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HEALTH AND MEDICINE

An annular corneal microneedle patch for minimally

invasive ophthalmic drug delivery

Lu Wang1’2’31', Yishun Guo*t, Ben Chen?3, Si Lu?3, Jianhua Yangz’3, Yingying Jin%3, Xinyi Wangz’3,

Xinyue Sun®?3, Shuting Wang?>, Bailiang Wang?3*

Microneedles directly penetrating into the cornea inevitably cause pain, corneal structure damage, and reduced
light transmittance. In this work, a minimally invasive annular microneedle (A-MN) patch was developed avoiding
direct puncture into the central cornea for ophthalmic drug delivery. The feasible mechanical strength of A-MNs
was achieved by adjusting the ratio of PVP-f-CD and PVA to puncture the cornea barrier. Through effective diffu-
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sion to corneal stroma, bioavailability of hydrophilic small-molecule drugs, hydrophobic drugs, and macromo-
lecular protein drugs through an A-MN patch was 24.36, 17.47, and 5.36 times higher than that of free drug
administration. A-MNs effectively maintained light transmittance of the cornea with a light transmittance of 96.33
to 100%, which was higher than that of S-MNs. Furthermore, A-MNs effectively avoided corneal tissue and nerve
damage along with the pain. The efficiency and safety of A-MNs were also examined through both an in vitro cell
experiment and an in vivo animal experimental model, which showed great potential in clinical application.

INTRODUCTION

As the aging population increases, visual health has become an im-
portant factor restricting people’s quality of life and economic sta-
tus. The International Classification of Diseases-11 (2018) states that
approximately 1.3 billion people live with some forms of vision im-
pairment globally (1). As per the World Health Organization report,
every 5 s, someone in the world goes blind, and every minute, a
child loses sight. Ocular diseases are roughly divided into anterior
segment diseases (corneal infections, dry eye, glaucoma, cataracts,
etc.) and posterior segment diseases (age-related macular degenera-
tion, diabetic retinopathy, uveitis, retinal vein occlusion, macular
edema, etc.) based on the anatomical structure segmented by the
lens. In clinical practice, medication administered in the form of eye
drops plays an important role in saving patients’ vision in eye dis-
ease treatment. Approximately 90% of the commercialized ophthal-
mic products are in the form of eye drops for clinically ocular
surface and anterior chamber disease treatment due to strong oper-
ability and the least invasiveness (2). Ocular surface drug delivery in
eye drops can basically be divided into three types of drugs: small-
molecule hydrophilic drugs, hydrophobic drugs, and macromolecu-
lar protein drugs. The most diverse eye drops are hydrophilic drugs,
which include antibiotics (aminoglycosides, quinolones, macro-
lides, etc.), hormone and nonsteroidal anti-inflammatory drugs
(dexamethasone, diclofenac, indomethacin, etc.), cataract medica-
tion, intraocular pressure lowering drugs for glaucoma (bemeprost,
metoprolol, etc.), and dry eye medication.

However, it is difficult for free drugs to effectively penetrate into
the cornea and enter the eye due to a series of static and dynamic
physiological barriers, which reduce their retention time on the oc-
ular surface, resulting in very low bioavailability of drugs (3, 4). The

'Affiliated Yueqing Hospital of Wenzhou Medical University, Wenzhou 325600,
China. ®National Engineering Research Center of Ophthalmology and Optometry,
Eye Hospital, Wenzhou Medical University, Wenzhou 325027, China. 3State Key
Laboratory of Ophthalmology, Optometry and Visual Science, Eye Hospital, Wenzhou
Medical University, Wenzhou 325027, China. “First Affiliated Hospital of Wenzhou
Medical University, Wenzhou 325000, China.

*Corresponding author. Email: blwang@wmu.edu.cn

1These authors contributed equally to this work.

Wang et al., Sci. Adv. 11, eadv1661 (2025) 7 March 2025

static physiological barriers mainly include lacrimal film, scleral
barrier, cornea barrier, blood-retinal barrier, and blood-humor bar-
rier, which restrict most of the drug penetration (5, 6). These struc-
tures yield drug retention and penetration restriction mainly based
on sandwich-like layers (lipid-aqueous-lipid), protein interaction,
electric charges, and cell tight conjunctions (4). For example, the
cornea is the principal path for the intraocular absorption and con-
sists of the following 5 layers: the epithelium (hydrophobic), Bow-
man’s membrane, the lamellar stroma (hydrophilic), Descemet’s
membrane, and the endothelium (hydrophobic). Dynamic physio-
logical barriers including lacrimal flushing, aqueous humor circula-
tion, choroidal blood flow, and mechanical shearing of blinking also
obviously reduce the retention time of drugs on ocular surface (7). It
is estimated that only 1 to 3% of the applied total dose can penetrate
through the cornea after tear drainage (8), and a much lower level of
drugs is allowed to reach the retina by an ocular anterior segment
route (9, 10). In the past few decades, quite a few studies have been
carried out to enhance drug bioavailability and delivery efficiency
(11). The researchers designed a variety of drug delivery platforms,
such as drug-loaded contact lens (12), liposomes (13), dendrimers,
polymer nanoparticles, nanosuspensions, and hydrogels (14) to im-
prove the retention time and penetration of drugs into physiological
barrier. Among these delivery systems, liposomes have been consid-
ered as a promising carrier with a good barrier penetration ability
owing to a similar structure to a cell membrane. However, because
of the instability and high synthetic costs, most of the delivery sys-
tems have not been applied yet.

The eyes and skin together constitute the contact surface be-
tween the human body and the outside world, which mainly play
the role of physical barrier. The aim of microneedle patch develop-
ment is to deliver drugs to the epidermis layer by strictly controlling
the length of the needle without reaching the dermis layer to avoid
pain and bleeding (15-18). The obvious advantage of microneedle
drug delivery is to break through the physiological barrier in a min-
imally invasive way while avoiding the potential risk of infection
and pain caused by traditional puncture injection, so patient com-
pliance can be expected to be highly enhanced (19, 20). Inspired by
transdermal drug delivery, the development of transcorneal drug
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delivery system on the ocular surface may be an effective strategy to
improve the ocular surface efficiency. As for ophthalmic micronee-
dle drug delivery, several now reported drug delivery systems are
directly punctured into the corneal center area for corneal and ocu-
lar surface disease treatment (21). For example, a microneedle patch
has been used to treat corneal neovascularization by inserting mi-
croneedle patches into the cornea and directly deliver antiangio-
genic antibodies into the cornea in a minimally invasive way (21).
This advanced administration mode can greatly improve the bio-
availability of drug. However, the main difference between transcor-
neal drug delivery and transdermal drug delivery is the need to
maintain light transmittance of eye tissues on the optical path. It
should be emphasized that the now reported S-MN patches for oph-
thalmic drug delivery through direct cornea piercing are not desir-
able owing to the irreversible damage to the anterior elastic layer
and the stroma layer, inevitably intense pain, as well as the decrease
of corneal light transmittance. Furthermore, Bowmans membrane,
lamellar stroma, Descemet’s membrane, and endothelium cannot be
regenerated once damaged. Therefore, it is urgent to develop a new
type of minimally invasive ocular surface drug delivery system to
achieve efficient drug delivery while avoiding damage to corne-
al tissue.

