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Eyelid plays a vital role in protecting the eye from injury or infection. Inflammation related eyelid diseases, such
as blepharitis, are the most common ocular disorders that affect human’s vision and quality of life. Due to the
physiological barriers and anatomical structures of the eye, the bioavailability of topical administrated thera-
peutics is typically less than 5%. Herein, we developed a bio-responsive hydrogel drug delivery system using a
generally recognized as safe compound, triglycerol monostearate (TG-18), for in-situ eyelid injection with sus-
tained therapeutics release. In vitro, drug release and disassembly time of Rosiglitazone loaded hydrogel (Rosi-
hydrogel) were estimated in the presence or absence of MMP-9, respectively. Moreover, the disassembly of TG-18
hydrogel was evaluated with 9-month-old and 12-month-old mice in vivo. Owing to the bio-responsive nature of
Rosi-hydrogel, the on-demand Rosiglitazone release is achieved in response to local enzymes. These findings are
proved by further evaluation in the age-related meibomian gland dysfunction mice model, and the bio-responsive
hydrogel is used as an in-situ injection to treat eyelid diseases. Taken together, the in-situ eyelid injection with

sustained drug release opens a window for the therapy of inflammation related eyelid diseases.

1. Introduction

The eye is the most important sensory organ of the body because
approximately 80% of all sensory input is received via the eyes [1].
Eyelids are of paramount importance in protecting the ocular surface
from various insults [2]. Eyelid diseases, such as inflammation [3],
position and function abnormalities [4], congenital abnormalities [5]
and tumors [6], can affect the shape and function of eyelids, thereby
leading to ocular surface diseases. Inflammation related eyelid disease
such as blepharitis is the most common ocular disorders observed by
ophthalmologists [7,8]. In a survey carried out by ophthalmologists in
the United States, 37-47% of the patients showed evidence of blepharitis
[9]. Hitherto, topical drug administration such as eye drops or ointments
is the most common therapy for treating inflammation related eyelid
diseases [10]. However, delivering therapeutics to the ocular surface is
challenging for multiple reasons, such as fast clearance of eye drops from
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the ocular surface and limited drug penetration due to the eyelid or
conjunctival barriers [11,12]. Moreover, excessive therapeutics would
be absorbed by the eye ball, leading to inevitable drug toxicity. Usually,
the bioavailability of the common ophthalmic solution is less than 5%
[13,14], resulting in repeated eye drops administration for a long
period, which might bring about toxic side effects, such as intraocular
hypertension, dry eye, and chronic allergy [15-17]. Therefore, high
efficacy, low side effects and alternative administration methods to treat
eyelid diseases are significant.

Recently, in order to improve therapeutic efficacy, several drug de-
livery systems have been developed to administer various drugs and
release them in an adjustable manner [18,19]. Among the various drug
delivery systems, stimuli-responsive hydrogels have been widely studied
for their notable properties, such as 3D structure, high biocompatibility,
similarity to living tissues and tunable physical characteristics [20-22].
Therefore, injectable hydrogels have been applied for the treatment of
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several ocular diseases [23-25]. However, despite their promise for
sustained drug release, few studies have been carried out on the treat-
ment of eyelid diseases. Triglycerol monostearate (TG-18) is a
small-molecule amphiphile and recognized as safe (Generally Recog-
nized as Safe, GRAS) compound by Food and Drug Administration
(FDA). It can be simply self-assembled during the heating/cooling pro-
cess [26] to develop hydrogels that encapsulate a wide range of thera-
peutics and deliver drugs in response to enzymes. Hence, we speculated
that TG-18 hydrogel is suitable for therapy of inflammation related
eyelid diseases. Herein, we developed the injectable bio-responsive
hydrogel using TG-18 and evaluated the therapeutic efficacy of in-situ
eyelid injection in age-related meibomian gland dysfunction (ARMGD)
mice model. Rosiglitazone is selected as a payload for its function in
regulating lipid metabolism as well as anti-inflammatory property
[27-30]. We demonstrated the inflammation response properties in
vitro through a drug release study with or without matrix metal-
loproteinase nine (MMP-9), and further confirming it by monitoring
hydrogel disassembly in vivo using 9-month-old and 12-month-old
mice. Moreover, we proved that Rosi-hydrogel is stable and could sus-
tain the release of the encapsulated therapeutics for 1 month. Further-
more, the in-situ eyelid injection of Rosi-hydrogel using a microinjection
needle (27 G) every two weeks successfully delayed the meibomian
glands (MGs) atrophy and maintained their biological function in the
mice model during aging. Taken together, we speculated that in-situ
eyelid injection using bio-responsive hydrogel is a promising therapy
for treating inflammation related eyelid diseases in the future.

