RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

Long-Term Diabetic Retinopathy Treatment Using Silicon

Nanoneedles

Van Phuc Nguyen, Jinheon Jeong, Mi Zheng, Junsang Lee, Josh Zhe, Zhuying Wei,

Chi Hwan Lee,* and Yannis M. Paulus*

Sustained-release ocular drug delivery systems with minimal invasiveness are
critical for managing eye diseases that cause blindness. An innovative
platform is presented for painless and long-term sustained ocular drug
delivery utilizing controllably biodegradable silicon nanoneedles (Si NNs)
conjugated with bevacizumab (Bev) integrated into a tear-soluble
subconjunctival patch. The biocompatible patch facilitates easy application in
the subconjunctival area of the eye and rapid dissolution in less than one
minute upon contact with the tear film in the sclera, eliminating the need for
removal procedures. The Si NNs, fabricated with precise control over their
degradation kinetics, enable sustained and controlled release of Bev into the
ocular tissues. This platform offers enhanced patient comfort, reduced risk of
complications, and prolonged therapeutic efficacy. In vivo studies using a
rabbit model of retinal neovascularization (RNV), a clinically relevant
proliferative diabetic retinopathy (PDR), demonstrate the platform’s ability to
reduce RNV by 85% over a year, with no observable side effects. These results
highlight the potential of this drug delivery method to penetrate the sclera and
releaseBev gradually, providing a promising alternative for long-term,
controllable ocular therapy. This technology represents a significant
advancement in painless, convenient, and effective treatment for eye diseases

1. Introduction

Diabetes mellitus is a rapidly increasing
health burden that is projected to affect
592 million people by 2035.[!! Diabetes can
cause numerous cardiac complications as
well as nerve damage and also debilitating
effects on vision. Diabetic retinopathy (DR)
was estimated to have affected 103 million
individuals worldwide in 2020 and is pro-
jected to increase to 160 million by 2045.12]
Uncontrolled chronic hyperglycemia, the
primary pathogenic agent in DR, activates
glucose metabolism pathways, whose end
products cause increased vascular perme-
ability as well as the blockage of small
blood vessels. Hyperglycemia and hypoxia
can upregulate the expression of vascular
endothelial growth factor (VEGF), which
plays a key role in both blood-retinal bar-
rier (BRB) disruption and retinal neovas-
cularization. The uncontrolled neovascular-
ization caused by increased level of VEGF

requiring sustained drug delivery.

with a leaky retinal microvasculature can ul-
timately result in blindness.[>) DR can be
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grouped into two forms: the earlier nonproliferative diabetic
retinopathy (NPDR) and the more advanced proliferative dia-
betic retinopathy (PDR). NPDR is mainly characterized by mi-
croaneurysms, exudates, and intraretinal bleeding, while PDR is
characterized by retinal neovascularization.l*?]

Current popular methods of DR treatment include pharma-
cotherapy, laser therapy, and combination therapy.*'%! The ma-
jority of DR drugs fall under anti-vascular endothelial growth fac-
tor agents (anti-VEGF) such as bevacizumab, ranibizumab, and
aflibercept. Intravitreal ranibizumab injection has been shown
to be an effective treatment method through a 2010 phase 3,
randomized clinical trial for diabetic macular edema (DME).[!!]
However, the study required monthly intravitreal injections,
which are invasive, require frequent administration, and carry
significant risks including the risk of eye infection (endoph-
thalmitis). Unfortunately, this is unavoidable as anti-VEGF bi-
ologics have a short half-life, and the majority of drug payload
fails to reach their target destination due to anatomical barriers in
the eye.l'>"15] Laser therapy is theorized to stop microvasculature
leakage as well as decrease the production of VEGF factors.[1¢]
Pairing anti-VEGF treatment with photocoagulation laser ther-
apy has shown more robust and lasting protection from neo-
vascularization; however, it can also result in permanent blind
spots in the peripheral visual field and worsen night vision in
patients.['”] Newer laser therapy methods known as subthresh-
old pulses have been shown to be able to deliver therapy without
any noticeable lesions and loss in visual acuity, but have not yet
proven their efficacy in large, prospective, randomized clinical
trials of patients with PDR.[*#]

While anti-VEGF treatment of DME and RNV is still the stan-
dard, the current intravitreal injection delivery of the drug is in-
vasive and not dose-efficient. Anatomical structures such as the
inner limiting membrane (ILM) prevent the majority of the drug
payload from reaching its retinal targets. The ILM is also found
to thicken with age, potentially decreasing the efficacy of intravit-
real injections even further in elderly patients.[”] Although many
methods of disrupting the ILM to increase retinal drug delivery
have been studied, such as ILM peeling and photoablation of the
ILM, they require another procedure in addition to the injections
which is invasive and burdensome for clinical translation.[2%21]
This study examines the efficacy of subconjunctival delivery of
anti-VEGF through a novel silicon nanoneedle (Si NNs) sub-
conjunctival patch to treat PDR and retinal neovascularization
(RNV).

Si NNs allow for a non-invasive and painless method of apply-
ing therapeutic agents to deeper eye structures without having
to penetrate the ILM. In our research, the Si NNs are applied to
the sclera using a water-soluble subconjunctival patch, which dis-
solves within a minute and leaves the embedded Si NNs for an
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initial burst and subsequent long-term release of drugs. While
the overall length of the Si NNs is in the micrometer range, the
tip diameters and critical structural elements, which are essen-
tial for effective ocular penetration, are at the nanometer scale.
These nanoscale features play a pivotal role in enabling precise
and minimally invasive insertion into ocular tissues, distinguish-
ing Si NNs from traditional microneedles. Long-term sustained
release of pharmacological agents can be achieved by using a
passivation layer made from compounds such as aluminum ox-
ide, which slows the degradation of the Si NNs. While there
are multiple composites used for nanoneedles other than sili-
con, such as poly(lactic-co-glycolic) acid (PLGA) and methacrylate
hyaluronic acid, silicon has the slowest degradation rate in phys-
iologic conditions. The Si NNs degrade at a rate of < 20nn/day,
while PLGA and methacrylate hyaluronic acid degrade at a rate
of 24 to 120 um/day.[22-24]

