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There is an unmet need for a safer and more effective approach for antimetabolite application to prevent
bleb fibrosis after glaucoma filtering surgery. Here, we utilized our previously developed thermosensitive
sustained-release agent, mitomycin C-loaded poly(trimethylene carbonate)15-F127—-poly(trimethylene
carbonate)15 (MMC-hydrogel), aiming to further evaluate the efficacy and safety of MMC-hydrogel in
high intraocular pressure (IOP) primate eyes. Twelve primate eyes after high |IOP induction were
randomly divided into three groups, which respectively received phosphate-buffered saline (PBS)-
hydrogel, MMC-hydrogel, and MMC treatment during trabeculectomy. IOP and bleb volume were
measured using a Tonopen and anterior segment optical coherence tomography over 28 days. At the
end of the experiment, all experimental primate eyes were enucleated. Histopathology and
immunohistochemistry were performed to reveal myofibroblast cells and collagen deposition of filtering
blebs. The MMC-hydrogel group had satisfactory IOP control (9.25 + 4.80 mmHg) and maintained well-
functioning blebs for a longer time. Fibrosis and scarring were significantly alleviated in this MMC-
hydrogel group. There was no obvious toxicity to ocular surfaces or intraocular structures. Taken
together, these data suggest that PTMC15-F127-PTMC15-loaded MMC-hydrogel plays a role in
functional maintenance and scarring inhibition, showing high efficacy in reducing post-filtering surgery
bleb fibrosis. This MMC-hydrogel may offer a new solution for filtering bleb management after glaucoma
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Introduction

Filtration surgery is one of the main treatment modalities for
glaucoma, a leading cause of irreversible blindness worldwide.
Intraocular aqueous humor is drained out of the globe by
filtration surgery to lower intraocular pressure (IOP). The
aqueous humor is effluxed to a conjunctival-walled subcon-
junctival space, known as a filtrating bleb. However, post-
operative scarring remains a critical issue, leading to bleb
failure and hence uncontrolled IOP." Therefore, antimetabo-
lites, such as mitomycin C (MMC) and 5-fluorouracil, have been
used for many years to prevent bleb fibrosis and maintain long-
term functional blebs.> Although several studies showed similar
efficacy of other drugs or small molecules, including siRNA,*
MMC and 5-FU are still the preferred antimetabolites in the
clinic. Specifically, MMC inhibits fibroblasts and controls
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wound healing through DNA cross-linking alkylation. Adjuvant
MMC has significantly improved the outcomes of trabeculec-
tomy by preventing bleb scarring.*®

Currently, MMC is mainly applied by placing soaked
sponges in the subconjunctival space during trabeculectomy
surgery, and is then washed out with saline after a defined
period.® Alternatively, MMC may be applied by intraoperative
subconjunctival injection.” The dose and application time of
MMC are variable. Typically, it ranges from 0.1 mg ml " to
0.5 mg ml ™, with the time varying between 1 to 5 minutes.® It
appears to be a trend that higher rates of hypotony are
observed with higher strengths of MMC. Several studies also
suggested that MMC application may be tailored according to
patient factors, including race, age, prior intraocular surgery,
and topical medication use.® These variations contribute to
potential risks of either bleb failure because of insufficient
antimetabolic effect, or bleb leakage from over-suppression of
wound healing. Balancing the pros and cons becomes one of
the main concerns of the decision-making process during the

surgery.
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Therefore, sustained drug delivery could effectively address
this unmet need. Sustained-released preparation allows delivery
of MMC at a programmed rate for a prolonged period. Our group
had previously reported a study on loading MMC into 5% (w/v)
poly(trimethylene carbonate)15-F127-poly(trimethylene
carbonate)15 (PTMC15-F127-PTMC15) hydrogel. This hydrogel
demonstrated controlled, sustained release of MMC and reliable
anti-scarring effect both in vitro and in vivo.** Pluronic™ F127 is
a triblock copolymer, of which aqueous solutions undergo sol-gel
transition at 25 °C.** This thermosensitive material can form a gel
in the organism before solidifying within the desired tissue.*
PTMC15-F127-PTMC15 was synthesized with F127 and poly-
carbonate, improving the stability and providing a system for the
controlled long-term continuous release of active substances.™ In
our previous study, in vitro release experiment showed sustained
release for up to 16 days, and no MMC burst-induced cell
apoptosis was observed.*

