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A B S T R A C T

Bleb fibrosis remains the most common reason for glaucoma surgery failure. Although mitomycin C (MMC) is 
often used to inhibit fibrosis during glaucoma drainage device (GDD) implantation, the effective reaction time of 
anti-fibrosis could not cover the dynamic process of wound healing. To enable noninvasive dynamic ocular drug 
release, we fabricated MMC-loaded thermos-responsive fiber membranes using polylactic acid (PLA) and tributyl 
citrate as a plasticizer. The fibers exhibited a transition temperature of 41.5 ◦C. To regulate drug delivery, the 
fiber was first stretched, coated on the GDD surface, and then implanted in rabbit eyes. The thermal-responsive 
fiber recovered to its original morphology upon exposure to a 43 ◦C stimulus in filtering bleb area one week 
postoperatively. The release profiles in vitro were described best by the first-order kinetics. The release rate 
constants were korigin = 0.11 ± 0.01 day− 1 and kstretched = 0.09 ± 0.02 day− 1, respectively. The controlled 
release system effectively reduced the bleb fibrosis in rabbit conjunctiva. This MMC-controlled delivery system 
successfully inhibited scarring after GDD implantation surgery.

1. Introduction

Glaucoma is an important cause of irreversible blindness [1], and 
surgery has remained the main treatment method for glaucoma. A 
glaucoma drainage device (GDD), such as the Ahmed glaucoma valve 
(AGV), is a valuable tool available for glaucoma surgical management. 
The AGV effectively reduces intraocular pressure (IOP) while treating 
primary, secondary, and refractory glaucoma [2]. Surgical success rates 
decrease over time, usually owing to fibrosis of the filtering bleb wall 
around the drainage device. The major determinant of surgical success is 
wound healing, and excessive wound healing causes subsequent bleb 
fibrosis and failure of surgery. Conjunctival wound healing is a cascade 
of dynamic events. After the phase of hemostasis and inflammation, fi
broblasts proliferate massively and differentiate into myofibroblasts at 
the proliferative phase and reach a peak in the first postoperative week. 
The final remodeling phase shows excessive accumulation of extracel
lular matrix (ECM) components, including excessive proliferation of 
Collagen type I (Col1), and a dense subconjunctival scar forms finally 

[3]. Antimitotic such as mitomycin C (MMC) and 5-fluorouracil have 
been used to inhibit fibroblastic proliferation [4]. The common recom
mendations for the dose of MMC in AGV implantation is (0.2-0.5 mg/ml, 
2-5 min), followed by irrigation with balanced salt solution (BSS). 
However, there is insufficient evidence that one intraoperative dose of 
MMC can reduce IOP of glaucoma patients undergoing GDD surgery 
according to a Cochrane review [5]. A single duration of MMC is not 
sufficient to resist the proliferation of fibroblasts caused by AGV as a 
foreign body constant simulation. During the conjunctiva wound heal
ing, a dose of 20 to 25 μg MMC subconjunctival injections administered 
during and one week after surgery have been suggested to increase the 
long-term surgical success rate [6,7]. However, there is a chance that 
MMC subconjunctival injection could cause complications, such as 
avascular filtering blebs, inflammation, or subconjunctival hemorrhage 
[8]. Therefore, research efforts have focused on improving the effec
tiveness of antiproliferation agents in AGV implantation and decrease its 
complications [9–11]. Research on drug delivery systems has extended 
the duration of drug retention in the conjunctiva, thereby minimizing 
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administrations, discomfort, and systemic side effects. However, the 
above approaches initially showed a high drug release rate that 
decreased after the early stage, and this burst release may not cover the 
dynamic process of wound healing to raise the surgery success rate [12]. 
To overcome this issue, we developed a controlled drug release system 
using thermal-responsive polymers.

Thermal-responsive polymers can change from a programmed tem
porary shape to their original shape in response to external heat stimuli 
[13,14]. Biological thermal-responsive polymers have been widely used 
in ophthalmic drug delivery [15–17], tissue engineering [18], wound 
closure [19], and other fields [20]. Combining thermal-responsive 
polymers with fibrous structures produced by electrospinning can 
endow the polymers with unique characteristics, such as a large specific 
surface area, high permeability, and porosity [21]. In this study, a long- 
term in vivo study was carried out to realize the control of electro
spinning deformation by external stimulation and non-invasive con
trolling of drug release rate.

