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Abstract. Age-related macular degeneration (ARMD) and intraocular neovascular diseases have been treated clinically by
anti-VEGF antibody drug bevacizumab. However, the use of bevacizumab in the treatment of retinal neovascular diseases
has been limited due to the short half-life and frequent injections. In this research, novel amphiphilic hydrophilichydrophobic block copolymers of methoxy-poly (ethylene glycol)-block-poly (lactic-co-glycolic acid) were synthesized with
ring-opening polymerization, and cross-linked with 2,2-bis (2-oxazoline) (BOX). The aqueous solution of the block copolymers can reverse the sol-gel-sol phase transition. After 1 month of intravitreal injection, the histomorphology of a rabbit’s
retina was preserved, which indicated the mPEG-PLGA-BOX hydrogel had no cytotoxicity in vivo. Released bevacizumab
from the mPEG-PLGA-BOX hydrogel inhibited the RF/6A (Maraca mulatta retina epithelial cell) and HUVEC cell growth,
and anti-angiogenesis in 3-D cultures, which showed the bioactivity of the anti-VEGF agent, were maintained in the hydrogel
within the release process. In conclusion, the mPEG-PLGA-BOX hydrogel had a sol-gel behavior phase transition, and its
intraocular biocompatibility and the characteristics of biodegradability and bioactivity appear to be a promising intravitreal
injection carrier for bevacizumab delivery.
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1. Introduction
Irreversible vision loss, even blindness, among elderly people in today’s developed countries is often caused by age-related macular degeneration (ARMD). The exudative form, wet AMD, is characterized by choroidal neovascularization (CNV) [1]. Vascular endothelial growth factor (VEGF) is a
key regulator of angiogenesis [2] and acts as an endothelial cell mitogen and increases vascular per*
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meability [3]. Since 2006, the intravitreal injection of the anti-VEGF antibody bevacizumab has
shown to be effective and is widely used to treat neovascular AMD and to prevent the development of
CNV [4]. Bevacizumab should be kept away from light and must be stocked at a temperature range of
2°C to 8°C [5]. The anti-VEGF activity of bevacizumab may degrade at a minimal level over time
even when stored at 4°C refrigeration or in a frozen state [6]. After intravitreal injections, the antiVEGF activities of bevacizumab are most likely to degrade slowly and minimally due to the influence
from body temperature and the light irradiated into the eyes. Because the half-life of bevacizumab is
short (4.25 days) [7], the major concern is frequent intravitreal injections [8]. Hence, there is a great
need to develop a drug carrier which can relatively slowly release the bevacizumab, protect the antiVEGF activity, and extend the half-life. Development of a drug delivery system for bevacizumab
could result in a safer and more effective clinical application than the current clinical regimen for
highly-prevalent neovascular retinal disorders. Biodegradable thermosensitive polymers have been
used in the delivery of intravitreal injections to release bevacizumab [9], where it is captured in a
thermosensitive hydrogel in a temperature higher than lower critical solution temperature (LCST) and
released after the intravitreal injection. Basically, the mechanism of a biodegradable hydrogel’s release
is diffusion-controlled at the beginning stage and then enters a combination stage during which the
diffusion and degradation co-exist (Figure 1). Biodegradable thermosensitive polymers are also a
powerful matrix for a bioactive protein delivery system without an organic solvent. The main objective of this study was to demonstrate that a novel biodegradable thermoresponsive hydrogel has
thermogelling properties and in vivo cytotoxicity. The study also investigated the hydrogel’s ability of
encapsulating and protecting the bevacizumab to extend the release duration. The released
bevacizumab was not shown to lose its activation and still inhibited angiogenesis.

Fig. 1. Mechanism of biodegradable thermo-responsive hydrogels for drug delivery: (A) Bevacizumab is mixed with polymers at low temperature (B) Polymers self-assemble to form micelles if the concentration of polymer is higher than critical
micelle concentration (CMC) (C) Bevacizumab will be entrapped in the thermosensitive hydrogel in the temperature higher
than lower critical solution temperature (LCST) (D) After intravitreal injection, the bevacizumab is released by the diffusion
stage and the degradation stage.
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Schem. 1. Synthesis of novel thermo-responsive hydrogel for ocular drug delivery.

