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ABSTRACT: We have synthesized a novel enzymatically degradable prodrug system

based on poly(ethylene glycol) (PEG) and tyrosine units by employing a synthetic
methodology which eliminated the use of conventional blocking and deblocking meth-
odology used for chemical linkage of drug molecule to the pendant —NH,, group of
amino acid. A diester of PEG (6 kDa) and tyrosine hydrochloride was synthesized by
dicyclohexyl carbodiimide (DCC)-mediated condensation. In the second stage, oli-
gomers were prepared by condensing phenolic —OH groups of tyrosine in the diester
with sebacic acid, using DCC. Finally, the hydrochloride salt of tyrosine in the oligomer
was treated with triethylamine to activate —NH, groups, which were reacted with
benzoyl chloride to obtain a model prodrug system. The products synthesized were
characterized by IR, 'H-NMR, and GPC. The spectral data were in accordance with the
proposed structures of products. Chymotrypsin-catalyzed degradation of the oligomers
was characterized by both MW measurements and Ninhydrin assay for free tyrosine.
Degradation studies indicated that the rate of main-chain degradation (ester hydroly-
sis) is higher than that of the side chain (amide hydrolysis). This new, simple method-
ology should be useful for conjugating a variety of bioactive molecules to enzymatically
degradable PEG—amino acid based polymers. © 2002 Wiley Periodicals, Inc. J Appl Polym Sci

85: 2108-2118, 2002

Key words: poly(ethylene glycol); L-tyrosine; prodrug; chymotrypsin

INTRODUCTION

Polymeric prodrugs are gaining increasing impor-
tance as promising therapeutic agents in tumor
treatment as they can provide site-specific drug
delivery, longevity in blood circulation, lower
drug dosage levels, biocompatibility, and biode-
gradability.’® Prodrugs based on poly(methacrylic
acid-co-2-methylsulfinyl) ethyl methacrylate,* poly-
[methacrylic acid-co-N-(2-hydroxypropyl] methac-
rylamide,”” and poly(N-vinyl pyrrolidone-co-vi-
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nylamine)® were investigated in the past. Drug
molecules, such as chlorambucil, daunomycin,
bis-(2 chloroethyl) amine, and methotrexate, were
linked to these polymers. Also, prodrugs of 5-flu-
orouracil and taxol based on high molecular
weight poly(oxyethylene dicarboxylic acid) were
investigated. Although biocompatible, the above-
mentioned polymers are not biodegradable and
tend to accumulate in the body.* Moreover, for
easy release, the drug linkage to the polymer
backbone through a spacer and biodegradable oli-
gopeptide is needed. Among biodegradable poly
amino acids, poly(L-lysine) was investigated, but
its in vivo application is not recommended in view
of its antigenicity and rapid degradation.’ The



need to develop newer forms of polymer—drug
conjugates was recently emphasized.?

Excellent biocompatibility of poly(ethylene gly-
col) (PEG) has resulted in its applications in med-
icine and biotechnology, and some have received
FDA approval.!°~'* Because proteolytic enzymes
in the body (e.g., trypsin, chymotrypsin, and ca-
thepsin B hydrolyze ester and amide derivatives
of specific amino acids arginine, tyrosine, and glu-
tamic acid, respectively'®'¢), polymers based on
PEG and amino acids are expected to be biode-
gradable as well as biocompatible.

Kohn et al.'” reported water-soluble polyure-
thanes comprising PEG and L-lysine in which
pendant carboxyl group was protected in the ester
form. Ulbrich et al.'® synthesized enzymatically
degradable oligomers containing PEG and 1-glu-
tamic acid. In this, two blocks of PEG mono-
methyl ether 2000 were condensed together via
L-glutamic acid based oligopeptides, which were
synthesized by using N-tertiary butyloxycarbonyl
protecting group. Recently, Won et al.'® reported
synthesis of poly(ethylene glycol-co-L-aspartic
acid), in which N-carbobenzoxy group was used
for blocking —NH, group. The use of protecting
groups and subsequent deprotection in prodrug
design seems to be unavoidable, although labori-
ous. This is a practical difficulty, which if ad-
dressed, would help design newer forms of pro-
drugs much more efficiently. In this article, we
report a novel synthetic methodology for the prep-
aration of PEG and L-tyrosine-containing oligo-
meric prodrugs that employ hydrochloride salt as
amino protecting group, which can be readily neu-
tralized to link drug molecules to the free amino
groups. This novel prodrug was hydrolyzed by
chymotrypsin to its building blocks (i.e., PEG,
tyrosine, and the drug). Pechar et al.'® have syn-
thesized prodrugs in which the drug was linked to
the oligopeptide linker through another oligopep-
tide spacer. Our approach involves the use of a
trifunctional amino acid such as tyrosine for bind-
ing the main chain as well as to conjugate the
drug. The incorporation of tyrosine enables cleav-
age of main chain and also the hydrolysis of the
drug.