2. Materials and methods
2.1. Study design

The bio-responsive injectable hydrogel was fabricated, and a po-
tential therapeutic was loaded through a self-assembly process. Drug
release, hydrogel disassembly and biocompatibility of the injectable
hydrogel were investigated. Subsequently, the in vivo therapeutic effect
was evaluated using the mice model. The MGs of 12-month-old mice had
been reported to exhibit aged pathological changes [31,32]. Thus,
9-month-old mice (n = 60) (Charles River, China) were raised for 3
months to simulate the aging process, and randomly divided into four
groups: Control group (no intervening measure, n = 15), Blank Gel
group (injection of 5 pL blank gel under the skin of upper eyelid every
two weeks, n = 15), ROSI group (10 mg/kg, oral gavage, once daily, n =
15) and ROSI Gel group (injection of 5 pL Rosi-hydrogel under the skin
of upper eyelid every two weeks, n = 15). Four groups were further
subdivided into three time points (1 M, 2 M and 3 M after the first
intervention, M = months). At each time point, five mice of each group
were sacrificed and examined. All animal studies were carried out ac-
cording to the National Institutes of Health (NIH) guidelines for animal
use and in accordance with the Association for Assessment and
Accreditation of Laboratory Animal Care. The protocols were approved
by the Animal Ethics Committee of Shanghai Jiao Tong University. Mice
were allowed free access to standard rodent chow and water, housed
under standard 12 h light/dark cycles.

2.2. Reagents

Triglyceride monostearate (TG-18) was purchased from AK Scientific
(USA). Rosiglitazone (R2408) (molecular weight: 357.43 g/mol) and
matrix metalloproteinase nine (MMP-9) (PF024) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Rabbit anti-NF-kB (Cat#8242),
mouse anti-p-NF-kB (Cat#3036) and rabbit anti-GAPDH (Cat#5174)
were from Cell Signaling Technology (Danvers, MA, USA). Mouse anti-
adiponectin (ab22554) and rabbit anti-PPARy (ab59256) were from
Abcam (Cambridge, UK). Mouse anti-cytokeratin 14 (sc-53253) was
from Santa Cruz Biotechnology (CA, USA). Rabbit anti-MMP-3
(GB11131) and anti-MMP-9 (GB11132) were from Servicebio (Wuhan,
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China). LIVE/DEAD® Kit Contents Viability/Cytotoxicity Assay Kit
(L3224), Alexa Fluor 594-conjugated IgG (A11058), Alexa Fluor 488-
conjugated IgG (A11055, A21206), 1,1’-Dioctadecyl-3,3,3’,3'-Tetrame-
thylindodicarbocyanine Perchlorate (DiD) (D307) and BCA protein
assay kit (23225) were from Thermo Fisher Scientific (USA). 40,6-diami-
dino-2-phenylindole (DAPI, H-1200) was from Vector (Burlingame, CA,
USA). Quantibody Mouse Cytokine Array 2 was from Ray Biotech
(Norcross, GA, USA).

2.3. Preparation of Blank hydrogel and drug encapsulation

In order to fabricate Blank hydrogel (10% w/v), 1 g of TG-18 was
weighed into a glass scintillation vial and then 10 mL of DMSO-water
mixture (1: 4 vol ratio) was added. The vial was heated to 65 °C for
15 min until TG-18 was dissolved and then placed on a flat surface to
allow it to cool to room temperature for 10 min, resulting in hydrogel
formation. Rosi or DiD was added to the vial together with TG-18, for a
final concentration of 10 mg/mL Rosi and 100 pg/mL DiD.

2.4. Characterization of Blank hydrogel and Rosi-hydrogel

Hydrogel micromorphology was observed by scanning electron mi-
croscopy (SEM, Zeiss Merlin Compact). The hydrogel was lyophilized by
freeze-drying, followed by sputter-coating with gold at 30 mA for 20 s
before observation. The rheological properties were measured on a
rheometer (HAAKE MARS60, Thermo-Fisher, Hampton). The variation
in the storage modulus (G’) and loss modulus (G’’) from 65 °C to 25 °C
was measured at a fixed frequency of 1 Hz and a heating/cooling rate of
5 °C/min. Frequency sweep experiments were carried out in a frequency
range of 0.1-100 rad/s at 25 °C and 0.1% strain. For injectable feasi-
bility, the viscosity of both Blank hydrogel and Rosi-hydrogel was
measured before and after injection with the microneedles at 25 °C in a
frequency range of 0.1-100 rad/s.

2.5. In vitro release in response to MMP-9

The bio-responsive release of Rosi from Rosi-hydrogel was facilitated
at 37 °C and pH 7.4. Rosi-hydrogel (50 pL, 10 mg/mL) was placed in the
dialysis tubing (3.5 kDa molecular weight cut-off; Shanghai Yuanye
Biotechnology) and suspended in PBS (950 pL) with and without re-
combinant human MMP-9 (1 pg/mL). MMP-9 was added every 7 days.
Subsequently, the dialysis bags filled with Rosi-hydrogels in the release
medium were placed in 50 mL sterile PBS, and incubated at 37 °C with
agitation at 300 rpm. At each time point, 1 mL sink medium was
collected for the detection and replenished with 1 mL fresh PBS to
ensure constant sink conditions. The Rosi contents were determined by
high-performance liquid chromatography (HPLC) (column: Welch Ulti-
mate Plus - C18, 250x4.6 mm; mobile phase A: 0.02 M ammonium
acetate solution; mobile phase B: 100% acetonitrile; flow rate: 1.0 mL/
min; temperature: 35 °C; DAD detector: 245 nm).