However, our study was performed on normal rabbit eyes. It
has been reported that immunoinflammatory markers are
significantly increased in the conjunctival epithelium of glau-
coma patients compared with normal eyes,** which indicates
that a more aggressive scarring process might happen under the
disease. Thus, we include a chronic high IOP primate model in
the present study. Moreover, a previous study showed that
rabbit and monkey eyes had qualitative and quantitative
differences in response to irritating surfactant solutions,'*
which may be due to the anatomic difference of having a third
eyelid and a less effective scarring mechanism in rabbits. On the
contrary, primate eyes have highly similar anatomy and physi-
ology to human eyes. Therefore, we aim to further evaluate the
efficacy of MMC-loaded hydrogel in maintaining bleb function
in pre-existing high IOP eyes.
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Result

MMC-loaded hydrogel successfully maintained post-
operation IOP as well as traditional MMC adjuvant treatment

Fig. 1A shows a schematic diagram depicting the preparation
of the MMC-loaded hydrogel. Trabeculectomy is a filtering
surgery where an ostium is created into the anterior chamber
from underneath a partial-thickness scleral flap, allowing the
aqueous humor to flow out of the eye and subsequently
lowering IOP. The aqueous humor flowing into the subcon-
junctival space leads to an elevation of the conjunctiva,
referred to as a filtering bleb.* It is well-known that a diffuse,
moderate-elevation and pale bleb is favorable and more likely
to keep functioning in the long term."**” Although MMC has
some side effects on ocular tissues, it is still the best method
for assisting glaucoma surgery at present. The present study
aims to compare the bleb development after traditional anti-
metabolite MMC adjuvant treatment during surgery and an
MMC-loaded hydrogel injection. Twelve monkeys were
involved in the present study after successfully inducing high
IOP. They were randomly divided into three groups. A stan-
dard trabeculectomy was performed on all 12 monkey models’
eyes. Briefly, a conjunctival incision was made, followed by
a partial-thickness scleral flap. Subsequently, a sclerectomy
and a peripheral iridectomy were performed after a para-
centesis of the anterior chamber. The scleral incision was
closed with 2 stitches using intermittent suture of 10-0 nylon
thread, and the conjunctival incision was closed in a water-
tight fashion. Thus, the aqueous humor in the anterior
chamber will efflux through a filter pathway to the subcon-
junctival space. Trabeculectomies were performed (Fig. 1B). In
contrast, in the traditional MMC group, an MMC sponge was
placed beneath the local conjunctiva and scleral flap for pre-

A
o
© ° < ~
/ . °© o o Qs -
O o A7 -~
MMC PBS-hydrogel
B

MMC group »—l MMC-soaked sponge
Y —
| MMC-hydrogel group _»J

(@\Q

<
S

MMC-soaked sponge setting
PBS washing

MMC-hydrogel group

Conjunctival incision
Partial-thickness scleral flap

Close scleral incision

Close conjunctival insion
‘ Post-operation

. Bleb

Peripheral
iridectomy

. Iris

MMC-hydrogel injection Slit-lamp photography

Fig. 1 Standard trabeculectomy procedure with MMC adjuvant treatment versus MMC- or PBS-hydrogel injection. (A) Components of MMC-
loaded hydrogel. MMC was dissolved in sterile PBS and prepared with PTMC15-F127-PTMC15 in a mass fraction of 5% under sterile operation.
The MMC-loaded temperature-responsive PTMC15-F127-PTMC15 hydrogel was stored at 4 °C, and automatically formed a gel quickly at 37 °C.
The detailed preparation method can be found in our previous publication.*® (B) Surgical procedures for the three groups. Slit-lamp photography

showed the filtering bleb.
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Fig.2 MMC-loaded hydrogel successfully maintained post-operation IOP as well as traditional MMC adjuvant treatment. (A) Before inducing the
high IOP model, there was no significant difference in baseline IOP between the three groups (p = 0.99). After model induction, the IOP in the
three groups increased to around 30 mmHg, without a statistically significant difference between the groups (p = 0.68) (N = 4). (B) On day 28
after surgery, the IOP in the PBS-hydrogel group went back to the pre-operative level (p = 0.11), while the two groups involving MMC maintained
low IOP (p = 0.02 for the MMC group and p = 0.04 for MMC-hydrogel group). There was no significant difference in the IOP for the MMC and
MMC-hydrogel groups onday 28 (p = 0.27) (N = 4). (C) Three days after surgery, the IOP decreased dramatically in all three groups (p = 0.92). The
trend of intraocular pressure changes after glaucoma surgery was displayed.

treatment after making a partial-thickness scleral flap. For the
other two groups, instead of applying MMC before scler-
ectomy, either PBS-hydrogel or MMC-hydrogel was injected
subconjunctivally after closing the scleral incision (Fig. 1B).
Slit-lamp photography was conducted thereafter for
assessment.