Cornea is a transparent avascular tissue (about 560 pm thick)
located on the anterior side of the eye. On the basis of analysis of
various layers of cornea and eyeball wall, as the main structure of
cornea, a stromal layer extends to the pericorneal area (22). Once
drug is delivered to this area, it can further penetrate and diffuse to
cornea, anterior chamber, and even fundus areas avoiding the ad-
verse effects of dynamic and static physiological barriers on the ocu-
lar surface (23). In addition, the density of epithelial nerve endings
in the cornea is about 300 to 600 times that of skin and 20 to 40
times that of dental pulp (24). In terms of distribution, the density of
corneal nerve endings gradually decreases from the center to the
periphery (25). Therefore, it can be inferred that the microneedle
delivery system for direct corneal puncture reported in the literature
inevitably causes severe pain. On the other hand, low local drug
concentration in eye drop delivery mode greatly reduces overall de-
livery efficiency and limits the effect of disease treatment. For ex-
ample, in treating persistent intractable keratitis, the fourth leading
cause of blindness after cataracts, glaucoma, and age-related macu-
lar degeneration (1, 26), the low drug delivery efficiency and insuf-
ficient local antibiotic concentration cause bacterial biofilm formation
and drug resistance development. Once corneal tissue is damaged,
the repair process will still cause new blood vessels and scarring
even if bacteria are completely killed. The integrity of the central
cornea is essential in maintaining vision, and the damage to the
central cornea should be avoided in treating ocular surface diseases.
On the basis of the minimally invasive characteristics of micronee-
dles, the development of annular corneal margin microneedles may
be an effective strategy to achieve effective drug delivery into the
anterior segment while avoiding mechanical damage to the central
corneal region (27).

In this work, we proposed a strategy of annular pericorneal mi-
croneedle patches for effective drug delivery into the anterior seg-
ment. To construct the microneedle patches, biodegradable polymer
materials polyvinylpyrrolidone-p-cyclodextrin (PVP-B-CD) and
polyvinyl alcohol (PVA) are selected to prepare soluble drug-loaded
annular microneedles (A-MNs) through simple centrifugation or
vacuum methods. The degradation, mechanical strength, and drug
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release behavior of A-MNs after loading hydrophilic drugs, hydro-
phobic drugs, and macromolecular drugs are examined in detail.
The light transmission of cornea after A-MN puncturing into the
pericoreal area is compared with that after square microneedle (S-
MN) puncturing into the central cornea. To verify in vivo distribu-
tion and bioavailability of drugs, fluorescein isothiocyanate (FITC),
chlorin e6 (Ce6), and FITC-grafted bovine serum albumin (BSA-
FITC) are selected as model drugs for fluorescence observation. As
a proof of concept, a bacterial keratitis animal model is used to ver-
ify the antibacterial drug delivery efficiency of A-MNs in corneal
disease treatment. It is believed that A-MNs showed great potential
in ophthalmic drug delivery owing to the independence of drug
types, adjustable drug loading dosage, optical pathway protection,
and corneal barrier penetration in a minimally invasive way.

RESULTS

Preparation and characterization of A-MN patch

The preparation method of A-MNs is shown in Fig. 1A, in which
different drugs were mixed with needle matrix solution for mi-
croneedle preparation in advance. S-MNs were prepared by injec-
tion molding and then cut into an A-MN patch with an inner
diameter 4.5 mm and an outer diameter 8.5 mm for rat cornea,
while inner and outer diameters were set to 6 and 10 mm for rabbit
cornea. The length of needle was set to 400 um to just reach the
depth of the corneal stroma layer. The corresponding mold was con-
structed through microfabrication technology. As shown in Fig. 1B,
the main goal of A-MN design is to address the low bioavailability
issue of eye drops, as well as severe pain and reduced light transmit-
tance caused by now reported S-MN patches. The A-MNs avoid the
central area of the cornea that is rich in nerve endings for painless
drug delivery. It can deliver different types of drugs horizontally to
the corneal stroma layer and vertically to the anterior chamber,
mainly for ocular surface and anterior segment disease treatment.
To protect the patient’s visual function, this minimally invasive drug
delivery mode avoids damage to the corneal central area where the
main optical pathway passes. In the application of anterior segment
disease treatment, infectious keratitis serves as a disease model to
test the role of A-MNs in drug delivery compared with clinically
used antibiotic eye drops. The focus is on bactericidal efficiency, in-
flammation clearance, neovascularization, and corneal scar forma-
tion examination after wound healing, which highly affect corneal
transparency (Fig. 1C).

Cornea is the most densely distributed tissue of nerves in human
body, with free nerve endings of approximately 7000/mm® The
nerve bundles originating from the ophthalmic branch of trigemi-
nal ganglion form multiple branches after passing through the cili-
ary ganglion, reach the corneal limbus, and demyelinate after
entering corneoscleral limbus for 1 mm. Wrapped by a Schwann
cell, the nerve bundles shaped in the corneal stroma 293 + 106 pm
away from the eye surface. After vertically passing through the
Bowmanss layer, the subbasal nerve plexus forms between the basal
part of the corneal epithelium and the Bowman’s layer to support the
corneal epithelium. The four layers of cells near the base of the epi-
thelium are innervated by nerves. In addition to the corneal nerves
that enter the sclera, there are also nerves originating from the sub-
conjunctival tissue, which surround the corneal limbus at a distance
of approximately 1.5 mm and form a paralimbal plexus distributed
between the epithelial layer and the stromal layer. So the cornea is
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Fig. 1. Schematic illustration of annular microneedle (A-MN) characteristics and its application in treating corneal diseases. (A) Drug loading and molding process
of A-MNss. (B) Advantage and disadvantage comparison of several ocular surface drug delivery modes. (C) The effect of A-MNs in ophthalmic disease treatment.

the area with the most nerve endings in the body, and its perception
is the most acute. Therefore, the specially designed mold gives the
needle a conical shape for easy penetration into the tissue, and the
needle is designed at 400 um in height and 1 mm from the corneal
edge to avoid reaching the area of capillary plexus and limbal stem
cells (Fig. 2A). The precursor fluid of microneedle matrix loaded
with various drugs (hydrophilic drugs, hydrophobic drugs, and pro-
tein macromolecule drugs) was poured into the mold to remove gas
from the mold through a simple vacuum method for a full needle
body. The S-MN patch after natural drying was used to obtain an
A-MN with a target size through laser cutting technology for pro-
grammed settings.

As shown in Fig. 2B, after laser cutting, the boundary of circular
microneedle was clear with needle bodies evenly distributed on one
side of the patch. In addition, the inner and outer diameters of the
patch size could be further designed and adjusted as needed. The
drug loading amount could be adjusted as needed during precursor
fluid preparation. In particular, after loading hydrophobic drugs,
drugs were evenly distributed within the patch (including needle
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body and matrix) (Fig. 2C). As observed by scanning electron mi-
croscopy (SEM), the synthesized A-MNs were uniformly distributed
on the substrate in a conical shape with a needle height at ~400 pm
(Fig. 2, D and E). Then, the mechanical strength of A-MN patch
was subjected to top-down compression testing using a universal
testing machine (Fig. 2F). Two compression modes were used to test
the mechanical strength of individual A-MN patch and that when
entering the detached cornea, respectively (Fig. 2G). The upper
part showed that an A-MN patch was directly placed flat on the
working table, and a pressure device was applied to press downward
from top to bottom after touching the needle tip. The lower part
showed that the detached cornea was fixed on a working table
supported by a mold made of agar gel below the cornea. Then, the
pressure device with the lower side attached an A-MN patch by
double-sided adhesive was pressed downward the cornea, and pres-
sure changes were recorded during the process penetrating into cor-
nea. As shown in Fig. 1H, after compression, all needle bodies of
A-MNs disappeared and fused with the basal layer, indicating a
complete compression process.
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Fig. 2. Characterizations of annular microneedles (A-MNs). (A) Schematic illustration of A-MN fabrication. (B) The bright-field image of A-MNs, the size of A-MNs using
a ruler compared with a coin. (C) Orthographic and side view of A-MNs after loading of FITC. (D) SEM images of A-MNs. Scale bar, 400 pm. (E) SEM images of a single
needle in A-MNs. Scale bar, 100 pm. (F) Schematic diagram of universal testing machine. (G) In a physical test, a compression probe moves down to compress the A-MNs
to insert into an isolated porcine cornea. (H) The changes of needle bodies before and after compression. (I) The changes of forces that bending and crushing A-MNs as
the increase of displacements before and after LVFX, FCZ, and BSA loading. A-MNs were made up of with different ratios of 20 wt % PVP--CD and 10 wt % PVA (1:1, 1:3,
and 3:1). (J) The changes of forces needed for A-MNs before and after drug loading when inserted into a porcine cornea with different ratios of 20 wt % PVP-$-CD and
10 wt % PVA (1:1, 1:3, and 3:1). (K) Confocal images of A-MNs when inserting into a rabbit cornea.