2.6. Hydrogel disassembly in vitro

The disassembly of hydrogel was investigated by enzymatic disas-
sembly experiments in vitro. Aliquots of Blank hydrogel (200 pL) were
added to the upper chambers of the 12-well trans-well plate on Day 0.
Chambers were immersed in 1 mL PBS with or without MMP-9 (1 pg/
mL). MMP-9 was added every 7 days, and the plates were incubated at
37 °C for 30 days. The weight of the hydrogel was recorded at pre-
determined time points. The disassembly percentage was calculated
through the following equation: Disassembly (%) = Wo-W¢/Wg x 100%.
In this equation, Wy and W; were the initial and final weights of the
hydrogel after disassembly.
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2.7. Hydrogel disassembly in vivo

9-month-old and 12-month-old mice were injected with TG-18
hydrogel loaded with DiD (5 pL, 100 pg DiD/mL) under the skin of
the upper eyelid on Day 0. Every other day for 14 days, mice were
anesthetized via isoflurane inhalation and subsequently imaged using an
in vivo imaging system (IVIS).

2.8. Isolation and culture of primary mouse meibocytes

The preparation of primary mouse meibocytes was described in a
previous study [33]. Briefly, the upper and lower eyelids of twenty
4-week-old mice were removed, disinfected with 75% ethanol, and
dissected under a Zeiss microscope. The tissues were washed with PBS
and placed in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 100 U/mL penicillin/streptomycin (Gibco, USA). After the
conjunctiva and excess skin were removed, the tarsal plates were placed
in DMEM containing 0.25% collagenase A (Invitrogen, Carlsbad, CA)
and 0.6 U/mL dispase II (Invitrogen). Then, the glands were digested at
37 °C for 6 h, followed by centrifugation at 1000 rpm for 10 min. Sub-
sequently, the cell pellet was suspended in keratinocyte growth medium
(KGM, Lonza Walkersville, Inc., Walkersville, MD, USA) containing
human epidermal growth factor (hEGF), hydrocortisone, insulin and
gentamicin and supplemented with 10% fetal bovine serum (FBS). Cells
were cultured in 6-well plate in a humidified atmosphere with 5% CO5 at
37 °C.

2.9. In vitro biocompatibility

Viability staining was performed using Live/Dead™ assay, as
described previously [34]. Briefly, 5 x 10* primary mouse meibocytes
(Passage 2) were seeded in 24-well plates (Corning) containing
trans-well inserts (Millipore, USA). After culturing overnight, medium
was replaced with fresh medium, fresh medium with 50 pL Blank
hydrogel and fresh medium with 50 pL Rosi-hydrogel was added to the
upper chamber. After 48 h of incubation, the culture medium was
aspirated, and the cells were rinsed with PBS twice. Subsequently,
meibocytes were incubated in PBS containing ethidium homodimer 2
(EthD-2) and calcein-acetoxymethylester (CAM) at 37 °C for 15 min.
Live (green stain) and dead (red stain) cells were captured using a
fluorescence microscope (Olympus BX51; Olympus, Tokyo, Japan).
Finally, the cell viability was quantified by dividing the number of dead
cells by the total number of cells.

2.10. Morphology of MGs and corneal fluorescent staining (CFS)

All mice were weighed before experiments. Before capturing, 1 pL of
1% liquid sodium fluorescein (Jingmingxin Co., Ltd., Tianjin, China)
was dropped into the conjunctival sac, and CFS was captured after 60 s
later under the slit-lamp microscope with a cobalt blue filter. The cornea
was divided into four quadrants and graded as follows: O point for no
staining; 1 point for mild punctate staining; 2 points for moderate
punctate staining (between 1 and 3 points); and 3 points for the exis-
tence of filamentary keratitis or piece staining. The total score was ob-
tained by adding the score of the four quadrants (0-12). Mice were
sacrificed, and the upper and lower eyelids were excised through a Zeiss
microscope. The structure of MGs was clinically photographed with a
Keratograph (Oculus, Wetzlar, Germany). The score of MGs was evalu-
ated according to clinical standards: 0 point for no disordered MGs or
MGs dropout; 1 point for disordered MGs, but no MGs dropout; 2 points
for disordered MGs with MGs dropout, but, the loss of MGs is less than 1/
3; 3 points for disordered MGs with MGs dropout and the loss is greater
than or equal to 1/3. The scores of MGs were assessed based on the
photographs and data presented as mean + SD.
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2.11. Histology

Eyelid tissues from four groups were collected and embedded in
optimal cutting temperature (OCT) compound or paraffin, followed by
slicing into sagittal sections (8-pm-thick). Frozen sections were stored at
—80 °C, and paraffin sections were stored at room temperature. He-
matoxylin and eosin (H&E) staining was performed on paraffin sections,
while immunofluorescence staining and Oil Red O were performed on
frozen sections.

