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Fig. 3. Fluorescein angiograms, ocular coherence tomographic images, color fundus photographs, and focal ERGs are shown. Vasohibin-1 (0.1 ug/
50 L) was injected into the vitreous of the right eyes 3 times on 0, 4, and 7 days after laser application, and the same amount of vehicle was injected
into left eyes on the same days. Photographs show the fundus just after the laser application and the day of enucleation. Fluorescein angiographs
recorded 1, 2, and 4 weeks after laser application. Photographs of the right (A) and left (C) eyes are shown. The results of OCT on the indicated days are

shown in the same vertical columns for the indicated day (B) and (D).

numbers of macrophage-like cells were also observed in
the neural retina.”'

In immunostained eyes, vasohibin-1 positivity was
found mainly in the CNV especially on the ECs in the
CNV (Figure 5B). The regions surrounding the CNV
showed little vasohibin-I-positive staining. Some
monkeys showed no vasohibin-1 expression by immu-
nohistochemistry even in the CNV at 28 day after laser
application. Positive staining for vasohibin-1 appeared
to be greater in the more active CNVs (Figure 5A), and
it was more obvious in nontreated monkey eyes,
although we could not determine whether the staining
was significantly greater because only 3 monkey eyes
were studied.

Vascular Endothelial Growth Factor in Aqueous
During Experiments

The level of VEGF was determined by enzyme-
linked immunosorbent assay. The average VEGF
level in the aqueous in the vasohibin-I-injected

eyes was 15.3 pg/mL, and it was 20.6 pg/mL in
the vehicle-treated eyes at 4 days after laser appli-
cation. The average VEGF level in the vasohibin-1—
and vehicle-treated eyes were 7.0 pg/mL and 8.9
pg/mL, respectively, at 4 weeks after laser appli-
cation (Figure 6). For both times, the differences
were not significant.

Discussion

Our results demonstrated that when 10 g or 100 ug
of vasohibin-1 was injected intravitreally into non-
treated normal monkey eyes, a mild anterior chamber
inflammation developed. No signs of inflammation or
any adverse effects were found when <1 ug of vaso-
hibin-1 was injected into nonlaser treated eyes,
although we used only 1 eye for each dose. However
when 1 ug of vasohibin-1 was injected into laser-trea-
ted eyes, a mild inflammation developed in 1 of the
3 eyes. Inflammation has also been reported in monkey
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Fig. 4. Results of FA. focal ERG, and OCT are shown. A. Significantly less FA leakage was observed after 0.1 pg/50 uL of vasohibin-1 than after
vehicle treatment at 4 weeks. B. Distribution of Grade 4 FA eyes for each group. C and D. Average amplitudes of the a-waves (C) and b-waves (D) of
the focal ERGs. E and F. Average central macular thickness (CMT) and the central 3.4 mm and volume of area of either vasohibin-1—treated (blue) or
vehicle-treated (red) eyes before (base) and 1, 2, and 4 weeks after laser application. Lower thickness and volumes were observed in the vasohibin-1—

treated monkeys. Data are the standard deviations.

eyes after intravitreal injections of fragments of
mouse and human chimera antibodies against
VEGF.**

Fluorescein angiography examination after vasohibin-1
injection in laser-treated eyes showed significantly
lower FA scores in eyes that received 0.1 ug and
1 ug of vasohibin-1 than the vehicle-injected eyes,
although the number of eyes may have affected the
statistics. Fluorescein leakage from the laser spots close
to the macula was greater than that of the other laser
spots. These results are compatible with the results of
Shen et al,*® who also found that the laser spot was
larger and the leakage was greater for lesions closer
to the macula. We also found that fluorescein leakage
was different among monkeys, even though we applied
the same amount of vasohibin-1.** This variability may
be because the body weight ranged from 4.1 kg to 10.1
kg and age from 4 years to 6 years among the monkeys.

After we injected 0.1 pg of vasohibin-1 3 times in
the right eyes and vehicle into the left eyes of 3
monkeys, we found significantly less fluorescein
leakage in the vasohibin-I—treated right eyes than in
the vehicle-treated eyes. The results of focal ERGs
and OCT were well correlated with the results of FA
findings, although the quantitative values were not
significantly different.

Taken together, these results showed that intra-
vitreal vasohibin-1 is able to reduce the activity of the
laser-induced CNV in monkeys. With 3 injections of
0.1 g of vasohibin-1, the results were not so different
from that of only 1 injection at 4 days after the laser
application. This may indicate that there may be an
optimum time for the vasohibin-1 to affect the course
of the laser-induced CNV. Alternatively, the results
may be related to the half-life of vasohibin-1.

We found that vasohibin-1 was expressed on ECs
especially those in the CNV lesions. Careful exami-
nations showed that vasohibin-1 expression was
limited to the CNV lesion and may not show extensive
expression in other regions under normal physiologic
conditions. Although we have not followed the
expression of vasohibin-1 during the course of CNV
development in monkeys, vasohibin-1 expression may
be enhanced in the new vessels as was reported.”” The
vasohibin-1 expression appeared stronger in non-
treated monkey eyes. although this could not be quan-
tified. Vasohibin-1 has been reported to be present on
the ECs only in the stroma of tumors and not in the
noncancerous regions of the tissue in surgically
resected tissues of the same patient.”® These findings
suggest that vasohibin-1 may be expressed mainly in
the new vessels as it was in our laser-induced CNVs.
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Fig. 5. Fluorescein angiograms 4 weeks after laser application or vehicle injection are sho

eye as shown in (A) at the red line. is shown. Arrows indicate vasohibin-1 labeling. Vasohibin-1 expression is concentrated on the vessels around the
CNV (arrows), but markedly less than in the CNV. Vaoshibin-1 expression was observed at active CNV (red line in A). The subretinal space is an
artifact of histologic processing. Cytokeratin labeling is also shown with vasohibin-treated eye (D) and vehicle-treated eye (F). Arrows show labeling of
cytokeratin. Bar = 50 um. € and E. Hematoxylin and cosin staining of vasohibin-1-treated and vehicle-treated eyes, respectively, are shown. Bar =
100 um. Cytokeratin labeling shows that retinal pigment epithelium covers CNV in the vasohibin-1—treated eyes (D). and a disruption of cytokeratin

labeling is observed in vehicle-treated eye (F).

Hosaka et al*’ reported that exogenous vasohibin-1
blocked angiogenesis and maturation of not only
the cancerous tissue but also the surrounding ves-
sels and, thus, enhanced the antitumor effects of
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Fig. 6. Concentration of VEGF in aqueous in laser-treated monkey
eyes 4 days and 4 weeks after laser application is shown. Vertical axis
shows VEGF concentration in picograms per milliliter. and horizontal
axis is the day of examination. Vascular endothelial growth factor
in vasohibin-1-treated eyes (blue boxes) and vehicle-treated eyes (red
boxes) show no significant difference at any times.
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vasohibin-1. Intravitreal injection of vasohibin-1
may also suppress angiogenesis in CNVs by the
same mechanism.

The amount of VEGF in the aqueous in the
vasohibin-1-treated eyes did not differ from that in
vehicle-treated eyes. Thus, Zhou et al’ reported that
external vasohibin-1 had no effect on the level of VEGF
when they used adenovirus encoding human vasohibin-1
on mouse corneal neovascularization induced by
alkali burn. They also reported that vasohibin-1 may
downregulate the VEGF receptor 2 (VEGFR2). Shen
et al'® also reported a downregulation of VEGFR2 by
vasohibin-1 during mouse ischemic retinopathy. Our
previous studies have also shown a downregulation
of VEGFR2 by external vasohibin-1 in laser-induced
mouse CNVs."” Thus, vasohibin-1 may reduce the ac-
tivity of a CNV by partially downregulating VEGFR2
in the eyes. If this is correct, vasohibin-1 may not affect
the favorable aspects of VEGF such as its neuroprotec-
tive effect,’’ especially if VEGF works through
VEGFRI rather than VEGFR2. Vasohibin-1 also can
be used with anti-VEGF antibody for CNV therapy.
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The benefits of combined therapy, such as photody-
namic therapy and anti-VEGF antibody, have been
discussed.”’

In conclusion, intravitreal vasohibin-1 in monkey
eyes is safe and can reduce the activity of laser-induced
CNVs and thus preserve the function of the macula.

Key words: choroidal neovascularization, laser-
induced, monkey, vascular endothelial growth factor,
vasohibin-1.
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Retinal Cell Biology

Suppression of Choroidal Neovascularization by
Vasohibin-1, a Vascular Endothelium—-Derived

Angiogenic Inhibitor
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Purpose. To determine the expression of vasohibin-1 during
the development of experimentally induced choroidal neovas-
cularization (CNV) and to investigate the effect of vasohibin-1
on the generation of CNV.

MerHops. CNV lesions were induced in the eyes of wild-type
(WT) and vasohibin-1 knockout (KO) mice by laser photoco-
agulation. The expression of vasohibin-1, vascular endothelial
growth factor (VEGF), VEGF receptor-1 (VEGFR1), VEGFR2,
and pigment epithelial-derived factor (PEDF) was deter-
mined by semiquantitative reverse transcription-polymerase
chain reaction. The expression of vasohibin-1 was also ex-
amined by immunohistochemistry with anti-CDG68, anti-al-
pha smooth muscle actin («SMA), anti-cytokeratin, and anti-
CD31. Vasohibin-1 was injected into the vitreous and the
activity and size of the CNV were determined by fluorescein
angiography and in choroidal flat mounts.