EXPERIMENTAL

Materials

L-tyrosine hydrochloride (Tyr.HCI), benzoyl chlo-
ride, triethylamine, and poly(ethylene glycol)
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6000 (PEG 6 kDa) were purchased from local sup-
pliers and used as received. Tetrahydrofuran
(THF) and dimethylformamide (DMF) were dis-
tilled and dried following standard procedures.?°
Dicyclohexyl carbodiimide (DCC) was purchased
from Aldrich Chemical Co., Milwaukee, WI. Chy-
motrypsin and N-benzyloxycarbonyl tyrosyl p-ni-
tro phenyl ester (N-cbz-Tyr-PNP) were purchased
from Sigma Chemical Co., St. Louis, MO.

Instrumentation

'H-NMR spectra were recorded on a Bruker
(Bruker, Karlsruhe, Germany) 200 MHz spec-
trometer,?! with NMR tube, WILMAD 5 mm, Ul-
tra-Imperial grade, 7 in. length; temperature:
24°C; scan number: 80. IR spectra were recorded
on a Perkin—Elmer 1600 FTIR spectrophotometer
(Perkin Elmer, Norwalk, CT). Melting points
were recorded on a Mettler melting point appara-
tus (Mettler, Greifensee, Switzerland). Oligomer
melting temperatures (7,,) were determined on a
Perkin—Elmer DSC 2C calorimeter. The following
specifications were used: heating rate: 5°C/min;
temperature range: 50-100°C; heating cycle,
0-8.00 mCAL/s. Molecular weights of PEG 6 kDa
samples used, oligomers prepared, and degrada-
tion products were determined by gel permeation
chromatography (GPC) on a Waters 590 program-
mable GPC/HPLC chromatograph (Waters, Mil-
ford, MA) connected to a Waters 410 differential
refractometer, using THF solvent at flow rate of
1.0 mL/min and 530 mbar pressure. PEG stan-
dards were used as a reference for plotting the
calibration plot of retention time versus molecu-
lar weights.

Methods
Estimation of Acid Values

A substance weighing 0.2 g was dissolved in 10
mL distilled water. To this solution, two drops of
phenolphthalein indicator was added and the so-
lution was titrated against 0.01680N KOH (nor-
mality calibrated against potassium hydrogen
phthalate) until a colorless to faint pink end point
was obtained. Acid values were calculated by us-
ing the formula:

Acid value (mg KOH/g) = 56.1
X (ml of KOH required)
X normality of KOH/weight of the material (g)
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The acid value so calculated is in terms of mil-
ligrams of KOH required to neutralize 1 g of the
substance. We have used this as a measure of
amount of hydrochloride salt in the polymer.
Hence, we report the acid value in terms of the
millimoles of HCI as

Acid value (milimoles HCl/g)
= acid value (mg KOH)/56.1

Synthesis of Bis-(Tyrosyl Hydrochloride)
Poly(Ethylene Glycol) 6000 Diester
(Bis-Tyr.HCI-PEG 6 kDa) (diester)

In a 100-mL capacity conical flask, 6 g PEG 6 kDa (1
mmol) (molecular weight of PEG 6 kDa: M,, = 6500;
M, = 4200; M, /M, = 1.54), 0.435 g Tyr.HCI (2
mmol), and 10 mL DMF were taken. The contents
of the flask were gently heated to dissolve the
solids and to obtain a clear solution. To this solu-
tion, 0.412 g DCC (2 mmol) dissolved in 5 mL
DMF was added in a single portion. The reaction
mixture was stirred at room temperature (25°C)
for 24 h. It was then filtered to separate out dicy-
clohexyl urea (DCU) formed and the clear solu-
tion was poured into 200 mL diethyl ether to
precipitate out a white powdery product. The
product was isolated and purified by reprecipita-
tion from methanol into diethyl ether.

