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Abstract. Diabetic retinopathy (DR) is a major microvascular complication of
diabetes, in which chronic hyperglycaemia, oxidative stress, and vascular
endothelial growth factor A (VEGF-A) overexpression drive pathological retinal
angiogenesis. Current anti-VEGF therapy requires repeated intravitreal
injections, motivating the search for noninvasive alternatives. This study
developed and evaluated a topical quercetin eye drop derived from radish
(Raphanus sativus L.) leaves, encapsulated in fluorocarbon-modified chitosan
(FCS), using in silico, physicochemical, and in vivo assessments. Molecular
docking against VEGF-A (PDB 3QTK) showed that quercetin had the second
most favourable binding energy (—8.21 kcal/mol; inhibition constant 9.089 uM)
among the four candidate flavonols, after the anti-VEGF comparator faricimab
(—8.93 kcal/mol), and shared several binding pocket residues with it. Leaves
extracted by 70% ethanol maceration yielded 23.20% extract (moisture 7.85%)
with positive flavonoid, alkaloid, saponin, tannin, triterpenoid, and phenolic
reactions; HPLC confirmed quercetin at 125.430 ppm. The FTIR spectrum of the
FCS carrier showed an FTIR spectrum 99.48% correlation with the chitosan
standard. Three eye drop variants containing 100, 50, and 25 mg of extract (V1—
V3) were clear, odourless, and sterile liquids at pH 7, with viscosities of 2.809,
2.505, and 2.214 cP; mean particle size was 24.67 nm, encapsulation efficiency
ranged from 84.72-93.85%, and refractive indices fell within the accepted ocular
range. In streptozotocin-induced diabetic rats, the highest-dose formulation (P1)
produced the greatest fasting blood glucose reduction (62.47 + 0.45%) and the
lowest retinal histopathological damage score (4.00 + 0.63) compared with the
diabetic control (14.33 + 1.21; Kruskal-Wallis test, p < 0.05). These findings
provide preliminary, biologically plausible evidence that quercetin-FCS eye
drops may protect against diabetic retinal injury, supported in silico by
favourable VEGF-A binding affinity; however, direct in vivo VEGF
quantification is still required before a VEGF-targeted mechanism can be
confirmed.
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1 Introduction

Diabetic retinopathy (DR) is a chronic retinal complication of diabetes mellitus and a
leading cause of visual impairment worldwide. The 11th edition of the International
Diabetes Federation (IDF) Diabetes Atlas estimates that the global prevalence of dia-
betes will continue to rise sharply through 2050, with Indonesia among the countries
contributing substantially to this burden [1]. Chronic hyperglycaemia induces oxidative
stress, inflammatory signalling, endothelial dysfunction, capillary non-perfusion, peri-
cyte loss, microaneurysm formation, and, in advanced disease, pathological retinal ne-
ovascularisation.

Vascular endothelial growth factor A (VEGF-A) is a key mediator of this process.
Its expression is upregulated by chronic hyperglycaemia and hypoxia, which in turn
promotes pathological neovascularisation and excessive vascular permeability through
pathways such as PKC/ET/NF-kB/ICAM-1, ultimately leading to macular oedema and
visual decline [2]. Therefore, VEGF remains a central therapeutic target in DR, alt-
hough VEGF also has physiological neuroprotective functions that warrant caution
when designing long-term inhibition strategies. Current management of diabetic mac-
ular oedema and proliferative DR frequently relies on intravitreal anti-VEGF agents,
including bevacizumab, ranibizumab, aflibercept, and, more recently, faricimab. These
agents are clinically effective but require invasive, repeated administration and carry
procedural risk [3], motivating interest in non-invasive delivery strategies capable of
reaching the posterior segment.

The use of natural bioactive compounds is an increasingly attractive approach. Quer-
cetin is the major flavonoid constituent of radish (Raphanus sativus L.) leaves, and LC-
MS/MS-based profiling has confirmed a high phenolic and flavonoid content, as well
as antidiabetic, anti-inflammatory, and anti-haemolytic activities in vitro and in silico
[4]. Pharmacologically, quercetin has been reported to inhibit VEGF/VEGFR-mediated
angiogenesis in retinal microvascular endothelial cells, reduce VEGF expression in
streptozotocin (STZ)-induced diabetic retinas, and protect the retina by inducing haem
oxygenase-1, which in turn suppresses VEGF and soluble ICAM-1 [5]. More recently,
quercetin was shown to attenuate high-glucose-induced VEGFA expression in ARPE-
19 cells by suppressing reactive oxygen species (ROS) generation and p38 MAPK/NF-
kB signalling [6]. Earlier work by Sharifi et al. established HPLC-based extraction and
quantification of quercetin from R. sativus leaves, providing methodological precedent
for the present study [7].