Resurrs. Vasohibin-1 was detected not only in CD31-positive
endothelial cells but also in CDO8-positive macrophages and
aSMA-positive retinal pigment epithelial cells. Strong vaso-
hibin-1 expression was observed at day 28, when the CNV
lesions had regressed by histologic examination. The vaso-
hibin-1 level was significantly decrcased at day 14 and in-
creased at day 28 after laser application. Significantly less
VEGFR2 expression was observed on day 4 after vasohibin-1.
The expression of PEDF was not significantly changed by
vasohibin-1 injection. Vasohibin-1 injection significantly sup-
pressed the CNV, with no adverse side effects. The CNV
lesions in the vasohibin-1-KO mice were significantly larger
than those in the WT mice.
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Concrusions. The endogenous expression of vasohibin-1 is as-
sociated with the natural course of the development of CNV.
Intravitreal injections of vasohibin-1 may be a method for
inhibiting CNV. (Invest Ophthalmol Vis Sci. 2011;52:
3272-3280) DOIL:10.1167/iovs. 10-6295

he most common cause of central vision loss in the clderly

population of developed countries is age-related macular de-
generation (AMD), and the cause of the vision loss in the exuda-
tive form of AMD is choroidal neovascularization (CNV).! CNV
leads to subretinal hemorrhages, exudative lesions, serous retinal
detachment, and disciform scars.”

Vascular endothelial cells (ECs), retinal pigment epithelial
(RPE) cells, and macrophage-like mononuclear cells are the major
cellular components of CNV membrances, and they produce many
types of proangiogenic and antiangiogenic factors.®™'® Vascular
endothelial growth factor (VEGF), a proangiogenic factor, plays a
major role in the development of CNV. '

Experimental studies have led to the development of anti-
VEGF treatments for patients with AMD,'*'*'% and such
therapies are being successfully used. However, there are
some disadvantages of VEGF therapy. First, monthly admin-
istration of anti-VEGF is necessary to maintain stable vi-
sion."” The repeated intravitreal injections are stresstul for pa-
tients and doctors and can lead to irritation, infection, and other
side effects.'” Second, not all patients respond to VEGF therapy.*©
Third, ant-VEGF therapy blocks the antiapoptotic activity of
VEGF, which is essential for the survival of the vascular ECs and
nonvascular cells developmentally and in adults.'™® Indeed,
VEGF is essential for the maintenance of the choriocapillaris and
neural retina.'” ™' However, it is still being debated whether a
prolonged blockade of VEGF will alter the systemic and ocular
homeostasis.'>** ** Because of the adverse effects of anti-VEGF
therapy, anti-VEGF antibody should be used with caution and
other antiangiogenic agents should be considered.

Vasohibin-1 is a VEGF-inducible gene in human cultured ECs
and has antiangiogenic propertics.®*** The antiangiogenic prop-
erties were noted after it was shown that recombinant vasohibin-1
inhibited the network formation of ECs in vitro and also inhibited
retinal neovascularization in a mouse model of oxygen-induced
ischemic retinopathy.”**® Vasohibin-1 differs from other angio-
genesis inhibitors by being selectively induced in ECs by proan-
giogenic factors such as VEGF and basic fibroblast growth factor
(bFGF).**27 Thus, vasohibin-1 is considered to be an intrinsic and
highly specific negative feedback regulator of activated ECs en-
gaged in angiogenesis.

We recently found that vasohibin-1 is expressed in the CNV
membranes obtained from human eyes with AMD.*® Of note,
cyes with lower ratios of vasohibin-1 to VEGF expression tended
to have larger subretinal hemorrhages and vitreous hemorrhages,
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whereas eyes with a higher vasohibin-1/VEGF ratio had subretinal
fibrosis-like lesions.

The purpose of this study was to examine the vaschibin-1
expression during the development of experimentally induced
CNV and to investigate the effect of vasohibin-1 on the gencration
of a CNV. To accomplish this, we first examined the expression of
vasohibin-1 during the course of laser-induced CNV and evaluated
the effect of an intravitreal injection of vasohibin-1 protein or the
genetic knockout (KO) of vasohibin-1 on laset-induced CNV in
rodents.

METHODS

Animals

The procedures used in all the animal experiments adhered to the guide-
tines of the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Rescarch and were approved by the Animal Care Committee of
Tohoku University Graduate School of Medicine. Male mice between 8 to
12 weeks of age were used. Homozygous vasohibin-1 gene KO mice on a
C57BL/G] background were generated by genc targeting, as described.®
Wild-type (WT) C57BL/G) mice served as controls. For all procedures, the
animals were anesthetized with an intraperitoneal injection of 30 mg/kg
pentobarbital, and the pupils were dilated with topical 2.5% phenyleph-
rine and 1% tropicamide.

One hundred sixty-two mice were used. Four untreated mice and 12
mice at 4, 14, and 28 days (four per group) after the laser application were
used for immunohistochemistry. Thirty mice (five groups, six mice in
each group) were used for reverse transcription-polymerase chain reac-
tion (RT-PCR) to determine the natural course of the laserinduced CNV,
Twenty-four mice (four groups: untreated, 4, 7, and 14 days after laser
application; six mice in each group) for RT-PCR after vasohibin-1 or
vehicle injection (24 mice) into the vitreous for laserinduced CNV (eight
mice; WT and KO for RT-PCR of vasohibin-1; 4 mice each group); 24 mice
(four groups: vasohibin-1 and vehicle injection for WT and KO mice,
respectively; six mice in each group) for fluorescein angiography; and 36
mice (six groups with 0, 1, 10, and 100 ng vasohibin-1 injection for WT
and vehicle and vasohibin-1 for KO; six mice in each group) for choroidat
flat mounts.

Expression and Purification of Human
Vasohibin-1 Protein

Human vasohibin-1 gene with optimized codons for Escherichia coli
expression was cloned into pET-32 LIC/Xa (Novagen, Madison, WI). The
resultant expression plasmid encoded vasohibin-1 with a sequence of
GSNSPLAMAISDPNSSSVDKLAAALEHHHHIH at its C terminus, as a thio-
redoxin fusion protein. F. coli BL21(DE3) transformants were cultivated at
37°C in TB medium (2.4% yeast extract, 1.2% tryptone, 1.25% K,HPO,,
0.23% KIH,PO,, 500 mg/mL polypropylene glycol 2000, and 50 pg/mL
ampicillin [pH 7.0]) supplemented with 4% glycerol, and the expression
was induced by addition of 1 mM isopropyl-G-nthiogalactopyranoside
(ODgs = 5). After 16 hours of cultivation, the cells were harvested and
disrupted in 20 mM sodium phosphate buffer (pH 7.6), containing 0.5 M
NaCl and 1| mM phenylmethylsulfonyl fluoride (PMSF) in a high-pressure
homogenizer, The inclusion bodies were collected, washed with the same
buffer, and solubilized in 20 mM sodium phosphate buffer (pH 8.0),
containing 0.5 M NaCl, 1 mM PMSF, 5 mM 2-mercaptocthanol, 60 mM
imidazole, and 7 M guanidine HCL The soluble fraction was loaded onto
a Ni chelating Sepharose column (GE Health care, Princeton, NJ) which
was equilibrated with the solubilization buffer. Vasohibin-1 fusion protein
was eluted with 20 mM sodium phosphate buffer (pH 8.0), containing 0.5
M NaCl, 1 mM PMSF, 5 mM 2-mercaptoethanol, 300 mM imidazole, and 8
M urea. The eluted protein fraction was then dialyzed against 20 mM
glycine-HCl butfer (pH 3.5) and digested with blood coagulation factor Xa
(Novagen) for 1 hour at 25°C after the addition of the reaction buffer. The
released vasohibin-1 was collected as the insoluble fraction, solubilized,
and purified with Ni chelating Sepharose by a method used for fusion
proteins. Vasohibin-1 was then collected as an insoluble fraction after
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dialysis against 20 mM Tris-HCl buffer (pH 8.0), resolubilized in 25 mM
sodium phosphate (pH 7.2) containing 4 M urea, loaded onto a Q Sep-
harose column (GE Health care), and eluted by linearly increasing the
NaCl concentration to 1 M. After vasohibin-1 was dialyzed against 20 mM
glycine-HClL buffer (pH 3.5), the protein fraction was recovered as an
insoluble fraction by addition of 1 M Tris-HCl buffer (pH 8.0) to 20%
volume of the above solution. Vasohibin-1 was resolubilized with 50 mM
Tris-HCl buffer containing 50 mM NaCl, 5 mM Tris(2-carboxyethyDphos-
phine, 0.5 mM EDTA, 5% glycerol, and 4.4% ANlauroylsarcosine (pH 8.0)
and was dialyzed twice against 20 mM sodium phosphate buffer (pH 8.0)
and once with PBS, cach for at least a day.

The protein concentration was determined by the Bradford method
with 4 protein assay kit (Bio-Rad Laboratories, Hercules, CA), with bovine
serum albumin as the standard protein.

Experimental CNV

An Argon green laser, with a slit lamp delivery system (Ultima 20008E:
Tumenis, Yokneam, Israch) and a coverslip as a contact lens, was used to
rupture the choroidal membrane *7# The laser settings were 50-pm
diameter, 0.05-second duration, and 150-mW intensity. For fluorescein
angiography and choroidal flatmount examinations, three burns were
made in the peripapillary region in a standardized fashion. and each burn
was approximately one to two disc diameters from the optic disc.

For RT-PCR and immunohistochemistry, three burns were made
around the optic disc with the burns separated by one to two disc
diameters. Only eyes in which subretinal bubbles were formed indi-
cating a rupture of the Bruch membrane were studied.

