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Abstract

Selective delivery of drugs to the colon for the treatment of large bowel disorders can be achieved using prodrugs
which are cleaved by enzymes produced by microorganisms residing in the large intestine. Since it is known that
enzymes of gut microflora are able to cleave certain peptide and ester bonds, the ability of poly(L-aspartic acid)
(weight-average MW: 30000) to act as a drug carrier for the model drug dexamethasone (DX) was investigated. The
ester prodrug (10% w/w drug loading) was synthesized in high yield using dicyclohexylcarbodiimide as dehydrating
agent in dimethylformamide. Prodrug incubations were carried out in the homogenized luminal contents of various
Gl-tract segments of male Sprague—Dawley rats at 37°C and pH 6.5 (stomach at pH 4.5) and prodrug concentrations
which provide enyzme saturated conditions. DX concentrations were measured by HPLC. In addition, incubations
were done with the homogenized mucosa and muscle tissues at pH 4.5 (pH of the lysosomal compartment) and at pH
6.5. The half-life ¢,, of chemical hydrolysis at these pH-values (37°C) was 114 days and 2.8 days, respectively.
Enzymatic activity of the mucosa and the tissue samples was low ({ 10 zg DX/g mucosa or tissue per h); in contrast,
markedly higher activities were found in the luminal contents. The cecum and colon contents showed significantly (P
¢ 0.01) higher enzymatic activities (60 and 80 xg DX/g content per h, respectively) than the contents of the stomach
or the small intestine (5~20 ug DX/g content per h). With the intestinal contents of colitic rats, lower enzymatic
activities were found than with the contents of the conventional rats. Negligible enzymatic activities in the cecum and
colon contents of germ-free animals indicate that bacterial enzymes are responsible for the cleavage of the prodrug.
Incubations with human feces samples from colitic patients and non-colitic patients result in prodrug hydrolysis of
26-40 pug DX/g feces per h with no significant difference between the two groups. According to the present results,
poly(L-aspartic acid) seems to be a suitable drug carrier for colon-specific drug delivery.

Keywords: Colon-specific drug delivery; Poly(L-aspartic acid); Dexamethasone; Ester hydrolysis; Germ-free rat;
Colitic rat; Human feces

* Corresponding author at present address: Department of Pharmaceutical Technology, Heinrich-Heine-University, Universi-
tatsstr.1, 40225 Diusseldorf, Germany. Tel/Fax: + 49 211 3114225; E-mail: leopold@uni-duesseldorf.de

0378-5173/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved
SSDI 0378-5173(95)04107-L



140 C.S. Leopold, D.R. Friend - International Jowrnal of Pharmaceutics 126 (1995) 139145

1. Introduction

During peroral treatment of large bowel dis-
orders the selective delivery of drugs to the
large intestine is desirable in order to lower the
drug dose and to reduce side effects. Besides the
administration of formulations with time-con-
trolled and pH-controlled drug release, respec-
tively, selective delivery to the colon may be
achieved using prodrugs, which are cleaved by
enzymes produced by microorganisms residing
in the large intestine. These prodrugs include
glycosides (Friend and Chang, 1984, 1985;
Friend et al., 1991; Friend, 1992; Friend and
Tozer, 1992), glucuronides (Haeberlin et al.,
1993a,b.c), dextran esters (Harboe et al.. 1989;
Larsen et al., 1989, 1991;: McLeod, 1992;
McLeod and Tozer, 1992), amides (Nakamura
et al., 1992a,b,c.d.e) and azo compounds (Chan
et al., 1983; Fleig et al., 1988; Rijk et al., 1992).
It is known that enzymes of gut microflora are
able to cleave certain amide and ester bonds
(Scheline, 1968, 1973; Williams, 1972; Boxen-
baum et al., 1974; MacFarlane and Allison,
1986; Shamat, 1993). Therefore, the ability of
poly(L-aspartic  acid) (weight-average MW:
30000) to act as a drug carrier for steroids with
a hydroxy group at C,, was investigated. Dex-
amethasone (DX) was used as model drug, since
corticosteroids are widely used in the treatment
of inflammatory bowel disease and it reportedly
shows linear pharmacokinetics in man (Rohde-
wald et al., 1987). Because of the high molecu-
lar weight and the anionic structure of the
prodrug created by the remaining free carboxy
groups, early absorption in the small intestine is
unlikely to occur.

