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Abstract

A viscous hydrophobic poly(ortho ester) (POE) has been developed as a biocompatible, biodegradable sustained release system for
selected cases of glaucoma filtering surgery. Dexamethasone and S-fluorouracil (5-FU) are frequently administered together post-opera-
tively, for their anti-fibroblastic and anti-inflammatory properties, respectively. A combined sustained release of both drugs could be
advantageously used. Drug release kinetics were studied using specially designed thermostated cells. Subconjunctival tolerance was
evaluated on New Zealand albino rabbits by clinical evaluation. Due to its basicity, the addition of dexamethasone sodium phosphate
(DEX-P) stabilized the polymer and prolonged 5-FU in vitro release from 2 to 4 days. Both therapeutic agents were released concomitantly,
according to a linear profile. The presence of 5-FU only slightly affected the overall subconjunctival tolerance of POE in rabbits, whereas the
addition of DEX-P markedly improved POE tolerance by reducing the hyperemia of the conjunctiva to a minimal grade. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

Glaucoma filtering surgery consists in the production of a
filtration fistula to facilitate outflow of aqueous humor from
the anterior chamber to reduce intraocular pressure.
However, a wound healing process can seal the surgical
site and result in failure of the operation [1]. Fibroblast
proliferation plays an important role in this wound healing
and scarring process. Various pharmacological agents such
as antimetabolites and anti-inflammatory steroids have been
shown to effectively inhibit the growth of fibroblasts in vitro
[2]. 5-Fluorouracil (5-FU) is a fluorinated pyrimidine analo-
gue that inhibits fibroblast proliferation by competitive inhi-
bition of thymidilate synthetase. It is widely used to increase
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the success of filtering procedures in patients with poor
surgical prognoses [3]. Since the 5-FU half-life is less
than 4 h in the anterior chamber following subconjunctival
administration, post-operative therapy after glaucoma filter-
ing surgery requires frequent administration, with subse-
quent patient discomfort and high risk of infection.
Dexamethasone is a synthetic corticosteroid, which is
widely used as post-operative topical treatment and also
requires frequent instillation. Dexamethasone may also
reduce the intraocular inflammation as well as the break-
down of the blood—ocular barrier in proliferative vitreoreti-
nopathy (PVR) [4]. Similarly, 5-FU has also been
successfully tested for the treatment of PVR [4], with no
demonstrable retinal toxicity at doses up to 1.0 mg.
However, frequent injections are required, because of a
short intravitreal half-life. In both above-mentioned surgery
procedures, a polymeric bioerodible carrier providing
sustained release of both 5-FU and dexamethasone would
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be appropriate in order to target different components of the
wound healing process and to avoid repeated injections.

The potential use of a polymer is strongly dependent on
its biocompatibility; a marked inflammatory reaction would
counter the effect of the wound healing inhibitors. POE
biocompatibility has been extensively investigated and
markedly improved by purifying the polymer from residual
monomers and oligomers, by producing the polymer asep-
tically [5] and by better controlling the local acidity gener-
ated during the polymer degradation [6]. In view of tissue
response and biocompatibility, it is extremely important to
consider the biological activity of the therapeutic agents
incorporated into the carrier, especially if the bioactive
agent has cytotoxic or anti-inflammatory characteristics.
The inherent toxicity of therapeutic agents must be consid-
ered as having the potential of altering the inflammatory
(phase 1) and foreign body reaction (phase II) [7]. Previous
studies have demonstrated that some drugs, such as naltrex-
one and cisplatin, adversely affect the histocompatibility,
whereas hydrocortisone acetate decreases tissue response
[8]. Moreover, the incorporation of therapeutic agents may
modulate degradation rate of the polymer and also indirectly
influence tissue response [7]. For these reasons, ISO stan-
dards 10993 regarding the biological evaluation of medical
devices require various tests on the final product, i.e. the
sterilized polymer carrier containing the therapeutic agents.