Conventional topical eye drops have very low ocular bioavailability, with reviews
commonly reporting that less than 5% of the topically applied dose reaches the intra-
ocular tissue because of blinking, tear turnover, nasolacrimal drainage, and cor-
neal/conjunctival clearance [8,9]. This limitation is particularly relevant for posterior-
segment diseases such as DR. Mucoadhesive chitosan nanoparticles can prolong pre-
corneal residence and improve anterior-segment permeation, but they generally do not
efficiently penetrate the cornea-conjunctiva barrier to reach the posterior fundus [10],
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leaving an important delivery gap. Chitosan nanoparticle systems have nonetheless
demonstrated feasibility for ocular drug delivery in other contexts, including meloxi-
cam delivery in a rabbit eye model [11] and macromolecular ophthalmic delivery plat-
forms [12].

Fluorocarbon-modified chitosan (FCS) combines the mucoadhesive and biocompat-
ible properties of chitosan with hydrophobic fluorocarbon domains that promote self-
assembly and improve the handling of hydrophobic bioactive compounds. Fluorinated
chitosan systems have previously been used to enable transdermal immunotherapy for
melanoma [13] and have been reviewed as a promising nanoplatform for cancer drug
delivery [14], suggesting that similar amphiphilic behavior could be exploited to en-
hance ocular-surface retention and controlled release of quercetin.

This study integrated four elements that have generally been examined separately in
the literature: (1) an in silico molecular docking screen of quercetin and related flavo-
nols against the VEGF-A crystal structure (PDB 3QTK), benchmarked against the clin-
ically used anti-VEGF agent faricimab and filtered using an ophthalmic drug-likeness
rule of thumb [15]; (2) HPLC-quantified quercetin from a local plant source (R. sativus
leaves); (3) an FCS nanocarrier characterised physicochemically (particle size, encap-
sulation efficiency, refractive index, viscosity, ex vivo ocular retention); and (4) an in
vivo STZ-induced diabetic rat model evaluating fasting blood glucose and retinal his-
topathology. The aim was to develop and evaluate a quercetin-FCS eyedrop with em-
phasis on retinal protection, while explicitly distinguishing computationally predicted
VEGF-A affinity from directly measured in vivo VEGF expression, which was not as-
sayed in the present dataset.

This study offers three novel contributions. It provides the first parallel DPPH—
ABTS characterisation of S. taccada, advances an explicit hydrophilic—lipophilic inter-
pretation of assay divergence linked to metabolite class, and deliberately frames these
data as a formulation-relevant baseline rather than a terminal screening result. The ob-
jectives of this study were to qualitatively screen the secondary metabolite profile of S.
taccada extract, to determine and compare its radical-scavenging capacity by DPPH
and ABTS assays, to analyse the correlation and systematic discrepancy between both
assays, and to establish a bioactive baseline that guides subsequent nanostructured lipid
carrier development for ocular anticataract application.

2 Material and Methods

2.1 Material

The materials used included fresh Raphanus sativus L. leaves, quercetin reference
standard, chitosan, trifluoroacetic acid (TFA), 1-ethyl-3-(3-dimethylaminopropyl) car-
bodiimide (EDC), N-hydroxysuccinimide (NHS), dimethyl sulfoxide (DMSO), glacial
acetic acid, hydrochloric acid, 70% ethanol, phosphate-buffered saline (PBS), water for
injection, streptozotocin (STZ), sodium citrate buffer, and male Sprague—Dawley rats.
Standard laboratory glassware, an analytical balance, an oven, a blender, and a mag-
netic stirrer were used.
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2.2 In Silico Molecular Docking