As shown in Fig. 21, the A-MNs made of 20 wt % PVP-B-CD and
10 wt % PVA mixed solution at the ratio of 1:1 required the greatest
force to produce displacement, indicating the greatest mechanical
strength of microneedles. Furthermore, at such ratio, three kinds of
A-MNs loaded with levofloxacin (LVEX), fluconazole (FCZ), and
BSA, respectively, all exhibited a mild enhancement of mechanical
strength. As shown in Fig. 2G, the forces needed for the A-MNs to
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pierce into the porcine cornea before and after drug loading were
also examined through a universal testing machine. The position
where the transient crease existed was the moment when it pierced
into the cornea. As shown in Fig. 2], the A-MNs made of PVP-$-CD
and PVA at the ratio of 1:1 showed a transient crease when the force
reached 2.05 N, indicating that microneedles were able to be pierced
into porcine cornea. However, A-MNss at the ratios of 1:3 and 3:1 did
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not show any crease in the mechanical curves, indicating that both
microneedles failed to pierce into porcine cornea. The needle body
was too flexible with a high content of PVA in A-MN:ss at the ratio of
1:3, resulting in a decrease in mechanical strength, while A-MNss at
the ratio of 3:1 had more PVP-B-CD content and dissolved too
quickly, resulting in insufficient time to penetrate into cornea. In
addition, A-MNs loaded with different kinds of drugs at the ratio of
1:1 also pierced into the porcine cornea with even higher mechani-
cal strength than drug-free microneedles and proper swelling when
contacting cornea. The morphology of an FITC-labeled needle after
penetrating into the cornea was also observed through a laser con-
focal microscope. As shown in Fig. 2K, the needle body remained
intact in the corneal limbus tissue, indicating the adequate mechan-
ical strength of the needle body for puncture. As the needle body
dissolved, the drug was released into the tissue, and the pore struc-
ture generated by puncture also provided a channel for further drug
diffusion into cornea.

Furthermore, the loading and distribution of various drugs into
A-MNs were characterized by fluorescence microscopy observation.
Among them, rhodamine B (RhB) and FITC with fluorescence
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represented hydrophilic small-molecule drugs, while Ce6 and FITC-
labeled BSA represented hydrophobic drugs and macromolecular
protein drugs, respectively (figs. S1 to S3). As indicated in Fig. 3A,
all types of drugs could be evenly distributed within the needle
body, which was basically full without needle tip defects. It is well
known that PVP is commonly used as a matrix material to make
instant microneedles due to its strong hydrophilicity. Therefore,
three microneedles at different ratios of PVP--CD and PVA (vol-
ume ratios: 1:1, 3:1, and 1:3) were synthesized for dissolution rate
testing through puncture of A-MNs into a nutrient agar plate to
simulate a corneal hydration environment. As shown in Fig. 3B, un-
der the microscope, it was observed that when the volume ratio of
PVP-B-CD and PVA was 3:1, needle bodies were completely dis-
solved in 5 s. When the volume ratio of PVP-p-CD to PVA was 1:3,
the needle remained intact all the time showing low water absorp-
tion and slow degradation property, which was also not fit for drug
delivery. When the volume ratio of PVP and PVA was 1:1, the needle
body underwent obvious dissolution 5 s after insertion and steadily
dissolved 50% of the height in 20 s, ensuring the penetration of the
needle body into the cornea and further diffused within the tissue.
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Fig. 3. Solubility, drug loading, and in vitro drug release of annular microneedles (A-MNs). (A) A-MNs loaded with RhB, FITC, Ce6, and FITC-grafted BSA. Scale bars,
400 pm. (B) Images of the dissolving A-MNs made of 20 wt % PVP-B-CD and 10 wt % PVA at different ratios (1:1, 1:3, and 3:1) in the nutrient agar plate at 0, 5, 10, 15, 20,
and 25 s. Scale bars, 400 pm. (C) Percentage of height measured during the dissolving of different A-MNs. (D) The release of FITC, Ce6, and BSA from A-MNs. (E) Survival
rates of S. aureus and P. aeruginosa after incubation with the corneal grinding fluid supernatant (n = 3). Data are presented as means + SD, n > 3, and significances are

determined by one-way ANOVA with Tukey’s correction. **P < 0.01 and *#*P < 0.001 .
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The measurement of microneedle height further confirmed instant
solubility of A-MN patch at a 3:1 volume ratio of PVP-3-CD/PVA
and low solubility at a 1:3 volume ratio of PVP-B-CD/PVA (Fig. 3C).
While the microneedles at a ratio of PVP-$-CD and PVA at 1:1
showed appropriate stability in an aqueous environment for sus-
tained release of drugs. The drug release behavior of FITC, Ce6, and
BSA-FITC from an A-MN patch was studied at a 1:1 volume ratio of
PVP-B-CD/PVA. As shown in Fig. 3D, all three drugs mainly com-
pleted drug release within 30 min. The release behavior was basi-
cally not affected by types of drug but was mainly depended on the
solubility of needles.

The basic requirement for A-MNs as an ophthalmic drug carrier
platform is effective puncture of corneal tissue and prolonged drug
retention. Antibiotic LVFX was loaded into A-MNs and inserted
into the isolated porcine cornea limbus in vitro for 5 min. After
grinding of corneal tissue, drug solution was extracted and cultured
in contact with bacterial solution for antibacterial activity evalua-
tion. The eye drop group with the same amount of LVFX was ad-
ministered by dropwise, followed by the same subsequent treatment.
As shown in Fig. 3E, the A-MN treatment group basically killed
all Staphylococcus aureus, while about 20.81 + 3.43% of S. aureus
survived in the eye drop group (fig. S4). The A-MN treatment
group also exhibited excellent bactericidal performance against
Pseudomonas aeruginosa, which was superior to eye drop treat-
ment. Therefore, compared with eye drops, minimally invasive
circular microneedle delivery mode achieved better drug delivery
into cornea.

Biosafety comparison between A-MNs and S-MNs

The safety of A-MN patch was compared with the reported S-MN
patch that was directly punctured into central corneas of rats, in-
cluding structural damage to cornea, transparency, nerve damage,
etc. As shown in Fig. 4A, corneal tissue has no blood vessels but
has abundant nerve endings at a high density especially in the cen-
tral area. It should be noted that peripheral nerves run from a deep
matrix layer to the center, and nerve endings in the center of the
cornea are mainly distributed in the epithelial layer, the anterior
elastic layer, and the shallow corneal stroma layer of the cornea
(28), which is exactly the puncture area of the reported S-MN mi-
croneedle. So nerve injury is an inevitable issue of S-MN puncture
in the central corneal area. As shown in Fig. 4 (B and C), the cen-
tral nerve endings of the normal cornea stained using anti-p-III
tubulin of mice were distributed in a vortex shape. However, after
S-MN puncture, the central nerve endings in the cornea showed
obvious rupture and became sparse in distribution. In compari-
son, most of the central nerve endings of the cornea after A-MN
puncture were still continuously distributed in a vortex shape.
Therefore, direct puncture of the central corneal region inevitably
caused severe pain, highly reducing the possibility of clinical
application.

