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Abstract

Purpose: Vascular endothelial growth factor (VEGF) may contribute to the scarring process resulting from
glaucoma filtration surgery, since this cytokine may stimulate fibroblast proliferation. The aim of this study was
to describe a new bevacizumab-loaded polyurethane implant (BPUI) and to evaluate its effectiveness as a new
drug delivery system of anti-VEGF antibody in a rabbit model of glaucoma filtration surgery.
Methods: An aqueous dispersion of polyurethane was obtained via the conventional process. Bevacizumab
(1.5 mg) was then incorporated into the dispersion and was subsequently dried to form the polymeric films.
Films with dimensions of 3 · 3 · 1 mm that either did (group BPUI, n = 10) or did not contain bevacizumab
(group PUI, n = 10) were implanted in the subconjunctival space, at the surgical site in 1 eye of each rabbit. The
in vitro bevacizumab release was evaluated using size-exclusion high-performance liquid chromatography
(HPLC), and the in vivo effects of the drug were investigated in a rabbit experimental trabeculectomy model by
examining the bleb characteristics and collagen accumulation, and by performing immunohistological analyses
of VEGF expression.
Results: HPLC showed that only 10% of the bevacizumab in the implants had been released by postoperative
day 5. In vivo studies demonstrated that the drug had no adverse effects; however, no significant differences in
either the bleb area score or the collagen deposit intensity between the group PUI and the group that BPUI were
observed. Moreover, the group BPUI presented a significantly lower proportion of VEGF-expressing fibroblasts
than group PUI (0.17 – 0.03 vs. 0.35 – 0.05 cells/field, P = 0.005).
Conclusions: This study demonstrated that bevacizumab release from the BPUIs only occurred for a short time
probably from the surface of the films. Nevertheless, they were well tolerated in rabbit eyes and reduced the
number of VEGF-expressing fibroblasts.

Introduction

Intraocular pressure (IOP) reduction is considered the
main objective of many glaucoma treatment modalities to

maintain vision.1,2 Surgical procedures that involve draining
the aqueous humor to the sub-Tenon’s space are specifi-
cally associated with decreases in the rates of visual-field
progression.3

Trabeculectomy is the most commonly performed glau-
coma-filtering surgery procedure. Its outcome depends on
the amount of resistance that develops due to scarring dur-
ing wound healing. After a trabeculectomy, the development
of conjunctival and episcleral fibrosis occurs as a result

of progressive fibroblast migration, fibroblast proliferation,
collagen accumulation, and angiogenesis at the site of
filtration.4,5

The primary auxiliary treatment after a trabeculectomy to
curb excessive scarring is to use antifibrotic agents, including
5-fluorouracil (5-FU) and mitomycin C (MMC). However,
these agents may have drawbacks that possibly lead to
thin-walled avascular blebs, which are susceptible to further
complications.6–8

These side effects have prompted that increasing interest
in the use of angiogenesis-inhibiting compounds [especially
those that act against vascular endothelial growth factor
(VEGF), termed anti-VEGF compounds] that are aimed at
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modulating the effects of VEGF on both the proliferation
and migration of human fibroblasts in Tenon’s capsule has
arisen.5 Bevacizumab, which is an anti-VEGF monoclonal
antibody that contains human interaction regions, has been
successfully used to aid in the wound-healing process that is
associated with glaucoma surgery.9–11

There remains uncertainty regarding how to optimally
deliver bevacizumab. One possibility is subconjunctival de-
livery, but it is expected to have a short duration of action
and would therefore require repetitive injections.12

Polyurethane implants (PUIs) have been investigated
extensively for use in biomedical applications as scaffolds
for tissue regeneration and as controlled-/sustained-release
drug delivery systems because of their excellent biocompat-
ibility, chemical versatility, and mechanical properties.13–15

No previous study has evaluated the use of anti-VEGF an-
tibodies associated with PUIs in the eye, so the aim of the
present study was to demonstrate the release of active bev-
acizumab from PUIs in an experimental model of glaucoma-
filtering surgery in rabbits.