2. Materials and methods
2.1. Preparation of mPEG-PLGA-BOX diblock copolymer
The mPEG-PLGA-BOX block copolymer was synthesized in three steps (Schem. 1). In the first step,
mPEG-PLGA copolymer was synthesized. Under nitrogen at room temperature, glycolide (GA) and
D,L-lactide(LA) were mixed with the mPEG solution and the addition of 0.5 mL of 0.1 M solution of
Tin(II) 2-ethylhexanoate or tin(II) octoate (Sn(Oct)2) in dried toluene The reactor temperature was
kept at 160°C for 9 h. The resulting copolymer mPEG-PLGA was dissolved in dimethyl sulfoxide
(DMSO), and was further dialyzed to purify for 5 days at 4°C. After dialysis, mPEG-PLGA was dried
by lyophilization for 2 days. In the second step, copolymer mPEG-PLGA and DMSO (200 mL) were
introduced into a three-neck reactor with a mechanical stirrer. The DMSO was then distilled to a 90
mL final volume. At room temperature under nitrogen, succine anhydride (SA) was mixed to the
mPEG-PLGA solution. The reactor temperature was maintained at 180°C for 3 h. In the third step,
2,2'-Bis (2-oxazoline) (BOX) was introduced as the linker and added into the reactor. The resulting
copolymer mPEG-PLGA-BOX was further dialyzed to purify for 4 days at 4°C. After dialysis, mPEGPLGA-BOX was dried by lyophilization for 5 days.
2.2. Sol-gel-sol phase transition determination
The mPEG-PLGA-BOX copolymer aqueous solutions were prepared with concentrations from 5 to
25 wt% (in 5% increments). To investigate the sol-gel-sol phase transitions, the aqueous solutions
were stored in glass vials at 0°C. After overnight, the vials were put in a water bath where temperature
was maintained at 0°C in the beginning and then slowly raised to 60°C (in increments of 2.5°C). Each
vial was kept 10 min equilibrium time under each temperature and then picked up and tilted to be observed whether the aqueous solutions glided. The phase transition temperature was recorded if the
aqueous solution did not glide.
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2.3. Cytotoxicity assay of the mPEG-PLGA-BOX
A study was conducted on animal to investigate the in vivo cytotoxicity of the mPEG-PLGA-BOX
hydrogel. The procedures complied with the provision of the Institutional Animal Care and Use
Committees of Fu Jen Catholic University for the use of animals in ophthalmic and vision research.
The 500 µL 25 wt% mPEG-PLGA-BOX hydrogel was filtered with a 0.22 mm filter to sterilize and
was then injected into the vitreous of a rabbit’s right eye with a 27-gauge needle which was inserted
through the incision (2.5 mm posterior to the limbus) to 1 mm depth toward the optic disc. Photos of
the rabbits’ both eyes were taken every 7 days with a CCD in a dissecting microscope. Histological
analysis was performed to confirm the in vivo cytotoxicity. On 28 days after injection, the rabbits were
euthanized. Both of its eyes were removed and fixed in 10% paraformaldehyde for 3 days. All samples
were embedded in paraffin, subsequently. Sequential immersion in graded alcohol solution and xylene
was used to deparaffinize and hydrate all sections. All sections were put on glass slides. All sections
were stained with hematoxylin and eosin and observed by independent microscopes.
2.4. Sustained release of bevacizumab in vitro
On the first day, 1 mL bevacizumab solution (25 mg/mL) was mixed with 1 mL 50 wt% aqueous
solution of the mPEG-PLGA-BOX (1:1 v/v ratio) to become 2 mL mPEG-PLGA-BOX (bevacizumab)
solution whose final mPEG-PLGA-BOX concentration was 25 wt% and final bevacizumab concentration was 12.5 mg/mL. Then, 1 mL bevacizumab solution (25 mg/mL) was mixed with 1 mL 40 wt%
mPEG-PLGA-BOX (1:1 v/v ratio) to become 2 mL mPEG-PLGA-BOX (bevacizumab) solution
whose final mPEG-PLGA-BOX concentration was 20 wt% and final bevacizumab concentration was
12.5 mg/mL. After that, the mPEG-PLGA-BOX (bevacizumab) solution was homogenized by shaking
for 5 min at 4°C. Next, 1 mL of the 25 wt% and 1 mL of the 20 wt% mPEG-PLGA-BOX
(bevacizumab) solution were loaded into the buttons of 10 mL vials containing flat-bottomed tubes,
the vials were incubated at 37°C under mild agitation in a thermostatic water bath for 5 min to form
the hydrogel, and then 4 mL PBS was added into each vial for analyzing the bevacizumab release rate.
Every day in the first 2 weeks, every 2 days in the third to sixth weeks and on Days 48, 54, and 60, the
PBS media containing the bevacizumab was collected to attain the released bevacizumab from the extract of the mPEG-PLGA-BOX hydrogel. The amount of the released bevacizumab was analyzed by