Most thermal-responsive materials applied in ophthalmology have a 
transition temperature below 32–35 ◦C [22]. Herein, we introduce an 
MMC-loaded thermal-responsive polylactic acid (PLA)/tributyl citrate 
(TBC) fiber with a transition temperature of 41.5 ◦C. Compared to poly 
(N-isopropyl acrylamide) (PNIPAM) (prone to burst release near body 
temperature) or Polyethylene glycol (PEG)-based systems (characterized 
by rapid degradation and high hydrophilicity), PLA/TBC integrates 
advantages such as biodegradability, low inflammatory risk, and a 
stretch-recovery controlled release mechanism. The MMC-PLA/TBC- 
coated AGV was implanted in the experimental group. The fibrous 
membrane was first stretched above its transition temperature, cooled, 
coated on the AGV, and then implanted into rabbit eyes. The surface of 
the filtering bleb was then soaked with saline above the transition 
temperature (43 ◦C) for 30 seconds and MMC released faster non
invasively one week postoperatively. The dynamic drug release in vivo 
was achieved by polymers' thermal-responsive performance. Conse
quently, the fibers reverted to their original shape, and the drug release 
rate increased and was maintained at a certain level, thereby inhibiting 
long-term scar formation (the research process is shown in Scheme 1).

2. Materials and methods

2.1. Materials

Polylactic acid was obtained from Natureworks LLC (USA). TBC 
(>98%) was obtained from Aladdin Reagents Ltd. Dichloromethane 
(Analytical Reagent) was supplied by Tianjin Fuyu Fine Chemical Co., 
Ltd (China). N,N-Dimethylformamide (DMF, ≥99.9%, molecular 
biology grade) was supplied by Tianjin Fengchuan Chemical Reagent 
Technology Co., Ltd (China). Phosphate-buffered saline (pH 7.4) was 
procured from Shanghai Aladdin Biochemical Technology Co., Ltd 
(China). Mitomycin C was bought from Shanghai Anhui Pharmaceutical 
Co., Ltd (China). Ahmed Glaucoma Valves (model FP8, Rancho Cuca
monga, CA) were provided by New World Medical Inc.

2.2. Preparation of thermal-responsive PLA/TBC and drug-loaded fibrous 
membrane

TBC was added to the thermal-responsive PLA; the content of TBC 
was adjusted to 6, 10, and 14 wt%. The polymer (PLA and TBC) was 
dissolved in dichloromethane (DCM) to achieve a final polymer con
centration of 18 wt% in the mixed solution. For drug loading, the so
lutions with 3 wt% MMC dissolved in DMF were drawn into PLA-14 wt% 
TBC/DCM solutions and stirred at 100 rpm for 48 h away from light. 
Electrostatic spinning (Beijing Fuma, China) was conducted at 1 mL/h, 
voltage of 14 kV, and receiving distance of 22 cm at 25 ◦C with a 23G 
spinning needle. Finally, the membranes were removed from the col
lector and dried at 25 ◦C in the dark for three days.

2.3. Characterization

Membranes were observed using scanning electron microscopy 
(SEM, SU5000, Hitachi, Japan). The diameter distribution and porosities 
were measured using the ImageJ software. The transition temperature 
was tested using Differential Scanning Calorimetry (DSC) (Mettler 
Toledo, Switzerland); the temperature ranged from 0 ◦C to 200 ◦C, and 
the heating rate was 10 ◦C/min. Thermal stability was tested by Ther
mogravimetric analysis (TGA) (Mettler Toledo, Switzerland); the 

Scheme 1. Design of MMC-PLA/TBC-coated AGV and controlled drug release postoperatively. (This figure was created by the author.)
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temperature ranged from 25 ◦C to 500 ◦C, and the heating rate was 10 
◦C/min. The infrared spectrogram was recorded using Fourier Trans
form Infrared Spectroscopy (FTIR). The water contact angle was tested 
using a contact angle measuring instrument (JY-82B, KRUSS, Germany). 
The degradation performance was tested in vitro and in vivo. Both PLA 
and PLA/TBC membranes were implanted into rabbit conjunctival sac, 
and the weight loss rate was calculated 7 and 14 days postoperatively. 
On day 14, conjunctival tissues around the membranes were stained by 
H&E.

2.4. Drug release study

The method reported by Dong et al. was used to evaluate the drug 
release properties of MMC-loaded thermal-responsive PLA/TBC mem
branes ensuring sink conditions were maintained for sustained MMC 
release [9]. A microinjection pump was used to simulate the humor flow 
of rabbit eyes. The study was performed in PBS medium (pH = 7.4) at 37 
◦C. A filter (450 mm2) was connected to a 20-mL injector filled with PBS, 
and a size of 450 mm2 MMC-loaded membrane was weighed and placed 
in the filter. The rates of MMC release were measured in original shape 
and stretched shape. In modified group, the fiber was stretched on first 
day and heated to 43 ◦C on day 7. The inject speed was 0.1 mL/h, and 
the MMC/PBS solution was collected every 24 h. The concentration was 
measured and calculated using a microplate reader at a wavelength of 
364 nm (Biotek Synergy H1, USA). The release kinetics of MMC from 
both the original and stretched membranes were evaluated using zero- 
order, first-order, Higuchi, and Korsmeyer–Peppas models. Based on 
these kinetic analyses, the corresponding release rate constants (k) were 
determined. Furthermore, the diffusional exponent (n) derived from the 
Korsmeyer–Peppas model was also calculated to elucidate the underly
ing release mechanism.