The three-dimensional structures of quercetin and the comparator flavonols (myricetin,
kaempferol, and apigenin) were retrieved from UniProt/PubChem, and the crystal struc-
ture of VEGF-A (PDB ID: 3QTK; Homo sapiens, X-ray diffraction, 1.85 A resolution,
no reported mutation) was retrieved from the RCSB Protein Data Bank. Faricimab, a
clinically approved anti-VEGF agent, was used as the reference ligand. Structure files
were converted and prepared using AutoDock Tools. Docking was performed in three
stages—ligand/protein preparation, construction of an imaginary docking box around
the binding site, and docking simulation—using AutoDock Tools, followed by visual-
isation of the docking poses in LigPlot+ and PyMOL. Binding energy (AG) and the
predicted inhibition constant (Ki) were used to rank ligand affinity, with more negative
AG and lower Ki indicating stronger predicted binding. Drug-likeness and pharmaco-
kinetic/toxicity profiles were additionally screened using an ADMETox prediction
workflow and evaluated against an ophthalmic drug rule-of-thumb physicochemical
space [15]. Protein—ligand interactions (hydrogen bonds, hydrophobic contacts, and
van der Waals contacts) were analysed to identify shared binding-pocket residues be-
tween quercetin and faricimab.

2.3  Determination and Extraction of R. sativus Leaves Antioxidant Activity
Using the DPPH Method

Plant material was authenticated at the Herbarium Medanense plant systematics labor-
atory. Leaves were washed under running water, oven-dried at 50°C for 7 h, and milled
into fine powder. A 150 g portion of the powder was macerated with 1.5 L of 70%
ethanol (1:10, w/v) for 72 h at room temperature. The macerate was filtered, and the
filtrate was concentrated using a rotary evaporator at 45°C, followed by a water bath at
50°C to obtain a viscous extract, which was stored at 4°C. Organoleptic characteristics,
moisture content, and extraction yield were recorded. Phytochemical screening for fla-
vonoids, alkaloids (Wagner and Dragendorff reagents), saponins, tannins, triterpenoids,
and phenolics was performed using standard colour/precipitation reactions. Quercetin
content in the extract was quantified by high-performance liquid chromatography
(HPLC) against a quercetin reference standard using retention time matching for peak
identification.

2.4  Synthesis of Fluorocarbon-Modified Chitosan (FCS)

TFA (31.3 mg; 274.7 pumol) was dissolved in 2-3 mL DMSO and activated with
EDC/NHS at a 1:2:1 molar ratio. Separately, 200 mg chitosan was dissolved in 20 mL
of 1% acetic acid. The activated TFA solution was added dropwise to the chitosan so-
lution, and the mixture was stirred for 12 h in the dark. Hydrochloric acid (1 M, 5 mL)
was then added and the mixture was stirred for 30 min. The resulting FCS-HCI precip-
itate was recovered using cold anhydrous ethanol, washed three times, and freeze-dried
to obtain FCS powder. The chemical identity of FCS was verified by Fourier-transform
infrared (FTIR) spectroscopy against a chitosan reference spectrum.
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2.5 Formulation of Quercetin-FCS Eyedrop

Three formulation variants were prepared using 100 mg (V1/P1), 50 mg (V2/P2), and
25 mg (V3/P3) of R. sativus leaf extract, each dissolved in 6 mL water for injection.
FCS was separately dissolved in PBS at 10 mg/mL. The leaf extract and FCS solutions
were combined at a 1:1 ratio and homogenised for 10 min using a magnetic stirrer until
a uniform mixture was obtained. The pH of each formulation was adjusted toward phys-
iological ocular pH. The formulation composition is summarised in Table 1.

Table 1. Composition of the three quercetin-FCS eyedrop variants.

Component Function V1/P1 V2/P2 V3/P3
R. sativus leaf extract Active ingredient 100 mg 50 mg 25 mg
Fl bon-modified .
chlil':z)rsoaiazF(énSin odite Drug carrier 10 mg/mL 10 mg/mL 10 mg/mL
Water for injection Vehicle/solvent 6 mL 6 mL 6 mL

2.6  Physicochemical Characterisation

Each formulation was evaluated for organoleptic appearance (colour, odour, physical
form), pH, sterility, viscosity, particle size, encapsulation efficiency (EE%), and refrac-
tive index (RI). Sterility was assessed by inoculation onto nutrient agar and inspection
for bacterial growth after 24 h of incubation. Particle size was measured using a particle
size analyzer (PSA). Encapsulation efficiency was calculated as the proportion of leaf
extract successfully entrapped within FCS. Refractive index was measured to evaluate
compatibility with ocular administration, with an accepted upper threshold of 1.476 for
ocular preparations [16].