The present study evaluates the local tolerance of a POE
carrier containing 5-FU, with and without dexamethasone.
In vitro release studies and pH determination during poly-
mer degradation are also presented.

2. Materials and methods
2.1. Polymer synthesis

As previously described by Merkli et al. [9], POE was
synthesized by a transesterification reaction between 1,2,6-
hexanetriol and trimethyl orthoacetate (Aldrich® Chemie,
Steinheim, Germany). The reaction, catalyzed by p-
toluene-sulfonic acid, was carried out by distilling the two
precursors in cyclohexane (Fluka Chemie® AG, Buchs,
Switzerland) under anhydrous conditions. POE was purified
by a precipitation procedure to remove all impurities such as
residual monomers and oligomers. To further eliminate resi-
dual solvents, the polymer was dried under vacuum (10_2
mbar) at room temperature. POE was produced aseptically
using a 0.2 pm air filter (Millipore® GV) during solvent
evaporation to exclude air contamination. This aseptic
process has been successfully tested with different nutrient
media (broad spectrum) [10].

2.2. Characterization of POE

The structure of POE was characterized by 'H and "*C-
NMR spectroscopy [9]. The average molecular weight of
the POE was determined by size exclusion chromatography

(SEC) using a Waters® 150 CV instrument with three Ultra-
styragel® (Waters®, Volketswil, Switzerland) columns 100,
500, 1000 A pore size in series, and tetrahydrofuran
(Romil® Chemicals, Leics, UK) as eluent [9].

2.3. In vitro pH monitoring during POE degradation

The pH was measured during POE degradation in order to
monitor the decrease of pH induced by the release of acetic
acid. In a sample flask, 1 g POE and 10 ml 0.9% sodium
chloride (F]uka® Chemie AG, Buchs, Switzerland) solution
or phosphate-buffered solution (PBS) (pH 7.4) were placed
in a horizontal shaker (Haling®, Aigle, Switzerland) at 37°C
operating at low speed (100 U/min). Measurements of pH
were taken every day during the first week and then every
week using a pH-meter Mettler DL25 (Nanikon-Uster®,
Switzerland) and a combined pH-glass micro-electrode
(6.0204.100Pc, Metrohm®, Herisau, Switzerland), until
complete degradation [10].

2.4. Sample preparation

The samples were prepared under a laminar air-flow
hood. The added drugs and excipients 5-FU and dexametha-
sone sodium phosphate (DEX-P) (Sigma® Chemical Co., St.
Louis, MO) were previously <y-sterilized at 2.0 MRad, and
were mixed with the polymer under aseptic conditions at
room temperature [10].

2.5. In vitro release studies

Drug release studies were conducted in specially
designed thermostated cells containing 200 mg of POE.
DEX-P and/or 5-FU loaded polymer was placed into the
cells, and PBS (pH 7.4) was circulated through the cells at
the rate of 8 ml/h, and collected every 4 h using an auto-
matic fraction collector 2111 Multirac (LKB®, Bromma,
Sweden). The cell temperature was controlled with a D8
thermostatic controller (Haake®, Karlsruhe, Germany)
[11]. The amount of 5-FU and DEX-P released was deter-
mined by a capillary zone electrophoresis assay [12].
Briefly, experiments were carried out on a HP*® CE system
(Hewlett—Packard®, Wilmington, DE) with a fused-silica
capillary equipped with an extended path-length detection
window. Detection was performed using a diode array
detector scanning wavelengths from 190 to 600 nm. Elec-
tropherograms were monitored at 242 nm for DEX-P,
265 nm for 5-FU and 300 nm for indoprofen (internal
standard).

Polymer weight loss was obtained gravimetrically: the
polymer was removed when release was completed and
the sample lyophilized with a Lyolab B II (Secfroid® SA,
Aclens-Lausanne, Switzerland).