BIO-RAD 500-0006 KIT (Bio-Rad Labs, Richmond, CA).
2.5. Proliferation of RF/6A cells
On Day 1, Macaca mulatta retina epithelial cells (RF/6A) (ATCC® CRL-1780™) were plated at
2×105 cells/mL onto 24-well microtiter plastic culture plates. The RF/6A was cultured at 37°C for 3
days. On the third day, the medium was removed and the new culture mediums, which contained different additives, were classified into 5 different mediums: (a) released bevacizumab, (b) drug-free
(bevacizumab 25 mg/mL), (c) released bevacizumab and VEGF (10 ng/mL), (d) drug-free
(bevacizumab 25 mg/mL) and VEGF (10 ng/mL), and (e) VEFG (10 ng/mL) (Control Group). The
released bevacizumab of the 25 wt% mPEG-PLGA-BOX (bevacizumab) hydrogel was taken on Days
4, 9, and 12. On the fourth day, the cell viability of the RF/6A cells was measured with a LIVE/DEAD
Viability/Cytotoxicity Kit (Mode: L-3224, Molecular Probes Inc, Oregon, USA). On the sixth day,
MTT assay (the 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) was used for determination of cell viability and in vitro cytotoxicity.
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2.6. Proliferation of HUVEC cells
On the first, day, human umbilical vein endothelial cells (HUVECs) (ATCC® CRL1730™) were
plated at 8×103 cells/mL onto 96-well microtiter plastic culture plates. The HUVECs were cultured at
37°C for 3 days in high-glucose Dulbecco's modified eagle medium (DMEM) which contained 1%
penicillin-streptomycin-amphotericin (PSA) and 10% fetal bovine serum (FBS). On the third day, the
medium was removed and the new culture mediums which contained different additives were classified into 4 different mediums: (a) released bevacizumab, (b) drug-free (bevacizumab 25 mg/ml), (c)
released bevacizumab and VEGF (10 ng/mL), and (d) drug-free (bevacizumab 25 mg/mL) and VEGF
(10 ng/mL). The released bevacizumab of the 25 wt% mPEG-PLGA-BOX (bevacizumab) hydrogel
was taken on Days 4, 9, and 12. On the fourth day, the viability of the HUVECs was measured with a
LIVE/DEAD Viability/Cytotoxicity Kit (Mode: L-3224, Molecular Probes Inc, Oregon, USA). On the
sixth day, MTT assay (the 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide) was used
for determination of cell viability and in vitro cytotoxicity.
2.7. 3-D culture and angiogenesis inhibition
In order to investigate the angiogenesis inhibition effects of the released bevacizumab, angiogenesis
assay was performed using 3-D cultured angiogenesis kit (Kurabo industries LTD, Osaka, Japan).
Tube formations of capillary-like structures formed by HUVECs co-cultured with human diploid fibroblasts in Matrigel™ were photographed. HUVECs cultured with the extract of the mPEG-PLGABOX (bevacizumab) copolymer released on different days and media containing VEGF (10 ng/mL)
onto 24-well plate were incubated at 37°C for 11 days. Media was replaced on Days 1, 4, 7, and 9.
70% cold ethanol was used to fix HUVECs. Then HUVECs were incubated with mouse antihuman
CD31 antibodies, then incubated with Goat anti-mouse IgG AlkP), stained with 5-Bromo-4- Chloro3#-Indolylphosphatase p-Toluidine salt (BCIP) and nitro-blue tetrazolium chloride (NBT). And finally
it was washed, and photographed to visualize the tube network at Day 11.
3. Results and discussion
3.1. Sol-gel phase transition
Figure 2 shows the sol-gel transition behaviors of the mPEG-PLGA-BOX copolymer in different
temperatures. The mPEG-PLGA-BOX copolymer aqueous solutions with concentrations from 5 to 25
wt% (in 5% increments) were prepared in deionized water (0°C). All copolymers were dissolved in
deionized water to become translucent solution at 0°C. After overnight at 0°C, the copolymer solutions were placed in a water bath at setting temperature, ranging from 0 to 60°C (in 2.5°C increments).
From 0 to 60°C, all the hydrogels exhibited three physical states: solution, gel, and sediment. The 5
wt% mPEG-PLGA-BOX copolymers aqueous solutions started transforming from solution to gel at
37.5°C and became solution phase at 45°C. In this study, the transition temperature of sol-phase to gel
phase decreased and the transition temperature of gel pahse to sol phase increased when the concentration was gradually increased from 5 wt% to 25 wt%. The 10 wt% to 25 wt% mPEG-PLGA-BOX copolymers aqueous solutions transformed to gels at body temperature (37°C).
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Fig. 2. (A)) Solution phasee (B) (C) Gel phase
p
(D) Sedim
ment (E) Sol-gel phase transitioon diagram of tthermo-responsive mPEGPLGA-BO
OX hydrogel.