As shown in Fig. 4D, two types of microneedle patches with the
same needle body and drug loading were observed under a slit lamp
after in vivo corneal puncture. The central area of the cornea punc-
tured by A-MNs was clear and transparent without an obvious in-
flammatory response. In contrast, the central area of the cornea
after punctured by S-MNs was filled with holes, indicating the obvi-
ous damage of cornea. After sodium fluorescein labeling, it further
visually displayed that the holes treated by A-MNs and S-MNs
were distributed in the limbus and the central area of corneas,
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respectively. Furthermore, corneal tissue was sectioned for hema-
toxylin and eosin (H&E) staining, which showed that the central
area of the cornea treated by A-MNs was smooth without an obvious
damage (Fig. 4E). Cornea treated by S-MNs showed an obvious
damage to the corneal epithelium and the anterior elastic layer in
the central area of cornea, and thickness of the punctured corneal
area obviously increased, indicating inflammatory reaction of the
cornea in a swollen state. As for the transparency of corneas after
puncture of different microneedle patches, the punctured corneas
were visually observed on color logo, black logo, and gauze back-
grounds (Fig. 4F). It was found that corneal transparency in the
A-MN-treated group was close to that of unpunctured normal cor-
nea. A distinct decrease in corneal transparency visible to the naked
eye after S-MN puncture might be because of the destruction of the
corneal epithelial cell layer, the dense preelastic layer, and the fiber
structure.

Furthermore, corneal transparency was quantitatively tested un-
der ultraviolet-visible spectroscopy after puncture of different mi-
croneedle patches. As shown in Fig. 4G, after A-MN punctured
corneal margin, the cornea basically maintained its high transpar-
ency compared with normal cornea. After S-MN puncture, corneal
transparency in the entire visible light range obviously decreased,
especially in the low wavelength range. Changes of corneal thick-
ness directly demonstrated the inflammatory response status of cor-
nea. After corneal injury, inflammation, edema, and turbidity highly
led to a distinct increase in corneal thickness. As shown in Fig. 4H,
there was no obvious change of central cornea thickness after A-MN
puncture, indicating that corneal limbal puncture did not cause a
distinct central corneal damage and an inflammatory response. On
the contrary, central corneal thickness increased 12.0 + 6.8 pm after
S-MN puncture compared to that of normal cornea, indicating dis-
tinct edema of cornea.

When the cornea undergoes mechanical stimulation, it elicits the
activation of pain receptors and subsequent release of chemokines
including cyclooxygenase 2 (COX2), interleukin-8 (IL-8), IL-16, IL-6,
etc. Among these molecules, IL-8 interact with G protein-coupled
receptor CXCR2 to recruit downstream signaling proteins and initi-
ate second messenger-mediated signal transduction, thereby induc-
ing pain sensation (29). As depicted in Fig. 5 (A to D), upon insertion
into cornea, A-MNs and S-MNs exhibited higher expression levels
of COX2 and CXCR2 in the S-MN group than that in the A-MN
group. Consistently, similar trends of the mRNA level were also ob-
served with significant up-regulation of IL-8, COX2, IL-1f, and IL-6
transcripts in the S-MN-treated group (Fig. 5, E to H). Further-
more, the biocompatibility of A-MNs was also examined through
both in vitro and in vivo tests. First, cytotoxicity of A-MNs was
evaluated by Cell Counting Kit-8 (CCK-8) assay toward human cor-
neal epithelial cells (HCECs). As shown in fig. S5, A-MNs made of
different ratios of PVP-B-CD and PVA all exhibited high cell sur-
vival indicating low cytotoxicity. A-MNs made of 10 wt % PVA
showed low cell survival of 88.49 + 2.52% as compared to 20 wt %
PVP-B-CD. Furthermore, A-MNs made of PVP-$-CD and PVA at
the ratios of 1:1 and 3:1 showed increased cell viability up to 104.80 +
4.85% and 108.80 =+ 7.72%, respectively. After loading LVEX (5 mg/
ml), LVEX (10 mg/ml), and FCZ (5 mg/ml), A-MNs also showed
high cell viability.

In vivo biocompatibility and an inflammatory response were
studied to compare the safety of minimally invasive drug delivery
mode of A-MNs and S-MNss. Different modes were administered on

60f15



SCIENCE ADVANCES | RESEARCH ARTICLE

A

g

Corneal nerve «Z<~._ Arterial network —~==— Venous network

S-MNs

B Normal

A-MNs ©

S-MNs

F G
; 100 A
(=] WM =
g’ 17 WAL A WhAS VWML W < 90 4
B WM W @
S : WMl g 80
O Fs ‘ S s & g ]
3 Wt WA Mt Wit =
o0 MU Wiy It { Il é 70 4 —Before inserting the S-MNs
U W T WMU
PILL AVIVIESRRRET W1 2 —Before inserting the A-MNs
MU WMU WMU WMU WMU WMU WMU WM MU WM MY WMU o 60 1 —After inserting the S-MNs
O MU W lgahad - WMU WMU %00 iswM MU W) WMU Ll —After inserting the A-MNs
g"M! WML WMUSRAU WML T Wil M MU MU WU sy 50 T T T T T
- N H 150 300 450 600 750 900
% | =210 Wavelength (nm)
] £ Before inserting the A-MNs
E = After inserting the A-MNs
» 1954 Before inserting the S-MNs
g m= After inserting the S-MNs
c Fkkk
x J
Q Q0 180 ns \ 4
N § = |'—| vﬁ;
= B3
° S 1651 v
[} 1 L
(]
© 2| o ne ik
O 1504 @
o T T T T

-
a

A-MNs

by 4
o

=% Normal
B A-MNs

S-MNs

—
o
L

%%

e
(3]
1

Mean
fluorescence intensity
(relative to normal)

Fig. 4. Effects of annular microneedles (A-MNs) and square microneedles (S-MNs) on cornea. (A) Schematic diagram of the effect of A-MN and S-MN puncture on
corneal nerves and blood vessels. (B and C) Distribution and semiquantitative analysis of relative mean fluorescence intensity of corneal nerves after A-MN and S-MN
puncture. (D) Bright-field images and cobalt blue light mode images after S-MNs and A-MNs inserting into corneas of rats under a silt lamp. (E) H&E staining micrographs
of corneas after S-MN and A-MN puncture. Scale bars, 200 pm. (F) Images of corneas in each group on the black paper with colorful logos and white paper with black logos
and gauze. Red arrows mark the blurred and damaged areas. (G) The corneal transparency before and after S-MN and A-MN puncture. (H) Corneal central thickness before
and after S-MN and A-MN puncture (n = 10). Data are presented as means + SD, n > 3, biological replicate, and significances are determined by one-way ANOVA with

Tukey'’s correction. **P < 0.01 and ****P < 0.0001. ns, not significant.

rat corneas every day for 7 days. As shown in Fig. 6A, the cornea
showed good transparency under slit lamp observation for 7 days in
the control group without microneedle puncture, as well as those in
A-MN- and A-MNs@LVFX-treated groups. There was no obvious
conjunctival congestion, corneal turbidity, and anterior chamber in-
flammatory irritation. Only in the group punctured by S-MNs, dis-
tinct conjunctival congestion, swelling, and decreased transparency
occurred 3 days after puncture, indicating a clear inflammatory state
of cornea. The conjunctival edema and congestion, corneal edema,

Wang et al., Sci. Adv. 11, eadv1661 (2025) 7 March 2025

anterior chamber exudation, and iris congestion were also evaluated
according to anterior segment inflammation scores (table S1) (30, 31).
It scored 1.67 + 0.58, 2.00 + 0.00, and 2.00 + 0.00 on the third, fifth,
and seventh day in the S-MN-treated group, which were higher
than that in the A-MN-treated group (fig. S6). Furthermore, a
TUNEL (terminal deoxynucleotidyl transferase-mediated deoxy-
uridine triphosphate nick end labeling) reagent kit was used to de-
tect the apoptosis of corneal cells. As shown in Fig. 6B, the cornea
after S-MN puncture was uneven with a rough structure, and the
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Fig. 5. Detection of pain factor expression. (A) Immunofluorescence images of COX2 in SD rat corneal tissues after square microneedle (S-MN) and annular microneedle
(A-MN) puncture. (B) Immunofluorescence images of CXCR2 in SD rat corneal tissues after S-MN and A-MN puncture. (C and D) Fluorescence intensity analysis of COX2
and CXCR2 in rat corneal tissues after S-MN and A-MN puncture. (E to H) gRT-PCR analysis of IL-8, IL-1p, COX2, and IL-6 mRNA levels in rat corneal tissues after S-MN and
A-MN puncture (n = 3). Data are presented as means + SD, n > 3, biological replicate, and significances are determined by one-way ANOVA with Tukey'’s correction. *P <
0.05, ##P < 0.01, and **##P < 0.0001. DAPI, 4’,6-diamidino-2-phenylindole; A.U., absorbance units.