2.7  Ex Vivo Ocular Retention Assay

Ocular surface retention was assessed qualitatively using an isolated cornea assay. An
excised cornea was placed in a Petri dish and immersed in each formulation pre-mixed
with methylene blue dye for 4 h at 37°C. Dye penetration and residual staining intensity
were assessed visually as a qualitative indicator of how long each formulation could be
expected to persist on the ocular surface before being cleared by nasolacrimal drainage,
tear turnover, and blinking [17].

2.8 In Vivo Experimental Design

Fifteen male Sprague—Dawley rats (+8 weeks old, 180-220 g) were acclimatised for 7
days under standard laboratory conditions (25 + 2°C, 12 h light/dark cycle) with free
access to food and water, following a protocol approved by the Health Research Ethics
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Committee, Faculty of Medicine and Health Sciences, Universitas Muhammadiyah Su-
matera Utara (approval No. 157/KEPK/FKIKUMSU/2026). Animals were randomly
allocated into five groups (n = 3 per group): a negative control without STZ induction;
a positive diabetic control receiving STZ without treatment; and three treatment groups
(P1, P2, P3) receiving STZ followed by eyedrop variants V1, V2, and V3, respectively.
Diabetes was induced by intraperitoneal injection of STZ (50 mg/kg body weight) dis-
solved in 10 mM sodium citrate buffer (pH 4.5) for five consecutive days after over-
night fasting; animals with fasting blood glucose > 250 mg/dL were confirmed as dia-
betic [18]. Treatment groups received the corresponding eyedrop formulation, applied
topically to the bulbar conjunctiva at a concentration of 4 mg/mL (0.4% w/v), one drop
per eye, twice daily, for 30 days.

2.9  Histopathological Evaluation

At the end of the treatment period, animals were euthanised and both eyes were enu-
cleated, fixed in paraformaldehyde, processed in paraffin, sectioned, and stained with
hematoxylin and eosin. Retinal sections were assessed by a blinded observer for five
parameters associated with diabetic retinopathy: basal membrane thickening, capillary
degeneration, neovascularisation, pericyte degeneration, and microaneurysm for-
mation, each scored per field of view and summed to give a total damage score per eye,
following a previously described scoring framework for diabetic retinopathy in rodent
models [19].

2.10 Statistical Analysis

Shapiro—Wilk and Levene’s tests indicated that the retinal histopathology data were not
normally distributed and did not meet the assumption of homogeneity of variance (p <
0.05 for both). The Kruskal-Wallis test showed statistically significant differences
among the five groups for all histopathological parameters (p < 0.05). Post-hoc Mann—
Whitney U tests with Bonferroni correction confirmed that P1 had significantly lower
retinal damage scores than the positive control and the other treatment groups, support-
ing a dose-dependent protective effect of the quercetin-FCS eyedrop.

3 Results

The VEGF-A crystal structure (PDB 3QTK) met the quality criteria required for a dock-
ing target. Among the four candidate flavonols, quercetin showed the most favourable
predicted binding energy and the lowest inhibition constant, second only to the anti-
VEGF comparator faricimab (Table 2). ADMETox screening identified quercetin as
the only tested compound that satisfied the physicochemical druglikeness criteria of the
ophthalmic-drug rule of thumb [15], and interaction analysis showed that quercetin
shared several key binding-pocket residues with faricimab (including ARG A:437,LYS
A:439, TYR A:617, and VAL A:435), suggesting a biologically plausible, though com-
putationally predicted, basis for a VEGF-A-related mechanism.
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Table 2. Molecular docking results of candidate ligands against VEGF-A (PDB 3QTK).