As shown in Fig. 24, all 12 eyes in the three groups exhibited
high IOP before the surgery. There was no significant difference
in baseline IOP or post-modeling IOP among the groups. Three
days after surgery, the IOP decreased into a normal range of
12.25 £ 7.97, 9.25 + 4.80, and 9.00 £+ 4.88 mmHg in the PBS-
hydrogel, MMC-hydrogel, and MMC groups, respectively
(Fig. 2B). This indicated that the surgeries were successful, and
there was no significant variation in surgery outcomes among
the groups (p = 0.916). At 2 and 4 weeks after surgery, the IOP
increased slightly in the MMC-hydrogel and MMC groups,
which were still significantly decreased compared to the pre-
operation IOP (p = 0.039 and 0.021, respectively). However, in
the PBS-hydrogel group, the IOP gradually went back to the pre-
operation level, which showed no statistically significant
difference to the pre-operation IOP (p = 0.114). Hence, MMC-
hydrogel and traditional MMC pre-treatment both help main-
tain the blebs' filtering function and lower the IOP in 1 month.

13606 | RSC Adv, 2023, 13, 13604-13615

The trend of intraocular pressure changes after glaucoma
surgery was displayed in Fig. 2C.

MMC-loaded hydrogel reduced scarring and maintained
functional filtering blebs for a longer time

Scarring during the wound-healing process is the main reason
for bleb failure. Many different grading systems and methods
have been developed to evaluate bleb development and func-
tional maintenance in the past few decades. Most of those
grading systems are based on bleb morphology under slit-lamp
evaluation and/or OCT scanning. Therefore, to evaluate the
effect of the MMC-loaded hydrogel on preventing scarring and
maintaining bleb function, we performed slit-lamp photog-
raphy and AS-OCT measurements. Fig. 3A shows the bleb
morphologies from slit-lamp photography at different time
points after surgery. In both the MMC-hydrogel and MMC
groups, blebs were well-preserved for up to 4 weeks, compared
to the PBS-hydrogel group, which had almost no visible eleva-
tion on day 28. However, in the MMC group, the blebs were
slightly smaller on day 28 compared to day 14, while in the
MMC-hydrogel group, the blebs showed moderate bleb eleva-
tion during the whole follow-up period. On the other hand,
vascularity is also one of the major risk factors leading to bleb

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 MMC-loaded hydrogel reduced scarring and maintained functional filtering blebs better than traditional adjuvant MMC treatment. (A) Slit-
lamp photography of filtering blebs in the three groups at different time points. Arrows indicate the blebs. (B) Three of the four parameters in
IBAGS assess the blebs against a standardized photographic set of blebs (N = 4).

failure in the first year after surgery.'® In the short term after
surgery, both the PBS-hydrogel and MMC groups showed mild
to moderate vascularity, which may be due to post-operational
inflammation. Blebs in the MMC-hydrogel group demon-
strated decreasing vascularity during the follow-up. We also
applied the Indiana Bleb Appearance Grading Scale (IBAGS) to
scale the blebs" (Fig. 3B). The grading system scales bleb height
(H, 0-3), extent (E, 0-3), and vascularity (V, 0-4) to quantitatively
demonstrate the bleb morphology. Blebs were generally higher
in the two hydrogel groups, probably because of the mechanical
support. However, at the latest time point, the PBS-hydrogel
blebs collapsed significantly owing to scarring, while the
MMC-hydrogel blebs were maintained well. The MMC-hydrogel
group still showed better horizontal bleb extension than the
other two groups. The two groups with MMC demonstrated
significantly less vascularity than the PBS-hydrogel group.
Moreover, at the later time point, the MMC group showed
a rebound of vascularization, while the MMC-hydrogel group
was still avascular.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Utilizing AS-OCT, we were able to assess the bleb volume.
One week after surgery, blebs in the MMC-hydrogel group
showed a smaller volume than in the other two groups (Fig. 4A
and B). However, the MMC-hydrogel group showed relatively
stable bleb volume in the following measurements. On the
contrary, both the PBS-hydrogel and MMC groups demon-
strated a reduction of the bleb volume. Meanwhile, the volume
decreased much more dramatically in the PBS-hydrogel group
compared to the two groups involving MMC. This result indi-
cated that the bleb maintenance was mainly because of the
antimetabolic effect from MMC, instead of the mechanical
occupying effect from the injected hydrogel.