2. Materials and methods
2.1. Materials

Dexamethasone (U.S.P., micronized) was pur-
chased from Upjohn Co. (Kalamazoo, MI). Tri-
amcinolone acetonide and poly(L-aspartic acid)
(sodium salt, weight-average MW: 30000) were

obtained from Sigma Chemical Co. (St. Louis,
MO). Spectra/Por® CE molecularporous mem-
brane (MWCO 1000) was purchased from Spec-
trum Medical Industries, Inc. (Houston, TX).
All the other chemicals and solvents were of
high purity or analytical grade and were used as
received.

2.2. Preparation of
dexamethasone-poly(L-aspartate) (DXPA)

The ester prodrug was synthesized in high
yield using dicyclohexylcarbodiimide as dehy-
drating agent in dimethylformamide (Neises and
Steglich, 1978). The sodium salt of poly(L-as-
partic acid) was converted into the free acid
form by adjusting the aqueous salt solution to a
pH of 1.5 with hydrochloric acid. This solution
was freeze-dried and the solid residue was dis-
solved in dimethylformamide. The insoluble
sodium chloride was removed by centrifugation
of the mixture and decanting the supernatant. A
volume of that supernatant (about 4 ml), con-
taining 130 mg of poly(L-aspartic acid), was
transferred to a test tube and 0.3 mmol dexam-
ethasone (DX) and catalytic amounts of 4-
dimethylaminopyridine were added to the stirred
solution under argon atmosphere. After cooling
the mixture to 0°C, the reaction was started by
adding 1.3 mmol of dicyclohexylcarbodiimide.
The reaction mixture was then stirred for 5 min
at 0°C and 3 h at 20°C. After pouring the mix-
ture into 10 ml of water and extracting three
times with 25 ml of diethyl ether, it was dia-
lyzed for 15 h (Spectra/Por® CE molecular-
porous membrane, MWCO 1000) and then
freeze-dried. The resulting white polymer pow-
der was again washed twice with diethyl ether
and dried. Under these conditions the drug
loading was less than 20% (w/w), determined by
prodrug hydrolysis under alkaline conditions. A
higher drug loading leads to limited solubility at
pH values below 7. The structure of the pro-
drug was confirmed by 'H-NMR.

The hydrolysis experiments were performed
with a batch of DXPA, containing 10 mg of
dexamethasone per 100 mg prodrug.
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2.3. Animals

The gastrointestinal (GI) tracts of three differ-
ent groups of non-fasted male Sprague—Dawley
rats (250-300 g, 7-8 weeks old) were used for the
in vitro hydrolysis study. Conventional rats were
purchased from Simonsen Labs (Gilroy, CA) and
colitic rats were obtained from the Division of
Gastroenterology of the University of Alberta
(Edmonton, Canada). Pan-colitis was induced by
flushing 4% acetic acid through the cecal-ascend-
ing junction and out the rectum (Fedorak et al.,
1990). The rats were killed 48 h after induction of
the colitis. Germ-free rats were obtained from
Gnotobiote Laboratory of the University of Wis-
consin (Madison, WI). After killing the animals
by intraperitoneal injection of pentobarbital the
Gl-tracts were isolated. The latter were segmented
into stomach, small intestine, cecum, and colon.
The small intestine was further divided into prox-
imal and distal segments of equal length. All
Gl-tract segments were stored at — 30°C until
required. For the experiments under anaerobic
conditions, the Gl-tract was segmented immedi-
ately before incubation under nitrogen atmo-
sphere in order to prevent exposure to oxygen.
The openings at the stomach and the colon were
knotted with suture during the storage period.