Compound ii:ii/zigorergy RMSD (A) zilg/i[l;ition constant, Ki
Quercetin -8.21 66.07 9.089

Myricetin —5.49 66.98 12.177

Kaempferol —4.59 71.68 15.581

Apigenin —6.67 70.04 29.043

Faricimab (comparator) —8.93 67.68 7.305

3.1 Extraction and Phytochemical Screening

Maceration of 150 g of dried leaf powder yielded 139.21 g of concentrated extract,
corresponding to a 23.20% extraction yield, with a moisture content of 7.85% (within
the <10% requirement for herbal simplicia). The extract was dark greenish-black, char-
acteristically odorous, and viscous, consistent with normal maceration output. Phyto-
chemical screening was positive for flavonoids, alkaloids (Wagner and Dragendorff
reagents), saponins, tannins, triterpenoids, and phenolics, indicating a phytochemically
rich extract consistent with antioxidant and anti-inflammatory potential.

3.2  HPLC Quantification of Quercetin

HPLC analysis confirmed the presence of quercetin in the leaf extract at a concentration
of 125.430 ppm, with a retention time of 12.543 min matching the quercetin reference
standard, indicating the accurate and specific identification of the target compound in
the extract.

3.3  FCS Synthesis and FTIR Characterisation

The synthesis yielded a dry FCS powder following precipitation, washing, and freeze-
drying. The FTIR spectrum of FCS closely resembled that of the chitosan standard,
with a spectral correlation of 99.48%. Absorption bands at 3000-3500 cm™ corre-
sponded to O—H and N-H stretching, bands at 1500—1600 cm™ corresponded to nitro-
gen-containing functional groups, and the 1000-1300 cm™ region matched the charac-
teristic chitosan fingerprint region, confirming that FCS retained the core structural fea-
tures of chitosan after fluorocarbon modification.
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3.4  Physicochemical Properties of the Eyedrop Formulations

All three formulations were clear to slightly yellowish, odorless liquids at pH 7 and
showed no bacterial growth on nutrient agar after 24 h of incubation. Viscosity de-
creased with decreasing extract dose (V1 > V2 > V3), remaining within the 2-3 cP
range considered appropriate for ocular preparations. Particle size analysis showed a
mean particle diameter of 24.67 nm (mean/median ratio 0.949), with the dominant par-
ticle population falling within the 1-100 nm nanoscale range. Encapsulation efficiency
was highest in V1 (93.85%), followed by V2 (89.57%) and V3 (84.72%), all exceeding
the 80% benchmark considered indicative of an efficient nanoencapsulation system
[20]. The refractive indices for V1-V3 were all below the 1.476 ocular-compatibility
threshold [16]. These results are summarised in Table 3.

Table 3. Physicochemical characteristics of quercetin-FCS eyedrop formulations

Parameter V1/P1(100mg) V2/P2 (50 mg) V3 /P3 (25 mg)
Appearance Clear, yellowish Clear, yellowish Clear, yellowish
Odour Odourless Odourless Odourless
Physical form Liquid Liquid Liquid
pH 7 7 7
Sterility (24 h, NA) No growth No growth No growth
Viscosity (cP) 2.809 2.505 2.214
Mean particle size (nm) 24.67 (pooled) - -
i;lsapsulation efficiency, EE 93.85 29 57 8472
Refractive index 1.334448 1.333845 1.333977

3.5 Ex Vivo Ocular Retention

Qualitative ocular retention testing showed the greatest residual methylene-blue stain-
ing and, therefore, the longest apparent corneal retention for V1, followed by V2 and
V3. This ranking was concordant with the viscosity results, in which V1 also showed
the highest viscosity, supporting the interpretation that higher extract/FCS concentra-
tion was associated with prolonged ocular surface contact time.
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3.6  Fasting Blood Glucose

Before STZ induction, fasting blood glucose (FBG) levels were within the normal range
in all groups (mean 110-139 mg/dL). Following five days of STZ induction, FBG lev-
els rose markedly in the positive control and all treatment groups (mean 270-317
mg/dL), confirming successful induction of hyperglycaemia (>250 mg/dL). After 30
days of topical treatment, FBG declined in all treatment groups, with the largest reduc-
tion observed in P1, which received the highest extract dose (Table 4).

Table 4. Fasting blood glucose (FBG) before induction, after STZ induction, and after 30 days
of eyedrop therapy.