Fig. 3. Rettinal section hisstology results for : (A) Untreaated eyes; (B) 25
2 wt% mPEG
G-PLGA-BOX hhydrogel solutio
on–injected
eyes (treatted eyes); (C) 500
5 µL 25 wt%
% mPEG-PLGA
A-BOX hydrogel was injectedd into the vitreoous part in the rabbit’s
r
eye
with a 27--gauge needle which
w
was inserrted through thee incision (2.5m
mm posterior too the limbus) too a 1 mm depth toward the
optic disc;; (D) mPEG-PL
LGA-BOX hydrrogel in the rabbbit’s eyes.

3.2. Cyto
otoxicity of th
he mPEG-PL
LGA-BOX hyydrogel
The 25 wt% mPEG-PLGA-BO
OX hydrogell solution (500 µL) was injected intoo the rabbit’ss vitreous
7-gauge need
dle by using a dissecting
g microscopee. One month
h after injectiion, histological analwith a 27
ysis of th
he rabbit’s both
b
eyes was performed. The hemato
oxylin and eosin stainingg demonstratted a normal histo
ology for rettina tissues. For
F both treaated and untrreated eyes, no
n morpholoogical changees and no
infiltratio
on of inflam
mmatory cellls were foun
nd. The outeer photorecep
ptor and innner neuroretiinal layer
showed no morpholo
ogical differeence (Figure 3). These reesults proved
d that the mP
PEG-PLGA-B
BOX hydrogel an
nd its degrad
dation produccts are nonto
oxic to ocularr tissue.
3.3. Bioa
activity main
ntenance of anti-VEGF
a
ag
gents in the hydrogel
h
-BOX copollymers in loow temperattures, the
Due to
t the aqueo
ous propertiees of the mPEG-PLGA
m
bevacizu
umab could be
b evenly an
nd completelly encapsulaated into the mPEG-PLG
GA-BOX cop
polymers.
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Although
h not shown
n in this article, the release of bevaccizumab from
m both the 220 wt% and
d 25 wt%
mPEG-P
PLGA-BOX copolymers lasted up to
o 30 days. Th
here was no significant bburst effect witnessed
w
in the release
r
profiles of thesee copolymers. At Day 30,
3 the totall cumulativee release ratte of the
bevacizu
umab from th
he 20 wt% an
nd 25 wt% copolymers
c
was
w 55% and
d 65%, respeectively. Afteer the 31st
day, the cumulative release
r
rate did
d not increaase over timee.
The co
oncentration
n of the releaase of the bev
vacizumab for
fo the 4-day,, 9-day, and 12-day extraact of the
25 wt% hydrogel waas 0.76 mg/m
mL, 0.77 mg
g/mL, and 0.83 mg/mL, respectively
y. Figure 4 shows the
results of
o the MTT assay,
a
indicaating both th
he free bevaccizumab and
d the releasedd bevacizum