Yield: 78%. Melting point: 58°C. Acid value: Found:
0.296 mmol HCl/g; calculated: 0.2—0.3 mol HCV/g (PEG
has MW range of 6—7.5 kDa). IR (nujol): 1720 cm™*
(ester carbonyl), 3500 cm ™' (—OH, NH stretching).
'H-NMR (DMSO-d,): 3.3 8 doublet (Tyr-CH,), 3.8 &
triplet (Tyr-CH-COO-PEG), 3.9 6 triplet (—OCH, of
PEG next to terminal —-OCH,—), 4.2 6 broad singlet
(—CH,—CH,—0—),, of PEG chain, 4.6 6 triplet (ter-
minal —CH,—O— of PEG), 7.4 § doublet (Tyr-phenyl
ring protons), 7.8 8 doublet (Tyr-phenyl ring protons),
8.8 & singlet (—NH,.HCl), 9.6 & singlet (phenolic
—OH). Molecular weight: M,, = 7200; M, = 4800;
M, /M, = 15.

Synthesis of Oligo(Bis-Tyr.HCI-PEG 6
kDa-Sebacate) (oligomer)

In a 100-mL capacity conical flask were placed 5 g
bis-Tyr.HCI-PEG 6 kDa (~ 1.48 mmol Tyr-OH
groups), 0.15 g sebacic acid (1.48 mmol —COOH
groups), and 10 mL DMF. Contents of the flask
were gently heated to obtain a clear solution. To
this solution, 0.30 g DCC (1.48 mmol) was added
and the reaction mixture was stirred at room
temperature for 24 h. It was then filtered to re-
move DCU and the clear solution was poured into

100 mL diethyl ether to precipitate out the poly-
mer. The polymer was purified by reprecipitation
from DMF into diethyl ether.

Yield: 3.5 g (68%). T,,: 65°C. IR (nujol): 1720 cm™*
(ester carbonyl), 3500 cm ™! (—OH, —NH stretching).
Acid value: 0.253 mmol HCV/g. "H-NMR (DMSO-dg): 1.9
6 broad singlet (C, and C, methylene protons of sebacic
acid), 2.0 6 multiplet (C; and Cg methylene protons of
sebacic acid), 2.3 8 triplet (C, and Co methylene protons
of sebacic acid), 3.3 & doublet (Tyr-CH,), 3.8 § triplet
(Tyr-CH-COOR), 3.9 6 triplet (—OCH,, of PEG next to
terminal —OCH,—), 4.2 & broad singlet (—CH,-CH,-
0O—),, of PEG chain, 4.6 6 triplet (terminal —CH,—O—
of PEG), 7.4 8 doublet (Tyr-phenyl ring protons), 7.8 &
doublet (Tyr-phenyl ring protons), 8.8 & singlet
(—NH,.HC]). Molecular weight of poly(bis-Tyr-PEG 6
kDa-sebacate): M,, = 14,117; M,, = 5251; M, /M, = 2.68.

Synthesis of Oligo(Bis-N-Benzoyl Tyrosyl-PEG 6
kDa-Sebacate) (oligomeric model prodrug)

In a 100-mL capacity round-bottom flask, 2.5 g
poly(bis-Tyr. HCI-PEG 6 kDa-sebacate) (~ 0.63
mmol —NH,.HCI groups) and 20 mL THF were
placed and stirred with a magnetic needle. To this
suspension, 0.18 mL triethylamine (1.26 mmol)
was added. After stirring for a few minutes, 0.073
mL benzoyl chloride (0.63 mmol) dissolved in 5
mL THF was added and the reaction mixture was
stirred 3 h at room temperature. It was then
filtered to remove triethylamine hydrochloride
salt and the clear solution was poured into 200
mL petroleum ether to precipitate out the poly-
mer. Polymer was purified by reprecipitation
from THF into petroleum ether.