2.4. Hydrolysis study

2.4.1. Chemical prodrug hydrolysis

For determination of the half-life ¢,,, of chemi-
cal hydrolysis, 10 ul of a DXPA stock solution (2
mg DXPA/] ml water) were added to each of 24
test tubes, containing 965 ul of 0.1 M acetate
buffer pH 4.5 and 0.1 M phosphate buffer pH 6.5,
respectively. The test tubes were incubated at
37°C in a shaking water bath. Samples were with-
drawn and analyzed with high performance liquid
chromatography (see below) at 20 different time
points over 4 days. The hydrolysis rate constants
were calculated from the slope of the straight line,
which resuited from a semi-logarithmic plot of the
amount of released DX from the prodrug versus
time.

2.4.2. Preparation of Gl-tract homogenates

The amounts of DX released from DXPA were
measured in the homogenized contents and tissues
of rat stomach, proximal small intestine (PSI),
distal small intestine (DSI), cecum, and colon.
Preparation of homogenates of the luminal con-
tents was done following a procedure similar to
that described by Haeberlin et al., 1993c. Briefly,
thawed GI tract segments were squeezed out and
the weight of the contents was determined. Con-
tents of the rat small intestines and the human
feces samples were diluted with chilled 0.9% NaCl
to 20% slurries, and cecum and colon contents to
5-10% slurries, respectively. The diluted contents
were homogenized under ice-cooling with an Ul-
tra-Turrax homogenizer (type TP18/10SI, 20000
rev./min, Janke and Kunkel, IKA Werk, Staufen,
Germany). These homogenates were stored at
—30°C until required for incubation. For the
experiments under anaerobic conditions, these
steps were carried out in a plastic chamber with
nitrogen flowing through. The mucosa samples
were obtained by placing the rinsed intestines
which had been cut open longitudinally on a cold
surface and scraping off the mucosa with the edge
of a microscopic slide. The mucosal scrapings
were weighed and diluted to 8-10 ml with 0.9%
NaCl before homogenization. After determining
the weight of the remaining muscle layers they
were cut in small pieces, then diluted with 20 ml
of 0.9% NaCl and homogenized by a Kinematica
Polytron (type PCU 1; Brinkman Instruments,
Westbury, NJ).

2.4.3. Prodrug hydrolysis in GI-tract homogenates

Incubations were performed at pH 6.5, the
average pH of the cecum and colon lumen, with
all homogenates, except for the stomach contents
which were incubated at pH 4.5. Homogenates of
the GI mucosa and tissues were also incubated at
pH 4.5 which is close to the pH optimum of many
enzymes of the lysosomal compartment. The pH
of the incubation mixtures was adjusted with 0.1
M sodium phosphate buffer pH 6.5, and 0.1 M
sodium acetate buffer pH 4.5, respectively. All
incubations were run at 37°C in a shaking water
bath. For the incubations of the prodrug the
homogenates (0.25 ml of stomach and large intes-
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tinal contents, 0.75 ml of small intestinal contents
and 1.0 ml of mucosa or tissue homogenate,
respectively) were diluted with buffer to a volume
of 1.80 ml as described by Haeberlin et al., 1993c.
After preincubation at 37°C a 5 mM solution of
DXPA was added (0.20 ml), resulting in a sub-
strate concentration of 0.5 mM. Preliminary ex-
periments with various substrate concentrations
had been performed in order to confirm that the
actual substrate concentration provides zero order
hydrolysis kinetics. Saturated conditions are re-
quired in order to compare hydrolysis rates in the
different homogenates investigated. Aliquots of
the incubation mixture were withdrawn at zero
time point and after 4 h and immediately mixed
with chilled saturated aqueous sodium chloride
and the internal standard. The extent of prodrug
hydrolysis was determined by high performance
liquid chromatography (HPLC) as described be-
low. Blanks for all incubations were obtained by
mixing the corresponding amounts of homogenate
with the respective buffer. In order to ensure that
chemical hydrolysis of the prodrug does not sig-
nificantly contribute to the overall enzymatic ac-
tivity the respective amount of prodrug was also
incubated in buffer without adding homogenate.
The hydrolytic activity present in the various ho-
mogenates was expressed as enzymatic activity,
i.e. ug dexamethasone released per g homogenate
and hour (ug x g~' x h~"), and was calcu-
lated by dividing the amount of released dexam-
ethasone by the amount of GI tract (contents,
mucosal scrapings, and muscle tissue, respectively)
in the incubation mixture and the time period of
incubation.

