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Natural gum-modified mucin nanocarriers with
enhanced mucoadhesion and trans-cornea
infiltration for controlled drug delivery in ocular
uveitis therapy
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Ocular uveitis is a major health concern due to the limited efficacy of current antibiotic eye drops.
Conventional treatments require frequent reapplication as they have low bioavailability and show slow
drug action at the infection site. To address this, a novel eye drop formulation was developed using
mucin-based nanoparticles (Mu NPs) that encapsulate ciprofloxacin. In the ionic gelation technique, the
COO™ groups of the mucin chain interacted electrostatically with cationic crosslinkers to form NPs, and
then, Mu NPs were stabilized using xanthan gum for extended shelf life. TEM and DLS studies confirmed
variations in particle size and surface charge based on the crosslinker concentration. In vitro, ex vivo,
and in vivo biocompatibility tests showed excellent safety, including <4% hemolysis ratio, and the Draize
test also confirmed the biocompatibility. The formulation had 95% drug encapsulation efficiency and
controlled drug release rate with 40-50% release in the first 8 hours. In rabbit eye models, induced
inflammation and bacterial infection were treated successfully within 3 and 7 days, respectively. The
histopathological analysis of infected corneas proved the completion of internal healing. The high
mucoadhesiveness of mucin enhanced drug retention in the aqueous humor (0.26 pg mL™Y) even after
8 hours, outperforming commercial eyedrops. These findings suggest mucin NPs as a promising
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1. Introduction

Ocular infection and inflammation are commonly treated with
topical and systemic drugs. However, this therapeutic approach
may have limitations in terms of penetration, concentration,
and frequency. In order to avoid irreparable vision loss, bacter-
ial uveitis must be diagnosed and treated as soon as possible."
Bacterial infection and the human immunological response are
among the primary causes of inflammation, with symptoms
including visual discomfort, photophobia, impaired vision, and
redness affecting the uveal tract including the iris, choroid and
ciliary body.>? Infectious uveitis remains a clinically significant
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mucoadhesive drug delivery system for infectious and inflammatory eye diseases.

cause of visual morbidity globally, affecting both the anterior
and posterior parts of the eye.? If left untreated, it can lead to
scarring, glaucoma, retinal detachment, and cataracts, as well
as post-operative problems.>” Gram-positive cocci, particularly
Staphylococcus aureus, and coagulase-negative staphylococci,
specifically S. epidermis, are among the most frequently isolated
pathogens in both keratitis and intraocular infections.®

The delivery of drugs to the eye for alleviating ocular issues
is complicated because there are several ocular barriers and layers
that limit drug availability (<10%) in the affected tissues.”™"
Conventional treatment approaches face further challenges due to
rapid blinking and nasolacrimal drainage. Thus, there is a
potential demand for drug delivery vehicles. Bioavailability can
be improved by using viscosity-enhancing agents and mucoadhe-
sive polymers as drug carriers to prolong retention on ocular
tissues, reducing the need for frequent administration. Recent
studies have reported the use of surface roughness-controlled
dual drug-loaded ceria nanocarriers for treating ocular chemical
burns and polycaprolactone-based nanoparticles for managing
macular degeneration by solving common ocular challenges,
demonstrating the potential of nanomedicine strategies for
targeting both anterior and posterior segment diseases.'>"?
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Nanocarrier-based systems, for example, niosomes, liposomes,
polymeric and metallic nanoparticles, and nanogels, have been
explored to extend the retention duration and boost the ocular
availability of loaded drugs.'**® Carbon dots also show less
toxicity and improved ocular retention than carbon nanotubes
or graphene oxide.”® The chemical instability, hydrolysis, or
oxidation of the unsaturated lipid that makes up liposomes
restricts their application in drug administration by allowing
the encapsulated medicine to leak before it reaches its target
site.”!