2. Results
2.1. Sclera Embedded Si NNs Patch Fabrication

Figure 1a delineates the integration process of our biodegradable
ocular drug delivery patch, which incorporates silicon nanonee-
dles (Si NNs) created from a bulk silicon wafer. The Si NNs were
fabricated using standard microfabrication techniques, which in-
clude photolithographic patterning and a combination of dry and
wet etching to achieve undercuts at the base and nanopores on
the surfaces.[??! Detailed information on the fabrication steps
can be found in the Experimental Section. The integration with
our patch was achieved by transfer printing the Si NNs from
the bulk Si wafer onto a biodegradable film, such as polyvinyl
alcohol (PVA). The process commenced with the deposition of
a polymethyl methacrylate (PMMA) film on the Si NNs via
spin-coating, which acted as a sacrificial layer. Subsequently, a
constant-rate mechanical peeling of the PMMA film was con-
ducted using an automated peeling apparatus. During peeling,
mechanical stresses concentrated at the undercuts induced sep-
aration of the Si NNs from the Si wafer.[?*! PVA solution (2% wt)
was then drop-cast onto the exposed Si NNs, followed by ther-
mal polymerization at 60 °C for one hour in a vacuum chamber,
repeated thrice to achieve a film thickness of ~#40 um. The final
stage involved removing the PMMA layer by immersion in 70 °C
acetone for 4 h, then the film was rinsed with anhydrous ethanol
and sterilized under UV light.

To enable effective drug attachment to the surface of Si NNs,
covalent bonding is employed to ensure high binding affinity and
prevent drug leakage during release. This process involves treat-
ing the Si NN surface with 3-triethoxysilylpropyl succinic anhy-
dride (TESPSA), which facilitates the creation of amide bonds
with antibody-based ocular drugs such as Bev. Then, the Si NNs
patch was immersed in a diluted Bev solution for covalent bond-
ing. The production process was carefully designed to preserve
the bioactivity of Bev by avoiding harsh conditions, such as ex-
treme pH or high temperatures, that could denature the pro-
tein. These measures were intended to ensure that the therapeu-
tic efficacy of Bev remained uncompromised. Additionally, the
conjugation reaction was conducted under controlled conditions
to minimize potential structural alterations of the drug, further
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Figure 1. Structure and working principle of the biodegradable patch integrated with Si NNs. a) Schematic illustrations of the basic procedure for
transferring Si NNs from a silicon wafer to a PVA film. b) Optical photograph of the biodegradable ocular drug delivery patch. c) SEM image of the
Si NNs transferred onto the PVA film. d) Front-view depiction of the device structure for the biodegradable ocular drug delivery patch. e) Schematic

diagrams illustrating the drug delivery process.

supporting its stability and functionality during and after patch
fabrication.

Figure 1b showcases the completed patch with embedded Si
NNs. The transfer process achieved a high yield (> 99%) of Si
NNs across the patch, as verified by the SEM image in Figure 1c.
Figure 1d specifies the dimensions of the transferred Si NNs on
the PVA film, with the needles embedded 5 um beneath the PVA
surface and protruding for 60 um. This design enables an effec-
tive puncture depth of ~80 um into the targeted tissue, ensuring
efficient therapeutic delivery while minimizing damage to deeper
ocular structures, such as the corneal stroma.[??! The functional
principle of our patch is illustrated in Figure le. Application of
the patch to the ocular surface allows for the smooth insertion
of Si NNs into the sclera (Figure 1e, left). The patch then rapidly
dissolves in tear fluid within a minute (Figure le, middle), while
the Si NNs slowly degrade in the sclera over the course of months
through hydrolysis into silicic acid and hydrogen,!?-2#! enabling
a sustained, long-term release of drugs (Figure 1e, right).

2.2. In Vivo Monitoring of Si NNs Treatment Using Color Fundus
Photography and Fluorescein Angiography Imaging

After fabricating the sclera-embedded Si NNs patch conju-
gated with bevacizumab (Si NNs-Bev), we initiated treatment
on pigmented rabbits with DR models. The DR models were
established through intravitreal injection (IVT) of DL-alpha-
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aminoadipic acid (DL-AAA), following the protocol described
in our group’s previous studies. By day 7 post-IVT injection,
all rabbits exhibited new retinal neovascularization (RNV). At
this stage, the animal models were classified into four groups:
one group received treatment with Si NNs-Bev patches, another
was treated with Si NNs without Bev, a third group received
intravitreal Bev only, and the fourth group served as a control
without any treatment. Each group consisted of three rabbits
with DR animal models. The treatment progression of Si NNs-
Bev on RNV is monitored by a multimodal imaging system
including color fundus photography, fluorescein angiography
(FA), optical coherence tomography (OCT), and photoacous-
tic microscopy (PAM). Figures 2a—g and Sla-g (Supporting
Information) displays the color fundus of RNV obtained at
various intervals from day 0 to 12 months post-treatment, illus-
trating distinct differences between the groups treated with Si
NNs-Bev (Figure 2g) and control groups: untreated (Figure 2a),
Bev (Figure 2¢), and Si NNs (Figure 2e). In the treated group
with Si NNs-Bev, retinal vessels (RVs) were evident alongside
reduced RNV and intact optic nerves. Conversely, the untreated
group, Bev and Si NNs display heightened vessel tortuosity
and density one month after treatment. However, from the
second month onward, there was a gradual decrease in vessel
tortuosity, which stabilized at an elevated level for up to 12
months. Figure 2b-h and Figure S1b-h (Supporting Informa-
tion) depict the corresponding FA images obtained immediately
after acquiring color fundus images shown in Figure 2a-g.

© 2025 Wiley-VCH GmbH
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Figure 2. In vivo treatment of RNV in rabbits using Si NNs: a,c,e,g) Color fundus photographs captured at various time points over a 12-month post-
treatment period, representing four groups: the untreated control group (a), the group treated with Bev alone (c), the group treated with Si NNs without
Bev (e), and the group treated with Si NNs conjugated with Bev (Si NNs-Bev, g). These images clearly illustrate the RV structure and the optic nerve.
b,d,f,h) Corresponding FA images acquired after the color fundus photographs in panels a, ¢, e, and g. The FA images provide high-resolution views of
the RNV structure, with leakage areas indicative of new RNV development highlighted by red arrows. Notably, the FA images demonstrate that the Si
NNs-Bev treatment effect decreased over time, whereas the untreated control, Bev-only, and Si NNs groups showed minimal regression of RNV.