2.5. In vitro cell culture

New Zealand white rabbits (supplied from Laboratory Animal 
Research Center, the second Affiliated Hospital of Harbin Medical Uni
versity) were intravenously anesthetized with 3% pentobarbital sodium, 
and fresh Tenon's capsule tissue was collected from 3 healthy adult 
rabbits. Tissues were cut into fragments and adhered to the petri dish 
bottom. Primary Rabbit Tenon's Fibroblasts (RTFs) were obtained and 
passaged three to five times. Cells were incubated in Dulbecco's modi
fied Eagle medium (DMEM) supplemented with 15% fetal bovine serum 
and 1% penicillin–streptomycin solution (5% CO2, 37 ◦C).

2.6. Cytotoxicity and inhibitory effects of thermal-responsive PLA/TBC 
and MMC-loaded fibrous membrane

RFTs were seeded into a 24-well plate at 104 cells/cm2 for 24 h. 
Micro/nano-fibrous membrane disks 15 mm in diameter were sterilized 
using 75% ethanol for 30 min. After repeated washes with PBS, mem
branes were subjected to UV irradiation at a wavelength of 254 nm in a 
cell culture hood for at least 30 min each side and treated membranes 
were folded and placed in Transwell inserts (6.5 mm diameter, 8-μm 
pore) with 300 μL of complete medium and 500 μL added to the lower 
compartment for subsequent experimental procedures. Membranes 
were divided into four groups: A (blank control), B (PLA/TBC mem
brane), C (MMC-PLA/TBC membrane), and D (stretched MMC-PLA/TBC 
membrane). Membranes in the Transwell chamber, On days 1, 5, and 7, 
the medium was replaced with 100 μL 10% cell counting kit-8 (Dojindo 
Laboratories, Kumamoto, Japan) DMEM solution for 30 min, and the 
medium absorbance was measured at 450 nm. Cell viability and inhi
bition of cell growth rate were calculated by comparison with those in 
the blank control group. Transwells and medium were removed on day 
5, and 100 μL of live and dead staining reagent (Molecular Probes, 
Eugene, OR, USA) were added. Cell viability was assessed using fluo
rescence microscopy (Leica DM2500, Germany) after 30 min of 

incubation at 37 ◦C in the dark. Green fluorescence represents live cells 
and red fluorescence represents dead cells.

2.7. In vivo animal studies

2.7.1. Surgical section
Thirty female New Zealand white rabbits, weighing 2.0-2.5 kg were 

used in this study. Rabbits were divided into five groups: AGV control, 
PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC (n = 6 
animals per group). Specifically, in the MMC group, a cotton pad soaked 
with MMC solution (0.2 mg/mL) was placed in the conjunctival sac for 2 
min and then thoroughly cleaned. In the PLA/TBC and MMC-PLA/TBC 
groups, the fibrous membrane was coated around the AGV surface and 
then implanted. In the modified MMC-PLA/TBC group, the fibrous 
membrane was heated to 43 ◦C, stretched, cooled, and coated around 
the AGV, and then implanted. The stretched fibrous membrane was 
recovered to the original form one week postoperatively. More specif
ically, the bleb area of rabbit's conjunctival sac was continuously 
exposed to 20 mL of 43 ◦C saline dripping and soaking for 30 seconds at 
room temperature.

A preoperative slit lamp, fundus examination, and baseline IOP were 
performed. Intraocular pressure was measured using a Tono-Pen AVIA 
Applanation Tonometer (Reichert Technologies, NY). Topical antibiotic 
drops were applied three days before surgery to reduce the post
operative inflammatory response. Rabbits were intravenously anes
thetized using 3% pentobarbital sodium (1.2 mL/kg). Under surgical 
asepsis, the AGV was initialed before implantation. The Tenon's capsule 
was bluntly separated posteriorly. A 6-0 nylon suture fixed the drainage 
valve to the sclera 3.5 mm posterior to the corneal edge. The drainage 
tube was inserted 2–3 mm after a 23G needle punctured into the anterior 
chamber of the rabbit eye. Finally, the conjunctiva was continuously 
sutured. Postoperatively, anti-infective eye drops were used three times 
a day for two weeks. Postoperative intraocular infection, intraocular 
hemorrhage, accidental animal death, or exposure of the implant/ 
drainage tube will be excluded.

2.7.2. Follow-up observations
The IOP and condition of the anterior segment of operation eyes were 

assessed postoperatively on days 1, 7, 30, 60, and 90. The thickness of 
the filtering bleb was measured using AS-OCT (Optovue, Fremont, CA, 
USA) on days 14, 30, 60, and 90. The fixing suture was identified as a 
marker line. Maximum and minimum thickness values were analyzed 3 
mm posterior to the marker line.