Ocular mucins are present in tear films, which is crucial for
preserving the balance of the wet corneal surface, trapping
allergens and promoting their elimination, as well as contribut-
ing to the lubrication of ocular surfaces and maintaining the
integrity of the mucosal barrier.”>** Mucoadhesion is the phe-
nomenon where two materials, one of which is a mucosa, remain
connected to each other due to interfacial forces.”* Mucin-
associated mucoadhesive delivery techniques are advantageous
as they adhere to the mucous membrane layer, which prolongs
drug or bioactive molecule retention.>**® Mucin has been used
as a coating for the protection of other drug carriers.>”*® The
functional features of mucin make it a suitable carrier for
sustained ophthalmologic drug delivery. Blocking the spreading
and anchoring of inflammatory cells to the eye by mucin is one
method of treating ocular infection as well as inflammation.
According to studies, MUC5AC can capture allergens, debris, and
pathogens to help remove them from mucosal surfaces.”®
Membrane-bound mucin on the apical surface of corneal epithe-
lium, acting as a selective barrier, forms a protective glycocalyx
and gives protection from pathogens.*®

Despite all the beneficial roles of mucin, it is yet to be
explored as a standalone mucoadhesive nanocarrier in ophthal-
mology. Mucin nanoparticles have recently been developed by
DNA and UV crosslinking, which increases the formulation
complexity and limits scalability.*’ The development of mucin
nanoparticles using a simple one-step ionic gelation process for
ocular drug delivery applications to improve bioavailability has
not yet been documented in any research.

The inclusion of glycerin, xanthan gum, and mucin in the
formulation is motivated by their supporting qualities that
increase the therapeutic value of ocular drug delivery systems.
Glycerin is an ophthalmic demulcent that forms a soothing film
on the mucous membrane surfaces of the eye and has intrao-
cular pressure (IOP)-reducing characteristics.*® Its anti-irritant
and anti-inflammatory properties provide temporary relief from
discomfort.**** Xanthan gum, processed from fermenting
Xanthomonas campestris, is a natural and fully biodegradable
polymer and has the capacity to improve mucoadhesion. It is a
common agent in the pharmaceutical industry to enhance the
retention time of the drug and increase its therapeutic activity
at the target site. The mucoadhesive property of this gum
plays an important role of holding the nanocarrier attached
to the biological site by interfacial force and provides extended
release of the desired drugs.’>?® The properties of glycerin,
xanthan gum and mucin make them appropriate for ophthalmic
usage.
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Compared to other polymeric nanoparticle production meth-
ods, ionotropic gelation is one of the least expensive and simple
techniques to produce nano or macro particles.>” When a drug or
bioactive molecule is added to the process, it can be entrapped
within the polymeric chains and become trapped inside the
nanoparticle/microparticle structure.*® Various crosslinking meth-
ods have been introduced for negatively charged polymers similar
to mucin such as alginate.>>*” In the case of crosslinking mucins,
thiol-based crosslinkers are used.'’ Using bivalent cations as
crosslinking agents combines the carboxylic group of glycan cores,
and thus sialic acid groups become occupied in the synthesis
process.

This study aims to synthesize and characterize mucin nano-
particles, which have been studied hardly to this date. It focuses
on developing nanoparticles using the ionic gelation technique
and evaluating their physicochemical properties by varying cross-
linker type (cations, polymers, and gums) as well as concen-
tration for ocular drug delivery applications. Ciprofloxacin was
selected as a model antibacterial drug to fight bacterial uveitis.
The application of the nanoparticles in the incorporation of an
antibiotic drug, ciprofloxacin, into a nanoparticle-based delivery
system was described along with the drug release profile with
respect to time. In vitro, ex vivo and in vivo tests, for instance,
hemolysis and corneal histology tests, and the Draize test were
performed to ensure the biocompatibility of the formulation. The
therapeutic efficacy and ocular retention of the mucin nano-
particles were further assessed using a rabbit model of ocular
infection and inflammation.

2. Materials and methods

2.1. Materials

Mucin from porcine stomach (Type II, M,, = 640000 g mol ",
bound sialic acid, <1.2%, solubility 1 M NaOH: soluble
20 mg mL™ "), which served as the primary polymer for nano-
particle synthesis, was purchased from Sigma-Aldrich. Chito-
san (source: shrimp shells; degree of deacetylation >75%) was
also obtained from Sigma-Aldrich. The other chemicals used in
the NP synthesis are as follows: calcium chloride and xanthan
gum were purchased from Research Lab, glycerol from
Emplura®, the drug ciprofloxacin lactate (CIP) from Incepta
Pharmaceuticals. CIP’s pharmacokinetic characteristics and wide-
spread clinical use make it a key indicator for innovative delivery
systems designed to treat ocular bacterial inflammation and
infection. Sodium chloride (NaCl), potassium chloride (KCl),
potassium phosphate (KH,PO,), ethanol (C,HsOH), and sodium
hydrogen phosphate (Na,HPO,) were purchased from Merck,
Germany. Both nutrient broth and nutrient agar were obtained
from HiMedia, India. All reagents were of analytical grade.