MMC-loaded hydrogel suppressed fibroblast proliferation and
collagen deposition

One month after the surgery, all eyes were enucleated.
Histological examinations were performed, followed by HE
and immunochemistry staining. HE staining showed consis-
tent results with the AS-OCT in vivo evaluation. In the MMC-

RSC Adv, 2023, 13, 13604-13615 | 13607


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01002c

Open Access Article. Published on 03 May 2023. Downloaded on 2/8/2026 10:22:24 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

A | 3 days post-op || 7 days post-op ][ 14 days post-op |[ 28 days post-op |
@
= . T -
5 "
9| 2
]; |
»
i)
a
E b
<] PR
b=l (€
T
19)
=
=
0 @ %
=
= ¢ o

Volume (mm3)
N »H [<2]
o o o
1 1 J

o
1

3
N
o

-+ PBS-Hydrogel
-+ MMC
-~ MMC-Hydrogel

A N

Days

P

Fig. 4 MMC-loaded hydrogel maintained a higher volume of filtering blebs than traditional adjuvant MMC treatment. (A) OCT revealed the
morphologies and volume assessments of filtering blebs. C: cornea, Ci: ciliary body, S: sclera, Con: conjunctiva. The red dashed line indicates the
area of the filtering blebs. (B) Seven days after surgery, there was no significant difference in bleb volume among the three groups (p = 0.60). On
day 28, the bleb volume was decreased in the PBS-hydrogel group (p = 0.01) and MMC group (p = 0.1). However, in the MMC-hydrogel group,
filtering blebs retained their volume throughout the whole period (p = 0.58) (N = 4).

loaded hydrogel group, thin-walled blebs with large cavities
were observed. Within the cavities, numerous microcystic
structures noticed, which suggested satisfactory
filtering functions (Fig. 5B). However, blebs were flat and
compact with thick walls in the PBS-hydrogel and MMC
groups (Fig. 5A and C).

Masson's trichrome staining was used to reveal the depos-
ited collagen (blue). As shown in Fig. 5E, scant collagen depo-
sition and loose connective tissue were seen in the
subconjunctival space of the MMC-loaded hydrogel bleb. On the
contrary, dense collagen deposition was noticed in the thick
wall of blebs in the other two groups (Fig. 5D and F).

Furthermore, a-smooth muscle actin (a-SMA), a marker of
fibroblast and myofibroblast (brown), was used to show the
scarring of blebs. In immunohistochemistry, a-SMA were
labeled by diaminobenzidine (DAB), which is brown. Compared
to the other two groups, there were far fewer brown fibroblasts
and myofibroblasts in MMC-hydrogel bleb (Fig. 5G-I).

were

13608 | RSC Adv, 2023, 13, 13604-13615

MMC-loaded hydrogel was safe when applied for a longer
duration

Next, the safety of MMC-loaded hydrogel application was
addressed. In the traditional procedure, MMC pre-treatment
was performed by applying an MMC-soaked sponge onto the
scleral surgical site. This step is usually done prior to creating
the incision in the anterior chamber, to avoid the side effects
caused by MMC leaking into the anterior chamber. Then, the
sponge is usually removed after 30 seconds to 5 minutes, since
the longer the antimetabolite is applied, the higher the risk of
wound-healing defects, which may lead to bleb leakage.

In the present study, the MMC-loaded hydrogel was injec-
ted into the subconjunctival space after establishing a filtrat-
ing pathway. This might raise the concern of MMC diffusion
into the anterior chamber and toxic to the inner eye structure.
Therefore, the corneal endothelium, one of the most fragile
structures within the globe, was examined to assess the safety

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 MMC-loaded hydrogel suppressed fibroblast proliferation and collagen deposition. (A—C) HE staining revealed an obvious filtering bleb
with thin conjunctival walls in the MMC-hydrogel group, while the blebs were hardly identified in the other two groups. (D—F) Masson's trichrome
staining demonstrated collagen deposition in blue. In the MMC-hydrogel group, there was barely any blue collagen within the bleb, while mild to
moderate collagen depositions were seen in the other two groups (collagen fibers are blue in color; the cytoplasm, muscle, and red blood cells
are red. Cell nuclei are blue-brown.) (G-I) Brown a.-SMA signals were noticed in the bleb of the PBS-hydrogel and MMC groups, but no significant
signal was seen in the MMC-hydrogel bleb (the blue color represents the background when hematoxylin counterstaining is performed). Con:

conjunctiva, B: bleb, S: sclera. Scale bar = 50 pm.

of the MMC-loaded hydrogel. As shown in Fig. 6A and B, there
were no significant morphological or quantitative defects in
all three groups after surgeries. Meanwhile, except for the
retinal nerve fibral layer thinning caused by the high IOP
modeling, there were no significant histological abnormalities
in the ciliary bodies and retinas in all three groups (Fig. 6C,
upper and lower panels). We also utilized electron microscopy
to further examine the ciliary body. The ultrastructure of the
ciliary body showed no significant difference among the
groups. Junctional complexes/interdigitations were well-
preserved (as indicated by yellow arrows), and there were no
signs of swelling, edema, degeneration, and necrosis (Fig. 6C,
middle panel).