Significant reductions in RNV were observed following
Si NNs-Bev treatment (Figure 2h; Figure S1h, Supporting
Information), while minimal changes were noted in the control
or untreated group (Figure 2b; Figure S1b, Supporting Infor-
mation), treated with Bev (Figure 2d; Figure S1d, Supporting
Information), and treated with Si NNs (Figure 2f; Figure S1f,
Supporting Information). This suggests the efficacy of Si NNs-
Bev patch in attenuating RNV progression over an extended
period, highlighting its potential as a therapeutic intervention
for retinal neovascularization.

To quantify both the density of RNV and the fluorescent in-
tensity (FLI) observed in the FA images, we employed image
segmentation (Figure S2, Supporting Information). Following
the segmentation of RNV locations, we determined RNV density
and FLI using Image], as depicted in Figure 3. The FLI of RNV
gradually decreased after treatment, reaching its lowest point at
4 months before a slight increase between months 5 and 12
(Figure 3a). Compared to pre-treatment levels, the normalized
FLI decreased by ~85% (Norg; = 1+0.01 (a.u.) pre-treatment
versus 0.15+0.06 (a.u.) post-treatment at month 6). This result
illustrates the long-term impact of the Si NNs-Bev on RNV pro-
gression and vascular leakage, consistent with drug release from
the Si NNs, as demonstrated in our previous publication.?! Con-

Small 2025, 2410166

2410166 (4 of 13)

versely, the control groups such as untreated or Si NNs with-
out Bev treatment showed ongoing RNV growth after 1 month,
with a slight reduction ~#2-3% compared with pre-treatment be-
tween months 1 and 4, followed by no change up to 12 months.
In the group treated with Bev, we observed a 7% reduction in
RNV during the first month after administration. This reduction
continued, reaching 10-13%, and remained stable for up to 12
months post-treatment (Norg; = 1+0.01 (a.u.) pre-treatment ver-
sus 0.88+0.05 (a.u.) post-treatment at month 10).

Figure 3b illustrates the quantification of RNV density as a
function of treatment time. RNV density decreased rapidly af-
ter the Si NNs-Bev treatment, achieving an 85% reduction com-
pared to pre-treatment levels (RNV density = 1.00+0.00 (a.u.) pre-
treatment versus 0.15+0.02 (a.u.) post-treatment at month 6). In
contrast, RNV density increased by ~9% in the untreated group
(RNV density = 1.00+00 (a.u.) pre-treatment versus 11.11+0.28
(a.u.) post-treatment at month 4) and then increased by 4% and
2% at month 8 and 12 (RNV density = 0.97+0.17(a.u.) post-
treatment at month 8 and 0.98+0.02 (a.u.) post-treatment at
month 12), respectively. Similarly, the groups treated with Bev
and Si NNs exhibited slight fluctuations in VD compared to their
pre-treatment levels. Measurements indicated that RNV density
decreased by 7% in the Bev-treated group at month 6 while the Si

© 2025 Wiley-VCH GmbH
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Figure 3. Measurement of fluorescent intensity and vessel density: a) Normalized fluorescent leakage intensity. The blue line represents the trend
observed in the control group (untreated), the orange line depicts the signal resulting from intravitreal Bev treatment, and the green line shows the
quantified data from the group treated with Si NNs alone while the red line depicts the progression of the Si NNs-Bev treatment. b) Vessel density

measurement over time. Data are presented as Mean+Standard Deviation with N = 3.

NNs-treated group demonstrated RNV increased by 9% at month
6 and fluctuated ~22% at month 12.

2.3. In Vivo OCT Imaging for Monitoring RNV Treatment with Si
NNs Patch

Next, the efficacy of the Si NNs-Bev treatment in managing RNV
was assessed through high-resolution spectral domain (SD)-OCT
imaging. OCT imaging provided high-resolution cross-sectional
views of the retina, enabling a detailed assessment of RNV pro-
gression and regression over the treatment period. The margin
and degree of retinal neovascularization (RNV) were visualized
both in 2D and 3D OCT, offering a comprehensive understand-
ing of the morphological changes in RNV pre- and post-treatment

(Figure 4). The selected images obtained from the control group
(Figure 4a—e) offered a detailed depiction of the distribution of
newly developed RNV and stable up to 12 months with high res-
olution following treatment. These images not only highlighted
the presence of RNV, but also provided clarity regarding other
retinal layers such as choroidal vessels (CVs) and sclera, thus
enriching our understanding of the retinal microenvironment.
In contrast, the treated group with the Si NNs-Bev (Figure 4fj)
demonstrated a significant reduction in RNV density as early as
1-month post-treatment (Figure 4g), with sustained suppression
observed throughout the 12-month follow-up period (Figure 4j).
This reduction in RNV density highlights the therapeutic poten-
tial of the Si NNs-Bev in mitigating pathological neovasculariza-
tion within the retina.

Figure 4. In vivo OCT monitoring of retinal neovascularization (RNV) progression following treatment with the Si NNs: a—e) Two-dimensional OCT
images captured from the control group, untreated with the Si NNs-Bey, prior to treatment (a) and post-treatment at varying time intervals: 1 month
(b), 3 months (c), 6 months (d), and 12 months (e). The red arrows denote the sites of newly developed RNV resulting from intravitreal injection of
DL-alpha-aminoadipic acid (DL-AAA). f=j) OCT images acquired from the Si NNs-Bev treated group at different time points: pre-treatment (f), 1 month
(), 3 months (h), and 12 months (j). RNV density gradually diminishes post-treatment, commencing at 1 month, with minimal recurrence observed up
to 12 months.
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Figure 5. Quantification of vessels density as a function of treatment time.
The graph depicts the changes in RNV density across treatment groups:
blue represents the untreated group, orange corresponds to Bev-treated,
green indicates Si NNs-treated, and red denotes Si NNs-Bev-treated. A sig-
nificant reduction in RNV density was observed in the Si NNs-Bev group,

while only minimal reductions were detected in the other groups. Data are
presented as Mean+Standard Deviation with N = 3.