2.2. Synthesis of mucin NPs

Mucin nanoparticles (Mu NPs) were synthesized through the ionic
gelation technique in a neutral pH medium, dispersed in distilled
water. Ionic gelation is a process that allows the synthesis of
nanoparticles and microparticles by electrostatic interactions

© 2026 The Author(s). Published by the Royal Society of Chemistry
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between two ionic species under appropriate conditions. A poly-
mer must be present in at least one of the species. This method is
selected for synthesis due to its simplicity and affordability along
with the lack of complex machinery and short processing time.**
Briefly, 0.2 g mucin powder was dissolved in 20 mL deionized (DI)
water to form 1% w/v dispersion. The dispersion was stirred for 30
min until it became completely homogeneous. Separately, 0.04 g
CaCl, was dissolved in 4 mL DI water to prepare the crosslinking
solution and this solution was added to the dispersion dropwise
with the help of a 23G syringe at a controlled rate to ensure
uniform ionic crosslinking. Sonication was performed to elim-
inate any possible cluster of NPs. The sample was kept under
stirring for 4 h. Fig. 1 presents the overview of bonding behind the
crosslinking process. Nanoparticles were produced using the
same technique while varying the crosslinker concentration and
type. In a different formulation, instead of cationic crosslinkers,
positively charged chitosan (CS) and guar gum (GG) were also
used in the crosslinking process. The concentration of both the
polymer and the crosslinker has been varied to observe the
change in the properties of NPs. In order to modify the synthesis
process with gums or glycerol, 0.5% xanthan gum or 10% glycerol
was first dissolved and then a mucin dispersion was formed in the
same solution and after that the crosslinking step was done, and
finally, xanthan gum-based mucin NP (Mu-XG) and glycerol-based
mucin NP (Mu-Gly) were synthesized.

2.3. Drug-loaded Mu NP synthesis

First, 0.3% w/v CIP was added to the crosslinker solution. Then,
the mixture of crosslinker and drug was kept under stirring for
5 min and then added dropwise to the mucin dispersion
according to the same procedure discussed in the previous
paragraph. The NP formulation incorporated with the drug was
centrifuged to obtain solid NPs, and then it was freeze-dried for

(i) Mucin chain
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attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy and for measuring the drug loading
capacity.

2.4. Zeta potential and polydispersity index

Zeta potential (ZP), also known as the surface charge, is the
difference in charge between the surface of the particle and the
stern layer. To measure the ZP and particle size distribution of
NPs, a dynamic light scattering (DLS) technique was used with
a Zetasizer. DLS was used to characterize the hydrodynamic
diameter of the nanoparticle formulations. ZP measurements
were made with the same instrument via electrophoretic mobi-
lity. The electrophoretic mobility of the NPs in aqueous suspen-
sions was used for zeta potential determinations.

2.5. Transmission electron microscopy (TEM)

TEM (JEOL 2100) was used to investigate the morphological
properties of the NPs and particle size distribution. NPs were
dispersed in ethanol, sonicated for 20 min, and then poured
onto the TEM grid for the test.

2.6. ATR-FTIR spectroscopy

To study the chemical bonds formed in the mucin polymer
structure, the ATR-FTIR spectra of the samples were recorded in
the range of 4000-700 cm ™ using a Nicolet iS5 FTIR Spectro-
meter (Nicolet Instrument Corporation, WI, USA).

2.7. Quantification of the drug loading capacity and drug
entrapment efficiency

The nanoparticle samples were prepared with and without
drug. Both samples were then centrifuged for 30 min at
9000 rpm. Then the supernatant was removed, and the col-
lected NP was freeze dried. The weight of both of the dry

Fig. 1 Crosslinking mechanism behind the nanoparticle formation and TEM images of particles. () The COO™ group present in the sialic acid plays a
major role in forming linkage among chains using Ca®* ions. (i) Mu-XG NP has a whitish zone surrounding the outer surface, showing the presence of
xanthan gum, and after the incorporation of ciprofloxacin, a granular structure is seen in MuXG-CIP NP.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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samples, with and without drug, was measured. The loading
capacity (%DLC) was calculated using the following equation:

Waq— W,

%DLC = P % 100%

d
where Wy is the mass of drug-loaded NP and W, is the mass of
the pure NP without drug.