To address the concerns regarding toxic effects or wound-
healing defects caused by prolonged drug exposure in the
MMC-hydrogel group, we monitored bleb leakage by slit-lamp
microscopy. No leak or hypotony was observed in any follow-
up examinations. Moreover, the structure of the cornea did
not show any architectural interference in histology (Fig. 7A).
The corneal endothelial cells preserved their typically hexagonal
morphologies with uniform size and interdigitate cell border
(Fig. 7B).

© 2023 The Author(s). Published by the Royal Society of Chemistry

Discussion

The present study focused on the efficacy and safety of MMC-
loaded PTMC15-F127-PTMC15 hydrogel in maintaining
filtering bleb function and preventing bleb scarring after glau-
coma filtration surgery in high IOP monkey models. We
demonstrated that MMC-loaded hydrogel had equivalent effi-
cacy for postoperative IOP maintenance to the traditional MMC
adjuvant treatment. Further, MMC-loaded hydrogel showed
a better long-term effect at preserving bleb function and sup-
pressing fibroblast proliferation and collagen deposition.
Meanwhile, no obvious side effects were found in the present
study. Thus, this thermosensitive, sustained-releasing antime-
tabolite is a promising solution for greater efficacy and safety
for glaucoma filtration surgery.

PTMC15-F127-PTMC15 hydrogel is a well-studied thermo-
sensitive hydrogel that serves as one of the ocular drug delivery
systems.”® Antimetabolites, including MMC, are critical drugs
used in glaucoma filtration surgery to sustain well-functional
filtering blebs and reduce postoperative bleb scarring. It had
been reported that the frequency of encapsulated blebs without
antimetabolites could be up to 28% in trabeculectomies,?* while
with MMC adjuvant treatment, the frequency was low. However,

RSC Adv, 2023, 13, 13604-13615 | 13609
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Fig. 6 There was no obvious intraocular toxicity of MMC-loaded hydrogel. (A) Corneal endothelial photography showed typical hexagonal
morphology in vivo, without significant differences between the three groups. (B) There was no statistically significant difference in corneal
endothelial cell number between groups before or after surgery (N = 4). (C) HE staining and TEM showed no obvious histological damage in the
ciliary body and retina in the three groups, except thinner ganglion cell layers caused by the model induction. Yellow arrows indicate junctional
complexes/interdigitations. Scale bar = 50 um (HE staining), = 4 um (TEM).

MMC adjuvant treatment may not be able to provide sufficient
long-term anti-scarring effect in pediatric glaucoma, and is
associated with complications including bleb leakage, hypot-
ony, and infective endophthalmitis.> To address these issues,
we developed an MMC-loaded PTMC15-F127-PTMC15 hydro-
gel. Our previous study demonstrated controlled, sustained
release of MMC and reliable inhibition of fibroblast prolifera-
tion in vitro and in vivo (normal IOP rabbits).*

However, rabbits have different eye anatomy to humans,
including much thinner and extendable sclera and smaller
vitreous cavities. These may alter the reaction and adaptation to
IOP changes. Meanwhile, it has been reported that the wound-
healing response in the surgical sites of rabbits is very different
from humans, and IOP could be low even when the bleb has
collapsed.” These findings raised our concerns. Moreover, it is
well-known that inflammation is significantly more severe in
glaucoma patients than in normal eyes.'* Moreover, higher pre-

13610 | RSC Adv, 2023, 13, 13604-13615

operative levels of inflammatory factors in the aqueous humor
are associated with worse outcomes for glaucoma surgery.*
Thus, to further evaluate the efficacy and safety of MMC-loaded
hydrogel more reliably, we adopted primate high IOP models in
the present study. We had previously reported that the high IOP
primate models closely mimic the anatomic and pathophysio-
logical features of human glaucoma.”® Fortunately, in the
present study, MMC-hydrogel could still reliably preserve
filtering bleb function and lower the IOP.