2.6. Subconjunctival injections

New Zealand albino rabbits were used and treated as
approved by the Animal Care and Use Committee of the
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University of Geneva. POE was injected subconjunctivally
using a hydraulic syringe through a 20 G needle under local
anesthesia, the injection volume amounting to 200 wl. The
injections were performed nasally into the superior rectus
muscle while the rabbits were in restraining boxes. Each
product was tested on 3—6 rabbits. A slit-lamp examination
was performed daily, and a O (absence) to 3 (highest) clin-
ical evaluation scale scoring was used to grade, respectively,
hyperemia and chemosis of the conjunctiva and episclera, as
well as lachrymation induced by POE with the previously
mentioned drugs [10]. Experimental eyes were compared
with contralateral, non-injected eyes (score 0). Statistical
comparison between each group was performed using a
non-parametric Mann—Whitney U-test.

3. Results and discussion
3.1. In vitro pH determination

As previously reported [9], POE erodes gradually by
surface hydrolysis, yielding first a mixture of esters of the
initial triol, followed by a slower hydrolysis to 1,2,6-hexa-
netriol and acetic acid. Since the second hydrolysis is much
slower, no autocatalysis is observed. When placed in saline
solution, the in vitro pH determination, during POE degra-
dation, shows a significant decrease from pH 6 to 2.5.
However, in PBS solution, the pH is maintained between
7 and 5 [5,10]. In this case, the addition of the slightly acidic
5-FU does not influence the degradation rate nor the pH
variation during POE degradation. POE presence in saline,
with or without 5-FU, extended to 1 day and a similar pH
decrease was observed. Due to the basicity of DEX-P, the
final pH was stabilized around 3.2 instead of 2.5 and the
polymer lifetime was prolonged to 2 days in saline solution
and to 3 days in PBS.

3.2. In vitro release studies

The release of 5-FU from POE has been extensively
studied by Merkli et al. [11]. The optimal drug concentra-
tion was determined to be around 1% (w/w), because of its
water solubility and slightly acidic nature, which catalyzes
polymer degradation. As shown in Fig. 1, the release of 5-
FU as well as polymer erosion are completed within 72 h in
vitro,with a 8 kDa POE.

As previously reported, the addition of a basic excipient

Table 1
Chemical properties of therapeutic agents®
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Fig. 1. Cumulative in vitro release of 5-FU (O) alone, or 5-FU (@)
combined with DEX-P (A) from POE (8 kDa) (phosphate buffer (pH
7.4); 37°C; n = 6, mean * SD; drug loading 1% w/w).

stabilizes the ortho-ester bonds and reduces POE degrada-
tion rate [6,11]. The addition of basic DEX-P significantly
prolongs 5-FU release from 3 to 4 days in vitro (Fig. 1). Itis
worth noting that even though 5-FU and DEX-P have differ-
ent solubilities and pKas (Table 1), a concomitant release is
observed. In the presence of both therapeutic agents, a good
linearity of the release profiles is observed.

Interestingly, a similar linear release profile is observed
after addition of 1% of highly insoluble magnesium hydro-
xide (MG) [6]. However, the addition of DEX-P shows a
total polymer erosion when drug release is completed,
whereas MG further prolongs the polymer lifetime another
10 days after release completion [6]. In the presence of
MG, the release of 5-FU is thus controlled by diffusion,
since 95% of the polymer is still present when the release
is completed, whereas in the presence of highly soluble
DEX-P, 5-FU release is mainly controlled by erosion.
The difference of solubility and the basicity strength
could explain this variation. The solubility of drugs incor-
porated into the polymer is also important, but this para-
meter seems to be of secondary importance [13]. In fact,
the basicity of MG is higher than DEX-P. Also, the
progressive acidification, triggered by the formation of
acetic acid during polymer degradation could modify the
respective solubilities. In fact, an acidic environment

Therapeutic agents Solubility (mg/ml) pH of a 1% solution® pKa; pKa, pKas Molecular weight Amount® (wmol)
5-FU 10 4.7 8 13 - 130.1 15.3
DEX-P 500 9.0 7.7 9.2 12.8 516.4 3.87

* 5-FU, 5-fluorouracil; DEX-P, dexamethasone disodium phosphate.
® In saline.
¢ In 200 pg of POE containing 1% w/w of drug.
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reduces DEX-P solubility, whereas MG becomes soluble in
presence of acetic acid.