Immunohistochemistry

WT mice with laser-induced CNV lesions were studied on days 4, 14, and
28 after laser burn for immunostaining of vaschibin-1 (# = 4 eyes/group).
All procedures were performed at room temperature unless otherwise
stated. The eyes were enucleated and fixed for 12 hours in 4% paraform-
aldehyde (PFA) at 4°C and cryoprotected by successive incubations in
10%, 20%, and 30% sucrose dissolved in saline, for 12 hours each at 4°C.
The tissues were immersed in OCT compound (Tissue-Tek; Sakura
Finetek, Torrance, CA) and frozen in acetone in a dry ice bath. The frozen
eyes were sectioned at 10 pm with a cryostat. Adjacent sections were
stained with hematoxylin and eosin (HE).

For double staining with vasohibin-1, antibodies against CD-31
(marker for ECs), CD68 (marker for macrophage), a-smooth muscle actin
(@SMA, maker for dedifferentiated RPE), and cytokeratin (marker for RPE)
were used. Mouse eyes were enucleated, immersed in OCT compound
and frozen in acetone in a dry ice bath. The frozen eyes were sectioned at
10 pm with a cryostat, dried, and fixed in methanol for 10 minutes. After
blocking, mouse monoclonal antibodies against mouse vasohibin-1 (1:
400)* and rat monoclonal antibodies against mouse CD-31 (a marker for
ECs; 1:100; BD Bioscicncees, San Jose, CA), mouse monoclonal anti-CDOS
antibody (a marker for macrophages; 1:400; Dako, Hamburg, Germany),
mouse monoclonal anti-a-smooth muscle antibody (aSMA, maker for
dedifferentiated RPE, 1:400; Thermo Fisher Scientific Inc., Waltham, MA),
mouse monoclonal anti-mouse pan-cytokeratin (2 marker for RPE; 1:200;
pan-cytokeratins/cytokeratin 18 clone CY90; CK18, 1:10, Sigma-Aldrich,
St. Louis, MO) were applied to the sections overnight at 4°C. For control
experiments, preimmune mouse [gG was used instead of the primary
antibody. The sections were incubated in Alexa Fluor 594 - conjugated
antimouse 1gG (1:400; Invitrogen, Bugene, OR) and Alexa Fluor 488
conjugated anti-rat IgG (1:100; Tavitrogen) for 30 minutes. The sections
were washed three times with PBS between each step. The slides were
counterstained with 4, G-diamino-1phenylindole (DAPIL; Vector Laborato-

scope (model FW4000, ver. 1.2.1; Leica Microsystems Japan, Tokyo,
Japan).

Preparation of Total RNA and Real-Time Reverse
Transcription-Polymerase Chain Reaction

For semiquantitative RT-PCR, the eyes of male WT mice were enucle-

ated on days 4, 7, 14, and 28 after the laser burns (2 = 6 cyes/group).
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Untreated eyes of WT and vasohibin-1 KO mice were also examined for

the expression of vasohibin-1 (7 = 4 eyes/group). The anterior scg-
ment, muscles, optic nerve, and entire retina were removed to isolate
the eye cup which included the RPE-choroid-sclera complex. Each

(H)

(H)
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Ficure 1. H&E staining and immu-
nohistochemistry  of  laser-induced
experimental CNV membranes. (A)
H&E staining of a mouse eye at 4
days after laser application. A fusi-
form-shaped CNV is present. Immu-
nohistochemistry for vasohibin-1 in
mousc CNV lesions at 4 (1.1), 14
(1.2), and 28 (1.3) days after laser
application is shown. (A-D) Vaso-
hibin-1, (E) anti-CDG68, (F) anti-cytok-
cratin, (G) anti-a smooth muscle
actin (aSMA), and (H) anti-CD31,
respectively. (I-L) Merged images.
Vasohibin-1 was obscrved on these
days, although it scems more inten-
sive on day 28. On day 4, vasohibin
was co-expressed with CD68-posi-
tive macrophages (1.1A, 1.1E, 1.1D)
and CD31-positive endothelial cells
(1.1D, 1.1H, 1.1L). These findings
are also observed on day 14 after
laser application (1.2A, 1.2E, 1.2I,
1.2D, 1.2H, 1.2L). Further vaso-
hibin-1 is co-expressed on aSMA-
positive dedifferentiated RPE (1.2C,
1.2G, 1.2K) and partially with cy-
tokeratin-positive RPE (1.2B, 1.2F,
1.2J). On day 28, vasohibin-1-
positive cells were observed on
CD31-positive choroidal endothe-
lial cells (1.3D, 1.3H, 1.3L). CD068-
positive macrophages were rarcly
seen on day 28 (1.3A, 1.3E, 1.3D.
Cytokeratin-positive RPE was ab-
sent at the laser burned arca on day
4 (1.1F), but gradually increased on
day 14 (1.2F) and covered the CNV
on day 28 (1.3F). None of these
signals was observed with the con-
trol IgG. Bar, 20 pm.

tissuc was separately mixed with denaturing solution, and mRNA was
prepared (QuickPrep micromRNA Purification Kit; Amersham Biosci-
ences, Buckinghamshire, UK), according to the manufacturer’s instruc-

tions. The purificd mRNA was reverse-transcribed to ¢DNA - using
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(First-Strand ¢cDNA Synthesis Kit; Amersham Biosciences). One micro-
liter of ¢DNA was used for reaktime PCR amplification on a thermo-
cycler (Light Cycler; Roche, Meylan, France, and the Light-Cycler
FastStart DNA Master SYBR Green I Reagent Kit; Roche).

The sequences of the PCR primer pairs were: VEGF,-5'-TCT GCT
CTC TTG GGT GCA AT-3" (forward) and 5-TTC CGG TGA GAG GTC
CGG TT-3' (reverse); vasohibin-1, 5'-GAT TCC CAT ACC AAG TGT
GCC-3" (forward), and 5"-ATG TGG CGG AAG TAG TTC CC-3' (re-
verse); VEGFR1, 5'-GAGGAGGATGAGGGTGTCTATAGGT-3ACC AAG
TGT GCC 5-GTGATCAGCTCCAGGTTTGACTT-3-3ACC AAG TGT-
VEGFR2, 5-GCCCTGCCTGTGGTCTCACTAGA3-3ACC AAG TGT G5'-
CAAAGCATTGCCCATTCGAT-3' (reverse); PEDF, 5-AGCTGAACATCGAA-
CAGAGT-3" (forward) and 5“CGAAGTTTCCTCTCAAACAC3' (reverse);
glyceraldehyde-3-phosphate-dehydrogenase  (GAPDID, 5-AAG GTG AAG
GTC GGA GTC AA3" (forward), 5“TTG AGG TCA ATG AAG GGG TCS'.

The PCR conditions were: 95°C for 10 minutes; 95°C for 10 sec-
onds; hybridization temperature for 10 seconds (VEGFE, 66°C; vaso-
hibin-1, 62°C; VEGFR1-1, 57°C; VEGFR2, 56°C; PEDF, 50°C; and
GAPDH, 55°C); and 72°C for 10 seconds. The second step was re-
peated for 45 cycles. All data were normalized to GAPDH expression,
thus giving the relative expression level.

Intravitreal Injection of Recombinant
Vasohibin Protein

Male WT mice were injected intravitreally in both eyes with 1, 10, or
100 ng/1 L recombinant vasohibin-1 protein®~2%%%4 days after the
laser burn. One microliter of PBS was used as vehicle. The mice were
anesthetized, the pupils were dilated, and the intravitreal injections
were made with a 32-gauge ncedle attached to a 5-ul glass syringe
(Hamilton, Reno, NV). The needle was passed through the sclera just
behind the limbus into the vitreous cavity.

Fluorescein Angiography

Fluorescein angiography (FA) was used to determine the activity of the
CNV lesion and to investigate the cfficacy of vasohibin-1 protein
injection in both WT and vasohibin-1 KO mice (1 = 8 eyes/group).*”
FA wuas performed with a camera and imaging system (Genesis-

Df; Kowa, Tokyo, Japan) 2 weceks after the laser photocoagulation.

Photographs were taken with a 20-D lens in contact with the fundus
camera lens after an intraperitoneal injection of 0.1 mL of 2%
fluorescein sodium (Sigma-Aldrich). Two retinal specialists (RW,
TA) cvaluated the angiograms in a masked fashion. Lesions were
graded according to an established scheme: 0, no leakage with faint
hyperfluorescence or mottled fluorescence without leakage; 1,
questionable leakage with hyperfluorescent lesion but no increase in
size or intensity; 24, leaky with hyperfluorescence increasing in inten-
sity but not in size; and 2B, pathologically significant leakage with
hypertluorescence increasing in intensity and in size.*' The CNV ac-
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tivity in the FA images was calculated for each of the three burns in
cach eye and summed.