For statistical evaluation of the enzymatic ac-
tivities ANOVA was used after logarithmic trans-
formation of the data followed by Duncan test.

2.5. Analytical methods

After incubation all samples were extracted
twice with 3 ml of a mixture of methyl-z-butyl
ether/pentane (6:4, v/v) and the organic extracts
were evaporated to dryness under argon atmo-
sphere. The residue was reconstituted in acetoni-
trile/water (1:1, v/v) and after centrifugation, the
supernatants (80 ul) were injected into the HPLC

(Waters Associates, Inc., Milford, MA). DX con-
centrations in the samples were measured by re-
versed phase HPLC (UV-absorption at 246 nm)
with triamcinolone acetonide as internal standard
(Haeberlin et al., 1993c). A mixture of 0.02 M
sodium acetate buffer (pH 4.8) and acetonitrile
(68:32, v/v) was used as mobile phase. The separa-
tion was performed on a CRI C-102-R column
(10 gm, 3.9 x 300 mm?).

Since commercially available esterases were not
able to hydrolyze DXPA, the remaining amount
of unhydrolyzed prodrug in the samples was not
determined.

3. Results and discussion

The presented in vitro study was done to evalu-
ate the suitability of poly(L-aspartic acid) as poly-
meric drug carrier for colon-specific drug delivery.
In the past, dextranes have been widely investi-
gated for this purpose (Harboe et al., 1989;
Larsen et al., 1989, 1991; McLeod, 1992; McLeod
and Tozer, 1992). A high molecular weight of the
prodrug leads to very limited absorption in the
small intestine. In addition, the second carboxy
group of the amino acid L-aspartic acid provides
an anionic structure of the polymer molecule at
higher pH values due to the remaining free car-
boxy groups since in the prodrug only few of
them are linked to a drug molecule.

The half-life ¢,,, of chemical prodrug hydrolysis
at pH 4.5 and 6.5 (37°C) was 114 days and 2.8
days, respectively. This finding indicates that
chemical hydrolysis plays an insignificant role in
the overall hydrolytic activity.

The results of the in vitro incubation experi-
ments are shown in Figs. 1-5. High enzymatic
activities were found in the luminal contents of
the large intestine (Fig. 1). The cecum and colon
contents showed significantly higher (P <0.01)
enzymatic activities than the contents of the stom-
ach or the small intestine. This indicates a rather
low contribution of host enzymes to prodrug hy-
drolysis. The prodrug ester bonds seem to be
protected against hydrolysis by digestive enzymes
due to the structure of the carrier poly(L-aspartic
acid). It has been found with dextran-dexam-
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Fig. 1. Enzymatic activity (ug DX/g per h) of prodrug hydrol-
ysis in homogenates of luminal contents from various Gl tract
segments of conventional and colitis-induced rats at pH 6.5
(stomach: pH 4.5) under enzyme saturated conditions. Data
are means + S.D. (n=3).

ethasone prodrugs that the polymer backbone is
first cleaved enzymatically into smaller fragments
to allow esterases access to the polymer-drug ester
bonds (McLeod, 1992). A statistically significant
difference between the enzymatic activity of the
proximal and the distal part of the small intestine
could not be found.