Yield: 2.5 g (77%). T,,: 61°C. Acid value: 0.07 mmol
HClg (drug linkage, 73%). IR (nujol): 1640 cm !
(amide carbonyl), 1700 cm™ ! (ester carbonyl), 3500
ecm ™' (—OH, —NH stretching). "H-NMR (DMSO-dy):
1.9 8 broad singlet (C, and C, methylene protons of
sebacic acid), 2.0 8 multiplet (C; and Cg methylene
protons of sebacic acid), 2.3 & triplet (C, and C4 meth-
ylene protons of sebacic acid), 2.5 & doublet (Tyr—
CH,—), 2.8 § triplet (Tyr—CH-COOR), 3.4 § triplet
(—OCH, of PEG next to terminal —OCHS,,), 3.5 & broad
singlet (—CH,-CH,—0O—),, of PEG chain, 3.6 § triplet
(terminal —CH,—O— of PEG), 6.7 6 doublet (Tyr-phe-
nyl ring protons), 7.1 & broad multiplet (N-benzoyl ring
protons), 7.5 8 doublet (Tyr-phenyl ring protons), 8.1 &
singlet (—NH). Poly(IN-benzoyl tyrosyl-PEG 6 kDa—se-
bacate): molecular weight: M,, = 14,772; M, = 5486;
M, /M, = 2.69.

Degradation Studies: By Ninhydrin Assay

In a stoppered test tube, 1 g oligo(bis-N-benzoyl
tyrosyl-PEG 6 kDa—sebacate) was dissolved in 10



mL 0.01M phosphate buffer (pH 7.4). To this so-
lution, 0.1 g chymotrypsin was added and the
solution was maintained at 37°C for 8 days. After
every 24 h, 1 mL aliquot of the solution was taken
out and liberated free tyrosine was estimated by
Ninhydrin assay.?? An amount of 1 mL of aliquot
was diluted with 4 mL water, and 1 mL Ninhy-
drin reagent was added. [To prepare the reagent,
2 g Ninhydrin was dissolved in 25 mL acetone and
25 mL acetate buffer (0.2M, pH 5.5) was added to
it.] This solution was heated in a test tube to 90°C
in a water bath for half an hour and then cooled to
room temperature. From the absorbance, a purple
color developed (550 nm), and the amount of lib-
erated free tyrosine was estimated. In a similar
manner, chymotrypsin-catalyzed hydrolyses of
bis-Tyr. HCI-PEG 6 kDa, oligo(bis-Tyr.—PEG 6
kDa-sebacate) and N-benzoyl tyrosine were mon-
itored.

As control, degradation of the above-mentioned
polymers by phosphate buffer was also moni-
tored. Stability of chymotrypsin during these 8
days was tested in an independent experiment.
Chymotrypsin solution in phosphate buffer was
incubated at 37°C for 8 days. After every 24 h,
hydrolytic activity of chymotrypsin against stan-
dard substrate N-cbz-Tyr-PNP was estimated.

Degradation Studies by GPC

In a stoppered test tube, 1 g oligo(bis-N-benzoyl
tyrosyl-PEG 6 kDa—sebacate) was dissolved in 10
mL 0.01M phosphate buffer. An amount of 0.1 g
chymotrypsin was added in the test tube and
incubated at 37°C for 5 days. After every 24 h, 2
mL of the release medium was pipetted out and
freeze dried. The freeze-dried powder was ex-
tracted with anhydrous THF and the THF solu-
tion analyzed for molecular weight determination
by using GPC as described under Instrumenta-
tion.

RESULTS AND DISCUSSION

As described in the introduction, the objective of
the present work was to develop a simple meth-
odology that would eliminate the use of conven-
tional —NH,, protecting groups of amino acids in
the prodrug synthesis. We have recently reported
a new method of DCC-mediated direct esterifica-
tion of PEG with amino acid hydrochlorides, using
hydrochloride as the —NH,, protecting group.?® In
this article, we report the application of this basic
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reaction in the synthesis of enzymatically degrad-
able prodrugs. Our synthetic methodology can be
summarized as follows: (1) synthesis of PEG—
Tyr.HCI diester so as to obtain PEG macromer
with reactive phenolic —OH end groups; (2) oli-
gomerization of PEG-Tyr macromer via conden-
sation with a dicarboxylic acid; (3) neutralization
of tyrosine.hydrochloride salt and drug linkage to
the free amino groups (see Fig. 1). In the following
sections the three stages are described in detail.