Fluorescein-Labeled Dextran Perfusion and
Choroidal Flat-Mount Preparation

The size of the CNV lesion was measured in choroidal flat mounts to
compare vasohibin-1-deficient mice to WT mice and to investigate the
cfficacy of vasohibin-1 protein injection (n = 10.eyes/group). On day
14, after the laser application, the mice were perfused with 0.5 mL PBS
containing 50 mg/ml fluorescein-dabeled dextran (FITC-dextran; MW
2 X 10% Sigma Aldrich). The eyes were removed and fixed for 30
minutes in 4% phosphate-buffered PFA. The corpea and lens were
removed, and the entive retina was carefully dissected from the eye
cup. Radial cuts (four to six) were made from the edge to the equator,
and the eye cup of the RPE-choroid-sclera complex was flat mounted
(Permalfuor; Beckman Coulter, Fullerton, CA) with the sclera side facing
down. Flat mounts were examined by fluorescence microscopy (model
FW4000, ver. 1.2.1; Leica Microsystems Japan), and the total area of each
CNV associated with each burn was measured. The CNV lesions were
identified by the fluorescent blood vessels on the choroid-retinal interface

circumscribed by a region lacking fluorescence '
Statistical Analyses

Analysis of variance (ANOVA) with the Scheffé test for post hoc
analysis was used to examine the differences in the relative expression
levels of each gene. Differences in the incidence of grade 2B lesions
between WT and KO mice, and between different dosages of intravit-
real vasohibin-1 injections were analyzed by x* tests. The size of CNV
was compared between groups using the Student’s two-sample £tests.

Resurrs

Histology and Immunostaining of CNV

We followed the natural course of laser-induced CNVs in the
WT mice. The HEstained sections of WT mice showed the
same pattern in the development of CNV as described in
another study.?? ‘On day 4 after the laser application, a fusi-
form-shaped lesion developed that consisted primarily of pig-
mentladen cells, fibroblasts, ECs, and RPE cells. Small new
vessels containing red blood cells were present in parts of the
lesion. On days 7 and 14, the lesion was larger and the blood
vessels had increased in size and number (data not shown).
Vasohibin-1 was detected in CD31-positive cells on all days
examined (Figs. 1.1, 1.2, 1.3: A, E, D). However, the expression
secemed to be stronger on day 28 after the laser burn. Vaso-
hibin-1 was also detected in CDGS-positive cells on days 4 (Figs.
1.1A, 1.1E, 1.1D and 14 (Figs. 1.2A, 1.2E; 1.2I). CD68-positive
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FIGURE 2. Semiquantitative RT-PCR of wild-type mouse eyes after laser application. The level of expres-
sion of vasohibin-1 (A) and vascular endothelial growth factor (VEGF) (B) is normalized to that of
glyceraldehyde-3-phosphate-dehiydrogenase (GAPDH). Vasohibin-1 expression decreases until 14 days

after laser application, and then markedly increases on day 28. VEGF expression incre

s gradually until

28 day after luser application. The ratio of vasohibin-1/VEGF expression decreased until 14 days after laser

and then increased at day 28 (C). *P < 0.05,
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cells were rarely observed on day 28. Vasohibin-1 was also
detected in aSMA-positive cells on day 14 (Figs. 1.2C, 1.2G,
1.2K). A weak expression of vasohibin-1 was also detected in
cytokeratin-positive cells on days 14 and 28 (Figs. 1.2, 1.3: B, F,
. Our preliminary study showed that RPE cell lines, such as
RPEJ and ARPE, expressed the vasohibin-1 gene (data not
shown). Our results thercfore showed that ECs and macro-
phages, dedifferentiated RPE, and perhaps some of the differ-
entiated RPE may express vasohibin-1.

Real-Time RT-PCR

The results of real-ime RT-PCR in WT mice are shown in Figure 2.
The level of vasohibin-1 expression decreased until day 14
after the laser application and then was markedly increased on
day 28 (Fig. 2A). Thus, the mean ratio of the mRNA expression
of vasohibin-1/GAPDH was 1.403 = 0.503 before the laser
application, 1.14 = 0.239 on day 4 after laser application,
1.226 = 0.080 on day 7, 0.593 = 0.119 on day 14, and 2.552 =+
0.147 on day 28. Statistical analyses showed that vasohibin-1
expression on day 28 was significantly higher than in untreated
eyes (P = 0.001) or on days 4 (P < 0.0001), 7 (£ = 0.0001).
and 14 (2 < 0.0001). The lower expression observed on day 14
than that of untreated eyes was significant (P = 0.0277).

Conversely, the VEGF expression increased gradually until
28 days after the laser application (Fig. 2B). Thus, the mean
ratio of the mRNA level of VEGF was 0.962 = 0.265 before
laser application, and 1.436 * 0.522 at day 4, 1.358 = 0.335 at
day 7, 1.539 # 0.175 at day 14, and 1.996 £ 0.289 at day 28.
At day 28 after laser application, the VEGF levels were signifi-
cantly higher than in the untreated eyes (P = 0.0006). The
ratio of vasohibin/VEGF expression (Fig. 2C) was 1.484 = 0.54
without laser, 0.877 = 0.298 at day 4 after laser, 0.989 = 0.537
at day 7, 0.384 = 0.178, at day 14, and 1.314 = 0.316 on day
28. Thus, the ratio decreased until day 14 after the laser
application and then returned to the normal level on day 28.
The vasohibin/VEGF level on day 14 was significantly lower
than that in the untreated eyes (2 = 0.0022) and on day 28
P = 0.01106).

The results of real-time PCR for VEGFR1 in WT mice
showed that VEGFR1 expression was not significantly different
between vasohibin-1 injected and vehicle injected eyes (Fig. 3A).
The expression of VEGFR2 in vasohibin-l-treated eyes was
significantly lower than that in vehicle-treated eyes 4 days after
the laser application (Fig. 3B, asterisk; P = 0.013). The expres-
sion of PEDF in the vasohibin-1 treated eyes was not signifi-
cantly different from that in vehicle-treated eyes (Fig. 3C).

Angiographic Leakage from CNV

Fluorescein angiography showed that an intravitreal injection
of 10 ng recombinant vasohibin-1 protein on day 4 after laser
application led to a significant reduction in the size of the CNV.
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Ml for VEGFR1, VEGFRZ, and PEDF are
g 7 shown. VEGFR1 expression is not
E i significantly different between vaso-
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Significantly lower levels of VEGFR2
expression were observed on day 4
after laser application between vaso-
hibin-1- and vehicle-treated eyes (B,
asterisk). PEDF expression was not
significantly different between vaso-
hibin-1- and vehicle-treated eyes (C).
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On day 14, significant pathologic leakage (grade 2B lesions)
was observed in 57.1% of the lesions in control mice, but in only
8.3% of the lesions in the treated mice (P = 0.0002; Fig. 4).

We performed the same experiments in vasohibin-1 KO
mice. The fundus, histologic, and ERG examinations showed
that the morphologic architecture and function of vasohibin-1
KO mice did not differ from those of wild-type mice under
normal conditions (data not shown). Vasohibin was ¢xpressed
in retinal and choroidal vessels by immunostaining and RT-PCR
analyses. Conversely, vasohibin-1 was not detected in the mu-
tant cyes (Fig. 5A). Comparisons of the fluorescein angiograms
showed that vasohibin-1 KO mice developed larger and leakier

(©) .

(%)
(o S

=B
75 5
50 "1

-
25 ]

e
; |

vehicle vasohibin-1

FIGURE 4. Angiographic leakage from CNV lesions with and without
intravitreal injection of 10 ng recombinant vasohibin-1 protcin 4 days
after laser application. (A) Representative fluorescein angiogram of
vehicle-injected eyes. Active CNV can be seen as a large hyperfluores-
cent area. (B) Representative fluorescein angiogram of vasohibin-1-
injected eyes. Small and less leaky CNVs indicate the inhibitory effect
of vasohibin-1. (C) Histogram of angiographic leakage grades. A signif-
icantly lower numbers of grade 2B lesions occur in vasohibin-1-injected
eyes than in control eyes 2 weeks after laser induction (P < 0.001, y*
teso).
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FIGURE 5. (A) RT-PCR analysis of va-

sohibin-1 and glyceraldehyde-3-phos- (D)

phate-dehydrogenase (GAPDH) mRNA )
in the eyes of wildtype or KO mice. (00)
Vasohibin-1 was not detected in the 100
KO e¢ye. Angiographic leakage from

CNV lesions in the eyes of wild-type or

vasohibin-1 KO mice. (B, C) Represen- 75
tative fluorescein angiogram of wild-

type eyes and vasohibin-1-KO eyes, re-

spectively, showing larger and leakier 50
CNV lesions in KO compared with

wild-type. (D) Histogram of angio-

graphic leakage grades. More grade 25
2B lesions occurred in vasohibin-
1-KO eyes than in wild-type eyes 2 0

weeks after laser induction, but the
difference is not statistically signifi-
cant (P = 0.097, x* test).

CNVs than did the WT mice (Figs. 5B, 5C). On day 14, grade 2B
lesions were observed in 55.0% of the lesions in WT mice and
a higher percentage (81.2%) of 2B lesions were detected in the
vasohibin-1 deficient mice. However, the difference in the
percentages of grade 2B lesions was not significant (£ = 0.097.
Fig. 5D).

Size of CNVs in Flat Mounts

The size of the induced CNV lesions measured in flat-mounted
choroids was smaller in eyes that reccived an intravitreal injec-
tion of vasohibin-1 protein on day 4 after laser application than
in the controls (Fig. 6). Thus, the size of the CNV in the
controls was 49,926 * 11,837 um”; 34,019 * 10,048 pum?’
(68.1% of control) after 1 ng, 20,465 = 6541 pm? (40.9% of
control) after 10 ng, and 23,733 *+ 5116 um? (47.5% of con-
troD) after 100 ng of vasohibin-1. The differences between
control and 1 ng, between control and 10 ng, and between
control and 100 ng were all statistically significant (P = 0.0002,
<<0.0000001, and <0.0000001, respectively).

The mean size of the CNV lesions in the eyes of vasohibin-1
KO mice (105,140 = 34,447 um”) was significantly larger than
that in the WT (49,176 = 15,455 um”; P = 0.00001; Fig. 7).