The quantitative analysis presented in Figure 5 further sup-
ports these observations, with the Si NNs-Bev-treated group ex-
hibiting an impressive 87% reduction in RNV density compared
to pre-treatment levels by 6 months that persists to 12 months
(VD = 1.00+0.01 (a.u.) for pre-treatment versus 0.15+0.09 (a.u.)
for post-treatment with the Si NNs-Bev at 12 months). This sig-
nificant decrease in vessel density underscores the efficacy of
the Si NNs-Bev in inhibiting RNV progression and highlights
its promise as a therapeutic intervention for neovascular reti-
nal disorders. Moreover, there was no significant reduction in
RNV density observed in the untreated, Si NNs, and Bev groups
(VD =1.00+0.01 (a.u.) for pre-treatment versus 1.09+0.13 (a.u.),
1.03+0.14 (a.u.), and 1.00+0.17 (a.u.) for post-treatment at 12
months, respectively).

2.4. In Vivo Photoacoustic Microscopy Visualization of RNV after
Treatment with Si NNs

To further investigate the development of RNV in three dimen-
sions (3D), we conducted photoacoustic microscopy (PAM) imag-
ing. PAM imaging utilized an excitation wavelength of 578 nm,
chosen for its strong optical absorption by hemoglobin in the
vessels, 2239 as depicted in Figure 6. In both the control and Si
NNs-Bev-treated groups, the morphology of RVs was clearly vi-
sualized using fundus imaging (Figure 6a,d), red-free imaging
(Figure 6b—e), and FA (Figure 6¢,f). Notably, minimal FA leak-
age was observed in the Si NNs-Bev-treated group (Figure 6f),
while a strong FA leakage signal was detected in the control
group (Figure 6¢). These findings confirm the effectiveness of
the Si NNs-Bev treatment. Figure 6g—i shows the PAM images of
RNV from the control group at various time points: Pre-treatment
(g), 1-month post-treatment (h), and 12-months post-treatment
(i) obtained along the scanning region showed in Figure 6a.
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The morphology of RNV was distinctly discernible, character-
ized by high resolution and image contrast. Additionally, PAM
images revealed detected retinal pigment epithelium (RPE) cells
exhibiting strong photoacoustic signals. Figure 6m-o depicts
the 3D volumetric rendering of PAM data, offering an impres-
sive structural depiction of RNV in a 3D perspective. Notably,
the RNV and RPE layers were distinctly visualized at different
depths, consistent with the layering observed in the OCT im-
ages presented in Figure 5 (Videos S1-S3, Supporting Infor-
mation). Figure 6j-1 presents the PAM images acquired from
the group treated with Si NNs-Bev acquired along the scan-
ning region shown in Figure 6d—f. A detailed depiction of the
RV structure is evident in the PAM image captured at 1, 6,
and 12 months. Note that a reduced RNV population without
recurrence is observed in the Si NN-Bev treated group when
compared to the control group (Figure 6h,i), indicative of the
therapeutic effect of the Si NNs-Bev. The 3D reconstructions of
PAM images are displayed in Figure 6p-r. These reconstruc-
tions demonstrate the RV structure post-treatment, featuring di-
minished microvasculature compared to pre-treatment (Videos
S4-S6, Supporting Information). Furthermore, a reduction in
vessel tortuosity is evident in the post-treatment PAM images.
In addition, the RNV and RPE layers were located at different
layers, which is consistent with the OCT images presented in
Figure 5.

2.5. Grimace Scale and Biosafety Analysis

To assess the comfort of the animals after treatment with the
Si NNs, we performed a grimace scale analysis (Figure S3, Sup-
porting Information). No signs of discomfort were observed in
any of the treated rabbits, including the control group. This in-
dicates that the Si NNs are both painless and safe for treat-
ment. To evaluate the safety of the Si NNs treatment for RNV,
a comprehensive in vivo biosafety assessment was conducted on
all treated animals. Monthly observations of body weight were
performed on all treated animals, including the control group,
post-treatment (Figure 7a). The data indicate a uniform, grad-
ual increase in body weight across all groups, suggesting that
the treatment did not adversely affect the health of the rab-
bits. To corroborate the presence of RNV, animals were euth-
anized at 12 months post-treatment for histological analysis.
Figure 7b—e displays hematoxylin and eosin (H&E) staining of
the Si NNs-Bev treated group (b), Bev treatment (c), Si NN treat-
ment (d), and the control group without treatment (e). The con-
trol groups exhibit a clear structure and morphology of RNV,
along with major RVs, while the treated group with Si NNs-
Bev displays fewer structures of RVs. This observation is con-
sistent with findings from OCT, PAM, and FA imaging. Fur-
thermore, in the treated group with the Si NNs-Bev, no evi-
dence of residual Si NNs was observed. This suggests that the
Si NNs can be completely degraded and therefore can be ap-
plied repeatedly. Further biosafety analysis was conducted using
TUNEL staining to assess the potential toxicity of the Si NNs to
the retina. As shown in Figure 8, no TUNEL-positive cells were
detected in either the treated groups or the control group, indi-
cating that the treatment caused minimal toxicity to the retinal
tissue.
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Scanning Region