2.12. Oil Red O staining

Frozen eyelid sections were fixed in 4% paraformaldehyde for 15
min and washed in PBS for 5 min, followed by staining with freshly
prepared Oil Red O solution for 10 min. The sections were counter-
stained with hematoxylin and mounted in 90% glycerol.

2.13. Immunofluorescence staining

Frozen sections were fixed in cold acetone (—20 °C) for 15 min,
permeabilized with 0.3% Triton X-100 for 30 min, blocked with 5%
donkey serum in PBS for 1 h at room temperature, and incubated with
MMP-3 (1:200), MMP-9 (1:200), NF-kB p65 (1:200), phosphor NF-«kB
p65 (1:200) and PPARy (1:200) antibodies overnight at 4 °C. Negative
control was incubating the sections without primary antibody. The
sections were then incubated with Alexa Fluor 488-conjugated IgG
(1:400) or/and Alexa Fluor 594-conjugated IgG (1:400) for 1 h at room
temperature, followed by counterstaining with DAPI. The images were
acquired by fluorescence microscopy (Olympus BX51, Olympus, Tokyo,
Japan). The average intensity of fluorescence staining was measured
through Image J software. Meibocytes were immunofluorescence
stained with PPARy (1:200) and Cytokeratin 14 (1:100).

2.14. Western blot analysis

Isolated MGs were stored at —80 °C overnight, subsequently
extracted in lysis buffer containing phosphatase and protease inhibitors.
The protein concentration was measured using the BCA protein assay
kit. Three samples were used from each group. An equivalent of 30 pg
protein extract was subjected to electrophoresis on 10% Tricine gel and
transferred to PVDF membranes (0.22 pm). Then, the membranes were
blocked in 5% BSA for 60 min and incubated with PPARy (1:1000),
phospho-NF-kB (1:1000) and GAPDH (1:5000) antibodies overnight at
4 °C. The data were observed using an Odyssey V 3.0 image scanner (LI-
COR) after incubation with DyLight TM680-conjugated secondary an-
tibodies (1:10000, Sigma).

2.15. Quantification of mouse cytokine using an antibody array

MGs protein extracts were collected as mentioned above. The con-
centrations of six selected inflammatory cytokines were measured using
a Quantibody Mouse Cytokine Array. The cytokines array was carried
out as previously reported [35]. Tissue samples were detected using a
GenePix scanner (Axon Instruments Inc., Foster City, CA, USA) and
further analyzed using GenePix Pro 6.0 software (Axon Instruments
Inc.).

2.16. Engyme-linked immunosorbent assay (ELISA)

Three 9-month-old mice and three 12-month-old mice were used in
this experiment. MGs from each mouse were lysed in 100 pL RIPA lysis
buffer in the presence of protease inhibitors (Roche), and the level of
MMP-9 protein was detected using an ELISA kit. All samples were
assayed in three technical replicates. Data represented as mean + SD.
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2.17. Statistical analysis

Data were processed using GraphPad Prism 7.0 software (GraphPad
Software Inc, San Diego, CA, USA). At least three samples were tested for
each experiment, and data are presented as means + SD (*P < 0.05, **P
< 0.01 and ***P < 0.001). Multiple t-tests using a false discovery rate
approach (two-stage step-up method of Benjamini, Krieger, and Yeku-
tieli) was conducted to analyze the differences between the two groups.
P < 0.05 indicated statistical significance.

3. Results and discussions
3.1. Preparation of injectable Rosi-hydrogel and research scheme

Injectable Rosi-hydrogel was fabricated with simple procedures, as
reported previously using GRAS compound TG-18. A schematic of the
hydrogel formation and enzyme-responsive drug release is illustrated in
Fig. 1. TG-18 consists of a hydrophobic tail (polymethylene) and a hy-
drophilic head group (polyhydroxyl). Upon heating to 65 °C in a
dimethyl sulfoxide/water mixture, TG-18 forms a clear solution due to
the formation of micelles. The subsequent cooling results in a solid
hydrogel due to self-assembly (Fig. S1), and the hydrophobic com-
pounds can be encapsulated into the hydrophobic core of the TG-18
hydrogel. The Rosi-hydrogel was injected subcutaneously, and
residing nearby the MGs region for sustained release of Rosi. Further-
more, MMP-9 around the MGs accumulates during the aging process,
thereby accelerating the disassembly of Rosi-hydrogel and enhancing
Rosi release, which in turn suppressed the secretion of MMP-9 accom-
panied by slow release of Rosi to maintain a long-term therapeutic
effect.