DiscussioN

Vasohibin-1 is expressed in a wide range of tissues and organs
in embryos and adults.**?? It is also expressed on human CNV
membranes,*® proliferative membranes of diabetic retinopa-
thy,** and blood vessels in tumors.*> Our results showed that
vasohibin-1 was expressed, not only on the endothelial cells
but also on macrophages, dedifferentiated RPE cells, and prob-
ably on RPE cells. The expression seemed to increase after the
laser application. When we examined the vasohibin-1 expres-
sion on day 28 after laser application, strong vasohibin-1 ex-
pression was observed only on the CNV lesion, although weak
expression was always observed on the RPE cells. aSMA-posi-
tive dedifferentiated RPE cells also expressed vasohibin-1 on
day 14, and histologic examination showed that regressed CNV
lesions were coverced with cytokeratin-positive RPE cells on
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day 28. These results show that vasohibin-1 expression may
play a role in the regression of CNV, as we reported.”®

When the CNV was created around the optic disc (three
spots in each eyes), each spot did not have the same degree of
FA leakage. From our experimental design, it was very difficult
to detect significant differences in the vasohibin-1/VEGF ratio
for each spot. Alternatively, we determined the vasohibin-1/
VEGF ratio during the following days. RT-PCR showed that the
vasohibin-1 expression was significantly decreased on 14 days
after laser application and then increased above normal level
on day 28. This result agrees with the reports that laser-induced
CNYV lesion enlarges and matures between days 7 to 14 after
lascr application.”*° The results of RT-PCR for vasohibin-1/
VEGF ratio show comparable results. From these results, we
suggest that the growth and the maturation of the CNV lesions
may partially correlate with the vasohibin-1 and VEGF expres-
sion levels.

Although vasohibin-1 expression is stimulated by VEGF,
VEGF receptor 2, and the protein kinase C delta (PRCS) path-
way,”” other proangiogenic and antiangiogenic factors may
modify the expression of vasohibin-1 during the course of the
CNV development. It has been reported that not only VEGF,
but also bFGF. placenta growth factor, and hepatocyte growth
factor incrcase the expression of vasohibin-1."*7 TNF-q, in-
terleukin (IL)-1, and hypoxia inhibit the VEGF-stimulated vaso-
hibin-1 expression in vitro.?"*” The macrophage-like mononu-
clear cells in human CNVs have been reported to produce
TNF-a and IL-183.% Shi et al.”” reported the expression of TNF-«
was 4.57-fold higher in the choroid and RPE of cyes with a
laser-induced CNV than in the eyes of controls. In addition,
pretreatment of these eyes with anti-TNF-« agents significantly
reduced the size of the CNV and the pathologic fluorescein
leakage. We also observed macrophages in the CNVs until day
14 which showed that the CNV lesions were still active but
rarely on day 28 when the CNV had already regressed.

It has been reported that choroidal blood flow and the
permeability of Bruch's membrane is decreased in the eyes of
the elderly. especially patients with AMD, resulting in a hyp-
oxic environment surrounding the choroidal ECs.*® %% Hyp-
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FIGURE 6.  Size of CNV membranes, with or without intravitreal injec-
tion of recombinant vasohibin-1 protein, 4 days after laser application.
(A) Representative choroidal flat-mount photograph of vehicle-injected
cyes. (B) Representative choroidal flat-mount photograph of eyes in-
jected with 10 ng of vasohibin-1 protcin. Small arrowhbeads: CNV
lesion. (C) Choroidal flac-mount examination 2 weeks after laser induc-
tion after 1, 10, and 100 ng of vasohibin-1 protein suppresses the
growth of the CNVs. Vasohibin-1 suppressed CNV at 32% by 1 ng, 59%
by 10 ng, and 52% by 100 ng, when compared to that of vehicle
injection. *P < 0.001, *P < 0.0000001, Student’s two-sample ftests
compared with vehicle-injected eyes.

oxia increases the expression of VEGF and matrix metallopro-
teinase in choroidal ECs, and this may facilitate the formation
and recurrences of CNVs.*! Hypoxia may also change the
vasohibin-1 expression. We suggest that the regulation of va-
sohibin-1 expression may change the natural course of CNV in
patients with AMD.*®

Our results showed that an intravitreal injection of vaso-
hibin-1 significantly reduced the size of the CNVs, and vaso-
hibin-1 KO mice had larger CNVs than that of WT mice. Ida et
al.™* reported that despite a continuous high expression of
VEGF and its receptors, subretinal ncovascularizations stopped
growing and reached a plateau in rho/VEGF transgenic mice.
These results show that not only the withdrawal of angiogenic
stimulation by VEGF, but also antiangiogenic factors, including
vasohibin-1, play a role in CNV regression during its natural
course.

Many other endogenous antiangiogenic factors, such as
PEDF, a 50-kDa noninhibitory member of the serine protease
inhibitor gene family, must be considered.**#* PEDF is ex-
pressed in RPE cells, CNV membranes, corneal cells, and ciliary
epithelial cells.”** The concentration of PEDF in the vitreous
and aqueous decreases with increasing age and is very low in
AMD patients.” It has been reported that the level of PEDF in
CNV membranes increases after stimulation of the VEGF recep-
tor 1.7° This effect may be a negative feedback loop against the
VEGF-induced neovascularization. Studies using gene transfer
have demonstrated that PEDF suppresses the development of
CNVs.*7*® Our real-time PCR results confirmed these findings
that the expression of PEDF also increased during the CNV
cnlargement until day 14. The level of PEDF expression was
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opposite that of vasohibin-1 expression. However, vasohibin-1
injection did not induce significant differences in the PEDF
expression from that obtained with vehicle injection. Vaso-
hibin-1 was suspected to suppress CNV, in addition to PEDF
signaling. Apte et al.*® reported that low doses of PEDF are
inhibitory in experimental CNV, whereas high doses enhance
the development of neovascularization. A maximum dose of
intravitreal 100 ng vasohibin-1, which is 10 times the amount
with the maximum effect, did not reverse the effect of PEDF
under our experimental conditions. Vasohibin-1 may be safer
than PEDF for antiangiogenesis in our experimental condition.

Although a complete understanding of the angiogenic inhi-
bition by vasohibin-1 has not been attained, Shen et al.*®
reported that vasohibin-1 suppressed retinal neovasculariza-
tion and suggested that a downregulation of the VEGF receptor
2 gene may play some role in mediating its activity. Zhou et
al.>® reported a significant reduction of corneal neovasculariza-
tion by alkali-treated mice cornca. They showed a significant
decrease of in VEGFR2 gene expression during the experimen-
tal period and suggested that there is an important correlation
in the downregulation of VEGFR2 and vasohibin-1. When we
examined the gene expression of VEGFR1 and -R2, significantly
less VEGFR2 expression was observed in the vasohibin-1-
treated eyes at day 4 after laser application, although the results
may have been affected by the number of animals (n = 6).
Although we could not examine the VEGF-mediated tyrosine
phosphorylation of VEGFR2 from our small samples, we sug-
gest that external vasohibin-1 plays some role in the antiangio-
genesis by a downregulation of VEGFR2, together with the
carlier findings. These observations also imply a synergistic
cffect of anti-VEGF agents and vasohibin-1 against CNV growth.
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Ficure 7. Size of CNV lesions in the eyes of wild-type or vasohibin-

1-KO mice. (A) Representative choroidal flacmount photograph of
wildtype eye. (B) Representative choroidal flat-mount photograph of
vasohibin-1-KO eye. Arrowbeads: the CNV. (C) Choroidal flat-mount
examination 2 weeks after laser induction shows CNVs in the eyes of
vasohibin-1-KO mice are two times (213.8%) larger than that of wild-
type eyes. P << 0.0001, Student’s two-sample f-test, compared with
wild-type cyces.



IOVS, May 2011, Vol. 52, No. 6

When we injected vasohibin-1 intravitreally on days 1, 4,
and 7 after laser application, we found that eyes that received
vasohibin-1 on day 4 had better results than those at the other
days. This is the reason that we injected vasohibin-1 4 days
after the laser application. Vasohibin is thought to work in an
autocrine manner®*** with a small vasohibin-binding pro-
tein.®’ The halflife of vasohibin-1 is short, approximately 5
minutes (Sato Y, personal communication, 2010), after sys-
temic application. However, the halflife of vasohibin-1 in the
cye is unknown. It may be very short and may correlate with
the timing of vasohibin-1 application at 4 days after laser
application, under our experimental conditions. Alternatively,
our experimental condition may have affected the results. In
any casc, when we consider the optimum day for the vasohibin
injection, it may be different from that of anti-VEGF agents.
This reason may be another explanation for the synergistic
cffect of anti-VEGF agents and vasohibin-1 against CNV growth.