Filtration bleb morphology has been mentioned in the
literature. The aqueous humor flowing into the subconjunctival
space leads to an elevation of the conjunctiva, referred to as
a filtering bleb.” It is well-known that a diffuse, moderate-
elevation and pale bleb is favorable and more likely to keep
functioning in the long term.'*” The pale filtering bleb
mentioned here refers to the absence of blood vessels. Non-
functional filtering blebs after glaucoma filtration surgery

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.7 No toxicity to corneas was observed. (A) HE staining showed the normal architecture of the corneal stroma and intact corneal epithelium
in all three groups. (B) SEM demonstrated the typical hexagonal morphology of corneal endothelial cells with uniform size and interdigitate cell
border (indicated as white arrows in higher magnifications). Scale bar = 50 um (A), = 15 um (B).

often manifest as localized, flat, and vascularized. Non-
functional filtering blebs after glaucoma surgery are mainly
associated with the proliferation of fibroblasts in the surgical
area and the obstruction of aqueous humor outflow due to the
scarring of the filtration passage. In order to improve the
success rate of surgery, some anti-scarring drugs have been
used in experimental and clinical studies of glaucoma filtering
surgery. Mitomycin C (MMC) has become the most common
anti-scarring drug for assisted glaucoma filtration surgery.
However, due to the nonspecific inhibition of the cell cycle,
while suppressing the proliferation of fibroblasts in the surgical
area, MMC also produces toxic and side effects on other normal
cells in the surrounding tissues (such as conjunctival cells,
goblet cells, and limbal stem cells), such as high sensitivity,
filtration bleb leakage, and scleral lysis.***” In order to solve
these problems and achieve efficient and safe improvement of
the success rate of glaucoma filtering surgery, the experiment
was conducted.

In the experiment, the MMC group served as a traditional
positive control group. The eyes, including the sclera and
conjunctiva, are exposed to high concentrations of MMC at one
time. After that, the eye tissue will not be influenced by MMC,
the proliferation of fibrous cells returns back to normal, and the
function of filtering blebs will be reduced. In that case, the
overlaying conjunctiva is likely to have a vascularized appear-
ance or a rebound of vascularization. In the MMC-hydrogel
group, MMC is embedded in the gel to achieve stable and
continuous release of MMC after surgery. The low concentra-
tion of MMC continues to inhibit fibroblast proliferation.
Because of the continuous release of MMC, the dispersion
(width) and protrusion (height) of the filtering blebs in this
group are bigger than those in the MMC group, and the state of

© 2023 The Author(s). Published by the Royal Society of Chemistry

no or little vascularization is prolonged, indicating good
filtering function. The MMC-hydrogel group did not show lower
IOP than the traditional MMC group, which indicated that no
hypotony (over-low IOP) was induced by prolonged MMC
exposure. There was a slight difference in the intraocular
pressure measurements before modeling. While a significant
difference in intraocular pressure measurements could be
observed after modeling, the difference in IOP was small 3 days
after surgery. However, over the postoperative period, the
difference in IOP became significant. The PBS-hydrogel group,
as the negative control group of this experiment, was supposed
to gain no extra benefit from PBS and was expected to have
naturally increasing IOP after surgery. The use of MMC is the
best method for assisting glaucoma surgery at present. There-
fore, the positive control group had relatively good IOP after
surgery, especially in the early postoperative period. Despite the
equivalent level of IOPs in the two MMC groups, bleb height was
significantly better than that in the MMC group. Conjunctiva in
primates is far more pigmented and vascularized than in
humans; the avascular blebs indicated sufficient anti-scarring
effect provided by MMC-loaded hydrogel. The later histolog-
ical evaluation also demonstrated significantly less fibroblast/
myofibroblast proliferation and collagen deposition in the
MMC-hydrogel blebs.

Because previous studies had reported that MMC has good
intraocular penetration and fast diffusion,”®?* the prolonged
exposure in the present study may raise the concern of intra-
ocular toxicity. Thus, we assessed several intraocular tissues,
including the corneal endothelium, ciliary body, and retina. No
obvious gross structural disruption was observed. A study re-
ported that a high concentration of MMC would lead to
significant ultrastructural changes in the ciliary body.*®
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Fortunately, junctional complexes and interdigitations were
preserved well in both the cornea and ciliary body in our study.
This is precisely what this study wants to confirm: the sustained
low concentration release of MMC can interfere with post-
operative fibroblast proliferation, thereby maintaining a good
filter bleb morphology. It has also been confirmed that it will
not have any side effects on the surrounding eye tissues. This
MMC-hydrogel offers a new solution for filtering bleb
management after glaucoma surgery.

Considering the long-term need for IOP control in glaucoma
patients, one of the limitations of our study was the duration of
follow-up. We only observed IOP and bleb maintenance for 28
days, which is the period that has the highest risk of post-
operative bleb encapsulation.® In future studies, longer obser-
vation periods are needed.

Conclusion

In conclusion, the thermosensitive sustained-release agent of
PTMC15-F127-PTMC15 can be loaded with MMC. MMC-loaded
PTMC15-F127-PTMC15 hydrogel led to improved functional
maintenance and scarring inhibition, showing high efficacy in
reducing postoperative filtering bleb fibrosis. This MMC-
hydrogel offers a new solution for filtering bleb management
after glaucoma surgery.