To measure the drug entrapment efficiency (%DEE) of mucin
NPs, the previously formed dispersion was centrifuged (Niive) at
9000 rpm for 40 min, and the drug content was assessed in the
supernatant. The CIP concentration was measured using a UV-vis
spectrophotometer (Shimadzu UV-3100) at 275 nm and deter-
mined using a previously constructed calibration curve. The
entrapment efficiency was calculated using the following equation:

Wr — Ws
— X
T

%DEE = 100
where Wr is the total mass of drug present in the sample and Ws is
the drug mass in the supernatant.

All experiments were conducted in at least triplicate. Unless
otherwise stated, the results are presented as mean =+ standard
deviation, and Student’s ¢-test analysis was performed, followed
by ANOVA test. *p < 0.05 was considered statistically signifi-
cant. **p < 0.01 and ***p < 0.001 were considered highly
statistically significant.

2.8. Invitro drug release study

The release study was performed in a phosphate buffer saline
(PBS, pH 7.4) for 48 h. At predetermined time points (0.16, 0.5,
1, 2, 3,4, 5,6, 7,8, 24, 26 and 30 h), aliquots (4 mL) were
withdrawn at different time intervals to determine the drug
concentrations, and in all cases, the sample was returned to
maintain the constant volume. A dialysis membrane of 14 kDa
pore size was used to confine the polymeric fragments, allowing
only dissolved drug to diffuse into the release medium. This
method prevents any possible inaccuracy due to burst leakage or
noise in the spectroscopy. Moreover, the membrane mimics the
physiological barrier. The formulation-loaded dialysis bag was
securely sealed from both ends of the membrane to prevent
leakage of the formulation and was kept at 37 °C in a shaker
incubator at a speed of 100 rpm to replicate the in vivo environ-
ment, submerged in 100 mL PBS. The concentration of CIP was
determined using a UV-vis spectrophotometer at 275 nm.

Cumulative drug release (%)

__ Amount of CIP in the release medium

" Initial amount of CIP loaded on NP x 100%

2.9. Antibacterial property test by a well diffusion method

Nanoparticles with and without antibiotic (negative control)
were prepared for the well diffusion test. Staphylococcus aureus,
typical representative of Gram-positive bacteria, was used in the
assay, and bacteria were cultured overnight in nutrient broth.
Then, 100 pL bacterial solution from the broth was spread into
the agar plates. After that, 30 pL of CIP-loaded Mu NP solution
was poured into the well to observe the inhibition zone. The
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plates were incubated at 37 °C for 24 h. The diameters of the
inhibition zones were measured after this time. This test was
compared to the commercially available ciprofloxacin eye drop
as well.

2.10. In vitro hemolysis test

A hemolysis assay was performed according to a previously
published protocol.**** The blood was stored in citrate tubes to
prevent clotting. The RBCs were collected by centrifugation at
1500 rpm for 15 min. Then, a solution was prepared by adding
1 mL of centrifuged erythrocytes into 49 mL of PBS. The
nanoparticle dispersions were prepared in PBS. Then 10 mL of
stock solution was added to 1 mL of the nanoparticle sample. The
solutions were mixed and incubated for 1 h at 37 °C in an
incubator. The percentage of hemolysis was measured by UV-
vis spectrophotometry analysis of the supernatant at 545 nm
absorbance after centrifugation at 2000 rpm for 15 min. Here, 1
mL of PBS was used as the negative control and 1 mL of Triton X-
100 was used as the positive control. All hemolysis data points
were presented as the percentage of the complete hemolysis.
[A}test - [A}neg % 100%
[A]pos — 4]

neg

%Hemolysis =

pos

where [Alest, [Alpos; and [A]ne, are the absorbance values of
sample, positive and negative control, respectively.

2.11. Ex vivo mucoadhesion test

Mucoadhesion test was performed using excised goat eyes to
evaluate how much of the applied sample adheres to the ocular
epithelial surface according to a previously published study on
a polymeric drug carrier.’” A falling liquid film test was used to
measure the adhesion strength of the nanoparticle sample. The
solution of mucin NP penetrated through the ocular layer, and
thus, the amount of adsorbed sample with respect to the
applied amount was calculated. The sample was poured onto
ocular surface dropwise at a slow pace allowing the liquid to
fall. The non-adhered sample was collected from the petri dish
placed beneath the eye. The applied amount (W,) was measured
and then the lost amount (W}) which had fallen from the
surface was measured. The percentage of adsorbed amount
was calculated using the following equation:

. W, — W,
%Mucoadhesion = aTl x 100%

a

2.12. Molecular docking study

The interaction type between the polymeric mucin chain and
the mucin present in the ocular surface has to be identified. The
mucoadhesion due to hydrogen bonds was investigated in silico
using the AutoDockTools software. Mucin structures (MUC1 as
ocular mucin and MUC2 as polymeric mucin) were downloaded
from the RCSB Protein Data Bank in the PDB format. First,
protein preparation was carried out to optimize the protein
structure and improve precision in docking simulations.*>*®
Water molecules are removed to simplify the protein structure
and to accurately model the protein’s behavior during docking

© 2026 The Author(s). Published by the Royal Society of Chemistry
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simulations. This structure was completed by adding Kollman
charges to get more accurate and specific docking predictions.
The Kollman charges are considered to be more accurate than
Gasteiger charges, as they are often used for proteins and other
large biological molecules. During these preparatory steps, the
mucin structure is improved and polished, giving a solid basis
for effective molecular docking investigations. Then a simula-
tion was performed using AutoDock Vina. All the nine suitable
binding locations with their affinity were obtained from the
simulation data. Finally, the LigPlus software was used to
visualize the presence of hydrogen bonding between the protein
(mucin) and the polymeric mucin.

2.13. Nanoformulation viscosity

A rheometer (Lamy Rheology RM 200 touch, France, spindle R1)
was used to measure the viscosity of the generated formula-
tions at a temperature of 25 + 2 °C.*” The formulations were
not diluted to perform the measurements. To quantify the
viscosity of the eye drops, the viscosity data were modeled
using the Ostwald-de Waele equation, which is derived from
Newton’s law of viscosity and has generally been used to
describe the behavior of typical non-Newtonian fluids.

p= KTy

where K (equal to the viscosity at 1 s~ is the flow consistency
index (Pas") and is a function of temperature and n is the
dimensionless flow behavior index (the fluid is pseudoplastic
when n < 1). To determine the coefficients (i.e., K and n) of the
Ostwald-de Waele equation, a power-law formula was used to
best-fit the viscosity data of the sample.

2.14. Drop size measurement

To determine the average drop volume, 3 mL of the nanofor-
mulation was transferred into a plastic dropper. The formula-
tion was released by gently squeezing the dropper at a 45° angle
from the horizontal plane until the required number of drops
were obtained. The released droplets were carefully collected
and imaged at free falling state under uniform lighting on a flat,
non-absorbent surface. Following proper scale, the diameter of
each droplet (n = 10) was measured using the Image] software.
Assuming spherical geometry, the mean droplet volume (uL)
was calculated based on the measured diameters. This method
mimics the practical administration angle of ophthalmic for-
mulations and provides a reliable estimation of drop volume.*®

2.15. Redispersibility

The redispersibility of the nanoformulation was evaluated quali-
tatively. The test consisted of manually shaking the glass vial after
keeping it untouched and steady for 3 weeks to check for possible
sedimentation. The vial was tilted to 180° keeping it upside down.
The process was repeated until the sediment dispersed uni-
formly. Based on the effort required to convert the sediment to
homogenous suspension, the formulations were evaluated. The
lower number of inversions required to homogenize corresponds
to a higher redispersibility percentage. One inversion was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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considered as 100% easy to be redispersed. Every extra flip
decreased the percentage of redispersibility by 5%.***

2.16. Long-term stability

Since long-term stability directly affects the shelf life, therapeu-
tic efficacy, and commercial viability of a liquid formulation, it
is an essential quality to test. Long-term storage stability of the
nanoformulation was evaluated by visual inspection during a
storage period of one year at room temperature (25 + 2 °C,
60% + 5% relative humidity). Instability was defined by visual
signs of phase separation or color change. Visual inspections
were conducted monthly.

2.17. Ex vivo histology study

The biocompatibility of the produced sample was assessed by
conducting hematoxylin and eosin (H&E) staining on corneal
tissues obtained from goat eyes. A pair of eyes was collected from
the same goat. Then, 1 mL sample was instilled on one eye and
allowed to remain for 15 min before rinsing the eye with sterile
PBS, while the other eye was used as a control. The corneas were
extracted using surgical procedures. The removed corneas were
treated with fixation, dehydration, embedding, and then sliced
into pieces that were 5 pm thick. The central corneal thickness
was assessed by measuring the distance between the epithelial
and endothelial surfaces from the optical microscopic images
using Image] with the corresponding scale bar.