Figure 6. In vivo PAM imaging visualization of retinal neovascularization (RNV). a,d) Color fundus photography showing the major RVs and RPE before
treatment obtained from control (a) and treated group with Si NNs-Bev (d). b,e) Red-free image highlighting the nerve fiber layer (NFL), RVs, and areas
of RNV. ¢,f) Late-phase FA image illustrating retinal neovascularization (RNV) and the detailed structure of RVs and capillaries. g-i) PAM images taken
before treatment (g), at 1 month (h), and at 12 months (i), corresponding to the scanned area outlined by the white dotted rectangle in (a), providing
a high-resolution view of RVs and RNV. j-I) PAM images achieved from treated group Si NNs-Bev at different time points, showing minimal newly
developed RNV. m-r) 3D volumetric reconstruction PAM images depict the morphology of RVs and RNV in a 3D perspective.
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Figure 7. In vivo biosafety analysis. a) Body weight of the rabbits monitored before and followed up for 12 months post-treatment with Si NNs-Bey,
Bev, Si NNs, and control (untreated). b—e) 20x H&E images obtained from Si NNs-Bev treatment (a), Bev treatment only (c), and Si NNs treatment
(d) and untreated group (e). f~i) 40x H&E images from (b—e) respectively. These images show clearly the location of RNV (red arrows). In addition, the
architecture of the retinal layers was also observed clearly, such as ILM, ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), photoreceptor layer (PL), RPE, choroid layer (CL), and sclera.
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Figure 8. TUNEL assay analysis 12 months after Si NNs-Bev treatment. a) Si NNs-Bev treated group. b) Bev treated group. c) a group treated with Si
NNs without conjugation with Bev. d) Control group (untreated). Cell nuclei are stained with DAPI (blue), while apoptotic cells are stained with FITC
(green). No evidence of apoptotic cells was detected in any of the groups. Scale bar: 50 um.

2.6. Immunofluorescence Analysis

We then performed immunofluorescence imaging (IF) to con-
firm the presence of newly developed retinal blood vessels and
assess the treatment’s effectiveness. Figure 9 displays IF images
of the retina stained with @-SMA and CD31 antibodies from dif-
ferent treatment groups: Si NNs-Bev treated, Bev only treated, Si
NNs without conjugation with Bev, and control or untreated. In
these images, a-SMA antibody was used to label the vessel walls.
This antibody showed strong expression on the walls of major ar-
teries and capillaries in the Bev-only treated group (Figure 9b), Si
NN (Figure 9c) and the control group (Figure 9d) but was less ex-
pressed in the Si NNs-Bev treated group (Figure 9a). These results
indicate that RNV was almost completely resolved after treatment

Small 2025, 2410166
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with the Si NNs-Bev, whereas new blood vessels remained in the
control groups. The CD31 antibody was primarily expressed on
the lumen of the vessel walls.

3. Discussions

The utilization of the Si NNs conjugated with Bev for long-term
treatment of RNV in a DR rabbit model has shown promis-
ing outcomes. Our study has demonstrated a novel treatment
approach utilizing a biodegradable subconjunctival patch with
the Si NNs embedded in the sclera, representing a significant
advancement in drug delivery for long lasting ocular therapeu-
tics. This innovative method offers several key advantages includ-
ing minimal invasiveness, reduced patient discomfort, long term
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Figure 9. Immunofluorescent analysis of RNV after treatment with Si NNs. a—d) Fluorescence images of the retina stained with different vascular
markers: a-SMA (red), and CD31 (green). Blue fluorescent color indicates the distribution of cell nuclei stained with DAPI. The images show the results
from the group treated with Si NNs-Bev (a), the group treated with Bev alone (b), the group treated with Si NNs without Bev and the untreated group

(d). White arrows indicate the locations of vascular walls labeled with a-SMA.

sustained drug delivery, and enhanced effectiveness in drug de-
livery.

The use of a subconjunctival patch with the Si NNs embed-
ded in the sclera minimizes the need for invasive procedures
such as intravitreal injections, which are associated with dis-
comfort and potential complications such as infection or reti-
nal detachment.332] The biodegradable nature of the patch al-
lows release of the drug in a controlled manner, ensuring sus-
tained local therapeutic levels while minimizing systemic expo-
sure and potential side effects. This controlled release mecha-
nism enhances the efficiency of drug delivery, prolonging the
duration of therapeutic action, and reducing the frequency of ad-
ministration required.

The subconjunctival route of administration with the Si NNs
embedded in the sclera also offers unique benefits in terms of
drug distribution and targeting. By placing the patch in close
proximity to the target tissues, it allows for efficient diffusion
of the therapeutic agent in the sclera and adjacent retina, where
it can exert its pharmacological effects. This localized delivery
approach enhances the therapeutic index of the drug, maximiz-
ing its efficacy while minimizing off-target effects on nonocu-
lar tissues. Throughout the 12-month post-treatment period, the
efficacy of this therapeutic approach was monitored using vari-
ous imaging modalities including color fundus photography, FA,
OCT, and photoacoustic microscopy (PAM) imaging. The find-
ings indicate a significant, sustained > 80% reduction in RNV
and vascular leakage following treatment, coupled with minimal
recurrence observed over the duration of the study. This notable

Small 2025, 2410166

2410166 (9 of 13)

reduction in RNV and vascular leakage suggests that the Si NNs-
Bev effectively targeted and inhibited the pathological angiogen-
esis characteristic of RNV in the diabetic rabbit model.

The major advantage of this study is that we monitored RNV
post-treatment using different imaging modalities longitudinally
for a long one-year time period, which allowed us to thoroughly
observe RNV progression over time. Color fundus imaging pro-
vided valuable insight into the macroscopic changes occurring
in the retina, allowing for the visualization of vascular abnormal-
ities and alterations in retinal morphology. The observed reduc-
tion in RNV on color fundus images corroborates the efficacy of
the Si NNs-Bev treatment regimen. FA served as a crucial tool
for assessing retinal vascular perfusion and leakage, enabling the
visualization of abnormal neovascularization and the extent of
vascular regression post-treatment. The decrease in fluorescein
leakage and neovascularization observed in treated rabbits fur-
ther supports the therapeutic efficacy of the Si NNs-Bev in treat-
ing RNV.

OCT imaging provided detailed cross-sectional visualization
of retinal layers and structural changes, allowing for the assess-
ment of morphological alterations and the presence of fluid ac-
cumulation. The reduction in RNV density and absence of sig-
nificant fluid accumulation observed on OCT images also vali-
date the effectiveness of the Si NNs-Bev in stabilizing retinal mor-
phology and function. PAM offered additional insights into the
3D structure of RNV and provided complementary information
regarding vascular architecture and microvascular changes. The
3D reconstruction of photoacoustic images demonstrated a clear
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reduction in microvasculature and vessel tortuosity post-
treatment, consistent with the findings from other imaging
modalities. Therefore, the combined use of the Si NNs conju-
gated with bevacizumab for the long-term treatment of RNV in a
DR rabbit model yielded promising results, as evidenced by the
significant and sustained reduction in RNV with minimal recur-
rence observed over the 12-month treatment period. These find-
ings highlight the potential of this therapeutic approach for the
management of RNV in DR and highlight the importance of mul-
timodal imaging in assessing treatment efficacy and disease pro-
gression.