Methods

Preparation of polyurethane films

The PUIs were prepared from an aqueous dispersion
of polyurethane according to conventional methods. In a
nitrogenous environment, poly-Å-caprolactone and polyeth-
ylene glycol dimethyl propionic acid (DMPA) were trans-
ferred to a reactor, stirred for *30 min, and were then added
to a solution that contained the reactor isophorone diiso-
cyanate until the NCO/OH ratio was equal to 2.3. This
mixture was then heated to 70�C–75�C for 2 h, after which a
catalyst, dibutyltin dilaurate, was added at a temperature of
70�C–75�C for 1 h. Triethylamide prepolymers were added to
the mixture, and the mixture was vigorously shaken at a
temperature 40�C for 40 min to neutralize the COOH groups
of the DMPA. The prepolymer was then dispersed in water,
and hydrazine was immediately added as a chain extender
to complete the synthesis (40�C/1 h).

Bevacizumab incorporation to the PUIs

To incorporate bevacizumab into the PUIs, 300 mg/12 mL
of bevacizumab (Avastin�—25 mg/1 mL; Genentech) was
added to 4.0 mL of an aqueous polyurethane dispersion, and
the mixture was mildly agitated. This method resulted in a
film weight of 2,492.44 mg, reaching a final bevacizumab
concentration of 12.04% (w/w). The aqueous polyurethane
dispersion that contained the dissolved bevacizumab was
then transferred to plastic molds and was dried at room
temperature for 7 days. PUIs that did not contain the drug
were prepared via the same process. After the drying process
was complete, both of the implants that contained bev-
acizumab (BPUIs) and those that did not contain the drug
(PUIs) had a final appearance that was similar to that of
transparent plastic. The films were then cut and shaped in the
form of flat cobbles that had dimensions of 3 · 3 · 1 mm; each
BPUI contained a final dose of 1.0 mg bevacizumab (Fig. 1).

In vitro degradation study

The following procedure was performed in an incubator at
30 rpm and 37�C. BPUIs and PUIs were placed in glass vials

with 2.0 mL of phosphate-buffered saline (PBS; pH 7.4). At a
series of pre-established intervals, the incubation medium
was removed from the implants, and the quantity of liquid in
the buffer vials was renewed by adding 2.0 mL of freshly
prepared PBS to each flask. The amount of drug that had
been released into the incubation medium was quantified
with a size-exclusion high-performance liquid chromatogra-
phy (HPLC) using a Waters� apparatus that was equipped
with an autosampler (model 717plus; Waters) and according
to the method that was described by Gomes et al.16 Chemical
separation was carried out in an isocratic manner using a
pump (model 515; Waters) with a constant flow rate of
1.0 mL/min A BioSuite 250� HR SEC, 300 · 7.8 mm · 5 mm
(Waters). An HPLC column was used in which the mobile
phase consisted of PBS at a pH of 7.4 was used. An ultra-
violet detector (model 2487; Waters) at a wavelength of
279 nm was used, and the area under peak was used to de-
termine the quantity of the drug in the test solution.

Scanning electron microscopy of the films

The films were directly examined with a scanning electron
microscope ( JEOL; model JSM-6360LV—operated at 5 kV)
both before and after 5 days of incubation. All of the films
underwent a cryogenic fracture procedure, so that both the
surface and the region of fracture could be analyzed. No
metallization of the samples was necessary.

Fourier-transform infrared spectroscopy

To evaluate the potential bevacizumab–polyurethane in-
teractions, the infrared spectra of the PUI and BPUI samples
were collected in a Fourier-transform infrared spectropho-
tometer (FTIR; Perkin Elmer, model Spectrum 1000). Each
sample was pressed against a Zinc selenide crystal, and
measurements were carried out using the attenuated total
reflectance technique. Each spectrum was a result of 32
scans with a resolution of 4 cm - 1, in the range 4,000–
650 cm - 1, with posterior interpretation of the bands plotted
on graphs.