2.7.3. Histology, immunohistochemistry, and immunofluorescence
Rabbits were euthanized by overdose anesthesia three months 

postoperatively. Bleb surrounding tissue (conjunctiva and sclera nearby) 
was carefully removed. Following paraffin embedding, tissue sections (5 
μm thick) were prepared using a microtome and subsequently stained 
with hematoxylin and eosin (H&E) and Masson's trichrome for histo
logical analysis; tissue was also immunostained for smooth muscle 
α-actin (α-SMA) (PTM-5671) and proliferating cell nuclear antigen 
(PCNA) (10205-2-AP). Images were acquired using an optical micro
scope (Leica DM IL LED, Germany). Tissue was immunostained for Col1 
(14695-1-Ap) and Col3 (22734-1-AP), and then viewed under a fluo
rescence microscope.

2.8. Statistical analysis

Data are represented as mean ± standard deviation and analyzed 
with one-way analysis of variance or Student's t-test using the GraphPad 
Prism software 9.0. Results were considered significantly different if P <
0.05.
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3. Results

3.1. Characterization of PLA/TBC micro/nano-fiber membranes

As shown in Fig. 1a, the DSC results suggest that the transition 
temperature of thermal-responsive PLA (65.6 ◦C) does not meet the re
quirements of biological applications and the temperature over 45 ◦C 
was indicated to be harmful to cells [23]. We therefore induced different 
contents of plasticizer TBC to decrease the transition temperature. As 
TBC content increased to 14 wt% of PLA (PT14), the transition tem
perature gradually decreased to 41.5 ◦C as shown in Fig. 1a. The ther
mogravimetric analysis (TGA) test presented in Fig. 1b shows that the 
PT14 fibrous membrane began to degrade at ~200 ◦C. The T5%, T95%, 
and Tmax (5%, 95%, and max weight loss temperature) values were 252 
◦C, 377 ◦C, and 383 ◦C, respectively, indicating good thermal stability of 
the PT14 fibrous membrane. Fig. 1c is the stress-strain curves of PLA, 
PLA/TBC, and MMC-PLA/TBC fiber membranes, which show that PLA 
fiber membranes have the largest breaking strength, the smallest elon
gation at break, and no obvious yield platform. TBC reduces the tensile 
strength of the fiber film and greatly improves the toughness. In addi
tion, the addition of MMC increases the tensile strength of the fiber 
membrane and does not affect the toughening effect of TBC too much. 
To test the thermal-responsive performance, the PLA/TBC membrane 
was heated to 41.5 ◦C, stretched, cooled, and shape fixed. The fiber 
membrane recovered from the stretched shape in 10 s when soaked in 
41.5 ◦C saline as shown in Fig. 1d. The thermal-responsive performance 
of PLA/TBC coated around the AGV was showed in Figure S1.

The degradation feature was tested in PBS buffer (37 ◦C, 120 rpm air 
bath shaker). PLA and PLA+14%TBC membranes are degradable, and 
PLA+14%TBC has faster degradation rate because of the small molec
ular weight of TBC (Fig. S2a). Fiber membranes were implanted in 
rabbits' conjunctival sac. Membranes were barely degraded in vivo 
within two weeks (Fig. S2b). Both membranes showed good biocom
patibility in rabbits' eyes. A few inflammatory cells can be seen 
compared to the normal conjunctival tissues (Fig. S3).

3.2. Structure and drug release profiles for thermal-responsive fiber 
membranes

The morphology of the thermal-responsive PLA/TBC fiber mem
brane was observed using scanning electron microscopy (SEM) (Fig. 2a). 
The fibers were randomly oriented when arranged in their original 
shape, and the diameters of unloaded and drug-loaded fibers were 4.39 
± 1.49 and 2.13 ± 1.32 μm, respectively. When stretched, the fibers 
were aligned in the same orientation, and the diameters of unloaded and 
drug-loaded fibers were 3.67 ± 1.13 and 1.04 ± 0.29 μm, respectively. 
The diameter of the fibers after stretching was significantly smaller (p <
0.001) than those of the original structure in Fig. 2b. There was a sig
nificant difference (p < 0.0001) in porosity between the original and 
stretched drug-loaded fibers (11.6% ± 0.94% and 1.89% ± 0.35%, 
respectively) (Fig. 2c). The membranes were relatively hydrophobic 
overall as shown in Fig. 2d. The water contact angle was smaller in the 
MMC-PLA/TBC membrane group (134.2◦ ± 1.22◦) than in PLA/TBC 
membrane group (142.4◦ ± 5.6◦) due to the hydrophilic MMC content.

We used a syringe pump method to study the release behavior of 
MMC in rabbit eyes and showed that there was continual release of MMC 
for 15 days (Fig. 3). The release rate of the stretched fibers was signif
icantly slower (p < 0.05) than that of the original fibers, with an average 
daily release of 1.13 ± 0.32 μg, whereas the average rate of the original 
shape release was 4.70 ± 0.53 μg on the first day (Fig. 3a). According to 
Table S1, the first-order model provided the best fit for MMC release 
data. The n values for original and stretched fibers were 0.72 ± 0.05 and 
0.77 ± 0.07, respectively. On day 7, the stretched fibers were heated to 
43 ◦C and recovered to its original shape. After stretching, the fibrous 
membrane released 20% of MMC in the first 7 days. Thermal stimulation 
on day 7 accelerated drug release, leading to 69% cumulative release by 
day 15 (Fig. 3b).