The influence of atmospheric oxygen on the
enzymatic activity of the large intestinal contents
of conventional rats was investigated in prelimi-
nary experiments by measuring prodrug hydroly-
sis under anaerobic conditions (nitrogen
atmosphere). No significant influence of oxygen
on the extent of prodrug hydrolysis could be
found (data not shown).
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Fig. 2. Enzymatic activity (ug DX/g per h) of prodrug hydrol-
ysis in homogenates of mucosal scrapings from various GI-
tract segments of conventional (a) and colitis-induced (b) rats
at pH 4.5 and 6.5 under enzyme saturated conditions. Data
are means + S.D. (n=3).
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Fig. 3. Enzymatic activity (ug DX/g per h) of prodrug hydrol-
ysis in homogenates of intestinal tissues (muscle layer) from
various Gl-tract segments of conventional (a) and colitis-in-
duced (b) rats at pH 4.5 and 6.5 under enzyme saturated
conditions. Data are means + S.D. (n=3).

The lower enzymatic activities in the intestinal
contents of colitis-induced rats (Fig. 1) may be
explained by dilution because of the increased
secretory activity of the inflamed intestinal mu-
cosa. A compromised hydrolytic activity of the
bacterial enzymes, i.e. due to a change in the
composition of the microflora, may contribute to
the reduced hydrolytic activity. A low hydrolytic
activity resulting in prolonged release from its
carrier may be advantageous if the distal part of
the colon has to be treated.

In contrast to the luminal contents the enzy-
matic activity of the mucosa and the muscle tissue
samples was low (Figs. 2 and 3). However, the
mucosal hydrolytic activity of the large intestine
in colitic rats seems to be more pronounced than
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Fig. 4. Enzymatic activity (ug DX/g per h) of prodrug hydrol-
ysis in homogenates of luminal contents from various Gl-tract
segments of germ-free rats at pH 6.5 under enzyme saturated
conditions. Data are means + S.D. (n=3).
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Fig. 5. Enzymatic activity (xg DX/g per h) of prodrug hydrol-
ysis in homogenates of human feces from healthy volunteers
and colitis patients at pH 6.5 under enzyme saturated condi-
tions. Data are means + S.D. (n =4).

in conventional rats. This is advantageous in view
of the fact that in ulcerative colitis the actual
inflammatory lesions are located in the mucosa.
Hydrolysis rates at pH 4.5 were slightly lower
than at pH 6.5, probably due to the limited
prodrug solubility at that lower pH. The higher
enzymatic activity in the mucosal scrapings of the
colon (conventional rat) may partly result from
adsorption of colon contents to the mucosa. Neg-
ligible enzymatic activities in the large intestinal
contents of germ-free animals (Fig. 4) confirm
that gut microflora are responsible for prodrug
cleavage. Activities in the contents of the proxi-
mal and distal small intestine are in the same
order of magnitude as in the small intestinal
contents of the conventional rats (Figs. 1 and 4).
This finding means that host enzymes are mainly
responsible for the observed prodrug hydrolysis in
germ-free rats. Coprophagy does not seem to
contribute significantly to the overall small intesti-
nal enzymatic activity.

As expected, human feces samples show lower
enzymatic activities than rat colon contents (Fig.
5). There is no significant difference between
healthy volunteers and colitis patients in terms of
fecal prodrug hydrolysis rate perhaps due to the
low number of observations. Homogenization of
the samples does not lead to a significant increase
of the enzymatic activity which means that the
contribution of intracellular bacterial enzymes to
the total enzymatic activity is negligible (Fig. 5).

The extent of prodrug hydrolysis in the large
intestinal contents of conventional rats indicate
that the microorganisms of the large intestine are
able to hydrolyze the prodrug. Low enzymatic
activities in the cecum and colon contents of
germ-free rats support the hypothesis that the
bacterial microflora are responsible for the cleav-
age of the prodrug in the large intestine. The
poly(L-aspartic acid) backbone apparently pro-
tects the prodrug ester bonds against hydrolysis
by host enzymes as it is known to do for dextran
prodrugs (McLeod, 1992). Prodrug cleavage in
human feces is not as pronounced as in rat colon
contents, but the inflamed colon does not seem to
cause a significant decrease of the prodrug hydrol-
ysis rate.
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