FIG. 1. Size-exclusion high-performance liquid chromato-
gram of a 24-h sample of a bevacizumab-loaded polyurethane
implant (BPUI) that was incubated in phosphate-buffered
saline (PBS) for the detection of bevacizumab at a flow rate
of 1.0 mL/min (Waters BioSuite 250; 5mm, HR SEC–
7.8 · 300 mm). AU, absorbance unit (279 nm) · 104.
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Surgical procedures

Twenty female New Zealand rabbits (Oryctolagus cunicu-
lus), each weighing between 2 and 2.5 kg, were used in this
study. All of the animals were acquired from the Central
Bioterium of the University of São Paulo (Ribeirão Preto
Campus). The BPUIs and PUIs were sterilized with ethylene
oxide before being soaked in a sterile physiological saline
solution before surgery. Intramuscular injection of ketamine
hydrochloride (35–50 mg/kg, Ketalar; Pfizer) and Xylazin (5–
10 mg/kg; König do Brasil Ltda) was used to induce general
anesthesia for the surgeries. A subconjunctival pocket was
created via a blunt dissection at the limbus and a 5–6-mm
incision in the superior-temporal quadrant of the right eye of
each rabbit. One of the 2 films (10 animals received PUIs, and
10 animals received BPUIs) was then inserted into the sub-
conjunctival pocket 3 mm from the limbus using a conjunc-
tival forceps, and the film was affixed with a central single
nylon 10.0 suture (Ethicon�; Johnson & Johnson). After the
film insertion, a previously described surgical technique that
results in a filtering bleb was performed on each animal.17

Topical applications of a combination of ciprofloxacin
3.5 mg/mL and dexamethasone 1 mg/mL (Ophthalmic Sus-
pension; Alcon Laboratories) were administered 3 times a
day for 5 days after surgery.

All of the animal procedures were performed in accor-
dance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. We also obtained approval
from the Ethics Committee on Animal Experiments of the
School of Medicine of Ribeirão Preto–University of São Paulo
(protocol no. 124/2009).

Clinical monitoring

The eyes of the rabbits were observed for any changes at
the insertion sites, to evaluate the gross appearances of the
implants, and to determine whether there was any evidence
of surgical complications using slit-lamp examinations. The
IOPs of both eyes of each rabbit were measured using a
tonometer (Tonopen Avia; Reichert) under topical anesthesia
(proximetacaine 1%; Alcon Laboratories) before surgery and
on the fifth postoperative day. Bleb characteristics were
graded based on the daily photographic evaluations of the
surgical sites in conjunction with comparisons that were
tailored to the Moorfields Bleb Grading System by 2 of the
authors of this manuscript (V.R.C.R. and R.C.).18

Histological analysis

The rabbits were euthanized using intravenous pento-
barbital (60–150 mg/kg), after which the eyes were enucle-
ated. Immediately after enucleation, the eyes were immersed
in 10% neutral buffered formalin for 24 h. The globes were
dehydrated and embedded in paraffin. They were then sec-
tioned with a microtome and stained with the appropriate
stain (both hematoxylin & eosin and Sirius Red stain). Fi-
brosis was evaluated by measuring the intensity of the col-
lagen capsule that had formed around each implant.
Photographs of the sections that had been stained with Sirius
Red and that were taken at a magnification of 200 · were
evaluated using the ImageJ 1.44 (National Institute of
Health) software program. Analysis of the extraocular mus-
cles in the same photographs was used as controls.

Immunohistochemistry

Immunohistochemical stains were used to quantify the
amount of VEGF-expressing fibroblasts that were located
near the implants. The sectioned, paraffin-embedded slides
were heated to 60�C for 1 h, deparaffinized, and rehydrated.
The endogenous peroxidase activity was quenched by means
of a 30-min incubation in a 3% H2O2/PBS solution, washed,
and blocked with a solution of 20% Aquablock (East Coast
Biologics, Inc.) in PBS/0.2% Tween-20 for 30 min. The sec-
tions were then incubated with a human anti-VEGF mono-
clonal antibody at a dilution of 1:50 (VEGF C-1; SC 7269; BD
Biosciences Pharmingen). Primary antibodies were detected
using biotinylated IgG secondary antibodies (2mg/mL), after
which the sections were incubated with 3,3¢-diaminobenzi-
dine (DAB substrate kit; Vector Laboratories) and counter-
stained with hematoxylin.