Standard curve of MMC and the drug released from the fibers was 
validated using UV spectroscopy (Fig. S4a, b). There is a characteristic 
absorption peak at 365nm indicating that MMC can be effectively loaded 
and released from the PLA/TBC membranes [24]. Additionally, FTIR 
assessment showed that MMC did not affect the structure of PLA or react 
with it; the characteristic peaks of PLA are clearly visible for comparison 
in Fig. S4c. Therefore, MMC exhibits good compatibility with thermal- 
responsive PLA. Fig. S4d is the infrared spectrum of MMC. The 

Fig. 1. Characterization and the properties of PLA/TBC. (a) Differential scanning calorimetry of different contents of TBC (PT = PLA/TBC). (b) TGA of PLA + 14% 
TBC membranes. (c) The stress-strain curves of PLA, PT14 and MMC/PT14 membranes. (d) Stretched membrane recovered within 10 s at 41.5 ◦C.
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absence of MMC's characteristic peaks in the drug-loaded fibers could be 
due to the low drug loading or the dispersion of MMC within the poly
mer matrix.

3.3. Cytotoxicity and inhibitory effects of thermal-responsive fiber 
membranes

The expression of vimentin (+) and cytokeratin (− ) was assessed to 

verify culture of the primary RTFs (Fig. S5). RTFs were cocultured with 
fibers in a medium containing fibers, and their viability was determined 
using live/dead staining (Fig. 4a). No obvious dead cells were observed 
in any of the groups. RTFs were also cultured on PLA/TBC membrane for 
5 days. A limited number of cells adhered to the fiber surfaces and 
exhibited elongation along the fiber axis when seeded on the mem
branes, as demonstrated in Fig. 4b. Cell counting kit-8 (CCK-8) was 
applied to quantitatively assess the cytotoxicity of thermal-responsive 

Fig. 2. Characterization of thermal-responsive PLA/TBC and MMC-PLA/TBC membranes. (a) SEM and diameter distribution of original and stretched fibers (PLA/ 
TBC and MMC-PLA/TBC membranes); scale bar 50 μm. (b) Diameter of original and stretched fibers (PLA/TBC and MMC-PLA/TBC membranes). (c) Porosity of 
original and stretched MMC-PLA/TBC membranes. (d) Representative image and statistical result of water contact angle of PLA/TBC and MMC-PLA/TBC membranes 
in their original shape. *p < 0.05 as compared with the control.

Fig. 3. Release profiles of MMC-PLA/TBC membranes. (a) Daily release and (b) MMC release rate of original MMC-PLA/TBC, stretched MMC-PLA/TBC, and modified 
MMC-PLA/TBC membranes (heated to 43 ◦C on day 7).
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Fig. 4. Cytotoxicity and inhibitory effects of thermal-responsive PLA/TBC and MMC-PLA/TBC membranes. (a) Live/dead staining of the blank control, PLA/TBC 
membrane, MMC-PLA/TBC membrane, and stretched MMC-PLA/TBC membrane groups; scale bar 100 μm. (b) Live/dead staining of RTFs adhesion on PLA/TBC 
membrane; scale bar 100 μm; SEM images of RTFs adhesion on PLA/TBC membrane; scale bar 20 μm. (c) Cell viability after culture with PLA/TBC membranes on 
days 1, 5, and 7. (d) Cell growth inhibition rate after culture with the origin and stretched MMC-PLA/TBC membranes on days 1, 2, and 3. ***p < 0.001 as compared 
with the control.

Fig. 5. Follow-up observations of eyes following surgery. (a) Representative image for a vertical scanning of AGV tube; scale bar 1 mm. (b) Scan position (green line), 
marker line (blue dotted line), and representative AGV tube images observed by AS-OCT on day 14; scale bar 1 mm. (c) Representative images and the wall thickness 
of bleb (yellow line) of AS-OCT 14 and 90 days postoperative for the AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC groups; scale bar 500 μm. 
(d) Minimum and maximum of the bleb wall thickness for the AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC groups, respectively. (e) IOP for 
the AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC groups on days 1, 7, 30, 60, and 90 after implantation. *p < 0.05, ***p < 0.001 as modified 
MMC-PLA/TBC group compared with the control. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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polymers. On days 1, 5, and 7 of coculture with the PLA/TBC fibers, cell 
viability was close to 100% and showed no significant difference among 
days (Fig. 4c). MMC-PLA/TBC membranes inhibited RTFs growth and 
the inhibition rates of original and stretched MMC-PLA/TBC membranes 
both increased in time. On day 3, the inhibition rates of original and 
stretched MMC-PLA/TBC membranes on RTFs were 54.63% ± 2.89% 
and 31.48% ± 2.8%, respectively (Fig. 4d).

