget and Chang) and cheese mixtures given to ENU2 mice. would eventually lower

the high plasma phE levels following 7 days of treatment. After measuring the initial

plasma phE levels. the eight remaining mice were di"ided into pairs with the closest

plasma levels. Each one of the pairs was randomized into the treated or control groups.

This was important as there was a wide variability in the plasma phE levels.

Table 17 shows the unitsldose administered daily. with 5 grams of cheese and 100

mg Na bicarbonate. to the PAL treated miee. during the 7 day experiment (acti\ity was

assessed daily prepare<!, in order to assure that a complete dose was administered):

TABLE 17: Daily PAL Doses fro 2nd ENU2 Mouse Study

MX
1
2
3
4
5
6
7

UNITSIML
1.6
1.6
1.6
1.97
1.65
208
2.08

MUDOSE
0.75
0.75
0.75
0.75
0.75
0.75
0.75

UNlTS/DOSE
1.2
1.2
1.2
1.48
1.24
1.56
1.56

•

Table 18 shows the treatment plan and corresponding plasma phE level (JunoUL)

ofall the mice obtained on Days 1& 7:
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• TABLE 18: Seeond Animal Study Plasma PhE Levels

TREATMENT
Px-A30g
Px-B 32g
Px-C40g
Px-D 38g
C-A30g
CoB 30g
C-C 38g
C-D38g

DAY 1
2079
1641
1374
1214
2408
1871
1215
1165

DAY7
1637
2283
died
1705
1684
1402
1019
822

The amount of cheese/microcapsule mixture remaining after 1 hour following

administration was monitored daily for both treatment and control mice and is shown

below, in Table 19:

• TABLE 19: PAL Preparation Remaining After 1 Hr

DAY
MOUSE ! ~ ~ ~ ~ ! 1
Px-A 215 none none none a11 a11
Px-B a11 a11 a11 a11 a11 a11
Px-C 112 1I4 215 liS a11 a11
Px-D 3/4 115 215 Ils a11 a11
C-A 3/5 1I2 112 215 a11 a11
CoB 3/5 1I4 215 215 a11 a11
C-C 3/5 215 liS none a11 a11
CoD 3/5 1/5 liS Ils a11 a11

Mer 24 hours a11 cheeselmicrocapsule preparations were gone. Due to the results

obtained in the in vitro assay of microcapsules stored at room ternperature and assayed

after 24, 48 and 72 brs postencapsulation, the amount oflime taken by the mice to ingest

•
the PAUmicrocapsule/cheese preparation was no longer a concern.
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• The following c1inical symptoms of the PKU mice were observed and recorded

daily, for a 5 min duration, with results summarized in Table 20 for the total 7 days:

a) shaking (graded from 0 to 10) b) lethargy (graded from 0 to 10 )

TABLE 20: Clinical Signs of ENU2 Mice

a)SHAKING: nAX
MOUSE 1 2 3 4 5 6 7
Px-A 1 1 1 1 1 0
Px-B 8 8 8 9 9 9
Px-C 4 4 4 4 3 3
Px-D 4 4 3 3 2 2
C-A 3 3 3 3 3 4
CoB 2 2 2 2 2 2
C-e 3 3 3 3 3 3
CoD 3 3 3 3 3 3

b) LETHARGY: DAY

• MOUSE 1 2 3 4 5 6 7
Px-A 0 0 0 0 0 0
Px-B 8 8 8 9 9 9
Px-e 4 4 4 4 3 3
Px-D 4 4 3 3 2 2
C-A 4 4 4 4 4 4
CoB 2 2 2 2 2 2
C-e 3 3 3 3 3 3
CoD 3 3 3 3 3 3

In this second study a1though the units/dose administered were 3-4 times higher

!han the first ENU2 mice study, there was no significant overal1 decrease in the levels of

the PAL treated mice within 7 days. In faet, as in the tirst study where 2 out of 4 of the

PAL treated mice showed a considerable increase in their levels after seven days of

•
treatment, the same trend was again observed in 2 out of3 ofthe PAL treated mice in the

second study. The reasons as to why the levels did not go down within the first seven

days may he due to:
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(1) The severely deteriorated physica1 condition of the ENU2 mice used,

particularly their smaller size, as compared to the rats in the induced PKU model, .....hich

inhibits tube feedings. The mice had an extremely poor appearance, their coat was in poor

condition, there was discharge from the eyes, persistently hunched posture, in addition to

overall poor grooming habits. The mice demonstrated a decreased a1ertness and general

mobiIity. The survival time of ENU2 mice is about 120 days. However. the mice used

were ail > 120 days, and no other ENU2 mice were available at this time. A1though

syrnptoms recorded did not significantly change throughout the 7 day observation period.

tbis may be attributed to the fact that the period was short and the mice, being in an adult

stage had reached a di:;ease plateau.