Statistical analysis

Statistical analyses consisted of descriptive statistics, in-
cluding means, medians, and standard errors, and the fre-
quency distributions and percentages were used for
categorical variables. The Mann–Whitney U test was used to
compare the results between groups. P values of < 0.05 were
defined as statistically significant. The Prism 5.0 software
program (GraphPad Software, Inc.) was used for all analyses.

Results

In vitro bevacizumab release from films

The HPLC size-exclusion method was developed to de-
termine bevacizumab release from the BPUI films. This
method was validated by showing that neither compounds
of the incubation medium nor those of the polymer inter-
fered with drug retention time. These findings decrease the
risks of overestimation. The results revealed that this quan-
tification method was specific, precise, accurate, robust, and
linear (r2 = 0.998) over a range of concentrations from 5 to
75 mg/mL, so this method can be used in drug-release
studies. Drug stability was tested by HPLC and electropho-
resis, which demonstrated that 96% or more of the initial
concentration of bevacizumab (dissolved in PBS, pH 7.4;
37�C) was recovered after the 7-day period described for
preparation of the implants.

The BPUIs failed to provide a sustained release of bev-
acizumab, because no drug release peak was detected by the
analytical method over a period ranging up to 40 days, with
the exception of a 10% of free drug only on the first day. Its
presence was noted based on displaying a symmetrical peak
at a mean retention time of 7.58 min (Fig. 1). Six BPUIs,
identical to those used for the in vitro release tests, were also
dissolved in methanol to verify the amount of drug that was
present in the implants. The HPLC analysis was unable to
provide any evidence of the drug after 1 day.

Fourier-transform infrared spectroscopy

The spectrum related to the sample containing PUI dis-
played typical polyurethane absorption regions. Regions of
2,946 and 2,865 cm - 1 represent the characteristic bands of
asymmetric and symmetric stretching of –CH3, respectively.
Another characteristic band was observed at 1,725 cm - 1, and
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can be attributed to stretching of the carbonyl groups. These
groups are related to urethane, urea, and ester, and may be
involved in hydrogen bonds with –NH groups of the ure-
thane linkage (Fig. 2). In the BPUI spectrum, a band in the
region of 3,499 cm - 1 was evidenced and was attributed to
free –NH groups present in the proteic structure of the drug.
However, the band near 3,300 cm - 1 appeared more intense
than in the spectrum of PUI, indicating that most of the –NH
groups of the proteic structure of the drug participated in
hydrogen bonds with polar groups of the polymer (Fig. 2).

Scanning electron microscopy

The BPUI displayed a compact and homogeneous ap-
pearance both on the surface and in the region of the frac-
ture, which is characteristic of a successful polymer synthesis
(Fig. 3). Images of both a PUI and a BPUI from before and
after 5 days of incubation in PBS are shown in Fig. 3. Com-
pared with the BPUI, the PUI presented a rougher surface
texture; this finding is indicative of a greater degree of
degradation after 5 days. The BPUI showed a smooth sur-
face both before and after incubation; this finding is most
likely related to an interaction between polyurethane and
bevacizumab.

Effects of BPUI in the experimental
glaucoma-filtering surgery

The clinical characteristics of the animals from the BPUI
group, including the mean IOP differences and the median of

all of the bleb scores that were determined based on the
Moorfields Bleb Grading System, were not significantly dif-
ferent from the clinical characteristics of the PUI group
(Table 1). Histological sections showed that there was ade-
quate placement of the silastic tubes over the PUIs; these
sections also revealed the presence of neutrophilic infiltration
and surrounding fibrosis accumulation (Fig. 4). An evalua-
tion of the intensity of the collagen that had been stained
with Sirius Red showed that there were no statistically sig-
nificant differences in the intensity of the collagen staining
between the BPUI and PUI groups (P = 0.1905; Mann–Whit-
ney U test) (Fig. 4).