Experimental section
Preparation and administration of MMC-loaded hydrogel

The following is a brief description of the preparation of this
sustained-release formulation. The specific preparation method
can be referenced in our previous publication.’ Powder of
PTMC15-F127-PTMC15 was prepared and provided by Prof.
Daping Quan's research group (Sun Yat-Sen University, School
of Materials Science and Engineering).'®*> PTMC15-F127-
PTMC15 was synthesized via the ring-opening polymerization
of trimethylene carbonate (TMC) in tetrahydrofuran (THF)
using F127 as the initiator and tetramethylethylenediamine
(TMEDA) as the catalyst. The typical experimental procedure is
described as follows: TMC (0.3788 g, 3.75 x 10> mol) was
quickly added to stirred TMEDA (0.02 ml, 2.5 x 10~* mol) and
F127 (1.575 g, 1.25 x 10~* mol) in THF (3 ml) in a glove box
under an argon atmosphere. The reaction vessel was sealed and
placed in a thermostated oil bath set at 55 °C. After 48 h of
polymerization, the reaction was terminated using two drops of
acetic acid. The rough product was isolated via precipitation in
cold diethyl ether and dried in vacuo at room temperature to
a constant weight. MMC (Roche Diagnostics GmbH, Molecular
weight, ~334.33 Da) was dissolved in sterile phosphate-buffered
saline (PBS, pH 7.4) at a concentration of 1 mg ml™' and
prepared with PTMC15-F127-PTMC15 in a mass fraction of 5%
under sterile operation. Then, 180 mg of F127 or 50 mg of
PTMC15-F127-PTMC15 were dissolved in an aqueous solution
of MMC to obtain 1 g sol. The MMC-loaded temperature-
responsive PTMC15-F127-PTMC15 hydrogel was stored at 4 °©
C, and automatically formed a gel quickly at 37 °C. The in vitro
release experiment showed that the drug could be released from
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PTMC15-F127-PTMC15 hydrogel for up to 16 days with only
57% of drug released in the first day. The dose of MMC used in
this study was based upon the relative toxicity of MMC, and our
previous experiment showed that MMC-loaded hydrogel of
0.1 mg ml~" was sufficient to inhibit bleb fibrosis in the rabbit
model.

Animal and anesthesia

The experiment was conducted according to the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision Research
and the guidelines developed by the Animal Care Committee at
Zhongshan Center (Permit Number: 2020-140). Twelve adult
rhesus monkeys (male, aged from 4 to 6 years old, weight
between 4 and 8 kg), obtained from Zhongshan Ophthalmic
Center, were used for studying the formation of glaucoma
filtration blebs. The monkeys' life and health were monitored.
The experimental procedures were performed under deep
general anesthesia via an intramuscular injection of ketamine
hydrochloride (5 mg kg™, Ketalar 50®, GuTian Pharmaceuti-
cals Ltd, Fujian, China) plus chlorpromazine hydrochloride
(2.5 mg kg~ ', chlorpromazine 50®, JiaoZuo Pharmaceuticals
Ltd, Tianjin, China).

Establishment of monkey chronic intraocular hypertension
model

Twelve monkeys were successfully induced into monkey
chronic high IOP model (picking one eye of each animal at
random) by VISULAS Trion (VISULAS Trion; Carl Zeiss) using
the slit-lamp delivery system and a laser gonioscope, as
described previously.?®?** IOP, slit-lamp microscopy and indirect
ophthalmoscopy were performed prior to laser photocoagula-
tion to exclude any existing ocular disease. The laser treatment
was carried out according to our previous publication.*® Color
fundus photograph was done using a retinal camera (TRC-50DX
RETINAL CAMERA; Topcon, Tokyo, Japan) with a Nikon 200 D
digital camera. Cross-sectional imaging of the RNFL was scan-
ned with the circular scan (3.4 mm diameter) procedure using
the STRATUS OCT Instrument (Model 3000, Carl Zeiss Meditec,
Germany). Successful chronic intraocular hypertension animal
model establishment was confirmed by narrowed neuroretinal
rims, enlarged optic cups, and damaged RNFL thicknesses.

Surgical procedure for trabeculectomy

Trabeculectomy was performed on all monkeys (the 12 eyes
from the 12 high IOP models) by an experienced surgeon.
Monkeys were deeply anesthetized and the pupils were con-
tracted with 1% pilocarpine before surgery. A cornea limbus-
based conjunctival incision was designed 8-10 mm from the
cornea limbus, and then a partial-thickness 3 x 4 mm rectan-
gular scleral flap was made. A 2 x 2 mm sclerectomy and
a peripheral iridectomy were performed after a paracentesis of
anterior chamber. The scleral flap and Tenon's capsule were
interrupted sutured and the conjunctival incision was closed in
a watertight fashion. Thus, an opening leading to the anterior
chamber and a filter pathway was formed. Efflux of aqueous
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humor into the subconjunctival space was produced. After
surgery, the fornices were instilled with TobraDex ointment.