Grou Pre-STZ Post-STZ, 72 h Post-therapy,  FBG reduc-
P (mg/dL) (mg/dL) day 30 (mg/dL) tion (%)

Negative control 118.33 £ 6.43 - - -
Positive diabetic 130 334 1704 304,67+ 27.43 - -
control
P1 (100 mg) 11033 £7.51 316.67 +24.79 118.67 + 8.50 62.47 +0.45
P2 (50 mg) 118.00+16.09 284.33+11.37 153.33 +£9.29 46.03 +£1.82
P3 (25 mg) 112.67 £ 15.50 269.67 + 19.86 166.67 +11.37 38.10+ 1.80

3.7  Retinal Histopathology

The negative control group showed no retinal injury in either eye (total score 0.00 +
0.00). The positive diabetic control showed the greatest damage (mean total score 14.33
+ 1.21), driven predominantly by capillary degeneration, neovascularisation, and mi-
croaneurysm formation. Among the treatment groups, P1 showed the lowest damage
score (4.00 £ 0.63), followed by P2 (9.17 + 1.17) and P3 (13.67 + 1.21), indicating a
dose-dependent protective trend that mirrored the FBG results (Table 5). Representa-
tive haematoxylin—cosin images (Fig. 1) show comparatively preserved retinal archi-
tecture in P1 relative to the marked structural abnormalities seen in the positive control.

Table 5. Retinal histopathological damage scores (mean total score per eye, n = 6 eyes/group)

Group Mean score SD Interpretation
Negative control 0.00 0.00 No scored retinal injury
Positive diabetic control 14.33 1.21 Severe injury
P1 (100 mg) 4.00 0.63 Lowest treatment-related injury
P2 (50 mg) 9.17 1.17 Intermediate injury
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Group Mean score SD Interpretation

P3 (25 mg) 13.67 1.21 Near diabetic-control injury

i3 -

.2 J"“’”" ""‘ \,'

P2 (50 mg)

P3 (25 mg)

Fig. 1. Representative haematoxylin—eosin-stained retinal sections showing the negative control,
positive diabetic control, and P1 (100 mg), P2 (50 mg), and P3 (25 mg) treatment groups

4 Discussion

This revision addresses several methodological gaps identified during the peer review
of the earlier draft. First, the quercetin content in the R. sativus leaf extract has now
been quantitatively confirmed by HPLC (125.430 ppm; retention time 12.543 min
matching the reference standard), rather than inferred solely from a positive phyto-
chemical colour reaction. It is important to note, however, that the 100, 50, and 25 mg
doses used to prepare V1-V3 refer to the mass of crude leaf extract incorporated into
each formulation, not to isolated quercetin; the HPLC result defines the quercetin con-
centration within that extract rather than the absolute quercetin dose delivered. Future
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work should therefore report an explicit quercetin-equivalent dose (mg quercetin/mg
extract X extract mass) alongside the extract-based dosing used here.

Second, the dose description requested by the reviewers has been clarified. The three
formulations were prepared from 100, 50, and 25 mg of leaf extract in 6 mL of vehicle,
combined 1:1 with 10 mg/mL FCS solution; the resulting eyedrop was applied topically
at a concentration of 4 mg/mL (0.4% w/v), one drop per eye, twice daily, for 30 days.
A precise per-drop volume and a body-weight-normalised dose (mg/kg/day) were not
recorded in the available dataset and are flagged here as a remaining gap rather than
estimated retrospectively.

Third, the statistical approach has been revised in response to the concern that one-
way ANOVA may not be appropriate for semiquantitative histopathological scores de-
rived from a small sample. Formal testing showed that the retinal damage scores were
neither normally distributed nor variance-homogeneous, and the analysis was therefore
switched to the non-parametric Kruskal-Wallis test with Mann—Whitney U post-hoc
comparisons and Bonferroni correction, which is more appropriate for this type of or-
dinal, small-sample histopathological data.