Expression of VEGF in Tenon fibroblasts

The immunohistochemical analysis of slides of the surgical
site showed VEGF staining of several different cell types,
including endothelial cells, fibroblasts, and macrophages
(Fig. 5). Compared to the animals in the PUI group, animals
from the BPUI group had a significantly lower proportion of
VEGF-expressing fibroblasts (0.17 – 0.03 vs. 0.35 – 0.05 cells/
field, P = 0.005; Mann–Whitney U test).

Discussion

Current wound modulators that are utilized as adjuvant
therapies after trabeculectomies, such as MMC and 5-FU,
interfere with wound healing by decreasing the proliferation
of fibroblasts. Unfortunately, these medications are com-
monly associated with thin cystic blebs that predispose to
several complications.19 A growing number of studies have
been published that focus on angiogenesis as a potential
target for increasing the surgical success associated with
routine trabeculectomies; these studies mainly focus on the
effects of bevacizumab and ranibizumab.9–11,20

The dose, route of administration, and new drug release
mechanisms should be studied to improve the effectiveness
of a bevacizumab-augmented trabeculectomy to reduce fi-
brosis. Several issues need to be addressed regarding the off-
label use of bevacizumab, such as the duration of action of
the drug and its toxicity profile in ocular tissues.

In general, drugs that are injected into the subconjunctival
space, such as bevacizumab, are cleared via trans-scleral or
conjunctival blood and lymphatic flow. However, a longer
half-life in ocular tissues after subconjunctival injection
bevacizumab compared with intravitreal injection or even
topical application via eye drops suggests that bevacizumab
accumulates in the scleral matrix.12

Attempting to control excessive scarring during the short-
to-medium term after surgery is associated with higher
success rates, and instances in which failing surgeries were
rescued by using subsequent procedures have been de-
scribed over the last 20 years.21,22

After considering some pharmacokinetic issues and the
necessity of the prolonged release of antiscarring drugs
during the trabeculectomy postoperative period, we pro-
posed the use of subconjunctival implants as a new bev-
acizumab delivery system. A drug containing polyurethane
film was developed with a size that was acceptable for
subconjunctival insertion. These implants (BPUI) can be
produced by incorporating bevacizumab in an aqueous
polyurethane dispersion in the absence of additional com-
plex chemical reactions due to its hydrophilicity.

FIG. 2. Fourier-transform infrared spectra of the polyure-
thane implant (PUI) and the BPUI for evaluation of
differences in the polymer structure. The graphs show
transmittance (%) at each wave number (cm - 1).
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FIG. 3. Photographs show-
ing the appearance of the
polyurethane films. Macro-
scopic aspect and dimensions
(3 · 3 mm) of a BPUI (A) and
a scanning electron micro-
scope image showing the de-
tails of the fracture region of
the same implant (B). Note
the compact and homoge-
neous appearance of both the
surface of the implant and the
region of the fracture (original
magnification–300X). Images
of the surfaces of a PUI and a
BPUI showing that the PUI
has a rougher surface than the
BPUI both before (C vs. D,
respectively) and after 5 days
of incubation in PBS (E vs. F,
respectively) (original magni-
fication 2500X).

Table 1. Outcome Measures From the Fifth Postoperative Day Comparing the Results Between

the Animals That Underwent Experimental Glaucoma-Filtering Surgery with the Insertion

of Implants That Contain Bevacizumab or Did Not Contain Bevacizumab

Groups IOP difference (mmHg)a Bleb area (central)b Bleb area (maximum)b Bleb highb Vascularizationb

PUI 1.1 – 1.0 2.0 – 0.1 3.0 – 0.1 2.0 – 0.1 3.0 – 0.1
BPUI 2.9 – 0.8 2.0 – 0.4 3.0 – 0.3 3.0 – 0.4 3.0 – 0.1
P value 0.413 0.72 0.72 0.057 0.72

aIOP difference = postoperative IOP (on day 5) - preoperative IOP, expressed as mean – SE.
bScores were based on the Moorfields Bleb Grading System, were expressed as medians – SE, and were analyzed with a Wilcoxon signed-

rank test.
PUI, polyurethane implant; BPUI, bevacizumab-loaded polyurethane implant; IOP, intraocular pressure; SE, standard errors.
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Our results showed no adverse effects of administering
the implants, and that free bevacizumab could be detected
with HPLC. Unfortunately, only a small fraction of the in-
corporated drug could be detected during a very short pe-
riod of time. Nevertheless, the assumption of the final
amount of bevacizumab in the implants described above was
based on chemical calculations. Other limitations are that an
in vitro potency assay was not undertaken, and no evaluation
of binding between bevacizumab released to tissue and its
local receptors.