3.2. Morphology and rheological properties of hydrogels

SEM was applied to evaluate the surface morphology of the Blank
hydrogel and Rosi-hydrogel. Representative SEM images of lyophilized
Blank hydrogel and Rosi-hydrogel were shown in Fig. 2a and 2b. The
lamellar structures were observed in Blank hydrogel, and when Rosi was
loaded into the hydrophobic core, higher-order fibrous assemblies were
obtained, which proved successful encapsulation of Rosi. The
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rheological properties of Blank hydrogel at different concentrations
(5%, 10%, 20% and 30% w/v) were monitored by rheometer (Fig. 2c
and Fig. S2), and 10% w/v was chosen for further study. As the tem-
perature decreased from 65 °C, the storage modulus G’ increased
rapidly, the gelation temperature (G’ = G’’) was 58.21 °C for the Blank
hydrogel (Fig. 2c¢) and 60.78 °C for Rosi-hydrogel (Fig. 2d). Thus, it
could be suggested that the sol-gel transition occurs at approximately
60 °C. The frequency sweep measurements demonstrate that both Blank
hydrogel and Rosi-hydrogel exhibited G’ values increased 3-4 times
throughout the frequency sweep from 0.1 to 100 rad/s and remained
much greater than the G’ values, indicating the formation of stable
hydrogels (Fig. 2e and f). The shear viscosity frequency sweep mea-
surement further confirmed the injection feasibility of the obtained gel
(Fig. 2g). It was found that no matter the Blank hydrogel or the Rosi-
hydrogel showed a decrease in the viscosity after injection throughout
the frequency sweep from 0.1 to 100 rad/s, which verified the shear
thinning characteristic of the hydrogel and the hydrogel could pass
through the microneedles easily.

3.3. Drug release, disassembly and biocompatibility of Rosi-hydrogel

MMP-9 is a crucial gelatinase present on the ocular surface [36], and
desiccating stress is a non-negligible reason for the elevated MMP-9 in a
murine model [37]. Herein, the cumulative release of Rosi in response to
MMP-9 in vitro was investigated. Rosi-hydrogel was incubated in
phosphate-buffered saline (PBS) (pH 7.4) at 37 °C with or without
MMP-9 (1 pg/mL). In the absence of MMP-9, Rosi-hydrogel demon-
strated excellent stability in PBS, with only approximately 5% release of
Rosi within 24 h and 30% cumulative release of Rosi over 30 days. This
proved that Rosi-hydrogel was stable at normal condition, and thus, the
therapeutics encapsulated in the hydrogel did not burst release and led
to drug toxicity. Repeated addition of MMP-9 every 7 days significantly
increased the cumulative drug release from 30% to almost 50% on day
30. The total drug release of the MMP-9 group was 1.47-fold compared
to the control group (Fig. 2h). Subsequently, we tested the disassembly
rate of the Rosi-hydrogel in vitro under cell-mediated condition by
monitoring the hydrogels’ residual weight (Fig. 2i). The weight of the
Rosi-hydrogel incubated with PBS was heavier on day 3 than on day 0.
We speculated that the swelling rate of the hydrogel was dominant
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compared with the degradation rate in the initial stage, so the weight of
the hydrogel kept increasing until it reached the summit. Following, the
hydrogel degraded by about 30% on day 14 and about 59% on day 30,
confirming that the hydrogel had good stability under normal condi-
tions. However, when the hydrogel was incubated with MMP-9, the
disassemble rate increased greatly, the hydrogel degraded by about 44%
on day 14, and about 90% on day 30. At each determined time point, the
residual weight of the hydrogel incubated with PBS was significantly
higher than that with MMP-9. Thus, in the presence of MMP-9, Rosi--
hydrogel disassembled faster and released more Rosi in vitro. Enzymes,
including MMPs can cleave the ester bonds in the TG-18 hydrogel and
accelerate the release of encapsulated drugs. We also investigated the
hydrogel disassembly rate in vivo using 9-month-old and 12-month-old
mice. Through using the commercially available ELISA kit, the protein
level of MMP-9 was quantitatively analyzed. The average concentration
of MMP-9 in 12-month-old mice MGs was 61.47 ng/mL, which was
significantly higher than that in 9-month-old mice MGs (Fig. S3). The
data demonstrated that aging would lead to an increase in MMP-9
around the MGs region. Subsequently, a volume of 5 pL of fluorescent
dye 1,1'-Dioctadecyl-3,3,3’,3'-Tetramethylindodicarbocyanine Perchlo-
rate (DiD)-loaded Blank hydrogel was injected under the eyelid skin of
mice on Day 0. DiD is a hydrophobic dye that is retained within the
hydrogel until enzymes degrade the hydrogel. Subsequently, the mice
were imaged using an IVIS every alternate day. The hydrogel fluores-
cence signal decreased to about 32% of the initial signal intensity under
the eyelid skin of 9-month-old mice on day 6, and 16% on day 14. On the
contrary, in 12-month-old mice, the fluorescence signal decreased to
about 10% of the initial on day 6, and it was negligible by day 14. The
relative fluorescence signal was significantly higher in the 9-month-old
mice than in thel2-month-old mice at each determined time point
(Fig. 2j and k). The change of the fluorescence signal can partially reflect
the disassembly of the hydrogel in vivo. The degradation of the hydrogel
in vivo was faster than when it was incubated with PBS in vitro. We
speculated that there are various enzymes in vivo, which will accelerate
the degradation of the hydrogel. In addition, with aging, local enzymes
such as MMP-9 accumulated around the MGs region, which would
further accelerate the disassembly of the hydrogel.