3.4. Follow-up observations of modified MMC-PLA/TBC membrane in 
vivo

Following implantation, the drainage tube remained clear as shown 
in Fig. 5a, and rabbits showed mild inflammatory signs like conjunctiva 
hyperemia and chemosis. On day 7, rabbit eyes treated with modified 
MMC-PLA/TBC were soaked in 43 ◦C saline for 30 s to recover from 
stretched shape and achieve faster MMC release. No eyes showed any 
sign of leakage, infection, or other serious complications (Figs. 5a, S6). 
The cornea remains transparent (Fig. S6b), indicating that 30 s of 43 ◦C 
stimulation was relatively safe for the ocular surface. Anterior segment 
optical coherence tomography (AS-OCT) was used to observe the 
thickness and condition of bleb wall on days 14, 30, 60, and 90, and 
representative images are presented in Fig. 5b. The thickness of bleb 
wall tested by AS-OCT could indicate the extent of bleb fibrosis in vivo. 
The thinner bleb wall thickness suggests less bleb fibrosis. Bleb walls 
were thicker at first due to the AGV implantations and MMC effect 
(Fig. 5c). Hyperemia and edema of the conjunctiva were more apparent 
during the first postoperative week, caused by the burst release of MMC 
[25]. Without MMC burst release, the modified group exhibited less 
edema (Fig. 5d) [26]. The minimum and maximum bleb wall thickness 
in the modified MMC-PLA/TBC group (144.70 ± 7.37 and 522.31 ±
8.33 μm, respectively) on day 90 were significantly thinner (p < 0.05) 
than those in the AGV group (237.30 ± 8.50 and 691.70 ± 10.41 μm, 
respectively), and MMC-PLA/TBC group (156.00 ± 5.29 and 557.70 ±
6.66 μm, respectively). The filtering bleb became progressively denser 
due to the accumulation of collagen, therefore, there is no significant 
increase of the bleb wall thickness between 60 and 90 days in the same 
group. Fibrosis of the filtering bleb leads to scarring and an increase in 
IOP, which is one of the main outcomes of AGV implanting for glaucoma 
patients. Therefore, lowering IOP could maintain the visual function of 
patients [27,28]. The pressure-sensitive unidirectional valve of AGV 
prevents complications caused by ocular hypotension [2]. Herein, the 
baseline IOP of rabbits was 13.4 ± 1.07 mmHg. The IOP of the AGV 
group increased and was maintained at a relatively high level during the 
following 30 postoperative days (Fig. 5e). The group treated with 
modified MMC-PLA/TBC kept a low level of IOP and reached 8.0 ± 0.89 
mmHg 90 days postoperatively, which was significantly lower (p <
0.05) than that in AGV control group (11.83 ± 0.98 mmHg), MMC group 
(9.50 ± 0.55 mmHg), and MMC-PLA/TBC group (8.00 ± 0.89 mmHg). 
In vivo results demonstrate that the modified group had a lower IOP that 
effectively reduced scarring.

3.5. Toxicity and biocompatibility of modified MMC-PLA/TBC 
membrane

In addition to the in vivo experiments, this study was conducted from 
a histological perspective to verify the anti-fibrosis effect. There was no 
evidence of fiber residues after three months postoperatively, indicating 
that the fiber had fully degraded during this time. All treatment groups 
exhibited significantly greater fibrotic changes compared to normal 
conjunctival tissue. There was no significant evidence of inflammatory 
cells or necrotic tissues in any group as shown in Fig. 6. All groups 
revealed low toxicity and good biocompatibility.

3.6. Anti-fibrosis effect of modified MMC-PLA/TBC membrane

Fibrosis tissue, characterized by collagen deposition, stained blue 
with Masson's trichrome. Fibrosis tissue thickness was measured and 
compared in different regions (Fig. 7a). Previous research has shown 
that the foreign body reaction plays a primary role in fibrosis in GDD 
implant surgery [29]. The scar thickness of the modified MMC-PLA/TBC 
group except limbal side thickness was significantly thinner than that in 
the AGV group (p < 0.0001), and MMC-PLA/TBC group (p < 0.01) 
(Fig. 7b).

Immunohistochemical analysis (Fig. 8a, b) showed fewer α-SMA- and 
PCNA-positive cells in the modified MMC-PLA/TBC group (p < 0.05). 
α-SMA is expressed by myofibroblasts, and decreased expression of 
α-SMA indicates decreased differentiation of fibroblasts which leads to 
fibrosis [30]. Expression of PCNA is correlated with cell division; high 
expression of PCNA suggests the formation of a hypertrophic fibrosis 
tissue [31].