2.18. In vivo Draize test and corneal histology

The Draize test, also known as irritation test and histopathology
tests of cornea were used to examine the in vivo ocular biocompat-
ibility of NPs. This test continues to be the primary method
accepted by the regulatory agencies worldwide.’® The biocompat-
ibility of the CIP-loaded mucin nanoformulation (Mu-XG-CIP NP)
was determined by the irritation test. In this experiment, 50 pL of
formulation was administered to one eye of the rabbit for 4 times a
day for a period of 7 days, and the other eye was used as control.
The irritation of the eyes was scored according to the Draize
scale.”®*® Ocular changes were graded for indications of lacrima-
tion, irritation, redness (erythema), edema, and any other ocular
reactions. The animals were euthanized after the final observation,
and the corneas were removed and stained with H&E for histo-
pathological evaluation. All procedures were performed in accor-
dance with established protocols with the approval of the Animal
Care and Use Committee (ACUC) of the Department of Biomedical
Engineering at Bangladesh University of Engineering and Tech-
nology (BUET) (Approval number: 2024/BME/05).

2.19. In vivo anti-inflammatory study

To analyze the anti-inflammatory property of the sample Mu-
Gly NP, adult male rabbit of 1 kg was taken as the test subject.
The Animal Care and Use Committee (ACUC) of the Depart-
ment of Biomedical Engineering at Bangladesh University of
Engineering and Technology (BUET) approved all protocols,
which were followed exactly. The ACUC clearance number for
these protocols is 2023/BME/01. The albino rabbit was kept at
the animal lab of the Department of Biomedical Engineering,

Mater. Adv.
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BUET. The rabbit was kept in a cage with 12 h of light and 12 h
of darkness and the room temperature was maintained at 23 +
1 °C. The rabbit was sensitized with 2.5 mL of bovine serum
albumin (BSA) solution at a concentration of 5 mg mL '
through intramuscular injections for 3 days with 1 day interval.
Sensitization was done to activate the immune system of the
rabbit, so that its body could start to produce antibodies. An
inflammatory rabbit eye model was created by injecting 0.05
mL BSA in the sclera of the rabbit eye. The process of challen-
ging the left eye was performed under general anesthesia
induced via intramuscular injection of ketamine hydrochloride
(35 mg kg™ "). The application of drug dosage was started after
24 h of challenging. The rabbit eyes were examined post-
challenge using an Alcon LuxOR® Revalia™ ophthalmic micro-
scope at 7.5x magnification. The right eye remained unchal-
lenged and is considered as control. For 3 days, 4 dosages at an
interval of 3 h have been given to the left eye. Then, 50 pL per
dose was applied to the eye topically. The condition of the eye
was observed visually and scored according to the severity. The
iris inflammation was scored following the scale mentioned
previously by a research group where scores 0, 1, 2, 3 and 4
correspond to no response, slight redness, mild redness, mod-
erate redness with mild edema, and marked redness with
moderate edema of the eye, respectively.>*

2.20. In vivo bacterial infection model

Four male New Zealand white rabbits, aged approximately four
months and weighing 1.2-1.6 kg, were purchased for the experi-
ment. The animals remained in individual cages throughout the
period of adaptation (1 week) and experimentation (7 days) at
25 °C, and the 12 h day/12 h night cycle was maintained. There
was no restriction of water or food during the experiment. The
animals were divided into three groups after infection with
bacteria: positive control (received no treatment), treated (received
ciprofloxacin-incorporated xanthan gum-based mucin nanofor-
mulation) and control (received commercial eye drop from Aris-
topharma®™). The study was approved by the Animal Care and Use
Committee (ACUC) of the Department of Biomedical Engineering
at Bangladesh University of Engineering and Technology (BUET)
(Approval number: 2024/BME/03). The rabbits were anesthetized
with intramuscular combination injection of ketamine hydro-
chloride (30 mg kg™ "), and the eyes were topically anesthetized
with 0.5% procaine. To induce unilateral infection, 37 x 10°
colony-forming units per mL (50 pL) suspensions of Staphylococ-
cus aureus isolates in logarithmic growth phase were injected into
the sclera of the eye. The injection was performed with a 30-gauge
needle and retained for 30 s to ensure the uniform spearing of the
bacteria (Day 0). Since S. aureus is a common source of bacterial
infection of the cornea and ocular surface infections and is
frequently employed in preclinical models to create reproducible
corneal infections for assessing ophthalmic treatments, it was
chosen as the infectious agent as per established methods.>*"
Treatment was initiated on the day after bacteria inoculation (Day
1). Rabbits (n = 2) in a positive control group were injected with S.
aureus to cause infection, yet they were not given any kind of
treatment. For the treatment of infection model, ciprofloxacin
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loaded (0.3% w/v) in Mu-XG NP was administered at a dose of 50
uL per eye, four times daily (08:00, 12:00, 16: 00, and 20: 00) for
seven consecutive days. To evaluate the therapeutic efficacy of the
two formulations, ie., mucin NP and commercial eye drop,
corneal clouding was used to categorize the clinical signs of the
severity of bacterial infection. It ranged from a clear cornea (0) to
different levels of edema. The grade for minor edema was 1, and
the grade for corneal edema that affected two quadrants or almost
50% of the total ocular surface was 2. Grade 3 was assigned to the
most severe stage, which was complete corneal clouding. A
double-blind trial was performed by two independent researchers
to evaluate the pathological changes in the conjunctiva. Conjunc-
tival redness, discharge and lid edema were assessed daily by two
independent blinded investigators using a 0 - 4 scale according to
a scale in which a 0 score indicates no signs; 1, slight signs; 2,
mild signs; 3, moderate signs; and 4, severe signs.