TG-18 hydrogel is crosslinked by ester bonds. Reportedly, the Zn (II)
ion of MMPs can bind to the external water molecules, followed by
deprotonation. Subsequently, the formation of Zn (II)-bond hydroxides
acts as nucleophiles and attack the ester bonds in the TG-18 hydrogel
[38,39]. Accompanied by the breaking of ester bonds, the Rosi-hydrogel
disassembled, and the loaded hydrophobic drug Rosi was released.
MMPs-responsive drug delivery systems have been developed before via
the synthesis of specific MMP-cleavable peptide, such as GGRMSMPV
[40], which is connected through chemical conjugation. Supposedly, the
approach of TG-18 hydrogel formation does not require complex
chemical modification and can be self-assembled through temperature
modification. In vitro and in vivo experiments have proved that MMP-9
can significantly promote the disassembly of TG-18 hydrogel and the
release of the encapsulated drugs. Considering that ARMGD is accom-
panied by an increase of MMP-9 around the MGs region, this drug de-
livery platform is suitable for ARMGD therapy. Importantly, TG-18
hydrogel can encapsulate a large range of therapeutics. For example,
Gajanayake et al. demonstrated the practicability of TG-18 for the local
delivery of tacrolimus in a model of vascularized composite allo-
transplantation [41]. Moreover, Joshi et al. loaded triamcinolone ace-
tonide in TG-18 hydrogel for treating inflammatory arthritis [42]. In
both in vivo and in vitro experiments, TG-18 hydrogel showed obvious
enzyme responsiveness, which has great advantages in treating models
with elevated esterases. Typically, TG-18 hydrogel interacts with
various hydrophobic therapeutics and exhibits translational potential in
treating multiple inflammation related ocular diseases, including MGD,
in the future.

Subsequently, we investigated the biocompatibility of the Blank
hydrogel as well as Rosi-hydrogel. Primary mouse meibocytes were
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identified through morphology and two positive biomarkers of meibo-
cytes, namely PPARy and Cytokeratin 14 (Fig. S4). Subsequently, pri-
mary meibocytes (passage 2) were incubated in a 24-well-transwell
plate in medium, medium with Blank hydrogel or Rosi-hydrogel added
in the upper chamber. After 48 h incubation, live/dead staining didn’t
show significant changes in cell morphology or viability loss in all three
groups (Fig. 3a and b). Furthermore, after injection, the MGs sections
were stained with H&E to evaluate the in vivo toxicity. Hydrogel in-
jection every two weeks did not lead to the influx of inflammatory cells
around the MGs area for 3 months (Fig. 3c). Moreover, no significant
difference was detected in the bodyweight of mice of each group
(Fig. S5), and both hydrogels did not cause lesions in various organs
(heart, liver, spleen, lung, and kidney) of the mice, proving that this drug
delivery system had no obvious toxicity to the mice (Fig. S6).

3.4. In vivo therapeutic efficacy evaluation of Rosi-hydrogel

A total of 59% of older adults (average age, 63 years) suffer from at
least one symptom of meibomian gland dysfunction (MGD), such as
dryness, itching, foreign body sensation and even blurred vision
[43-46]. MGs dropout and plugging of MGs orifice are pivotal clinical
signs of MGD [47,48]. Mice were sacrificed, and the upper eyelids were
collected for evaluating the morphology of MGs. Yellow arrows indicate
disordered MGs, while red arrows indicate MGs dropout. An injection
schematic was carried out, as shown in Fig. 4a. Mice with disordered
MGs and MGs dropout increased in the Control and Blank Gel groups
with aging. Conversely, mice in the ROSI and ROSI Gel groups showed
relatively integral MGs during aging (Fig. 4b). The upper eyelids of all
mice from each group were evaluated and scored, respectively (Fig. 4c).
The mean clinical MGs score for each group was shown in Table S1. It
was discovered that the mean MGs score of the Control group increased
obviously during aging (0.8 &+ 0.632, 1.3 + 1.059, and 1.6 + 0.966 for 1
M, 2 M, and 3 M, respectively). On the contrary, under Rosi-hydrogel
treatment, the mean MGs score increased slightly during aging (0.5 +
0.527, 0.6 + 0.699, and 0.8 + 0.632 for 3 months, respectively). At each
time point, the mean MGs score of mice in the Control and Blank Gel
groups was higher than that in the other two groups. This proved that
Rosi, whether administered systemically or locally by hydrogel injec-
tion, could delay the atrophy of MGs during the aging process of mice.