mab could
inhibit the
t RF/6A cell
c and HU
UVEC growth
h, which ev
videnced the bioactivity of anti-VEG
GF agent
maintenaance in the hydrogel
h
with
hin the releaase process. Compared
C
to
o the control group, the inhibition
i
rate of the RF/6A cell proliferation for th
he released bevacizumaab from thee 4-day extrract, free
bevacizu
umab, released bevacizum
mab from th
he 4-day exttract with VE
EGF, and freee bevacizum
mab with
VEGF was
w 45.4%, 44.9%,
4
44.3%
%, and 41.9%
%, respectiveely. The inhibition rate oof the RF/6A cell proliferation
n for the released
r
beevacizumab from the 9-day
9
extract, free bevacizumab, released
bevacizu
umab from th
he 9-day extrract with VE
EGF, and freee bevacizumaab with VEG
GF was 43.9%
%, 42.4%,
40.1%, and
a 41.9%, respectively. The inhibittion rate of the RF/6A cell
c proliferaation for thee released
bevacizu
umab from th
he 12-day ex
xtract, free bevacizumab
b
b, released bevacizumab
b
from the 12
2-day extract with
h VEGF, and
d free bevaciizumab with
h VEGF was 37.7 %, 34.5
5 %, 44.9 %,, 38.3%, resp
pectively.
Also, Taable 1 showss the inhibitio
on rate of thee HUVEC ceell proliferattion by the reeleased bevaacizumab,
free bevaacizumab, reeleased bevaccizumab with
h VEGF, and
d free bevaciizumab with VEGF.
Fluoreescent imagees of the RF
F/6A and HU
UVEC culturred with the released bevvacizumab and
a drugfree (bev
vacizumab 25
2 mg/mL) are
a shown in
n Figures 5 and 6. The RF/6A cellss and HUVE
ECs were
stained with
w a LIVE
E/DEAD Viab
bility/Cytoto
oxicity Kit. The
T dead cellls appeared red and the live cells
appeared
d green. For both the releeased bevaciizumab and drug-free
d
sam
mples, the reesults showed
d the majority off the RF/6A cells
c
and HU
UVECs weree red, indicatting both thee released beevacizumab and
a drugfree sam
mples inhibiteed the RF/6A
A cell and HU
UVEC growtth.
Due to
o the fact thaat HUVECs are
a vessel en
ndothelial cellls and RF/6A
A cells are thhe closest ceell type to
human choroidal
c
end
dothelial cellls (the RF/6A
A cell line iss from the rh
hesus monkey
y and is com
mposed of
both retiinal and cho
oroidal endotthelial cells),, the released bevacizum
mab from thee mPEG-PLG
GA-BOX
hydrogell was able to
o inhibit thosse cells, prov
ving that the released bev
vacizumab ddid not lose its activation and was able to inhibit new blood
b
vessel growth.