3.3. Tolerance evaluation

Subconjunctival tolerance has been investigated in rabbit
eyes after injection of 200 wl of an aseptically prepared POE
containing 5-FU and/or DEX-P. The subconjunctival injec-
tion of POE alone triggered a hyperemia and a chemosis
graded 1 during 3 days. The eye fully recovered by day 7
with no signs of chronic inflammation.

The addition of 5-FU did not markedly affect the overall
tolerance of the POE carrier (Fig. 2). It triggered a similar
hyperemia graded 1 during 3 days and a chemosis also
graded 1 at day 1. However, the addition of 5-FU slightly
enhanced conjunctival hyperemia between day 5 and day 7.
A commercial 5-FU solution (Roche®) at 50 mg/ml has
been similarly tested and induced an hyperemia and a
chemosis graded 1.5 during the first 24 h. The pH of the
solution required to dissolve 5-FU at 50 mg/ml is fairly
high, around 9. Repeated injections of such a high pH solu-
tion may trigger severe local irritation and could explain the
corneal defects frequently observed after 5-FU post-opera-
tive treatment. A sustained release rate of 5-FU could be
advantageous in decreasing the local toxicity.

Comparatively, the addition of 1% DEX-P markedly
improved the tolerance of POE. It reduced hyperemia of
the conjunctiva to a minimal grade and completely
suppressed any signs of conjunctival chemosis (Fig. 2). In
fact, as an anti-inflammatory and immunosuppressive agent,
it may inhibit edema, fibrin deposition, capillary dilatation
and proliferation (angiogenesis), migration of leukocytes,
fibroblast proliferation, deposition of collagen and scar
formation [8]. DEX-P also prolonged the subconjunctival
presence of the polymer for up to 8-10 days, whereas POE
alone or containing 1% 5-FU was only present over 1-2

Hyperemia score

Time [days]

Fig. 2. Comparative hyperemia score of () POE (9.5 kDa) (n = 6), (B)
POE with 5-FU (n = 6), (E) POE with DEX-P (n = 3), and (O) POE with
5-FU and DEX-P (n = 3). (Mean * SD; drug loading 1% w/w).

days. This can not be explained entirely by the stabilization
of POE by the basic nature of DEX-P, because in vitro
studies have shown only a slight increase in polymer life-
time from 1 to 2 days. The in vivo prolonged presence of
polymer containing DEX-P could also result from a reduced
inflammatory cell infiltration, notably a decreased accumu-
lation of macrophages, due to the anti-inflammatory proper-
ties of DEX. Similarly, macrophages are the principal
producers of a series of lysosomal enzymes, such as hydro-
lases or esterases [14], which could also trigger massive
polymer cleavage. The prolonged in vivo presence of POE
containing DEX-P [15] may indicate a possible longer in
vivo drug release compared with in vitro predictions. It is
interesting to note that the reduced accumulation of all types
of leukocytes at the injection site, due to the corticosteroid
activity, could also prevent polymer encapsulation. This
point is particularly critical when the presence of the poly-
mer is approximately 2 weeks long [8].

The POE system containing both 5-FU and DEX-P has
also been evaluated and was well tolerated. It only showed a
slightly higher hyperemia, compared with the addition of
DEX-P alone. Similarly, no chemosis was observed.

In no eyes of any group, lachrymation could be observed.

4. Conclusion

This study has clearly shown that the presence of 5-FU
only slightly affects POE degradation rate and subconjunc-
tival tolerance. The addition of DEX-P has several advan-
tages: (i) its anti-inflammatory properties improve surgical
prognoses as well as polymer tolerance; (ii) its basic nature
decreases POE degradation rate and prolongs 5-FU release,
maintaining a linear profile as well as a simultaneous poly-
mer erosion and drug release.
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