corneal epithelial cell layer showed obvious green fluorescence, in-
dicating distinct apoptosis of corneal epithelial cells. In comparison,
corneal morphology in A-MN and A-MN@LVEX puncture groups
was smooth without obvious defects and green fluorescence, indi-
cating a good survival state of cells in corneal tissue. After cor-
neal puncture, corneal epithelial cells could repair the microneedle
puncture area to a certain extent through proliferation and migra-
tion, but the damaged anterior elastic layer and the corneal stroma
layer did not repair owing to the irreversible formation of the regu-
lar structure (32). The H&E observation revealed the formation of a
large number of pore structures in the stromal layer of the cornea
which was the main reason for the corneal transparency decrease
(Fig. 6C). In the normal cornea group and A-MN and A-MNs@
LVEX puncture groups, the corneal stroma layer showed clear tex-
ture and a complete structure with a dense distribution of colla-
gen fibers.

To further study the long-term safety of microneedles, micronee-
dle administration was suspended after 7-day treatment to observe
corneal epithelial repair and healing in corneal recovery through corneal

Wang et al., Sci. Adv. 11, eadv1661 (2025) 7 March 2025

fluorescein staining. On the 10th day, the corneal fluorescein staining
score of rats in the A-MN-treated group was 0.50 + 0.58, which was
lower than that in the S-MN-treated group (4.25 + 0.50). On the 14th
day, the corneal fluorescein staining score of rats in the A-MN-treated
group returned to 0, while the score in the S-MN-treated group was
still up to 2.50 + 0.58 (fig. S7 and table S2). The expressions of repre-
sentative proinflammatory cytokines including IL-1f and tumor ne-
crosis factor-o (TNF-a) were further determined by measuring mRNA
expression by the quantitative reverse transcription polymerase chain
reaction (QRT-PCR) method in the corneal tissue after puncture (Fig.
6, D to F). It was found that the expressions of IL-1 and TNF-« cyto-
kines in the A-MN-treated group did not increase without a signifi-
cant difference compared to the normal cornea on the 14th day.
However, the expressions of IL-1f and TNF-a cytokines in the
S-MN-treated group greatly increased showing the intensified inflam-
matory response which might be attributed to damage to corneal epi-
thelial cells and nerve fiber endings. The expression of a-smooth
muscle actin (a-SMA) protein reflects the activity of collagen fibers
during corneal scar formation after corneal inflammation. On the

80of15



SCIENCE ADVANCES | RESEARCH ARTICLE

A Day 0 Day 1 Day 3 Day 5 Day 7

Normal

QO.

B TUNEL DAPI Merge

A-MNs@LVFX

Normal

S-MNs

[7)
4
=
<

A-MNs
@LVFX

D
g 5 Normal== S-MNs Normal S-MNs Normal S-MNs
e~ A-MNs == A-MNs@LVFX °© . © -
83 " ggrs{ T AMNS 4 236 AN ww
g < 40 — S2 — 1 o  —
8 s o
52
= c (N7 ? N
c 820 <9 Ls
s £ = So.51 22
27 10 -3 =3
s [}
0 0.0 T T T 0

Fig. 6. In vivo biocompatibility of annular microneedles (A-MNs). (A) Images of rat corneas before and after square microneedle (S-MN), A-MN, and A-MNs@LVFX
puncture under silt lamp microscopy. (B) Cell apoptosis of corneal tissues after S-MN, A-MN, and A-MNs@LVFX puncture by a TUNEL apoptosis detection kit. (C) Images of
corneal structures after S-MN, A-MN, and A-MNs@LVFX puncture after H&E staining. Scale bars, 200 pm. (D) Semiquantitative analysis of relative mean fluorescence inten-

sity of green fluorescence in TUNEL apoptosis detection. (E)

IL-18 and (F) TNF-a levels in rat corneas after S-MN and A-MN puncture (n = 3). Data are presented as means

+ SD, n > 3, biological replicate, and significances are determined by one-way ANOVA with Tukey’s correction. *P < 0.05 and **P < 0.01.

14th day, the expression of a-SMA obviously increased in the
S-MN-treated group, indicating that the cornea in the S-MN group
was in a state of scarring. While a-SMA expression in the
A-MN-treated group was close to that in the normal group (fig. S8).

Drug delivery efficiency of A-MNs

In subsequent study, hydrophilic drug, hydrophobic drug, and mac-
romolecular protein drug delivery from A-MNs was compared with
eye drops. The detention time of drugs on the ocular surface is a key
factor affecting drug bioavailability. The retention time of fluores-
cein sodium-loaded A-MNs in a corneal region was observed under
a slit lamp for 30 min with 1% fluorescein sodium in eye drop as
control. It was found that a large area of green fluorescence covered
the entire cornea at the beginning in the eye drop group, which basically
disappeared after 5 min (Fig. 7A). However, in the A-MN group, it

Wang et al., Sci. Adv. 11, eadv1661 (2025) 7 March 2025

was observed that fluorescein sodium still covered the entire cornea
in a uniform distribution even after 30 min. This is because fluores-
cein sodium gradually diffused into the corneal stroma layer from
microneedles for a much longer residence time. Further statistical
analysis was conducted on intensity of fluorescein sodium, and it was
found that the retention time of drug in the A-MN group was more
than 9.47 times than that in the eye drop group at 30 min (Fig. 7B).
Furthermore, FITC, Ce6, and BSA-FITC with a fluorescence feature
were loaded into A-MNs to simulate hydrophilic, hydrophobic,
and protein drugs, respectively, to study drug bioavailability com-
pared to corresponding eye drops. As shown in Fig. 7C, bioavail-
ability of FITC, Ce6, and BSA-FITC in the A-MN group were 28.16 +
4.27%, 23.40 + 5.83%, and 22.04 + 5.02%, respectively, which were
24.36, 17.45, and 5.36 times higher than that in the corresponding
eye drop groups (1.16 + 0.40%, 1.34 + 0.15%, and 4.11 + 1.44% for
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Fig. 7. Bioavailability of annular microneedles (A-MNs) compared with eye drops. (A) In vivo observations of the distribution of sodium fluorescein in rat eyes after
A-MN puncture and eye drop administration under a silt lamp at 0, 5, 10, 15, 20, 25, and 30 min. (B) Semiquantitative analysis of relative mean fluorescence intensity of
sodium fluorescein in rat eyes. (C) Bioavailability of A-MNs loaded with FITC, Ce6, and BSA-FITC in a rabbit cornea compared to eye drop with the same amount of drugs.
(D and E) Confocal images and corresponding statistical analysis of corneal patches after A-MN puncture loaded with BSA-FITC and eye drop administration loading the
same amount of BSA-FITC for 30 min. | to V represents the representative bright-field images of corneal patches, fluorescence distribution images of BSA-FITC, merged
images, local detail images of lll, and three-dimensional (3D) images of local detail, respectively. Data are presented as means + SD, n > 3, biological replicate, and sig-
nificances are determined by one-way ANOVA with Tukey’s correction. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

FITC, Ce6, and BSA-FITC, respectively). To observe drug distribu-
tion after entering cornea, corneas treated by A-MNs and eye drop
were placed on slides (Fig. 7, D and E, and fig. S9). Under a laser
confocal microscope, almost no green fluorescence could be ob-
served in the eye drop group. However, it could be detected that the
corneal stroma layer treated by A-MNs still exhibited much higher
green fluorescence intensity even at 30 min with a fluorescence in-
tensity 21.98 times that of eye drops.