Experimental animal grouping

Twelve monkeys were used in this experiment. Twelve eyes with
high IOP from 12 modeling monkeys were equally divided into
three groups, which were defined as PBS-hydrogel, MMC-
hydrogel, and MMC groups (Fig. 1C). The PBS-hydrogel group
received a subconjunctival injection with 0.1 ml of 5% w/v
PTMC15-F127-PTMC15 after the conjunctival incision was
closed; the MMC-hydrogel group received 0.1 ml of 5% w/v
MMC-loaded PTMC15-F127-PTMC15 (0.1 mg ml™") in the
same way (Graphical Abstract); the MMC group received
a0.25 mg ml~' MMC-soaked sponge covering (for 3 min) before
the sclerectomy was done. The dose and administration of
MMC and MMC-loaded hydrogel were decided according to
clinical practice and our previous study.

Ocular examination

Filter bleb, ocular inflammation, anterior chamber depth,
corneal edema, hemorrhage and bleb conditions were exam-
ined after the surgery (days 1, 3, 5, 7, 10, 14, 28) using slit-lamp
microscopy. The morphological structure of the filtering blebs
was observed on anesthetized animals using a slit-lamp
microscope (Hagg-Streit BX900; Switzerland) with a Nikon
200D digital camera after the trabeculectomy (day 7, 14, 28).
Blebs were graded by a blinded ophthalmologist, using The
Indiana Bleb Appearance Grading Scale.

Measurement of IOP

10P was measured pre- and post-operation (day 1, 3, 5, 7, 10, 14,
and 28) using a Tonopen® applanation tonometer (Reichert)
according to the manufacturer's recommended procedures. The
tonometer was calibrated before each measurement. The
average value was automatically calculated after ten consecutive
IOP readings were obtained by the tonometer. An experienced
operator finished all IOP measurements.

Anterior segment optical coherence tomography

Cross-sectional images of the filtering blebs were scanned with
the line scan procedure using anterior segment optical coher-
ence tomography (AS-OCT; Carl Zeiss Meditec AG) after the
surgery (days 7, 14, and 28). The procedure with four lines scan
model of cornea was applied to complete the AS-OCT
measurement of the filtering bleb. The top of the filter bleb was
located at the center of the scanning line. The bleb height, area,
volume, and the thickness of bleb rampart were calculated.

Corneal endothelium evaluation

The morphology and number of corneal endothelia were
measured (SP-3000P; TOPCON) and compared pre- and post-
operation. The operational approach was similar to the ante-
rior segment photography measurement.
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Histology and immunochemistry

All eyes were enucleated after the animals were deeply anes-
thetized by intravenous injection of pentobarbital (50 mg kg™ )
at the end of the experiment (day 28 after trabeculectomy). The
filter blebs were well-preserved. The enucleated eyes were
dissected clean of orbital tissue, rinsed with PBS and then
placed in 10% formalin solution for 24 hours. The globes were
then dehydrated and embedded in paraffin. Serial sections of 5
pum thickness were obtained. Hematoxylin and eosin (H&E)
staining, Masson's trichrome staining, and a-smooth muscle
actin (0-SMA) immunohistochemistry were performed as
previously reported.’ These images were collected using a Zeiss
Axioplan 2 imaging system (Axioplan 2 imaging; Zeiss, Thorn-
wood, NY, USA).

Electron microscopes

The cornea samples from the four groups were prepared with
size of 1 mm?® and fixed in 2.5% glutaraldehyde for at least 2
hours. Subsequently, samples were prepared by ethanol
gradient dehydration, critical-point drying, and gold coating.
The corneal endothelial morphologies were assessed by scan-
ning electron microscope (model XL-30E SEM; Philips, Eind-
hoven, The Netherlands).

The ciliary body samples from the four groups were prepared
with size of 1 mm?® and fixed in 2.5% glutaraldehyde overnight.
Then samples were fixed in 1% osmium tetroxide and
embedded in Epon epoxy resin, followed by uranyl acetate and
lead citrate staining. The ultrastructure of the ciliary body was
examined by transmission electron microscope (model CM10;
Philips).

Statistical analysis

All data were expressed as means + SD. Differences were
considered statistically significant when p < 0.05. Data were
analyzed by ANOVA and paired ¢-test, with a P-value of <0.05
considered statistically significant. Statistical analyses were
performed using GraphPad Prism 6 (version 6.01).
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