Fourth, the mechanistic interpretation has been made more cautious and is now ex-
plicitly supported, rather than replaced, by an in silico layer of evidence. Molecular
docking indicated that quercetin binds VEGF-A with a predicted affinity second only
to faricimab among the tested ligands, sharing several binding-pocket residues with this
clinically used anti-VEGF agent, and ADMETox screening identified quercetin as the
only candidate meeting an ophthalmic drug-likeness rule of thumb. This computational
evidence is consistent with prior reports that quercetin can suppress VEGF/VEGFR-
driven angiogenic signalling in retinal endothelial cells, reduce retinal VEGF expres-
sion in STZ-induced diabetic rats via haem oxygenase-1 induction, and attenuate high-
glucose-induced VEGFA expression in ARPE-19 cells through ROS and p38
MAPK/NF-«B suppression. Nonetheless, docking predictions and literature precedent
are not equivalent to a directly measured endpoint: VEGF-A protein or transcript levels
were not quantified in the present retinas, and the observed retinal protection may
equally reflect quercetin’s antioxidant, anti-inflammatory, and antihyperglycaemic ac-
tivity, individually or in combination. The improved fasting glucose control seen in P1
in particular means that glycaemic and retinal-protective effects cannot be fully disen-
tangled with the present design.

The FCS carrier performed as intended from a formulation perspective. FTIR con-
firmed retention of the chitosan backbone after fluorocarbon modification, and the re-
sulting nanoformulation had a mean particle size of 24.67 nm, encapsulation efficiency
above 84% in every variant, an ocular-compatible refractive index, and a viscosity
within the 2-3 cP range considered suitable for ocular surface contact. The ex vivo
ocular retention assay and viscosity data were concordant, both ranking V1 as having
the longest predicted ocular surface residence time, consistent with the rationale that
higher polymer/extract concentration improves mucoadhesive contact time.

The histopathological findings provide the strongest in vivo evidence available. The
diabetic positive control showed an approximately 3.6-fold higher damage score than
P1, and P1 also produced the largest reduction in fasting blood glucose, with a clear
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dose-response relationship across P1-P3 for both endpoints. Compared with intravi-
treal anti-VEGF therapy, a validated topical formulation would offer an important prac-
tical advantage in terms of invasiveness and repeat-dosing burden; however, it would
be premature to claim equivalence to established anti-VEGF agents, whose efficacy for
diabetic macular oedema is well documented [3]. The principal translational challenge
remains achieving adequate posterior-segment exposure while preserving ocular toler-
ability, an area where mucoadhesive, nanostructured carriers such as FCS are a prom-
ising but still unproven approach for this specific application.

The main limitations of this study are the small number of animals per group (n =3,
yielding six scored eyes per group) without a documented a priori sample size calcula-
tion; the absence of a directly measured in vivo VEGF-A endpoint (ELISA, immuno-
histochemistry, or qPCR); dosing expressed as extract mass rather than as a quercetin-
equivalent or body-weight-normalized dose; and the absence of formal osmolarity,
Draize/HET-CAM irritation, pharmacokinetic, and long-term ocular toxicity data.
These gaps should be addressed in a confirmatory, adequately powered study before
the formulation is proposed for clinical use.

5 Conclusion

A quercetin-containing eyedrop prepared from R. sativus L. leaf extract and encapsu-
lated in fluorocarbon-modified chitosan showed favourable physicochemical properties
(24.67 nm mean particle size, 84.72-93.85% encapsulation efficiency, pH 7, ocular-
compatible viscosity and refractive index) and dose-dependent in vivo protective ef-
fects in an STZ-induced diabetic rat model, with the highest-dose formulation (P1) pro-
ducing the greatest fasting glucose reduction (62.47 + 0.45%) and the lowest retinal
histopathological damage score (4.00 + 0.63) compared with the diabetic control (14.33
+ 1.21; Kruskal-Wallis p < 0.05).

In silico molecular docking additionally showed that quercetin has a favourable pre-
dicted binding affinity for VEGF-A, second only to the anti-VEGF comparator farici-
mab among the tested ligands, providing a biologically plausible basis for a VEGF-A-
related mechanism. However, because VEGF-A was not directly quantified in the reti-
nal tissue in this study, these findings should be regarded as preliminary evidence of a
retinal protective effect rather than definitive proof of VEGF-targeted therapeutic ac-
tion. Further development should prioritise quantitative VEGF-A assays (ELISA, im-
munohistochemistry, or gPCR), quercetin-equivalent and body-weight-normalised dos-
ing, an adequately powered confirmatory study, complete nanoparticle characterisation,
and ocular safety and pharmacokinetic testing before clinical translation is considered.
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