While the Si NNs show promise in treating RNV through scle-
ral embedding, several challenges must be addressed to enhance
their effective implementation. The efficient delivery of the Si
NN to the target site within the retina is crucial for therapeutic
efficacy. Subconjunctival administration with the Si NNs embed-
ded in the sclera may face barriers in achieving adequate penetra-
tion and distribution of the Si NNs to the retinal layers where neo-
vascularization occurs. In addition, achieving sustained release
of therapeutic agents, such as bevacizumab, from the Si NNs is
essential for prolonged therapeutic effect. Maintaining optimal
drug concentration levels over time while minimizing systemic
exposure is also a challenge. The efficient loading of therapeu-
tic agents in the Si NNs is crucial for enhancing their effective-
ness in the treatment of RNV. Several promising methods can ad-
dress this challenge, including the utilization of longer Si NNs.
In our current study, we employed 60 um in length Si NNs(22).
If needed, to increase drug delivery into the retina, one could ex-
plore increasing the length of Si NNs to 150-200 um. This longer
length may help facilitate enhanced drug loading and subsequent
release, although in this study 60 um in length was able to achieve
treatment efficacy for RNV. Additionally, microneedles offer an-
other promising avenue for ocular drug delivery!**34 and have
shown potential in the treatment of various ocular diseases such
as glaucoma, AMD, uveitis, retinal vascular occlusion, and re-
tinitis pigmentosa,!*>3¢] demonstrating potential applications be-
yond traditional delivery routes. Recent investigations have ex-
plored diverse sizes and shapes of microneedles, highlighting
their adaptability to specific therapeutic needs. While micronee-
dles hold great promise for inhibiting neovascular proliferation,
challenges and potential side effects must be addressed to facili-
tate their widespread application, including tissue penetration,
biocompatibility, and potential adverse reactions. Nonetheless,
continued research and development efforts in optimizing mi-
croneedle technology offer exciting prospects for enhancing the
efficacy and safety of retinal treatments, including the manage-
ment of RNV.

However, subconjunctival administration with Si NNs embed-
ded in the sclera may face challenges in achieving sufficient pen-
etration to the retina, especially in cases of thickened or fibrotic
scleral or subretinal tissue. Therefore, alternative methods to
enhance tissue penetration while minimizing trauma to ocular
structures would be beneficial.

4. Conclusion

This study demonstrates the feasibility and efficacy of utilizing a
rapidly dissolving subconjunctival patch with Si NNs embedded
in the sclera for ocular drug delivery. This approach represents
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a promising alternative to traditional treatment modalities, of-
fering enhanced comfort, improved treatment outcomes, greater
convenience, and long-term, sustained drug delivery. Further re-
search and development in this area hold the potential to revo-
lutionize the field of ocular therapeutics, providing safer, more
effective treatment options for a wide range of ocular diseases
and conditions.

5. Experimental Section

Fabrication of Si NNs on Si Wafer: The fabrication process for the
silicon nanoneedles (Si NNs) patch began with the formation of verti-
cally aligned arrays of microscale silicon pillars (initial height/diameter:
~65/2 um) on a bulk silicon wafer (p-type; 525 pm thick; 0 to 100 ohm-cm).
This was accomplished using conventional photolithographic patterning
followed by a deep reactive ion etching (DRIE) process. The DRIE was con-
ducted under specific parameters: a radio frequency (RF) plasma power of
450 W and a platen power of 11 W, with sulfur hexafluoride (SF¢) gas flow-
ing at 85 sccm. A partial passivation layer of (C,F,), polymer was then
deposited using octafluorocyclobutane (C4Fg) gas at a flow rate of 130
sccm under an RF plasma power of 800 W. This step aimed to create Si
micropillars with precise vertical alignment and an optimal aspect ratio.
Subsequently, an additional isotropic dry etching was performed using a
plasma power of 450 W and a platen power of 30 W, with SF¢ gas at a
flow rate of 85 sccm, to generate undercuts at the base of the Si micropil-
lars. To remove residues such as photoresist and passivation layers gen-
erated during the DRIE process, the specimen underwent treatment with
oxygen (O,) plasma and piranha solution (80% sulfuric acid [H,SO,] and
20% hydrogen peroxide [H,0,]). The Si micropillars were then immersed
overnight in phosphate-buffered saline (PBS; pH 7.4) at 67 °C, followed
by a 10-min immersion in a 15 wt.% potassium hydroxide (KOH) solu-
tion at 25 °C to reduce the size of the Si micropillars from microscale to
nanoscale, forming the Si NNs. Next, a metal-assisted chemical etching
(MACE) process was applied, where the pillars were immersed in a mix-
ture of 20 mM silver nitrate (AgNO3) and 49% hydrogen fluoride (HF) to
create a nanoporous surface. Silver residues were then removed immedi-
ately using an Ag etchant solution for one minute. Finally, a thin film of
aluminum oxide (Al,03) was deposited by atomic layer deposition (ALD),
with each cycle designed to deposit 1A of thickness, for a total of 30 cycles.
The resulting Si NNs in this study had a base diameter of 900 nm and a
length of 65 um.

Transfer Printing of Si NNs onto Biodegradable Patch: A 200 pm thick
layer of PMMA film was spin-coated onto the surface of the as-prepared Si
NNs on a silicon wafer, followed by thermal curing in a vacuum chamber
at 80 °C for 2 h. This process created an air gap of &5 um between the
PMMA layer and the Si wafer, due to surface tension effects. The PMMA
film was then mechanically peeled off at a constant rate of 50 mm/min
using a Mark-10 device from Willrich Precision Instruments. A 500 uL
volume of PVA solution (molecular weight = 31000; 2 wt.%) was drop-
cast onto the side of the PMMA film where the Si NNs were exposed,
followed by curing in a vacuum chamber at 60 °C for one hour. To achieve
a PVA film thickness of 40 pum, this step was repeated three times un-
der identical conditions. The resulting double-layered PMMA-PVA struc-
ture was then immersed in acetone at 70 °C for 4 h to selectively dis-
solve the PMMA layer. For sterilization, the biodegradable patch with
embedded Si NNs was soaked in an anhydrous ethanol bath for 5 min
and subsequently exposed to ultraviolet (UV) light at a wavelength of
254 nm for 5 min before each use. The biodegradable subconjunctival
patch used in this study is 1.5 cm by 1.5 cm square, accommodating 5000
Si NNs per square centimeter, with each nanoneedle measuring 60 pm in
length.