Interestingly, the fibrosis thickness of the PLA/TBC group was 
observed to be significantly thinner (p < 0.05) than that in the AGV 
group (Fig. 7b). To explain this result, we conducted immunofluores
cence staining of Collagen type 1 (Col1) and Collagen type 3 (Col3). The 
ratio of Col1/Col3 in the AGV group (5.10 ± 1.31) was significantly 
increased (p < 0.0001) than in the PLA/TBC group and modified MMC- 
PLA/TBC group (1.44 ± 0.56 and 0.63 ± 0.18, respectively) (Fig. 9). 
Meanwhile, the ratio of Col1/Col3 in the modified MMC-PLA/TBC group 
was significantly lower (p < 0.01) than in the MMC-PLA/TBC group 
(1.20 ± 0.20).

4. Discussion

Ahmed Glaucoma Valve, as a foreign body in conjunctiva, could lead 
to formation of dense fibrous capsule [32]. According to a 5-year study, 
the surgical failure rate after AGV implantation increased over time 
[33]. The clinical application in glaucoma filtration surgery of MMC, 
which inhibit DNA synthesis, primarily depends on its potent anti- 
proliferative effects on subconjunctival fibroblasts, and induction of 
apoptosis in Tenon's capsule fibroblasts, thereby modulating post
operative wound healing processes [34]. Wound healing after glaucoma 
surgeries is a dynamic process. Fibroblasts migrate and massively pro
liferate postoperatively on days 5–14 (proliferative phase of scarring) 
[35,36]. Although MMC was released in vitro for 15 days, we believe 

Fig. 6. H&E staining three months postoperatively demonstrated good biocompatibility of PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC. (*: 
Filtration bleb area.)
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that a release of 15 days could cover the critical period of fibrosis. We 
anticipate observing the long-term effect of dynamic release of MMC on 
bleb scarring. In this study, we observed the function of MMC-loaded 
thermal responsive fibers for a long term of 3 months and found modi
fied MMC-PLA/TBC could remain low level of IOP and decrease fibrosis. 
MMC-induced fibroblast apoptosis is in a time- and concentration- 
dependent manner [37]. MMC treatment once would not cover the 
whole process of the proliferative phase when used once intra
operatively. Postoperative stimulation with saline at 43 ◦C could achieve 
the effect of subconjunctival injection and avoid serious side effects or 
drug toxicity caused by invasive manipulations and burst release. 
Therefore, we regulated PLA/TBC fiber membranes dynamically and 

achieved MMC controlled release in vivo, and effectively decreased the 
fibrosis in 3 months after AGV implantation.

Polyester-based materials were used for delivery of antiglaucoma 
medications [38,39]. PLA, as a polyester-based material, is biocompat
ible, biodegradable, and has an extensive range of biomedical applica
tions in drug delivery [40]. The ocular surface temperature typically 
ranges from 33 ◦C to 35 ◦C [41], while the aqueous humor and 
conjunctival sac maintain a temperature of approximately 37 ◦C [42]. 
Overheating could cause cell death and other damage to the ocular 
surface [23]. Given this, the transition temperature of 41.5 ◦C and 
stimuli temperature of 43 ◦C for 30 seconds in our study were found to 
be safe for ocular tissues, consistent with previous studies on ocular 

Fig. 7. Masson's trichrome staining of filtering blebs in the normal eyes, AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC groups. (a) Repre
sentative micrograph of filtering bleb (*: Filtration bleb area). (b) Fibrosis tissue thickness of limbal side, optic nerve side, roof, and baseline bleb stained with 
Masson's trichrome in the normal eyes, AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC groups. *p < 0.05 as compared with the control (n = 6).
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thermally responsive materials [43,44]. This good thermal-responsive 
property allows fibers achieve non-invasive deformation in vivo and 
reduce pain of patients.

Micro/nano-fibers have demonstrated considerable potential as drug 
delivery systems owing to their high porosity and high surface-to- 

volume ratio [45,46]. FTIR analysis confirmed that MMC did not 
affect the chemical structure of PLA. The characteristic peaks of PLA 
remained intact, suggesting no chemical interaction between MMC and 
PLA. Low drug content of fibers has been demonstrated to prolong 
release because the drug was encapsulated and dissolved in the fiber 

Fig. 8. Immunohistochemical examination three months postoperatively. (a) Representative graphs for the AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified 
MMC-PLA/TBC groups showing α-SMA-positive expression in cytoplasm and PCNA-positive expression in the nucleus (black arrows); scale bar 25 μm. (b) Average 
optical density of α-SMA- and PCNA-positive expression. *p < 0.05 as compared with the control (n = 6).