Frozen upper eyelid sections were stained with Oil Red O staining
buffer to demonstrate the lipids inside the MGs (Fig. 4d). MGs area
without lipid staining increased during aging in the Control and Blank
Gel groups; however, this phenomenon was not detected in the other
two groups. Single MG area was measured using Image J software, and a
significant decrease was noted with aging in the Control group. On the
contrary, mice in the ROSI Gel group showed a relatively larger MG area
as compared to the mice in the Control and Blank Gel groups at the three
time points (Fig. 4e).

CFS is a major evaluation indicator for the MGs’ biological functions,
as described previously [49-51]. As shown in Fig. 4f, unlike the ROSI
and ROSI Gel group, mild punctate staining or moderate punctate
staining was observed in the Control and Blank Gel groups at 1 M.
Consecutively, more punctate staining or piece fluorescent staining was
discovered in the Control and Blank Gel groups during aging.
Conversely, in the ROSI Gel and ROSI groups, the cornea of mice did not
show significant fluorescent staining until 3 M. The CFS scores of all
mice in the four groups were evaluated (Fig. 4g). The CFS scores
increased significantly from 1 to 3 months in the Control group. More-
over, the CFS scores of the ROSI Gel group were significantly lower than
that of the Control and Blank Gel groups at three time points. A similar
treatment effect was observed in the ROSI group as compared to the
ROSI Gel group.

In this study, the ROSI group was set up to evaluate the treatment
effect of systemic administration of Rosi on the MGs. When analyzing
the clinical MGs scores and CFS scores, no significant difference was
detected between the ROSI group and the ROSI Gel group at all time
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Fig. 3. Biocompatibility of Rosi-hydrogel. (a) Representative fluorescence images after live/dead staining of primary mouse meibocytes incubated for 48 h in
medium or medium with Blank hydrogel or Rosi-hydrogel added to the upper trans-well chamber (Scale bar: 200 pm). Green indicated viable cells stained with
calcein-AM, whereas red represented dead cells stained with ethidium homodimer-1. (b) Quantification of dead cells according to live/dead staining analysis. No
significant difference was detected among the three groups. (c) Representative photomicrographs of MGs sections stained with H&E. Hydrogel injection did not cause
the accumulation of inflammatory cells inside the MGs area. M indicates month, Scale bar: 100 pm.

points. The comparison of the ROSI and ROSI Gel groups to the Control
and the Blank Gel groups revealed significantly decreased MGs and CFS
scores, indicating that both the ROSI and ROSI Gel groups have a similar
treatment effect. However, the ROSI Gel group has three advantages
over the ROSI group. Firstly, our drug delivery system is a sustained
release system, which can ensure sufficient drug concentration for a
prolonged period, thus greatly reducing the frequency of treatment.
Secondly, local injection improves the bioavailability of therapeutics.
The TG-18 hydrogel exhibits excellent enzyme-response characteristic.
Both in vitro and in vivo experiments proved that elevated MMP-9 ac-
celerates the degradation of the hydrogel and the release of Rosi, and the
released Rosi, in turn, inhibited the secretion of MMP-9. Therefore, we
speculated that this feedback could slow down the disassembly of the
hydrogel and achieve the purpose of on-demand therapeutic release,
which further improves the therapy efficiency of the hydrogel. Finally,
topical injection reduces the treatment cost and avoids long-term sys-
temic drug toxicity. The amount of Rosi required for one injection in the
ROSI Gel group was 50 pg once, while it was almost 300 pg for the ROSI
group per day. The total amount of Rosi required for oral gavage was 84-
fold that of local injections. Therefore, Rosi-hydrogel reduces the cost of
treatment. Moreover, drugs in the ROSI Gel group were administered
locally, instead of systemic administration, which avoided toxic side
effects throughout the body. Strikingly, the injectable bio-responsive
hydrogel greatly improved the therapeutic efficacy and reduced the cost.
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3.5. Sustained release of Rosi maintained expression of PPARy of MGs
during aging

PPARy plays a vital role in maintaining the terminal differentiation
of meibocytes [52] and could suppress the NF-kB pathway [53]. With
aging, the expression of PPARy significantly decreased in the Control
and Blank Gel groups (Fig. 5a and b). On the contrary, the expression of
PPARy in the ROSI Gel group was relatively the same after 3 months and
was significantly higher than that in the Control group (P < 0.01), and
Blank Gel group (P < 0.001) at 3 M. Western blot analysis further
confirmed that expression of PPARy decreased with aging and Rosi
treatment could enhance the expression of PPARy (Fig. 5g). Hitherto,
several in vitro studies had proved that Rosi could promote the differ-
entiation and lipid synthesis of hMGECs and primary meibocytes.
However, currently, there are no in vivo studies of Rosi on treating
ARMGD. Therefore, our study for the first time confirmed that Rosi
could maintain the expression of PPARy during aging in vivo, and thus
delaying acinar atrophy and preventing ARMGD.