Bis-Tyr.HCI-PEG 6 kDa (diester preparation)

In esterification or amidation of tyrosine, its phe-
nolic —OH group does not need protection. For
example, Kohn et al.?* synthesized tyrosine
dipeptides (diphenols) by reacting N-acyl tyrosine
with tyrosyl alkyl ester in the presence of DCC.
Also, amino groups of tyrosine and serine as well
as amino sugars could be selectively acylated
without protection of the hydroxyl groups.?®2¢
(Note that in the present case, amino groups are
protected in the hydrochloride form.) Unlike basic
nucleophiles, hydroxyl groups of PEG cannot neu-
tralize Tyr.HCl salt. We, therefore, envisaged
DCC-mediated condensation between PEG 6 kDa
and Tyr.HCI to synthesize the diester having ty-
rosyl phenolic —OH end groups free and amino
groups protected as hydrochloride salt (Fig. 1,
step 1). Bis-Tyr.HCI-PEG 6 kDa was synthesized
as described above. IR spectrum of bis-Tyr. HCI-
PEG 6 kDa in Figure 2 shows a peak at 1720
cm !, which corresponds to carbonyl of ester
formed between PEG and Tyr.HCI. The spectrum
does not contain an amide carbonyl peak. This
indicates that amino groups remained protected
in hydrochloride form. This was quantified and
substantiated from the acid value measurements.
Acid value of bis-Tyr. HCI-PEG 6 kDa was found
to be 0.29 mmol HCl/g, which is in close agree-
ment with its theoretical value of 0.31 mmol
HCl/g. This confirms complete esterification of
carboxyl groups of Tyr.HCl with PEG. 'H-NMR
spectrum of bis-Tyr.HCI-PEG 6 kDa in Figure 3
shows that the assigned peaks are in agreement
with the proposed structure. Particularly, peaks
for —NH,.HCl and phenolic —OH are seen in the
spectrum at 8.8 § and 9.6 §, respectively. GPC
analysis revealed the following MW data for the
diester: M,, = 7200; M,, = 4800; M, /M, = 1.5. We
also determined the MW of commercial PEG 6
kDa samples used, which showed M,, = 6500; M,
= 4200; and M, /M, = 1.54 and confirmed the
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Figure 1 Schematic representation of the synthetic methodology.

synthesis of bis-Tyr.HCI-PEG 6 kDa by this re- nate salt of the diester is synthesized by Dean—
action. Stark esterification by wusing stoichiometric
Diesters of this type are conventionally synthe- amounts of amino acid, PEG, and p-toluene sul-

sized as follows. In the first step, p-toluene sulfo- fonic acid monohydrate. In the second step, p-
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Figure 2 IR spectrum of bis-Tyr. HCI-PEG 6 kDa.

toluene sulfonate is deblocked by the treatment of
triethylamine or sodium bicarbonate. For stabil-
ity purposes, the free ester so synthesized is then
converted into hydrochloride salt by passing dry
HCI into the ether solution of the ester. The
present reaction route has the advantage of elim-
inating such tedious steps.

Oligo(Bis-Tyr.HCI-PEG 6 kDa-Sebacate)
(oligomerization)

Enzymatic hydrolysis of a prodrug is affected by
its molecular weight [e.g., poly(N-2-hydroxypro-
pyl methacrylamide) and poly(maleic anhydride-
co-vinylpyrrolidone)-based prodrugs of MW
20-30 kDa exhibited slower chymotrypsin-cata-
lyzed hydrolysis of p-nitoanilide in the side-chain
oligopeptide].®?” This was attributed to the
higher steric hindrance for the access of the en-
zyme to the oligopeptide substrate in high MW
polymers.?® Another point to be considered is the
MW threshold for the elimination of macromole-
cules via glomerular filtration, which is ~ 50
kDa.?® Thus, in principle, high MW polymers can
also be eliminated from the body. However, at-
tachment of drug-targeting moiety can increase
the uptake of prodrug by targeted cells. There-
fore, degradable oligomers containing PEG blocks

were used for prodrug design.'® The active site for
these oligomers is easily accessible to the enzyme.
Thus, no steric hindrance is observed in the en-
zymatic degradation of these oligomeric prodrugs.