2.21. Corneal histology

Immediately after sacrifice, one part of the cornea was removed
and kept in 25% formaldehyde solution. Corneas embedded in
paraffin were sliced into 4-um-thick cross sections by using a
microtome. These sections were placed on a slide and dried
overnight in an oven at 60 °C. After removing the paraffin from
the slides using xylene, the tissue was washed with water and
alcohol. The samples were stained with nuclear dye for 10 min,
rinsed and then counterstained with eosin. These slides were
then washed in a reverse manner (running water, alcohol, and
xylene), cover slipped, and examined under a light microscope
(Olympus CX41). Eyes that received mucin NP formulation were
compared with those from the positive control (no treatment)
and commercial eye drop group.

2.22. Field emission scanning electron microscopic (FESEM)
images of corneal surface

The removed corneas were also prepared for FESEM scanning.
The samples were first fixed with 2.5% glutaraldehyde for
2 h keeping at 4 °C, followed by three washes by vortex in
PBS for 15 min each. The samples were then dehydrated by a
graded series of ethanol (30%, 50%, 70%, 80%, 90%, 95% and
100%) for 15-20 min each and subjected to FESEM examination.
The surface of the cornea was assessed by FESEM examination
(Sigma VP300).

2.23. In vivo pharmacokinetic study

The in vivo pharmacokinetic profile of the CIP-loaded mucin
nanoformulation was investigated at a concentration of 0.3%
(w/v) in the formulation applied in rabbit eye. The rabbits were
administered with a single dosage (100 pL) of topical formula-
tion into the lower conjunctival sac of the eye. At predeter-
mined times, 150 pL of aqueous humor was collected using a
27G syringe, mixed with 500 pL of HPLC mobile phase contain-
ing water and acetonitrile at the 80 : 20 ratio, and the remaining
protein in the sample was removed by centrifugation at
6000 rpm min~" for 20 min. Finally, the CIP concentration in
the aqueous humor was detected by the HPLC method using a
UV detector at 280 nm.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussions

3.1. Mechanism of formation of mucin nanoparticles

Mucin nanoparticles are formed in a neutral pH medium
dispersed in distilled water. In an aqueous dispersion of mucin,
carboxyl groups of sialic acid (COOH) donate a hydrogen atom
and become negatively charged. These groups attract the Ca**
ions of CaCl, salt. Mucin is known to interact with calcium ions
in many intracellular processes.””®® The same interaction
occurs in the ionic gelation technique. Calcium-dependent
cross-linkage forms between multiple mucin chains through
sialic acid groups attached to the oligosaccharides, as shown in
Fig. 1(i). Intramolecular disulfide bonds in the N-terminal
region between two chains assemble the mucin chains. Due
to this interaction between opposite charges, spherical mucin
particles are formed.