Fig. 9. Immunofluorescence staining of Col1 and Col3. (a) Graphs for the AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC groups showing Col1 
(green) and Col3 (red) expression; scale bar 200 μm. (b) Ratio of Col1/Col3 in AGV, PLA/TBC, MMC, MMC-PLA/TBC, and modified MMC-PLA/TBC groups. ****p <
0.0001 as compared with the control (n = 6). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.)
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[47]. Since the release exponent (n) values for all MMC formulations 
ranged from 0.43 to 0.85, the drug release mechanism can be classified 
as anomalous (non-Fickian) diffusion [48]. It can be inferred that PLA/ 
TBC membranes effectively modulate MMC release kinetics, likely due 
to their controlled degradation and diffusion properties. Herein, MMC 
was mainly released by desorption and subsequent diffusion through 
water-filled pores. As results shown in Fig. 2a, the stretched fibers had 
aligned structures that led to lower burst release [49]. Moreover, the low 
porosity and the hydrophobicity of fibers was also found to inhibit drug 
release [50]. Tensile deformation arranges the fiber orientation to cause 
a decrease in the size of the pores between the fibers and in the overall 
porosity. The hydrophobic surface can reduce the rate of water ab
sorption of the fibrous membrane, thereby slowing the rate of drug 
release [51]. This could explain the difference in drug release rate before 
and after fiber membrane deformation. The modified MMC-PLA/TBC 
membrane in this study showed an initial slow release followed by a 
fast release pattern and achieved controlled MMC release.

Cytotoxicity tests showed that PLA/TBC membranes had favorable 
biological applicability. Low concentrations of MMC are known to 
inhibit cell proliferation with low cytotoxicity [52]. Proliferation and 
differentiation of Tenon's fibroblasts is one of the main reasons for 
scarring after glaucoma surgery [53]. Fibroblasts' proliferation reaches 
the peak one week postoperatively [54], shape recovering of MMC-PLA/ 
TBC membranes could inhibit RTFs effectively. Consistent with drug 
release characteristics, the inhibition of cell proliferation in the group 
treated with stretched MMC-PLA/TBC membranes was less than that in 
the group treated with original unstretched membranes. The amount of 
MMC released from both original and stretched micro/nano-fibers was 
proofed to be sufficient for inhibiting fibroblasts proliferation according 
to previous study [10]. In addition, RTFs adhesion could be prevented 
on hydrophobic fiber membranes [55]. Based on the in vitro experi
ments, drug-loaded fiber membranes offer favorable biological safety 
and could effectively control cell proliferation by changing fibers' shape.

The possible mechanisms of the modified MMC-PLA/TBC micro/ 
nanofibers reducing fibrosis were as follows. First, MMC-controlled 
release dynamically inhibited the proliferation and adhesion of fibro
blasts during the entire proliferative phase of scarring. The reduced 
fibroblast population consequently differentiated into fewer myofibro
blasts with an overall decreased expression level of collagen, α-SMA and 
PCNA and a thinner bleb wall. Second, the fiber-coated AGV increased 
the MMC application area, which guaranteed enough fixed space for 
MMC to function, as previously shown that could decrease fibrosis of 
bleb wall [9]. Third, the soft fibers relieved mechanical overloading 
conditions and provided a wound healing environment without exces
sive fibrosis. During scar formation, Col3 is first deposited in the ECM 
and then gradually replaced by Col1 [56]. The increase of Col1/Col3 
ratio indicates the excessive fibrosis. Zhou et al. found that mechanical 
overloading could increase the ratio of Col1/Col3 [57]. A flexible, soft 
fibrous membrane covered-AGV may relieve the mechanical press of 
silicone-made AGV. Meanwhile, the ECM-like structure of micro/nano- 
fibrous membranes could lead to non-scarring healing [58,59]. In this 
condition, the wound tended to recover without excessive fibrosis. Less 
differentiation of fibroblasts and MMC-controlled release together 
reduced the scarring associated with AGV implantation.

This study has some limitations. The release time of MMC was 
shorter than that in previous studies [55,60], and a core–shell structure 
of fibers may provide longer drug release time. Furthermore, while this 
study focused on the safety of 43 ◦C for ocular surface and filtering bleb, 
further investigation is needed to determine how thermal exposure in
fluences bleb fibrosis. Additionally, the use of normal rabbit models may 
not fully replicate the conditions seen in glaucomatous patients, where 
factors like high intraocular pressure and cytokine levels such as 
vascular endothelial growth factor [61] and transforming growth factor- 
beta [62] play a more significant role in fibrosis development. There
fore, rabbit models with stable high IOP need to be investigated in 
further research.

5. Conclusions

This study introduced a system featuring dynamic regulation of 
thermal-responsive fibers for controlled drug release in ophthalmology. 
The thermal-responsive fiber showed considerable potential in dynamic 
controlled drug release applications. Thermal-responsive MMC-PLA/ 
TBC membranes and use of the transition temperature were shown to be 
biologically safe. The release of MMC could be dynamically regulated to 
prevent burst release and significantly inhibit RTF proliferation. The 
noninvasive MMC release regulation was achieved by heating simula
tion on the ocular surface to effectively decrease fibrosis. Therefore, the 
thermal-responsive MMC-loaded PLA/TBC fiber membrane has poten
tial clinical value for glaucoma surgery and translational potential for 
non-invasive drug delivery.
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