(2) The large amount ofcheese, 5 gramslday, with its high protein content:

(3) The fact that normal mice have 10 limes higher phenylalanine hydroxylase

activity leve1s as compared to humans[47], perhaps requiring larger doses ofPALin order

to be effective in a shorter time span.

(4) The PAL enzyme preparations presently available.

(5) Lastly, there is presently no knowledge as to whether mice have the same

extensive enterorecirculation of arnino acids as rats, Dor if the pH ofstomach contents in

mice is comparable to that in rats.

The basis ofevery biologica1 experiment is the experimental animal, with its own

special pecu1iarities and reactioD patterns. The resu1ts obtained with a particular animal

and its characteristics, are only valid for the conditions obtained under. The results may be

used for purposes ofcomparison, but t..'tey cannot be looked upon as fixed Dorm data[46].
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9.0 RECOMMENDATIONS

The following ideas are presented as possible suggestions and alternatives to be

considered in the design of future experiments aimed at understanding the in vil'o effects

ofmicroencapsulated PAL for depletion ofelevated systemic phE levels:

(1) Optimize encapsulation procedure in order to maximize retention of

postencapsulation enzyme activity.

(2) A 5 stage multi-chamber reactor bas been developed that simulates the human

gastro-intestinal microbial ecosystem[48]. The small intestine was simulated by a two-step

'fill-and-draw' system, the large intestine by a three-step reactor. A representative supply

medium was developed to support a microbial cornmunity resembling that of the gl tract
:

and fennentation fluxes and products were continuously monitored. The resulting patterns

of microbial diversity and activity were anaIyzed and compared with data for in vivo

gastro-intestinal microbial communities and found to be representative. Since the healthy

intestine is not easily accessible for most research purposes, as the present work on PKU.

this model, able to maintain the microbial diversity of the smal1 and large intestine over

severa! weeks ofoperation, offers a viable substitute. As a variety of additives can easily

be administered. the reactor can be modified to evaIuate the effect of phenylalanine

depletion bY microencapsulated PAL along the variable concentrations throughout the

smalI and large intestine.

(3) Recently. human PAH cDNA clones have been introduced into and expressed

in cultured ceIIs, as a prelude to somatie gene therapy[47]. Tbese dramatie advances need
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to be brought to the whole animal level, including a genetic animal model, to serve as a

recipient.

(4) Develop a reactor to form larger batches ofmicrocapsules will facilitate larger

scale animal studies. Presently, the yield, capsule size and enzyme aetivity recovered are

highly dependant on beaker size, mixing speed as weil as size of magnetic stirrer used.

(5) Evaluate feasibility of microencapsulated hepatocyte implantations. In 1987,

Sun et al, successfully encapsulated rat hepatocytes within a porous alginate poly-Iysine

membrane, with little loss in viability. 50 % of the eucapsulated hepatocytes remained

viable 35 days after implantation in the peritoneal cavity of normal and induced fulminant

hepatic failure rats[63]. In 1989, this method was used by Bruni and Chang, to effectively

lower serum bilirubin levels in hyper~i1irubinemic rats. After 20 days the serum bilirubin

level was lowered from 14mg/100mL to 6mg/100mL and from 8mg/100mL to

5mg/lOOmL, with the microencapsulated hepatocytes being used as the source of the

missing liver enzyme, UDP-g1ucoronyltransferase[8,9].
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10.0 CONCLUSION

Enzyme immobilization by physical entrapment bas the benefit of applicability to

many enzymes, and may provide relatively small perturbations in enzyme native structure

and function. The important advantages of microencapsulation methods can be

summarized as follows: (a) close proximity of substrate with enzyme (b) minimization of

steric restrictions (c) extremely large surface area to volume for substratelenzyme contact

(d) no change in inherent enzyme properties upon immobilization (e) increase of useful

lifetime and stability at various pH and temperature values.

The feasibility of theurapeutic applications for immobilized enzymes has been

demonstrated many times since the beginning of microencapsulation in 1964[14,26,53].

The use of artificial cells containing PAL for PKU in rats was first reported in 1985. This

approach addressed the problem of the avaiJability of the human enzyme system and the

requirement for cofactor recycling. Oral administration a1so solved the problem of ill vivo

accumulation ofthe ce11s following parental administration. Oral administration ofthe cells

to the pheny1ketonuric rat mode! for 7 days resuJted in a lowering ofsystemic phE levels

from the control group[5].

The present study showed that the enclosed PAL did not leak but acted efficiently

on external penneating phE. Cellulose nitrate microcapsuJes effectively immobilized PAL,

allowing diffusion ofphE molecuJes. High yie!ds ofenzyme aetivity for yeast IBEX PAL,

-50"/0. were obtained foUowing microencapsulation and assayat physiological conditions.