Drug Loading Process: To achieve covalent bonding between Si NNs
and Bev, 500 pL of TESPSA was applied to Si NNs at room temperature
for 10 min to functionalize the surface with silane, followed by rinsing with
anhydrous ethanol. For the loading of Bev to Si NNs, the Bev solution was
prepared by diluting it to 5% (v/v) in anhydrous ethanol (>99.9%). The Si
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NNs were immersed in this solution at room temperature for 30 min and
then washed with anhydrous ethanol.

Animal Preparation: ~ All animal experiments were employed under the
ARVO (The Association for Research in Vision and Ophthalmology) guide-
line for the Use of Animals in Ophthalmic and Vision Research and the
protocol was approved by the Institutional Animal Care & Use Committee
(IACUC) of the University of Michigan (Protocol PRO000010388, PI: Y.M.
Paulus). Adult Dutch Belted pigmented rabbits, both genders, and weight
of 2.3-2.7 kg, age 4-8 months old were used in this study. Ketamine (40
mg k~'g) and xylazine (5 mg k~'g) were applied for anesthesia through
intramuscular administration. To maintain anesthesia, one third dose of
ketamine was administered during the experiment every 45 min. The ani-
mal’s pupil was dilated using phenylephrine hydrochloride 2.5% and tropi-
camide 1% ophthalmic solution. The rabbit’s eyes received a drop of top-
ical tetracaine for topical anesthesia. The animal vitals, including such as
heart rate, respiratory rate, mucous membrane color, and body temper-
ature, were monitored and documented every 15 min during anesthesia
and recovery. The heart rate and respiratory rate were measured using a
SpO2 Digital Pulse Oximetry (V8400D, MW!I Animal, Health, Boise, ID).
To maintain the body temperature, a water circulation blanket was used
during the experiment (TP-700, Stryker Corporation, Kalamazoo, Ml). In
addition, a balanced salt solution was applied on the eye every minute
to prevent corneal dehydration (Altaire Pharmaceuticals, Inc., Aquebogue,
NY).

In Vivo OCT-PAM Imaging: The response to Si NNs treatment was
evaluated using a combination of imaging techniques, including a dual
SD-OCT and photoacoustic microscopy (PAM) system.[37-#4] The SD-OCT
system utilized in this research was a modified version of the Ganymede-II-
HR system by Thorlabs (Newton, NJ, USA), incorporating additional com-
ponents such as an ocular lens, scan lens, and dispersion compensation
glass (DCG). An optical parametric oscillator (OPO) served as the light
source for PAM (Model NT-242, Ekspla, pulse duration of 3-5 ns, with
tunable wavelength ranging from 405 nm to 2600 nm). Last, a custom ul-
trasonic transducer from Optosonic Inc (Arcadia, CA, USA) was employed
to capture the photoacoustic (PA) signal generated by the excitation of
chromophores such as hemoglobin. This transducer has the center fre-
quency of 27 MHz. The signal underwent digitization using a high-speed
digitizer with a sampling rate of 200 MS/s (PX1500-4, Signatec Inc., New-
port Beach, CA, USA) and was then amplified utilizing a low-noise ampli-
fier (with a gain of 57 dB, AU-1647, L3 Narda-MITEQ, NY, USA). For PAM
and SD-OCT, the lateral resolutions are 4.1 um and 3.8 um respectively,
with an achievable imaging depth of 1.9 mm. The center laser wavelength
for the OCT system was 905 nm, employing two super luminescent light-
emitting diodes with center wavelengths of 845 nm and 932 nm. The laser
energy was maintained at half of the ANSI safety limit, ~80 n).

Fundus and Fluorescein Angiography Imaging of RNV: A custom-
modified 50° color photography system (Model Topcon 50EX, Topcon Cor-
poration, Tokyo, Japan) was utilized for visualizing the RNV changes in
response to treatment. Photographs were captured on an Electro-Optical
System (EOS) 5D camera (Cannon 5D EOS, Tokyo, Japan) with a reso-
lution of 5472 x 3648 pixels, each pixel measuring 6.55 um?. Red-free
photography and FA images were acquired using the same Topcon 50EX
camera with appropriate filters and internal excitation. FA images were
acquired serially immediately after intravenous injection of fluorescein so-
lution (200 uL, 100 mg mL~") up to 15 min post injection. Additionally,
the picture style was set to monochrome to enhance the visualization of
new blood vessels. The red-free image provided high signal contrast for
the vasculature, facilitating the quantitative analysis of dynamic changes
in RNV over time.

Diabetes Retinopathy Model: To create a clinically-relevant model of
DR in rabbits, the DL-alpha-aminoadipic acid (DL-AAA) model was utilized
in pigmented rabbits as published previously.[*#6] Briefly, DL-AAA stock
solution (120 mg mL™") was prepared by dissolving DL-AAA powder ob-
tained from Sigma (Sigma-Aldrich, USA) in TN hydrochloric acid. The pH
level was adjusted to 7.4 using sodium hydroxide solution. Then, the stock
solution was diluted in PBS to achieve final concentration of 80 mM. Be-
fore injection, the mixed solution was filtered using a 0.22 um disposable
syringe filter (Millex-GP, MKBL8989, Sigma-Aldrich Corp.). All animals re-
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ceived intravitreal injection (V) of 50 uL DL-AAA into the vitreous cavity
using a 30 G Yz inch insulin syringe through the pars plana at 3.5 mm pos-
terior to the corneal limbus. To avoid reflux, a cotton swap was applied at
the injection area immediately after withdrawal of the needle.