3.6. Rosi-hydrogel effectively suppressed the NF-xB pathway and
inhibited accumulation of inflammatory cytokines

Currently, it is speculated that MGD is accompanied by inflammation
[54], and thus inhibition of inflammation is also essential for treating
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0.01, ***P < 0.001. M indicates month.
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Scale bar: 100 pm.

MGD. The NF-kB pathway plays a crucial role in regulating innate im-
mune and inflammatory responses [55,56]. Therefore, immuno-staining
and western blot analysis were carried out to investigated the expression
of NF-kB and p-NF-kB in the MGs of mice during aging. Compared to the
Control group and Blank Gel groups, the expression of both NF-xB and
p-NF-xB was significantly downregulated in the ROSI and ROSI Gel

groups at all time points (Fig. 5¢c—f). Western blot analysis demonstrated
that the NF-xB pathway was suppressed as well (Fig. 5g).

In order to illustrate the anti-inflammation function of PPARy, the
protein levels of some inflammatory cytokines of the MGs tissues
collected from mice were detected using a Quantibody Mouse Cytokine
Array. As shown in Fig. 6, six inflammatory cytokines were detected in
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Fig. 6. Rosi-hydrogel treatment attenuated the inflammation of the MGs. Protein levels of 6 inflammatory cytokines in the MGs tissue extracts were detected
through a Quantibody Mouse Cytokine Array (n = 3/group). As a response to Rosi-hydrogel treatment, inflammatory cytokines decreased as compared to the Control
group. Data are presented as means + SD, *P < 0.05, **P < 0.01 and ***P < 0.001. M indicates month. Abbreviations: IL, interleukin, MCP, monocyte chemo-
attractant protein, TNF, tumor necrosis factor, VEGF, vascular endothelial growth factor.

the MGs tissue extracts. Intriguingly, under Rosi-hydrogel treatment, the
protein levels of 6 inflammatory cytokines were lower than those in the
Control and Blank Gel groups. The protein levels of five cytokines (IL-6,
IL-17, MCP-1, TNF-a and VEGF) were significantly lower in the ROSI Gel
group than in the Control group at three time points. However, only two
cytokines (IL-6 and TNF-a) tested showed a steady decline in the ROSI
group compared to the Control group. This proved that Rosi-hydrogel
was more effective than Rosi oral gavage in inhibiting MGs
inflammation.

3.7. Local release of Rosi reduces MMPs activity

MMPs play essential roles in regulating cell homeostasis in the MGs
[57]. Controlling its activity is crucial for the maintenance of ocular
surface health, and abnormal activity is associated with inflammation
and disease [58]. Therefore, MMPs accumulated in the MGs region
during aging could accelerate cleaving the ester bonds inside the
hydrogel and releasing the encapsulated Rosi. Thus, the activity of
MMP-9 was investigated in this study. At 1 M, low MMP-9 expression
was discovered in all four groups, which proved that the activity of
MMP-9 in the MGs was relatively low at this time point. A significant
increase in the expression of MMP-9 was observed in the MGs region of
both the Control and Blank Gel groups during aging. When mice were
treated with daily oral gavage Rosi, MMP-9 accumulation could still be
observed around the MGs area, although significantly lower than that in
the Control group. On the contrary, low-level expression of MMP-9 in
the MGs region of the ROSI Gel group was discovered at all three time
points, proving that Rosi-hydrogel administration every two weeks
could still inhibit the secretion of MMP-9 (Fig. 7a and b). Similarly,
Rosi-hydrogel treatment significantly suppressed the secretion of
MMP-3 at 3 M (Fig. S7).

4. Conclusions

Inflammation related eyelid diseases are the most common ocular
disorders implicated to play a crucial role in many ocular diseases pro-
gressing to their advanced stages by disrupting normal ocular surface
homeostasis. Topical eye drops administration is the most common
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treatments clinically. However, due to the ocular surface barriers, the
bioavailability of a common ophthalmic solution is typically less than
5%. In this study, we developed an injectable bio-responsive hydrogel
and encapsulated Rosi as a therapeutic model. In vitro and in vivo ex-
periments proved that in the presence of MMP-9, Rosi-hydrogel dis-
assembled faster and released the encapsulated therapeutics more
quickly, which proved the bio-responsive characterization of the
hydrogel. Subsequently, the ARMGD mice model was chosen to evaluate
the therapeutic efficacy of in-situ eyelid injection. Rosi-hydrogel was
subcutaneously injected through a microinjection needle (27 G), which
was minimally invasive. After Rosi-hydrogel treatment, the atrophy of
MGs was delayed, the biological function of MGs was maintained, and
ARMGD was effectively prevented. This study firstly introduced the
injectable hydrogel into the treatment of inflammation related eyelid
diseases. It also proved that retaining the expression of PPARy in vivo
during aging could successfully prevent MGs atrophy. Moreover, since
the injectable bio-responsive hydrogel can encapsulate a large range of
hydrophobic therapeutics via the simple physical method, it is a prom-
ising alternative therapy for various inflammation related ocular dis-
eases in clinical.
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