In conclusion, the endogenous expression of vasohibin-1 is
associated with the natural course of the development of a
CNV. Vasohibin-1 was expressed on ECs, macrophages, and
weakly on RPE cells, and especially on active CNV lesions.
External vasohibin-1 application may alter the development of
experimental mice CNVs, and we recommend that vasohibin-1
be considered to as a treatment to suppress CNV growth.
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A transscleral drug-delivery device, designed for the administration of protein-type drugs, that consists
of a drug reservoir covered with a controlled-release membrane was manufactured and tested. The
controlled-release membrane is made of photopolymerized polyethylene glycol dimethacrylate (PEGDM)
that contains interconnected collagen microparticles (COLs), which are the routes for drug permeation.
The results showed that the release of 40-kDa FITC-dextran (FD40) was dependent on the COL
concentration, which indicated that FD40 travelled through the membrane-embedded COLs. Addition-
ally, the sustained-release drug formulations, FD40-loaded COLs and FD40-loaded COLs pelletized with
PEGDM, fine-tuned the release of FD40. Capsules filled with COLs that contained recombinant human
brain-derived neurotrophic factor (rhBDNF) released bioactive rhBDNF in a manner dependent on the
membrane COL concentration, as was found for FD40 release. When capsules were sutured onto sclerae
of rabbit eyes, FD40 was found to spread to the retinal pigment epithelium. Implantation of the device
was easy, and it did not damage the eye tissues. In conclusion, our capsule is easily modified to
accommodate different release rates for protein-type drugs by altering the membrane COL composition
and/or drug formulation and can be implanted and removed with minor surgery. The device thus has

great potential as a conduit for continuous, controlled drug release.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The design of drug-delivery systems targeting the retina is
a most challenging ophthalmological task. The principal delivery
route currently in use is topical eye drop administration, but it
delivers only low drug levels to the retina, and systemic drug
delivery, e.g., intravenous delivery of Cytovene, a ganciclovir-type
antiviral agent for cytomegalovirus [1], can produce toxic side
effects. Although intravitreal delivery allows for high concentra-
tions of a drug to be delivered directly to the retina, the necessary
surgical procedure often requires repeated injections that can cause
cataracts, retinal detachment, infection, and/or vitreous hemor-
rhage [2]. Therefore, transscleral delivery has emerged as a more
attractive method for treating retinal disorders because it can
deliver a drug locally and is less invasive [3,4]. Because of its large

* Corresponding author. Tel./fax: +81 (0) 22 717 8234.
E-mail address: toshi@oph.med.tohoku.ac.jp (T. Abe).
! Equal contribution to this work.

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.11.006

surface area and high degree of hydration, the sclera is permeable
to drugs of different sizes (up to ~70kDa) [5]. Transscleral drug-
delivery systems that range in size from microparticles to poly-
meric implants have been tested [6]. However, most of these
systems are made of biodegradable polymers. Drug release profiles
for biodegradable devices generally have a tri-phasic release
profile, i.e., an initial burst, a diffusional release phase, and a final
burst [7]. This complex profile occurs because the polymers erode
with time and, by doing so, affect drug dissolution. Thus, a non-
biodegradable device that contains a drug reservoir sealed with
a semipermeable membrane allows for sustained release and
reduces the sizes of the bursts [8].

Neuroprotection from retinal degenerative diseases by neuro-
trophic factor delivery to the retina remains a challenge for
ophthalmology [9]. Intraocular administrations of brain-derived
neurotrophic factor (BDNF) [10], ciliary neurotrophic factor [11],
and basic fibroblast growth factor [12], have been shown to rescue
degenerating photoreceptor cells in animals. Additionally, we have
demonstrated that the implantation of genetically modified iris
pigment epithelial cells that secrete BDNF to the subretinal space
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protect photoreceptors against phototoxicity [13]. However, suit-
able devices that specifically deliver neurotrophic factors continu-
ously to the retina and with minimal invasiveness have yet to be
developed. Therefore, we aimed to develop a membrane-based
capsule that is implantable on the sclera (Fig. 1A) and would
prolong the controlled delivery of BDNF or other protein-type drugs
to the retina with zero-order kinetics. The designed capsule
consists of two parts, a molded triethylene glycol dimethacrylate
(TEGDM) reservoir to contain the drug and a new type of
controlled-release membrane sealed around the top of the reser-
voir (Fig. 1B). TEGDM is a biomedical material that has been clini-
cally used as a dental filler for the restoration of teeth [14]. The
controlled-release membrane was produced by photopolymerizing
a mixture of polyethylene glycol dimethacrylate (PEGDM) and
collagen microparticles (COLs) (PEGDM/COL membrane). PEGDM
has been successfully used by us [15] and several other groups
[16,17] both in vitro and in vivo as a bio-inert scaffold material that
can be easily molded into different substrate shapes and then
annealed by UV crosslinking. The COLs are hydrogels containing
a chemically crosslinked 0.8% (w/v) collagen network [ 18}, which is
permeable to molecules with molecular weights of <200 kDa.
Drugs diffuse through the interconnected COLs embedded in the
membrane. Additionally, the capsule can contain various formula-
tions and dosages of a drug so that it can be used for many different
biomedical applications. Herein, we report the fabrication, char-
acterization, and implantation on rabbit sclerae of this transscleral

drug-delivery device and demonstrate its applicability for the
administration of protein-type drugs to the retina.

2. Materials and methods
2.1. Fabrication of the PEGDM/COL membrane

Mixtures (900 ul) of PEGDM prepolymer (M, 750, Aldrich), 1% 2-hydroxy-2-
methylpropiophenone, and COLs at concentrations of 0, 100, 300, or 500 mg/ml
were poured individually into acrylic molds (3 x 3 x 0.1 cm) and photopolymerized
with UV light that had an intensity of 11.5 mJ/cm? for 90 s (Lightningcure LCS,
Hamamtsu Photonics) to produce membranes with thicknesses of 100 pm. COLs
(average diameter, 8.7 um) were prepared as described [18]. Briefly, 10 ml of a 1%
(w/v) collagen solution (Nippon Meat Packers) was emulsified in 50 ml of liquid
paraffin containing 0.3% (v/v) surfactant and stirred (600 rpm) at room temperature
for 5 min. To crosslink the collagen, 1 ml of 50% (v/v) water-soluble carbodiimide
(Dojindo) in water was added to the emulsified mixture and stirred (600 rpm) for
1 h. Then, 50 ml of 50% (v/v) ethanol was added into the mixture and mixed for
5 min to separate the COLs from the oil phase. The mixture was centrifuged at
3000 x g for 5 min, and the supernatant was discarded. Ethanol (50% v/v) was mixed
with the COL pellet, and then the suspension was centrifuged (3000 x g for 5 min).
After removing the supernatant, phosphate-buffered saline (PBS) was mixed with
the COL pellet and then the suspension was centrifuged (3000 x g for 5 min). This
procedure was repeated 3 times to remove residual ethanol.

2.2. Preparation of drug formulations

Three formulations that contained the drug mimic, 40-kDa fluorescein iso-
thiocyanate dextran (FD40) plus PBS (Fs), in COLs (F¢q1), or in COLs pelletized with
PEGDM (Fp1) were prepared. For the preparation of Fsq, FD40 (Sigma) was dissolved
in PBS at a concentration of 10 mg/ml. For the preparation of F.y, PBS solutions of

d) Capsule device

a) PEGDM/COL membrane
e s e,
b) TEGDM Chamber
N e

N~

Wi
B

c) Three types of drug formulation
i) Drug solution (F,)
ii) Drug-loaded COLs (F,) e

i) Drug-loaded COLs pelletized
with PEGDM (F,,) Rt

Fig. 1. (A) A transscleral drug-delivery device, designed for the administration of protein-type drugs. The photograph shows a capsule that contained FD40-loaded COLs pelletized
with PEGDM and has a hole for suturing the capsule onto the sclera. (B) The capsule consists of a drug reservoir made of TEGDM and a controlled-release membrane made of
photopolymerized PEGDM that contains COLs (PEGDM/COL membrane), which are the route for drug permeation. The capsule was designed so that various drug formulations could

be contained in the reservoir.
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COLs, which were obtained by centrifugation at 3000 x g for 30 min, were stirred in
an equal volume of PBS that contained FD40 (20 mg/ml) for 24 h, and then the COLs
were washed and centrifuged (3000 x g for 5 min) three times with PBS. For the
preparation of Fye, the FD40-loaded COLs in PBS (20 mg/ml FD40) were mixed with
an equal volume of the PEGDM prepolymer and UV cured for 3 min. All drug
formulations had the same amount of FD40 (10 mg/ml).

2.3. Fabrication of the capsule

A schematic of the capsule fabrication is shown in Fig. 1B. A poly-
dimethylsiloxane master mold for the reservoir was first fabricated via a micro-
fabrication technique that used an AutoCAD design and a micro-processing machine
(Micro MC-2, PMT Co.). TEGDM prepolymer (M, 286.3; Aldrich) was UV cured in the
mold for 3 min and peeled off to obtain a TEGDM reservoir. After loading a drug, the
membrane was sealed to the reservoir by UV curing TEGDM prepolymer, which in
polymerized form served as the adhesive, for 3 min.

2.4. SEM analysis

Samples were fixed with 2.5% glutaraldehyde and dehydrated first with ethanol
and, subsequently, with isoamyl acetate. The samples were then dried fully in
a critical point dryer (HCP-2; Hitachi Koki), coated with Pt using an ion coater
(L350S-C; Anelva), and subjected to SEM. The SEM apparatus (VE-9800; Kyenice) was
operated at 5—20 kV.

2.5. In vitro release study

Modified Transwells were prepared by replacing their original porous
membranes with PEGDM/COL membranes of various compositions (Fig. $2). Each
drug formulation (100 pl) was placed in a Transwell and the complete systems were
incubated in 400 pl of PBS at 37 °C. To estimate the amounts of FD40 that had
diffused out of the Transwells, the fluorescent intensities of the PBS solutions were
measured spectrofluorometrically (Fluoroscan Ascent; Thermo). For the release
study that used recombinant human BDNF (rhBDNF), the capsules (reservoir inte-
rior, 5 x 5 x 2.2 mm; capsule exterior, 10 x 10 x 2.4 mm) were each filled with 40 pl
of rhBDNF-loaded COLs in PBS and sealed with a membrane with a COL concen-
tration of 0, 100, 300, or 500 mg/ml, and incubated in 1 ml of PBS at 37 °C. The
amount of released rhBDNF was measured using the reagents of a BDNF-ELISA kit
(Invitrogen) according to the manufacturer’s instructions. Each test result is repor-
ted as the mean =+ SD of three samples.