In vivo infectious keratitis treatment

Infectious keratitis is a major blinding eye disease, and its treatment
is mainly limited by short retention time of free antibiotic eye drops
on the ocular surface. In particular, when bacteria cannot be timely
killed, prolonged healing of infectious ulcer leads to bacterial pro-
gression into the corneal stroma layer, as well as severe inflamma-
tory reaction and corneal tissue damage. Therefore, it is crucial to
effectively deliver antibacterial drugs into the corneal stroma layer
to increase drug bioavailability. In this work, drugs were loaded in
the form of microneedle patches to penetrate into the peripheral
cornea in a minimally invasive manner. Therefore, an infectious

Wang et al., Sci. Adv. 11, eadv1661 (2025) 7 March 2025

keratitis animal model was established to verify whether the con-
structed A-MN patch could effectively deliver drug to lesion site. As
shown in Fig. 8A, within 7 days of treatment, inflammatory re-
sponse status and corneal transparency were observed under a slit
lamp compared with untreated cornea, A-MN-, and LVFX eye
drop-treated groups. On the first day after treatment, corneal trans-
parency in the A-MNs@LVFX-treated group was improved, which
was better than those in the other three control groups. On the fifth
day after treatment, corneal transparency in the A-MNs@LVFX-
treated group had basically returned to that before modeling, while
there were large corneal ulcers on corneas in A-MN- and LVFX eye
drop-treated groups. On the seventh day, the end of the treatment
cycle, corneal inflammation and ulceration still existed in A-MN-
and LVFX eye drop-treated groups. At the visible light wavelength
of 480 nm, the corneal transparency in the A-MNs@LVFX-treated
group was 83.25 + 0.42% on the seventh day, which exhibited a
much higher value compared to that in the untreated group (52.26 +
8.60%), the blank A-MN group (66.67 + 1.55%), and the LVFX eye
drop-treated group (71.18 =+ 2.93%). Similar results were also
shown at visible light wavelengths of 520 and 680 nm (fig. S10).
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determined by one-way ANOVA with Tukey'’s correction. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Bacterial infection is the fundamental cause of keratitis response.
Therefore, the change of bacteria number in an infected area was
quantitatively measured using a plate counting method. The results
showed that a large number of bacteria were present throughout the
entire agar plate in the control and A-MN-treated groups (Fig. 8B).
Meanwhile, there was still a certain amount of bacteria living in the
LVEX eye drop-treated group. However, almost all bacteria were
killed in the A-MNs@LVFX-treated group. Further statistical analy-
sis of the number of bacteria showed a 0.52 + 0.56 {lg [colony-
forming units (CFU)/ml]} reduction in the LVFX eye drop-treated
group, while a 1.27 + 0.36 [Ig (CFU/ml)] reduction of the bacteria
number in the A-MNs@LVFX-treated group (Fig. 8C). Therefore,
sustained release of drug from A-MNs@LVFX considerably en-
hanced a bactericidal effect in a corneal infection area. The observa-
tion of corneal tissue slice after H&E staining showed that a large
number of inflammatory cells infiltrated the cornea in untreated

Wang et al., Sci. Adv. 11, eadv1661 (2025) 7 March 2025

and A-MN-treated groups indicating a severe inflammatory re-
sponse state. Although inflammatory cell infiltration was greatly
reduced in the LVFX eye drop-treated group, corneal thickness was
still large indicating a state of swelling and inflammatory response.
Only in the A-MNs@LVFX-treated group, inflammatory cell infil-
tration was much less, and corneal thickness had basically returned
to normal, indicating basically disappearance of inflammatory re-
sponse (Fig. 8D).

The inflammation score for quantifying an inflammatory state
showed a rapid decrease in the inflammatory response in the A-
MNs@LVFX-treated group during the treatment cycle, which basi-
cally returned to a normal level (Fig. 8E and table S3). Corneal
thickness in the A-MN-treated group also recovered to 178.19 +
10.34 pm on the seventh day as inflammation subsided, while cor-
neal thickness in the eye drop-treated group was still 253.96 + 6.65 pm
(fig. S11). However, corneas were also at the visible inflammatory
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response level in other three control groups. Further quantitative
testing of inflammatory factors confirmed that IL-1p and IL-6 pro-
inflammatory factors in the A-MNs@LVFX-treated group were sig-
nificantly lower than those in the other three groups (Fig. 8, F and
G). The corneal inflammatory response in the untreated group and
the A-MN-treated group was more severe due the absence of a ster-
ilization effect. The expression of two inflammatory factors in the
LVEX eye drop-treated group decreased and showed a close corre-
lation between the inflammatory response and the sterilization ef-
fect. Therefore, the minimally invasive drug delivery mode of
A-MNs@LVFX achieved rapid deep corneal drug delivery, improved
drug bioavailability, and a bactericidal effect.

DISCUSSION

Given the short retention time and difficulty of eye drops in pene-
trating into physiological barriers for ocular surface disease treat-
ment, it has an important clinical value in the development of
minimally invasive microneedle patches suitable for ophthalmic
drug delivery. The ophthalmic microneedle patches in previous
studies directly puncture the central cornea, which was associated
with pain and reduced corneal transparency because of structural
damage. In this study, a new A-MN patch drug delivery system ef-
fectively avoided damage to the central cornea and delivered drugs
to an extended area of the corneal stroma layer, further spreading to
the anterior cornea and the anterior chamber. First, mechanical
strength for tissue puncture and suitable degradation rate were
achieved through regulating the PVP-CD and PVA ratio in mi-
croneedle matrix to 1:1. It was found in in vivo corneal drug delivery
experiments that bioavailability of hydrophilic drugs, hydrophobic
drugs, and macromolecular protein drugs by A-MNs was increased
by 24.36, 17.45, and 5.36 times, respectively, compared to the tradi-
tional eye drop administration. Furthermore, in an infectious keratitis
animal experiment, LVFX-loaded A-MNs could effectively diffuse
into deep corneal tissue after entering annular corneal tissue, exhib-
iting excellent bactericidal and inflammatory clearance effects com-
pared to eye drops.

MATERIALS AND METHODS

Materials

Polydimethylsiloxane, PVP [K30; average molecular weight (Mw),
58 kDa], PVP (K90; average Mw, 1300 kDa), 2-hydroxypropyl
B-CD, FITC, LVFX, fluorescein sodium salt, and BSA were pur-
chased from Shanghai Aladdin Biochemical Technology (China).
PVA (Mw, 27 kDa), RhB, FCZ, and Ce6 were obtained from
Shanghai Macklin Biochemical Technology (China). A CCK-8
kit for mammalian cells was bought from Thermo Fisher Scientific
(USA). A TUNEL apoptosis detection kit was obtained from
Shanghai Yeasen Biotechnology (China). Bacteria S. aureus [American
Type Culture Collection (ATCC) 6538] and P. aeruginosa (ATCC
27853) were obtained from Shanghai Luwei Technology (China).
Isolated porcine eyes were obtained from farmers’ market. New
Zealand white male rabbits, weighing 1500 g, were provided by
Danyang Changyi Experimental Animal Co. Ltd., China. Sprague-
Dawley (SD) male rats (5 weeks old, weighing 150 to 180 g) and
C57BL/6j mice (6 to 8 weeks old, weighing 20 to 25 g) were
provided by Shanghai Jiesijie Experimental Animal Co. Ltd., China.
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Preparation of microneedles

A microneedle patch was prepared by a modified micromolding
method (21). PVP K30 and p-CD were mixed at a ratio of 1:1 to
prepare PVP-B-CD solution, which was used to combine with PVA so-
lution. The prepared PVP-B-CD/PVA mixed solution was dropped
into microneedle mold to get microneedle patch. Different concen-
trations of PVP-B-CD and PVA were mixed in different ratios to
form needle solutions at 1:1, 1:3, and 3:1. Then, the mold was put
into vacuum for 30 min, and excess liquid was carefully removed.
To make the base of patch, 1 ml of PVP K90 was added, and mold
was put under vacuum for another 30 min. After bubbles were re-
moved, mold was dried in a drier at 37°C to obtain an S-MN patch.
A laser engraving machine (XUEGU 3020, China) was used to cut
a square patch into a ring to get A-MNs. To fit different sizes of
corneas, two kinds of A-MNs were prepared in this work. The
A-MNs with an inner diameter of 4.5 mm and an outer diameter of
8.5 mm were made for rats, while A-MNs with an inner diameter of
6 mm and an outer diameter of 10 mm were made for rabbits and
pigs. Microneedle patches containing LVEX, FCZ, Ce6, RhB, and
BSA-FITC were fabricated in the same way. The prepared mi-
croneedle patches were kept in a vacuum drying tank for later use.
The morphology of A-MNs was observed using field emission
SEM (Hitchhi SU8010, Japan) and a stereo microscope (Cnoptec
$7650, China).