Fig. 4. MTT
M
assay indiccated: (A) RF//6A cells and (B) HUVECs were inhibitedd by free bevaccizumab and th
he released
bevacizum
mab.
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Table 1
Inhibition rate of HUVEC cell proliferation
Released bevacizumab

Free bevacizumab

Released bevacizumab
+VEGF

Free bevacizumab
+VEGF

Release extract (4D)

59.37 %

64.43 %

55.48 %

59.92 %

Release extract (9D)

64.79 %

60.64 %

66.03 %

68.09 %

Release
(12D)

64.79 %

65.32 %

65.02 %

65.54 %

extract

Fig. 5. RF/6A cells were cultured in medium containing released bevacizumab and VEGF (10 ng/mL) (V+R), drug-free
(bevacizumab 25 mg/mL) + VEGF (10 ng/mL) (V+F), released bevacizumab (R), and drug-free (bevacizumab 25 mg/mL)
(F). After being stained with a LIVE/DEAD cell assay, dead cells appeared red and live cells appeared green. The extract of
the 25 wt% mPEG-PLGA-BOX (bevacizumab) hydrogel was taken on Days 4, 9, and 12.

Fig. 6. HUVECs were cultured in medium containing released bevacizumab and VEGF (10 ng/mL) (V+R), drug-free
(bevacizumab 25 mg/mL) + VEGF (10 ng/mL) (V+F), released bevacizumab (R), and drug-free (bevacizumab 25 mg/mL)
(F). After being stained with a LIVE/DEAD cell assay, dead cells appeared red and live cells appeared green. The extract of
the 25 wt% mPEG-PLGA-BOX (bevacizumab) hydrogel was taken on Days 4, 9, and 12.
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Fig. 7. Efffect of releasedd bevacizumab on the tube foormation of HU
UVECs. HUVE
ECs were co-cuultured with fib
broblasts in
medium containing (A) Medium
M
only (B
B) Medium + VEGF
V
10 (ng/m
mL) (C) Mediuum + VEGF + 00.76 mg/mL beevacizumab
r
bevacizzumab (0.76 mgg/mL) from 4-d
day extract of 25
2 wt% hydrogeel (E) Medium + VEGF +
(D) Mediuum + VEGF + release
0.77 mg/m
mL bevacizumabb (F) Medium + VEGF + releaase bevacizumaab (0.77 mg/mL
L) from 9-day exxtract of 25 wt%
% hydrogel
(G) Mediuum + VEGF + 0.83
0
mg/mL beevacizumab (H)) Medium + VE
EGF + release bevacizumab
b
(00.83 mg/mL) frrom 12-day
extract of 25 wt% hydroggel.

3.4. 3-D culture and
d angiogenesiis inhibition
Since bevacizumaab is an ex
xtremely po
otent anti-an
ngiogenic drrug, the effe
fects of the released
bevacizu
umab from the mPEG-P
PLGA-BOX
X hydrogel on
o the VEG
GF-stimulated tube form
mation of
HUVEC
Cs by 3-D cu
ulture were investigated
d. The assay
y procedure was perform
med accordin
ng to the
manufaccturer’s instru
uctions. The HUVECs co
o-cultivated with fibroblaasts were cultured with 10
1 ng/mL
VEGF and/or
a
releaseed bevacizum
mab from th
he extract off 25 wt% hyd
drogel for 111 days. The tube-like
structuree was presen
nt in the med
dium simultaaneously add
ded VEGF (F
Figure 7b). W
Without VEG
GF added
to the medium,
m
sign
nificantly th
he tube was not present (Figure7a). Simultaneoously added different
bevacizu
umab concen
ntration with
h VEGF to medium
m
sign
nificantly inh
hibited the V
VEGF-stimulaated tube
formatio
on by HUVE
ECs (Figures 7c, 7e and 7g).
7 Meanwh
hile, added reeleased bevacizumab from
m extract
of hydro
ogles taken in different day
d also inhiibited the tub
be formation
n (Figures 7dd, 7f and 7h). Hence,
the releaased bevacizu
umab was co
onfirmed to still
s possess a high anti-aangiogenic efffect, presum
mably due
to inhibiting the sig
gnal transdu
uction pathw
way initiated
d by VEGF, although itt did not in
nhibit the
HUVEC
C growth.
4. Concclusion
The mPEG-PLGA
m
A-BOX hydro
ogel appeareed in a solutiion form at low
l
temperattures, which
h eases its
mixing with bevacizumab. At physiologiccal temperatture, it wass in a gel form in which
w
the
bevacizu
umab could be
b encapsulaated for contrrolled releasee. As a resultt, the 2, 2-biss (2-oxazolin
ne) crosslinked mPEG-PLGA
m
A in situ form
ming hydrogeel has the po
otential of beeing a versattile controlleed-release
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carrier for intraocular drug delivery. In conclusion, the released bevacizumab from thermal-responsive
mPEG-PLGA-BOX hydrogel was found to inhibit angiogenesis in vitro. Further studies are necessary
to provide a complete understanding for the effects of this ocular drug delivery system on retinal and
choroidal angiogenesis in vivo, even though the in vitro inhibitory effects of the released bevacizumab
are indicative.
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