2.6. Western blotting

Immortalized retinal ganglion cells (RGC5 cells; a generous gift from Dr. N.
Agarwal, University of North Texas Health Science Center, Fort Worth, TX) were
maintained in Dulbecco’s miodified Eagle's medium (DMEM) (1 g glucose/l, Gibco)
containing 10% fetal bovine serum (FBS; Gibco), t-glutamine (4 mwm, Gibco), and
a penicillin (100 U/ml)/streptomycin (100 mg/ml) solution (Sigma). RGC5 cells were
plated into culture dishes (diameter; 60 mm, TPP) at a density of 1 x 104 cells/cm?
and incubated in DMEM for 24 h. After starving the cells in DMEM that did not contain
FBS (DMEM-f) for 12 h, the cells were exposed to conditioned DMEM-f that contained
rhBDNF that had been released from a capsule into the medium (see below) or that
had been spiked with rthBDNF (0, 0.1,1, and 10 ng/ml) for 1 h. Cells were then scraped
from the culture support and lysed with the reagents of a ProteoJET Cell Lysis kit
(CosmoBio). Protein concentrations were determined using BCA protein assay kit
reagents (Pierce). Electrophoresis was performed using 4-15% Tris-glycine gels
(Biorad). Proteins were transferred to PVDF membranes using a semidry transferring
system (Biorad). The membranes were blocked with 5% ECL blocking agent (GE
Healthcare) and then incubated with a primary antibody against phosphorylated
MAPK (1:1000; Cell Signaling) and subsequently with the secondary antibody,
horseradish peroxidase-linked 1gG (1:5000; Cell Signaling). After stripping the
membranes of the antibodies for 10 min using the reagents of a Western Re-Probe kit
(Jacksun Biotech), the membrane was probed, in a similar manner, for total MAPK
(anti-MAPK antibodies, 1:1000; Cell Signaling). Bands were visualized using an
enhanced chemiluminescence system (ECL Plus, GE Healthcare). Conditioned media
were prepared as follows. Capsules that contained rhBDNF-loaded COLs were incu-
bating in DMEM-f at 37 °C. The medium was replaced with fresh DMEM-f at day 3 and
atweek 1,2, 3, and 4.

2.7. Implantation study

We used the eyes of six rabbits, each of which weighed between 1.8 and 2.5 kg.
All animals were handled in accordance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research after receiving approval from the
Institutional Animal Care and Use Committee of the Tohoku University Environ-
mental & Safety Committee (No.22MdA-220). The rabbits were anesthetized with
ketamine hydrochloride (35 mgfkg) and xylazine hydrochloride (5 mg/kg). Their
ocular surfaces were anesthetized with a topical instillation of 0.4% oxybuprocaine
hydrochloride. A paralimbal conjunctival incision was made 5—8 mm from the

temporal limbus. The capsules, which were loaded with Fp, were sutured onto the
left eyes at the sclerae with 10-0 nylon. The right eyes served as controls. At the third
day of implantation, fluorescent images were captured using a handheld retinal
camera for fluorescein angiography (Genesis-D, Kowa) to document the fluores-
cence distributions around the capsules and the sclerae. After implantation for 1
month, capsules from three rabbits were carefully removed and subjected to SEM.
For histological examination, the other three rabbits were killed with an overdose of
pentobarbital sodium 3 days after implantation, and their eyes were enucleated and
frozen immediately in liquid nitrogen. After mounting the cryostat sections in
a medium that contained 4.6-diamidino-2-phenylindole (Vectashield, Vector Lab),
the distribution of FD40 was observed by fluorescent microscopy (DMIGO00B, Leica).

2.8. Statistical analysis

Experimental data are presented as means = SDs. The results were evaluated by
the Student t-test. Differences were considered significant if P < 0.05.

3. Results and discussion
3.1. Device fabrication

The capsule consists of a separately fabricated PEGDM/COL
membrane and a TEGDM reservoir (Fig. 1B). The membrane was
prepared by UV curing a mixture of PEGDM and COLs. PEGDM is
almost impermeable to macromolecules with molecular weights
>40 kDa (see below); therefore, the COLs provide the route for drug
permeation. Scanning electron microscopy (SEM) images were
acquired to visualize the surfaces of membranes with different COL
concentrations. The COLs are the round particles seen in Fig. 2A—C,
and the surface density of these particles is proportional to the
concentration of COLs in the corresponding unpolymerized
PEGDM/COL mixture (Fig. S1). Additionally, cross-sectional SEM
images showed the presence of interconnecting COLs when the COL
concentration was >300 mg/ml (Fig. 2D—F). The interconnecting
COLs increased in density with the concentration of the COLs.
Therefore, we assumed that the drug-release rate could be
controlled by changing the COL density in the membrane. Because,
conventionally, semipermeable membranes are made by forming
pores within the membrane i.e., solvent casting/salt leaching [19],
phase separation [20], emulsion freeze-drying [21], and bubble
formation [22], our method is different and therefore pioneering,
For this type of membrane, there is no need to remove remaining
porogens (COLs) after polymerization because the COLs act as the
route for drug release.

The TEGDM reservoir was microfabricated using a poly-
dimethylsiloxane master mold. Because photopolymerized TEGDM
is impermeable to macromolecules (see below), the reservoir is
a barrier that forces unidirectional drug release. After loading the
drug, the membrane was placed over the reservoir and TEGDM
prepolymer was UV cured along the reservoir/membrane inter-
section to provide a seal. Cross-sectional SEM images indicated that
a tight seal was formed (Fig. 2G). The drug mimic, FD40 in PBS, did
not leak from a capsule that consisted of a standard TEGDM
reservoir and a PEGDM membrane that lacked COLs; therefore, the
capsule had been completely sealed. The capsule was designed to
contain various drug formulations and dosages. In this study, sus-
tained-release drug formulations were encapsulated to prolong
drug release by limiting the rate of drug dissolution within the
reservoir (see below).

3.2. Release controllability

To demonstrate that drug release could be controlled by both
the membrane and the drug formulation, modified Transwell
inserts were each fitted with a membrane of defined COL concen-
tration (Fig. S2) and loaded with one of three formulations: FD40 in
PBS (Fsoi, Fig. 3A), FD40 in COLs (Fco, Fig. 3B), or FD40 in COLs
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Fig. 2. Representative SEM images of (A—C) the surface and (D—F) cross sections of PEGDM/COL membranes that had COL concentrations of (A, D) 100 mg/ml, (B, E) 300 mg/ml, and
(C, F) 500 mg/ml. The COLs are the round particles that form interconnecting structures throughout the membrane. Arrows point to COLs embedded in the membranes. (G) A cross-
sectional SEM image of the capsule seal site that shows the formation of a tight seal. Arrowheads point to the seal site between the membrane and the capsule exterior. Bars: 20 pum.

pelletized with PEGDM (COL/PEGDM pellet) (Fpey, Fig. 3C). The COLs
and the COL/PEGDM pellets, designed to be sustained-release drug
formulations, were suspended in PBS. After placing the Transwells
in PBS, FD40 release was monitored by assessing the increase in
fluorescence in the external PBS solution with time. The results
showed that the release of FD40 was always dependent on the COL
concentration (Fig. 3A—C), which indicated that FD40 travelled

through the membrane-embedded COLs. At the COL concentration
of 100 mg/ml, the release kinetics was almost the same as the
control (0 mg COL/ml). As shown by SEM analysis, almost no
interconnected COLs existed in the 100 mg COL/ml membrane.
When the membranes had been prepared with a COL concentration
of 300 mg/ml, drug release followed zero-order kinetics. Addi-
tionally, Fe and Fpe behaved as sustained-release drug
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Fig. 3. Release of FD40 in vitro. The permeability of FD40 through PEGDM/COL membranes was studied using modified Transwells for which the PEGDM/COL membranes replaced
the original Transwell membranes. The dependence of the release kinetics on the initial COL concentration for (A) FD40 in PBS (Fs), (B) FD40-loaded COLs in PBS (Fco), and (C)
FD40-loaded COLs pelletized with PEGDM in PBS (Fy). The concentrations of the COLs were 100 mg/ml (circles), 300 mg/ml (triangles), and 500 mg/ml (squares). The release rate
for FD40 through a membrane that did not contain COLs was almost the same as one that contained COLs at a concentration of 100 mg/ml. Error bars represent the standard
deviations of three samples (error bars that are not visible are smaller than the symbols). The Means + SDs are shown. *P < 0.05 for 300 mg/ml vs. 500 mg/ml **P < 0.05 for 100 mg/

ml vs. 300 mg/ml.
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formulations as they fine-tuned the release of FD40 in comparison
with that of Fs,, perhaps because the COL and COL/PEGDM pellets,
which cannot permeate the membrane, caused the reservoir solu-
tions to have lower FD40 concentrations, which, in turn, decreased
the steepness of the FD40 gradient from the reservoir to the exte-
rior PBS solution. Therefore, the Fo and Fpel formulations, as sus-
tained drug-release systems, improved the ability to control FD40
release by limiting the rate of FD40 dissolution, with the membrane
controlling the diffusion rate via the COL tunnels. Consequently, the
release of a drug can be controlled by the COL concentration in the
membrane and the drug formulation.