Mechanical properties of A-MNs

The mechanical strength of A-MNss in an extrusion process and the
piercing into the cornea were measured by a universal material
testing machine (Instron 5944, USA). The prepared A-MNs (inner
diameter of 6 mm and outer diameter of 10 mm) were put on a test-
ing bench, and the above compression probe moved down at a rate
of 0.5 mm/min until it touched the tip of needles (33). The test
began at this time, and the force bending or crushing the mi-
croneedle was recorded to draw a displacement-force curve. In the
same way, porcine corneas were placed on the test bench, and
A-MNs fixed on a compression probe moved down at a rate of
1.5 mm/min. The curve was recorded to explore the required force
for A-MNs to penetrate into cornea. A displacement-force curve
was also recorded.

Drug loading of A-MNs

The distribution of drugs in microneedles was observed using a
fluorescence microscope (Leica DM4B, Germany). Four kinds of
drugs including RhB, FITC, Ce6, and FITC-labeled BSA were load-
ed into A-MNs to represent hydrophilic drugs, hydrophobic drugs,
and macromolecular drugs, respectively. In addition, the image of
microneedles pierced into the rabbit cornea and dissolved in the
cornea was taken using a laser confocal microscope (LSM710,
Zen, Japan).

Degradation of A-MNs

The degradation of A-MNs composed of PVP-$-CD and PVA at
ratios of 1:1, 1:3, and 3:1 was tested when inserted into a nutrient
agar plate with water content similar to that of the cornea for dif-
ferent times. The fluorescence microscope (Leica DM4B, Germany)
was used to photograph images of microneedles at 0, 5, 10, 15, 20,
and 25 s until microneedles were completely dissolved, and the
curve of microneedle height was also drawn with change of time.
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In vitro drug release from A-MNs

The concentration of 3% BSA-FITC, 1% Ce6, and 0.5% FITC in pre-
cursor fluid, respectively, was used for drug-loaded A-MN prepara-
tion. The prepared A-MNs were added to a 48-well plate with 500 pl
of phosphate-buffered saline (PBS) in each well. The 48-well plate
was placed on the shaker to measure released drugs at different
times. Then, 80 pl of liquid was taken out at 0.5, 1.5, 2.5, 3.5, 4.5, 5.5,
6.5, 8, 10, 20, and 30 min. At the same time, 80 pl of blank PBS was
added to wells to keep the total amount of liquid unchanged in wells.
The removed 80 pl of liquid was diluted with PBS to 400 pl. The
fluorescence intensity of liquid removed at each time period was de-
termined using a microplate reader (SpectraMax 190, Molecular
Devices LLC, USA). The drug concentration was calculated accord-
ing to a standard curve of drug concentration to absorbance.

In vitro antibacterial experiment

To explore drug delivery efficacy of A-MNs loading LVFX (10 mg/
ml), a corneal puncture experiment was performed on isolated por-
cine cornea. The porcine corneas with an intact epithelium were
selected and randomly divided into two groups. The drug was ad-
ministered to corneas through drug-loaded A-MNs (inner diameter
of 6 mm and outer diameter of 10 mm) puncture or eye drops with
the same drug content. Then, corneas were placed between the re-
cipient pool and the donor pool to simulate a fluid environment of
the eye using the diffuser (TP-6, China). After 5 min, corneas
were taken and washed to remove the physically adsorbed drugs.
After that, corneas were grinded with a cryogenic tissue grinder
(JXESTPRP-CLN, Shanghai, China) and centrifuged at 12,000 rpm
for 10 min. The corneal grinding fluid supernatant was taken for
antibacterial experiments. Gram-positive S. aureus and Gram-
negative P. aeruginosa were selected as model bacteria. One hundred
microliters of bacterial solutions was added to a 96-well plate at a
concentration of 10° cells/ml, and 100 pl of the supernatant stock
solutions were added in each well with three parallel controls per
group. After 12-hour incubation, bacterial suspensions were diluted
for bacteria concentration counting.

In vivo ocular surface retention time

Rats were randomly divided into two groups for sodium fluorescein
eye drops and sodium fluorescein-loaded A-MNs (inner diameter
of 45 mm and outer diameter of 8.5 mm) treatments. In the
A-MN-treated group, A-MNs loaded with 1% sodium fluorescein
were pierced into corneas until completely dissolved. In the eye
drop-treated group, 5 pl of 1% fluorescein sodium was adminis-
tered to corneas. The presence of fluorescein sodium on the ocular
surface was observed under cobalt blue mode of a slit lamp at 0, 5,
10, 15, 20, and 30 min. Images were taken, and fluorescence inten-
sity was analyzed by Image] software.

In vitro corneal penetration diffusion experiment

A-MNs loaded with FITC, Ce6, and BSA-FITC were prepared as
described above with the same amount of drug eye drops as control.
A transdermal diffuser (TP-6) was applied to compare drug delivery
efficiency of A-MNs and eye drops. The temperature was set to 37°C,
and the rotation speed was set to 350 rpm. In the A-MN-treated
group, porcine corneas after drug-loaded A-MN puncture were
placed between the recipient pool and the donor pool, and 200 pl of
PBS solution was added to the donor pool. While in the eye
drop-treated group, corneas were placed in the diffuser for drug
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administration with 200 pl of drug solution added to the donor
pool. After 5 min, the liquid in the upper donor pool was taken, and
the donor pool was rinsed four times with 200 pl of PBS. The liquid
and rinsing solution were collected to quantify the amount of drug
that had not entered the cornea. The total amount of drugs that en-
tered and diffused through corneas was calculated by subtracting
the amount of drugs that had not entered the cornea from the total
amount of drugs.

Drug distribution within the cornea

SD rats were divided into the A-MN-treated group and the free
drug eye drop-treated group. The corneas were punctured by A-
MN:s at a concentration of 30 mg/ml of BSA-FITC, while the same
amount of BSA-FITC solution was administered as eye drop. At 15,
30, and 45 min, the rat eyeball was carefully extracted in the
dark. The punctured eyeball was fixed with 4% paraformaldehyde
for 2 hours, and the cornea was cut off from the eyeball. Then, the
corneas were made into a four-leaf clover shape by creating four
radial incisions from the periphery to the center. The corneal sheet
was arranged with the corneal epithelium facing up and sealed
with nail polish. Last, photographs were taken using an immuno-
fluorescence microscope. The fluorescence intensity was analyzed
by Image]J software.

Corneal structure changes after A-MN and S-MN puncture
S-MNs and A-MNs were punctured into corneas of rats to capture
ocular photographs using slit lamp microscopy under bright-field
and cobalt blue light modes subsequent to addition of 1% sodium
fluorescein. The ocular surface was observed by microscopic mor-
phological observation. Corneas in both groups were later extracted
and dehydrated before being embedded in paraffin. Then, corneas
were sliced with a microtome into slices at a thickness of 5 pm. The
obtained sections were subjected to H&E staining to scrutinize his-
tological changes of the corneal structure.