This demonstrated a positive economic feasibi1ity. The process of' encapsulation did not

result in an enzyme conformational change that is significantly ditrerent from that of the
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free from. This was confirmed by the similarity between the Km values of free and

encapsulated PAL. More importantly, the kinetics ofencapsulated PAL under well·mixed

conditions appeared to be reaction controlled. The indirect methods presented, as weil as

the comparison between a calculated and experimental effeetiveness factor, lead to the

conclusion that under the experimental conditions used in this study, the kinetic behaviour

of encapsulated PAL was not severely alfeeted by mass transfer and diffusional

restrictions. Thus, effeets of extemal and internai mass transfer and membrane diffusional

limitations on the observed intracapsular PAL activity, were neglected from reaction rate

evaluations.

At present there is no satisfactory treatment for phenylketonuria. The preclinical

animal experiments reported here, were an initial investigation into a therapy !hat may be

developed to one day replace the unpalatable low phE diet presently prescn"bed. The

results obtained indicate that in acute experiments, semipermeable microcapsules

containing PAL, replaced PAH deficiency in RPH-mutant mice, decreasing plasma phE

leve!s by 51.3% after 23 consecutive daYS oftreatment. It is important to note, however,

that the results reported here were based on short-term observations. Availability of a

more suitable animal mode! will allow the evaluation of the validity of extensive

longer-term findings. The mutant strain of mice deficient in liver PAH, deve!oped by the

McArdle Laboratories, have a PAH activity which in healthy mice is greater !han normal

and represents the human condition, only 10 times higher.
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PhE Depletlon Curves at Varylng Assay Temperature
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APPENDIX IV:

PhE Depletion Curves at Varying Assay Substrate
Concentration
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APPENDIX V:

Determination of Experimental and Calculated Diffusion
Parameters

INDIRECT METHOD <Experimental):

By manipulating the equation for the internai effeetiveness factor. 11. derived
previously for a first-order reaetion within a spherical catalyst where.

11 = (3/11l1(l1lcothl1l-I). the following relation is obtained:

Cwp = 111112= 3(l1lcothl1l-I); Cwp being the Weisz-Prater parameter.

Substitution of,

11l.2= k"R2SappCa"'/De = _ra,R2pPlDeCa.. (for a Ist order reaction
where n=1) and•

11 = -ra"...j-ra.. yïe1ds,

Cwp = -ra"...,R2p/DeCa. = 3(l1lcothl1l-1 ).

IfCwp« 1 there are no diffusion limitations and ifCwp» 1 internai diffusion is
highly significant. Ifthe reaction is carried out with two different sized pellets. under
identical conditions. the following ratio is obtained, where 1 and 2 refer to the two sized
pellets:

Thus the need for De may be eliminated by making rate measurements for two or
more sizes ofcapsules, provided De is assurned to be the same for ail sizes.

The ratio ofthe Thie1e moduli (11l = R[kppSalDer'l for 1and 2 yie1ds.

These two equations can be solved simultaneously for 11l, and 1112 following
experimental determination ofra and R Consequently. the effectiveness factor cao then be
foundfrom,
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•
Since. Stirrer Speed Measured Rate(umoVmin) Capsule Radius(u)

4

5
r,=0.36
r:=O.49

R,=339.754
R.:=172.500 .1

Substituting for 41,. and solving for 41: by trial and error. yields:

41:=1.9
411=3.74.

From this the etrectiveness factors are then calculated to be:

Tl:ap=0.820
Tl,,,,!,=0.589.

Cwp is then evaluated to be 2.96 for the smaller capsules and 8.24 for the larger particles.

• Criterion
Cwp<0.3
Cwp>3

TI value
-1
-41.1

Limiting process
chemical reaetion
diffusion

Mass transfer limitation
negligible

large

•

Comparison ofthese values within the above table ofcriteria demonstrates that the
smaller particles can be assumed to be for the most part, kinetically controUed whereas the
Cwp for the larger particles are suggests severe diffusion contro\.

DIRECf METHOD (Calculatedl:

From the foUowing Thiele modulus relation,

41 =(r13 )[kp.1 Derr.:. knowing De=4.45xl0-6 to 7.87xl0-6 cm21sec, .

p.=l.O gtcm3

k=O.0175min·'
r=172.512 J.UI1

41co1c: = 1.20 From the graphical relation available in Iiterature[60].

TJ..J. - 0.70.

Since CWP-~. this yields, Cwp -1. Again. severe diffusionallimitations can be
negleeted. The etrectiveness factor is relatively close to l, again suggesting kinetically
controUed enzyme cataIysis.
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