It is possible that a chemical bond formed between the
polyurethane and the bevacizumab, and that the quantifi-
cation of 10% of the drug observed on the first day could be
related to the release of the small proportion of the drug that
was present on the surface of the films. To investigate this
possibility, we probed for a chemical interaction drug and a
polymer using FTIR spectroscopy. This analysis displayed
waves that were related to hydrogen bonds between the
polar groups of the PUI and NH groups of proteic structure
of the drug.

This interaction may produce a higher hydrolytic stability
of the polymer, which is most likely due to an increase in the
number of crosslinks from hydrogen interactions and then
hinders the entry of water into the polymeric matrix.23,24

FTIR also pointed to the occurrence of interactions mainly in

the hard segments of PUI than in the soft ones, and further
tests should aim modifications in the hard segments during
synthesis of the films.

Despite uncertainties regarding the amount of bev-
acizumab released from BPUIs, there is an indication that
whatever amount was released, it was sufficient to at least
lower in vivo the proportion of VEGF-expressing fibroblasts.
Although the local inhibition of VEGF could be associated
with a decrease in the number of VEGF-producing cells, free
bevacizumab available locally was insufficient to inhibit fi-
brosis. Either the small amount of bevacizumab released or
the predominant VEGF isoform that was already present in
the surgical site and involved in the subconjunctival healing
process25 could explain these disappointing results. Indeed,
both VEGF-121 and VEGF-165 (which are mainly involved in
the angiogenesis process), but not VEGF-189 (which is as-
sociated with the healing process), are produced by Tenon
fibroblasts in culture. Moreover, these cells also express these
cognate VEGF receptors.11,25

Other systems that permit the sustained release of bev-
acizumab have been described by Abrishami et al.26 and
Andrew et al.,27 but these systems utilized a liposomal
delivery system (nanoliposomes) and an inorganic polymer
(mesoporous silicon oxide), respectively. They were de-
veloped to treat diseases of the posterior segment of the

FIG. 4. Photomicrograph of the surgical site of an animal from the group that received BPUIs (left) showing a silastic tube in
the subconjunctival space (arrow) above the implant (asterisk). The implant was attached to the juxtascleral space and
surrounded by a tissue reaction. Note the formation of a fibrous capsule between the implant and the silastic tube (white
arrowhead) and around the edge of the implant (black arrowhead) (hematoxylin & eosin, original magnification 25X). Photo-
micrographs showing Sirius Red staining of areas that are adjacent to the implants. Note the collagen deposits, which are
stained in red, and the numerous fibroblasts in both the BPUI and the PUI animals (center and right, respectively) (Sirius Red,
original magnification 200X). Color images available online at www.liebertpub.com/jop

FIG. 5. Immunohistochemical
staining for vascular endo-
thelial growth factor in the
areas adjacent to the implants
in the surgical sites. Observe
the staining of fibroblasts,
which are present in a no-
ticeably smaller number in
the group that received BPUIs
(right) than in the group that
received PUIs (left) (original
magnification 400X). Color
images available online at
www.liebertpub.com/jop
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eye, so bevacizumab was encapsulated and administered
directly into the vitreous body. The current study is the
first one to describe the application of a sustained drug
delivery system that contains bevacizumab in the anterior
segment of the eye or in conjunction with glaucoma-fil-
tering surgery.

In conclusion, our results indicate that bevacizumab was
probably only released from the surface of polyurethane
films (BPUI). The low proportion of the drug released may
stem from chemical interactions that may have developed
between the drug and the polymeric matrix. BPUIs can be
produced easily and inexpensively, but further pharmaco-
kinetic studies using BPUIs are necessary to optimize the
bioavailability of the drug while maintaining minimal side
effects.
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quantificação do fármaco Bevacizumabe por cromatografia
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