Light transmittance and corneal thickness measurement
Corneas of New Zealand white rabbits were used for light transmit-
tance measurement. After S-MN and A-MN puncture, rabbit corneas
were removed and put in phosphate buffer (PBS). Light transmittance
was measured with an ultraviolet spectrophotometer (UV1780,
Shimadzu). Images of corneas on a color logo, black logo, and gauze
were taken using a stereo microscope (Cnopetec SZ650, China). A
corneal thickness gauge (SP3000, Tomey) was used to measure
the central corneal thickness before and after A-MN and S-MN
puncture into rat corneas. All of the measurements were repeated
three times.

Corneal nerve damage experiment

The C57BL/6j mice were divided into three groups for A-MN,
S-MN, and PBS treatments. The A-MNs and S-MNs were punctured
into corneas, and rat eyes were extracted and fixed with 4% parafor-
maldehyde for 2 hours. Afterward, incised corneas were made into
four radial incisions from the periphery to the center to form a qua-
trefoil. Corneas were subsequently washed with PBS and immersed
in a sealed permeable solution containing 5 wt % BSA and 0.5 wt %
Triton X-100. After 3 hours, corneas were transferred to anti—p-11I
tubulin primary antibody dilution (1:500; ab52623, Abcam) and
maintained at 4°C for 72 hours. Then, corneas were thoroughly
washed five times with PBS and transferred into secondary antibody
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dilution (1:1000; 88898, Cell Signaling Technology) at 4°C for 24 hours.
After five times washing with PBS, corneal spreads were made
with an epithelial side of corneas facing up, and a cover glass was
used to seal the slices. Photographs were taken using an immuno-
fluorescence microscope, and fluorescence intensity was analyzed
by Image]J software.

Detection of pain factor expression

Both A-MNs and S-MNs were respectively inserted in rats with un-
treated corneas served as control. The harvested corneas were frozen
and made into frozen sections for analysis after immunofluores-
cence staining using antibodies against COX2 (1:200; 12375-1,
Proteintech) and CXCR2 (1:50; 20634-1, Proteintech). In addition,
other corneas were frozen in liquid nitrogen for qPCR analysis to
quantitatively evaluate the expression of IL-1p, IL-6, IL-8, and COX2
in corneas. The primers were listed in the Supplementary Materials
(table S4).

In vitro biocompatibility of A-MNs

The CCK-8 cytotoxicity kit and the Live/Dead Cell Vibility/Cytotoxicity
Kit were applied to test cell viability according to the manufac-
turer’s instructions. HCECs were incubated in Dulbecco’s modified
Eagle’s medium/F12 medium (Gibco, USA) for 48 hours and seeded
in a 96-well plate at a density of 10° cell/ml, 100 pl per well. After
cells adhered to the wall, A-MNs were added into the well, and 100 pl
of new medium was added to each well for 8-hour incubation in
a 5% CO; incubator at 37°C. Then, medium was aspirated and
rinsed with PBS three times before adding 100 pl of configured
CCK-8 dye to each well. After 4 hours, the absorbance at 450 nm
was measured by a microplate reader (SpectraMax 190, Molecular
Devices LLC, USA). Cell viability was calculated according to the
following formula

Cell viability rate (%) = (ODy ye — ODcexcs )
/ (ODCon - ODCCK—S)

ODa-Mmnss ODc¢ck-s, and ODcop represent the absorbance in the
A-MN-treated group, the CCK-8 dye itself, and the well only con-
taining cells, respectively. (OD, Optical Density)

In vivo biocompatibility of A-MNs

Both in vivo H&E staining and a TUNEL cell apoptosis kit were
used to evaluate the biocompatibility of A-MNs. Specifically, after
7-day treatments by S-MNs, A-MNs, and LVFX-loaded A-MNs, rat
corneas were taken to make tissue paraffin sections. Paraffin sec-
tions in each group were also used for TUNEL cell apoptosis mea-
surements according to the manufacturer’ instructions. Apoptotic
fragments were labeled by the dye in the kit, and cell apoptosis
was observed through an upright fluorescence microscope (Leica
DM4B, Germany). The remaining rats were continuously moni-
tored for 14 days without any treatments. Eye conditions of rat cor-
neas were recorded by a slit lamp after different treatments that were
quantitatively scored according to the scoring standard (table S2).
Corneas of rats were removed for gRT-PCR analysis to measure IL-1
and TNF-a expression. The primers were listed in the Supplemen-
tary Materials (table S4). The rat corneas were divided into superior,
inferior, nasal, and temporal quadrants to obtain the sodium fluo-
rescein staining score by adding scores of four quadrants according
to Christophe Baudouin’s and other standards (31, 34). Then, the
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expression of a-SMA was also measured after immunofluorescence
staining (1:2000; 14395-1, Proteintech).

Infectious keratitis model establishment and treatment

The animal experimental research was approved by Experimental
Animal Ethics Review Committee of Wenzhou Medical University.
All experimental animals were kept in the Experimental Animal
Center of Wenzhou Medical University, which met the require-
ments of Conduct for Care Code and Use of Experimental Animals
(license number: wydw2021-0332). All animals were bred adaptive-
ly for 1 week before experiments.

The rats were randomly divided into four groups for PBS, A-
MNs, A-MNs@LVFX, and LVFX eye drop treatments. The inner and
outer diameters of 4.5 and 8.5 mm, respectively, of A-MNs were ap-
plied in the experiments. The corneal epithelium of rats in each
group was scraped off under anesthesia and was covered with a filter
paper containing bacterial solution (S. aureus, 1 x 10° CFU/ml) with
eyelids sutured. After 24 hours, corneas were observed under a slit
lamp to examine corneal inflammation. The A-MN and A-MNs@
LVFX patches were punctured into the peripheral cornea by manual
pressing. The LVEX eye drops were administered twice a day, which
was consistent with clinical application. The control group did not
receive any treatments. On days 1, 3, 5, and 7 after treatments, recov-
ery of corneal inflammation was observed under a slit lamp, and the
inflammation score was performed according to modified Peyman’s
criteria (table S3) (35, 36). The corneal thickness of rats in each
group was measured on days 1, 3, and 7. The corneas of rats in each
group were randomly removed to measure corneal transparency by
an ultraviolet spectrophotometer (UV1780, Shimadzu) on days 1, 3,
and 7 of each group. All of the animals were sent to the Experimental
Animal Center for unified treatment after experiments.

Histology analysis and qRT-PCR analysis

Corneas of rats were taken after 7-day treatments. The removed eyes
were quickly cut off from euthanized rats after fixation under low
temperature conditions. The slices of corneas were stored in liquid
nitrogen for later use. Tissue sections were stained with H&E to ob-
serve the structures of corneas. qRT-PCR was performed to verify
the expressions of inflammatory factors IL-1p and IL-6. According
to the manufacturer’s instructions, total RNA was extracted from a
single whole cornea and quantified by spectrophotometry (260 nm).
Then, 1 pg of RNA was reverse-transcribed into cDNA by the
PrimeScriptTM RT reagent Kit (TaKaRa, Japan). After that, PCR
analysis of IL-1p and IL-6 was performed by SYBR Green PCR Mas-
ter Mix (Applied Biosystems, Foster City, CA, USA). The primers
were listed in the Supplementary Materials (table S4).

Statistical analysis

All of the experiments were conducted in triplicate, and the data
presented in this paper were as mean + SD. Statistical analysis be-
tween the two groups was performed using the one-way analysis of
variance (ANOVA). Statistical significance was assumed at *P < 0.05,
**P < 0.01, ***P < 0. 001, and ****P < 0. 0001.

Supplementary Materials
This PDF file includes:

Figs.S1to S11

Tables S1 to S4
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