RNV Treatment Procedure: To perform RNV treatment, we divided the
rabbit models into four groups: a control group (no treatment with Si
NNs), a group treated with bevacizumab only (Bev only), a group treated
with Si NNs without bevacizumab (Si NNs only), and a group treated
with Si NNs conjugated with bevacizumab (Si NNs-Bev). In the control
group, no surgery was performed after the creation of the RNV model,
serving as a baseline for evaluating the effects of the Si NNs and Si NNs-
Bev treatments. For the group treated with bevacizumab only (Bev only),
intravitreal injection was performed to deliver bevacizumab directly into
the vitreous using a 30G ¥z insulin syringe to mimic the standard clinical
treatment of DR. For the other groups, we administered subconjunctival
treatment using Si NNs embedded in the sclera for the DL-AAA-induced
RNV model in rabbits. To do this, a localized quadrant sectoral peritomy
was performed using Westcott scissors (Figure S4, Supporting Informa-
tion). Then, Si NNs patches were inserted through this localized peritomy.
Artificial lubricant eye drops (Systane, Alcon, TX, USA) were added to the
cornea to prevent dehydration and to improve the dissolution of the patch.
The patch completely dissolved within 1 min post application (Video S7,
Supporting Information). The RNV progression was monitored before and
after Si NNs treatment up to 12 months using multimodal imaging.

Grimace Scale Evaluation: To assess the comfort of the animals after
treatment with a subconjunctival patch, a grimace scale evaluation was
performed.[*’] Digital images of the animals’ faces were taken before and
after treatment, and these images were analyzed to identify any signs of
discomfort. Key facial features such as the shape of the nose (specifically
the V-shape), orbital tightening, cheek flattening, ear shape and orienta-
tion, and whisker shape and position were carefully observed to identify
signs of discomfort. The grimace scale is a reliable and non-invasive tool
for measuring pain and discomfort in animals, as it quantifies specific fa-
cial expressions that correlate with distress. This evaluation is crucial in
determining the effectiveness of the treatment and ensuring the well-being
of the animals.

In Vivo Biosafety Evaluation: Comprehensive biosafety evaluation was
performed on all the treated groups including control group using body
weight analysis, standard H&E, and TUNEL assay. The weight of the ani-
mal was measured before and every day after treatment for up to 1 week
and once a week from the second week up to 12 months. The trend of
body weight was plotted using Origin software. To perform H&E analy-
sis, all animals were euthanized after 12 months, and the eye tissues were
collected for H&E staining. To avoid retinal detachment, the harvested tis-
sues were pre-fixed in Davidson’s fixative solution (Fisher Scientific, MD,
USA) for 24 h. Afterward, the samples were changed to 50% alcohol for
8 h and then preserved in 70% alcohol for 24 h until sectioning. The eye-
balls were sectioned into two halves at the center of the optic nerves. The
half eyeball containing the treated area was embedded in paraffin. The
paraffin-embedded sections with a thickness of 5 um were acquired using
microtome equipment and stained with H&E. The stained sections were
evaluated under Leica Microscope (DM6000, Leica, USA). Digital images
were captured using a DF450C camera (Leica Microsystems Inc., IL, USA).

TUNEL Assay Analysis:  To assess the potential toxicity of Si NNs on
retinal tissue, a TUNEL assay was conducted following the TUNEL in situ
Cell Death Detection Kit protocol (Sigma-Aldrich, USA). The TUNEL pro-
tocol involves detecting apoptotic cells by labeling DNA strand breaks with
fluorescently labeled nucleotides. First, tissue sections or cell samples are
fixed and permeabilized to allow the reagents to penetrate the cells. The
samples are then incubated with a reaction mixture containing terminal
deoxynucleotidyl transferase (TdT) enzyme, which catalyzes the addition
of labeled nucleotides to the 3’-OH ends of fragmented DNA. After incu-
bation, the samples are washed to remove unincorporated nucleotides.
Finally, the labeled cells are visualized under a fluorescence microscope,
where apoptotic cells will exhibit bright fluorescence, indicating DNA frag-
mentation.

Immunofluorescent Analysis:  Immunofluorescence staining was con-
ducted to validate the emergence of RNV. Paraffin-embedded slides were
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first immersed in 4% PFA for 15 min at room temperature, followed by a
wash with 1% saponin in PBS for 30 min at room temperature to facili-
tate permeabilization. Subsequently, the slides were incubated overnight
at 4 °C in a solution containing 1% BSA, 10% goat serum in PBS. Two
primary antibodies CD31(P8590, Sigma Aldrich, USA) and mouse anti al-
pha smooth muscle Actin (aSMA) (A2547, Sigma Aldrich, MA, USA) were
ordering applied at a dilution of 1:1000 in blocking buffer and incubated
overnight at 4 °C. Finally, the samples were washed with 0.1 M PB (pH 7.4)
and a secondary antibody, Alexa FluorTM 488-conjugated goat anti-rabbit
1gG (A11008, Thermos Fisher, MD, USA), was applied at a dilution of 1:500
in blocking buffer and incubated for an additional 2 h at room tempera-
ture in the dark. After that, the samples were washed with 0.1 M PB and
coverslipped with prolong gold antifade mountant with DNA stain DAPI
(P36941, Invitrogen, MA, USA). Microscopic examination of the slides
was performed using a DM6000 microscope (Leica Microsystems Inc., IL,
USA), and digital images were captured using a BFX365 camera.

Image Segmentation: To determine the dynamic change of RNV be-
fore and after treatment, image segmentation was performed to isolate the
margin of the RNV. The algorithm for extracting the leakage area was re-
ported by Schneider et al. 2012. This approach comprises three key steps.
First, the original image (RGB scale) is converted into grayscale image.
Afterward, multiple positions were chosen along the major blood vessels.
Following this, the entire image is thresholded using these selected points
as guides. Last, a vessel identifier algorithm is employed to isolate the
vasculature bed from the image. Vessel density (VD) was determined by
calculating all extracted pixels. Fluorescence intensity was measured from
the isolated area using Image ] and normalized with the pre-treatment.

Statistics Evaluation: Statistical analysis was performed using origin
software (Origin 9, OriginLab Corporation, MA, USA). The data was ex-
pressed as mean + SD. P value was determined using Anova. P <0.05 is
considered as significant difference between two independent groups.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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