For oligomerization of PEG blocks, phenolic
—OH end groups of the diester were condensed
with sebacic acid in the presence of DCC as de-
scribed above by using nearly equal molar quan-
tities of phenolic —OH groups of the diester and
carboxyl groups of sebacic acid. In this case, be-
cause the amino and carboxyl groups of tyrosine
are blocked, condensation between —OH of ty-
rosine and —COOH of sebacic acid took place.
This is consistent with the reactions of tyrosine
diphenols with various dicarboxylic acids in the
presence of DCC.3° IR spectrum of this polymer
was similar to that of bis-Tyr.HCI-PEG 6 kDa. In
the 'H-NMR spectrum, peak for phenolic —OH
proton at 9.6 8§ was absent, as it was consumed
during condensation. Remaining peaks were
identical with the diester, except that the addi-
tional peaks for sebacic acid moiety were ob-
served. (See 'H-NMR data in the experimental
section.) Because of the presence of strongly polar
—NH,,.HCI groups, the oligomer was insoluble in
THF, the solvent used for GPC. For determina-
tion of the molecular weight, the polymer was
treated with triethylamine to obtain free-base,



2114 PADMAJA ET AL.

g f f 9
H 0 H H
i a bl e c d ¢ e I b a i
HO CHZ—(l:H—C—o—CH2—CH2—0-(—CHZ—CHZ—O-}nCHZ—CH2—0—c—cl:H — CHy OH
H H NH, -HCL NH2~HCL Hf Hg
9 f h h

PPM

Figure 3 'H-NMR spectrum of bis-Tyr.HCI-PEG 6 kDa.

oligo(bis-Tyr-PEG 6 kDa-sebacate), where M,,
= 14,117; M,, = 5251; M, /M, = 2.68. M,, indi-
cates that it is a dimer or trimer of bis-Tyr—-PEG
6 kDa connected via sebacic acid.

Oligo(Bis-N-Benzoyl Tyrosyl-PEG 6 kDa-Sebacate)
(oligomeric prodrug)

To demonstrate the reactivity of pendant amino
groups in oligo(bis-Tyr—PEG 6 kDa-sebacate),
benzoyl chloride was selected as a model reagent
so that the resulting prodrug would contain ben-
zoic acid chemically linked via amide bond. N-
benzoylation was carried out as described above.

IR spectrum of this model prodrug in Figure 4
shows a sharp peak at 1640 cm ! that corre-
sponds to carbonyl of amide bonds formed and a
small shoulder at 1700 cm ! for ester carbonyl.

From the acid value, it was estimated that 73% of
the amino groups were benzoylated. This shows
the accessibility and reactivity of pendant amino
groups in the oligomer. 'H-NMR spectral data of
oligo(bis-N-benzoyl Tyr-PEG 6 kDa—sebacate)
were in accordance with its proposed structure
(Figure 5). Molecular weight data for poly(/N-ben-
zoyl tyrosyl-PEG 6 kDa-sebacate) were as fol-
lows: M, = 14,772; M,, = 5486; M, /M, = 2.69.T,,
of the prodrug was 61°C. This decrease in the T,
(from 65 to 61°C) can be attributed to conversion
of high melting hydrochloride salts to N-benzoyl
derivatives, which support benzoylation of the
pendant amino groups of the oligomer. Thus, we
have eliminated the conventional use of N-benzy-
loxycarbonyl or N-tertiary butyloxycarbonyl
group for protection of —NH,, and its subsequent
deprotection by hydrogenation or hydrolysis, re-
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Figure 4 IR spectrum of oligo(bis-N-benzoyl tyrosyl-PEG 6 kDa—sebacate).

spectively. In the present process, after neutral-
ization of hydrochloride salt, a variety of bioactive
molecules can be linked to this polymer. In this
work, low molecular weight PEG blocks (PEG 6
kDa) were used because after enzymatic degrada-
tion the PEG units formed could be easily elimi-
nated from the system.

Chymotrypsin-Catalyzed Degradation of the
Prodrug

Enzymatic degradation of the prodrug was fol-
lowed by GPC analysis as described above. Data
for decrease in MW of the prodrug listed in Table
I show that oligomeric prodrug with MW 15,400
(dimer/trimer) was hydrolyzed by chymotrypsin

Table I GPC Data for Decrease in Molecular
Weight of Prodrug Due to Chymotrypsin
Catalyzed Degradation

MW of Oligo(bis-N-benzoyl-tyr-PEG

Days 6 KD-sebacate)
1 15,400
2 9200
3 7900

to the PEG 6 kDa diester stage over a period of 2
days. However, MW degradation studies did not
give data on the rate of main-chain versus side-
chain hydrolysis. To obtain these data, free ty-
rosine that is liberated should be analyzed. Nin-
hydrin assay was used to follow enzymatic degra-
dation of polymers containing amino acids.?! We
therefore monitored degradation of the prodrug
by Ninhydrin assay.