3.3. Release mechanism

To further characterize the FD40 diffusion mechanism, we
determined the diffusion coefficients for FD40 through 0.8% (w/v)
crosslinked collagen (Dc), PEGDM (Dp), TEGDM (Dy), and water (Dy).
D¢, Dp, and Dy were calculated using the FD40 diffusion rates through
the gels (Fig. S3), and Dy, was calculated using the Stokes—Einstein
equation [23]. Because D, (45.2 pm?/s) was 1000 times larger than
Dy (0.045 um?/s) and was smaller than Dy, (67.9 um?/s), it appears
that FD40 diffused through interconnected COLs in the membranes.
If the COLs in the membrane are not interconnected, dead-ends are
probably present that would inhibit the rate of drug release to the
outside. However, once the COL density increases above a perme-
ation threshold (>100 mg COL/ml), which was estimated by SEM as
noted above (Fig. 2D—F), the COLs should be sufficiently inter-
connected that the number of dead-ends is reduced, and perme-
ability is thereby increased. Because D; was zero, FD40 cannot
diffuse through the TEGDM reservoir, which enables unidirectional
drug release.

3.4. In vitro BDNF release and bioactivity

To evaluate the release of the neurotrophic factor rhBDNF,
capsules were filled with COLs that contained the protein and were
tightly sealed with a membrane with a COL concentration of 0, 100,
300, or 500 mg/ml Fig. 4A presents the zero-order kinetic profiles
found for rhBDNF release during a 6-week assay period. Apparently,
the release kinetics of rhBDNF can be fine-tuned by varying the
concentration of the COLs in a membrane in much the same
manner as was found for FD40. Additionally, media that had been
preincubated with capsules that contained rhBDNF induced the
phosphorylation of mitogen-activated protein kinase (MAPK) in
RGC5 cells when incubated with those cells as shown by western
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blotting of the cell extracts (Fig. 4B). BDNF is known to upregulate
the expression of phosphorylated MAPK in retinal tissue [24]. In the
present study, rhBDNF was found to phosphorylate MAPK in RGC5
cells in a dose-dependent manner by incubating the cells with
media spiked with rhBDNF (Fig. 4C), which demonstrated that,
when released from the capsule, rhBDNF retained its full activity.

Among the known neurotrophic factors, BDNF is the most
potent survival factor for damaged retinal ganglion cells [10,25,26].
However, BDNF is currently administrated to the retina by intra-
vitreal or subretinal injections in PBS [26], adenovirus vectors
containing the BDNF gene [26,27], or genetically modified cells that
secret BDNF [13,28]. Direct injections, however, result in extreme
patient discomfort and complications arise caused by repeated
injections or surgical procedures [2]. Because our capsule can
contain various drug formulations, the encapsulation of the
adenovirus vectors and the genetically modified cells might be
possible and, as such, would represent a less invasive path than is
currently available.

3.5. Implantation study

Our next challenge was to evaluate the capsule’s ability to
deliver a protein-type drug to the retina via the sclera. Capsules that
had a reservoir (2.6 x 2.6 x 0.6 mm) filled with Fpel were sutured to
the sclerae of three rabbits’ left eyes with 10-0 nylon (Fig. 5A). The
capsules abutted the sclerae but did not penetrate the conjunctivae
or adjacent areas. Fig. 5B shows a fluorescent image of FD40 within
a capsule, and Fig. 5C shows the release of FD40 locally at the sclera
but not at the conjunctiva. This unidirectional release should
reduce drug elimination by conjunctival lymphatic/blood clear-
ance, thereby resulting in more effective delivery to the retina [29].
One month after implantation, the capsules remained sutured and
neither the PEGDM of the membranes (Fig. 5D) nor the reservoirs
had eroded (Fig. S4). The COLs in the membranes also survived with
little biodegradation (Fig. 5D), most likely because the collagen
molecules were stabilized by chemical crosslinking [18]. Although
the capsules were loosely covered with connective tissue by the
end of the trial, they were easily removed from the implant site.
Routine ophthalmological examinations showed no eye-related
toxic effects. Intense FD40 fluorescence in the sclerae adjacent to
the implantation sites was observed (Fig. 5E). Furthermore, FD40
had migrated to the retinal pigment epithelium (RPE) and adjacent
regions (Fig. 5F), which indicated that transscleral delivery of FD40
to the retina had been achieved. To the best of our knowledge, this
is the first report that a macromolecule can be delivered to the
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Fig. 4. Release of rhBDNF in vitro. (A) rhBDNF-loaded COLs in PBS were added to capsule reservoirs that sealed with a membrane with a COL concentration of 100 mg/ml (circles),
300 mg/ml (triangles), or 500 mg/ml (squares), and the release of rhBDNF was monitored using the reagents of a BDNF-ELISA kit. The release rate of rnBDNF through a PEGDM/COL
membrane that contained 100 mg COL/ml was almost the same as one that contained no COLs. Means + SDs are shown. *P < 0.05 for 300 mg/ml vs. 500 mg/ml **P < 0.05 for
100 mg/ml vs. 300 mg/ml. (B) Western blots of RGC5 cells extracts probed with antibody against phosphorylated MAPK (P-MAPK) and total MAPK. (C) The control study showed
that rhBDNF could induce MAPK phosphorylation in RGC5 cells in a dose-dependent manner by incubating the cells with media spiked with rhBDNF.
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Fig. 5. Episcleral implantation of a capsule. (A) Image of a capsule sutured to the sclera of a rabbit eye 3 days after implantation. An arrowhead indicates the suture site. Fluorescent
images around the sclera (B) immediately before and (C) after removal of the capsule 3 days after implantation. Fluorescence is visible as the white areas. (D) SEM image of a COL
(asterisks) in the membrane of a used capsule that was removed 1 month after implantation. The COLs were not biodegraded. (E, F) The distribution of FD40 (green) in the retina
and sclera around the implantation site 3 days after implantation (arrow: capsule). Cell nuclei were stained with 4,6-diamidino-2-phenylindole (blue). FD40 reached the retinal
pigment epithelium. Abbreviations: sclera (SC), retinal pigment epithelium (RPE), choroid (CO), and retina (RE). Bars: 4 mm (A, B, and C), 10 um (D), 400 um (E), and 100 pum (F).

retina via a reservoir-based transscleral drug-delivery system,
although quantification of the drug distribution still needs to be
done. Proteins, as large as 50—75 kDa, penetrate into the choroid/
RPE upon periocular injection [30]. Therefore, it may be possible to
also deliver BDNF by the transscleral route. Given that the distri-
bution of FD40 was somewhat concentrated at the RPE and adja-
cent regions, our device may be effective especially for lesions that
surround the RPE. The capsule could also be used to deliver anti-
angiogenic drugs, e.g., Lucentis and Macugen (for the treatment of
age-related macular diseases) [31], to a lesion, e.g., the choroidal
neovascular membrane, because delivery by this route will be less
invasive and safer than are conventional intravitreal injections. Our
non-biodegradable capsule should therefore be suitable for the
transscleral delivery of protein-type drugs that require chronic
suppressive-maintenance therapy over several weeks or months.
In summary, our capsule design incorporates features, outlined
below, that have been absent from intraocular drug-delivery
implant systems previously developed. First, the drug release
kinetics can be controlled by changing the drug formulation and/or
the membrane COL density so that the initial and final bursts are
suppressed, which extends the release period. Second, the capsule
is a scleral implantable device. To date, two ocular drug-delivery
systems, Vitrasert [32] and Retisert [33], which are intravitreal
sustained-release implants of ganciclovir and fluocinolone aceto-
nide, respectively, have been marketed. Although these devices
release the drugs at relatively constant rates, they must be surgically
implanted in and later removed from the vitreous, which may cause
complications or patient discomfort. Our capsule can be implanted
and removed almost noninvasively by minor surgery. Third, most
transscleral drug-delivery systems are designed to deliver low
molecular weight drugs; however, ours appears able to deliver
drugs of much greater molecular weights, i.e., protein-type drugs.
Recent clinical trials and research have shown that many proteins
are effective as drugs [9]. However, none of the available devices can
deliver protein-type drugs in a controlled-release manner to the
retina. Our capsule can be easily modified to accommodate different
release rates for protein-type drugs by altering the membrane COL
composition and/or drug formulation. Although this report
demonstrated the release of only FD40 and BDNF, it should be

possible to load and release low molecular weight drugs, protein-
type drugs, and even drugs produced by encapsulated cells. The
capsule thus has great potential for use in biomedical applications.
Our future work will focus on preclinical animal studies to further
assess the safety and effectiveness of the capsule.

4. Conclusion

This study reports the design and testing of a transscleral drug-
delivery system that is implantable in the episclera and allows for
controlled release of BDNF or other protein-type drugs with zero-
order kinetics. Our microfabricated capsule consists of a drug
reservoir sealed with a controlled-release membrane that contains
interconnected COLs, which are the routes for drug permeation.
The drug release kinetics can be controlled by changing the drug
formulation and/or the membrane COL density so that the size of
the bursts is reduced, which extends the release period. The capsule
is designed to contain various drug formulations and dosages,
allowing for a wide range of biomedical applications. The device
thus has great potential as a conduit for continuous, controlled drug
release.
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Appendix

Figure with essential color discrimination. Fig. 4 of this article
have parts that are difficult to interpret in black and white. The full
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color image can be found in the online version, at doi:10.1016/j.
biomaterials.2010.11.006.

Appendix. Supplementary data

Supplementary data related to this article can be found online at

doi:

10.1016/j.biomaterials.2010.11.006.
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