Enzymatic hydrolysis of the diester, oli-
gomer, and N-benzoylated prodrug as well as
Ninhydrin assay were conducted as described in
the experimental section. It should be noted
here that only free amino acids give a positive
Ninhydrin test.?? We verified this by perform-
ing Ninhydrin assay separately on diester, oli-
gomer, and the prodrug in aqueous as well as in
phosphate-buffered solutions. The assays were
negative in all cases. Ninhydrin assay was also
negative for pure chymotrypsin. Only in the
presence of chymotrypsin did the above-men-
tioned substrates exhibit positive Ninhydrin as-
says. This supports the enzymatic hydrolysis.
An independent experiment was also conducted
to measure the activity of chymotrypsin during
the 8 days of incubation. It was observed that
there was no loss in the activity.
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Figure 5 'H-NMR spectrum of oligo(bis-N-benzoyl tyrosyl-PEG 6 kDa—sebacate).

Data for the amount of free tyrosine liberated
versus time is graphically represented in Figure
6. Curve a in Figure 6 shows that chymotrypsin
completely hydrolyzed oligo(bis-Tyr—PEG 6 kDa—
sebacate) in only 4 days, of which, almost 80%
hydrolysis (in terms of the liberated free tyrosine)
was observed in just 2 days, although the data on
curve c for the prodrug show that within the first
4 days of incubation only 10% of the total tyrosine
present in the prodrug was liberated and in the
next 4 days a rapid release of almost 90% of the
total tyrosine took place. These two release pro-
files for free tyrosine indicate rapid hydrolysis of
ester backbone of the oligomer followed by slow
hydrolysis of N-benzoyl tyrosyl units. We verified
this by monitoring chymotrypsin-catalyzed hy-

drolysis of N-benzoyl tyrosine. Curve b in Figure
5 shows that in the first 4 days only 50% hydro-
lysis of N-benzoyl tyrosine took place. We also
quantified chymotrypsin-catalyzed hydrolysis
rates for N-benzoyl tyrosine and the polymer
main chain in the framework of Michaelis—Men-
ten kinetics. V.. for polymer main-chain hydro-
lysis [i.e., poly(bis-Tyr.HCI-PEG 6 kDa-seba-
cate)] was 0.033 mmol tyrosine/24 h, whereas
V max for N-benzoyl tyrosine was 0.026 mmol ty-
rosine/24 h. This is consistent with the literature
that chymotrypsin-catalyzed ester hydrolysis is
faster than amide hydrolysis.!%16

Because chymotrypsin brings about hydrolysis
of specific substrates containing amino acids such
as tyrosine and phenyl alanine, the development
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Figure 6 Free tyrosine liberated versus time. Curve a: release of tyrosine versus time
for oligo(bis-Tyr—PEG 6 kDa—sebacate). Curve b: release of tyrosine versus time for the
monomeric conjugate (IN-benzoyl tyrosine). Curve c: release of tyrosine versus time from
the oligomeric prodrug oligo(bis-N-benzoyl tyrosyl-PEG 6 kDa—sebacate).

of such specific prodrug systems and the enzy-
matic degradation in the presence of this enzyme
is useful for developing enzymatically degradable
drug carrier systems.

The formation of free tyrosine during enzy-
matic hydrolysis of the prodrug shows that in the
absence of oligopeptide spacer also, the pendant
drug release took place. This novel prodrug sys-
tem reported by us should be useful as it degrades

to release the drug and its nontoxic building
blocks.

CONCLUSION

A model polymeric prodrug based on PEG and
L-tyrosine was synthesized by employing a novel
synthetic methodology. This methodology elimi-

nates the use of conventional N-benzyloxycar-
bonyl (IN-cbz) and N-tertiary butyloxycarbonyl
(N-t boc) groups and uses simple hydrochloride
salt as —NH, protecting group. Chymotrypsin
exhibited hydrolysis of this prodrug wherein the
first polymer main-chain hydrolysis and then
pendant chain drug release were observed. This
new methodology should be useful in synthesizing
prodrugs based on PEG and various other amino
acids.
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