3.2. Morphological analysis of mucin nanoparticles

ZP can be used to indicate the stability of formulated colloidal
dispersions by determining the degree of repulsion force. A
high repulsion force prevents particles from aggregation.>® In
addition, PDI indicates the extent of particle size distribution
with a range of 0-1, and a PDI of less than 0.2 is often
considered as narrow size distribution. Physiochemical para-
meters, such as particle size and zeta potential, are listed in
Table 1. The morphological analysis for the prepared polymeric
nanoparticles was performed by TEM, and the TEM images are
displayed in Fig. 1(ii). The increase in mucin concentration
affording more negatively charged functional groups can gather
around the crosslinking agent named Ca*, and therefore, further
layers of mucin chains can join the calcium cations, and thus, the
size of nanoparticles increases with the increase in the mucin
concentration.®® The effect of crosslinker concentration on particle
size is evaluated by varying Ca®* concentration while keeping the

Table 1 Change in the zeta potential and particle size with respect to
different concentrations and crosslinkers

Zeta potential Size
Sample (mv) (nm)
10%Glycerol + 1% Mu + 1% Ca** —1.84 868
1% Mu + 0.5% Ca** —4.45 959
1% Mu + 1% Ca>" —4.39 797
1% Mu + 2% Ca>* —4.93 735
0.5% Mu + 1% Ca>" —3.05 507
0.25% Mu + 1% Ca*>" —-3.63 187
1% Mu + 1% CS (1:2) +27.2 473
1% Mu + 1% CS (1:3) +24.7 498
1% Mu + 1% CS (1:5) +27.8 567
1% Mu + 1% CS (1:7) 27 619
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mucin concentration fixed at 1% w/v. With the increase in calcium
ion concentration, lower numbers of the polymer chains are
involved with higher contents of cations, and therefore, the size
of nanoparticles decreased as expected. The cationic polymer,
chitosan, was used as a crosslinker in place of the cationic salt
CaCl,, resulting in the formation of stable particles. Mucin nano-
particles crosslinked with different chitosan ratios showed a posi-
tively charged zeta potential. In the case of chitosan-crosslinked
mucin NPs, the particle size ranged from 473 to 619 nm. The sizes
of NPs are reported in Table 1. The particle size has increased with
the amount of chitosan due to the large molecular weight of this
amino polysaccharide.’” The zeta potential of these nanoparticles
is positive due to the exposure of free amino groups of chitosan
chain.®* The chitosan crosslinked with mucin nanoparticle sam-
ples having higher zeta potential and lower PDI values indicate a
comparatively narrow particle size distribution and stable non
agglomerated nano systems.*® The deprotonated sialic acid groups
present in the mucin chain contribute to its negative surface
charge. The calcium-crosslinked mucin nanoparticle has very low
ZP, and shows instability.

Negatively charged polysaccharides, i.e., xanthan gum (XG),
gum acacia (GA) and gellan gum (GGL) have been mixed at
0.2% (w/v) and 0.5% (w/v) as stabilizers to achieve stable mucin
nanoparticles. These polysaccharides and the mucin protein
chain interact with each other to form a hydrocolloid and impart
stickiness to the nanocarrier.** Only in the case of 0.5% XG, a
moderately high zeta potential is attained. The purpose of
improving the stability of the nanoparticles was achieved by
adding XG. The mucin nanoparticles would otherwise exhibit
instability over time, but it enhanced their shelf life, reduced
aggregation, and raised their zeta potential. The adhesion of XG
fragments to the particle surface is visible in the TEM image
(Fig. 1). The particle size decreases after mixing XG and becomes
less than 200 nm, which is highly desirable for enhanced
penetration through the cell membrane. The other two gums
yielded larger particles, and the values are given in Table 2. The
more hydrophilic nature of GA than XG and GGL due to the
presence of a large number of hydroxyl (-OH) functional groups
attracts more water molecules in the three-dimensional network,
consequently increasing the particle size of Mu-GA NPs.

The physical appearance and stability of the nanoformula-
tion stored at 4 °C were further monitored over a period of two
months, and no irreversible agglomerates were observed.

3.3. Pure and drug-loaded nanoparticles with drug
entrapment efficiency and drug loading capacity

The antibiotic drug entrapped in the core of particles is clearly
visible in the TEM images displayed in Fig. 1(ii). Ciprofloxacin

Table 2 Variation in the size and surface charge of mucin NPs for different gums

. Xanthan gum Gum acacia Gellan gum
Concentration
of gum Particle size (nm)  Zeta potential (mV) Particle size (nm) Zeta potential (mV) Particle size (nm) Zeta potential (mV)
0.2% 181 —6 435 1 459 —15
0.5% 158 —27 670 -4 297 -2

© 2026 The Author(s). Published by the Royal Society of Chemistry
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remains in the core owing to its interaction with calcium
6566 Here calcium acts as a chelating agent ensuring
maximum drug entrapment. Drug encapsulation is a technique
to protect chemicals from degradation, control release, and
target medicinal formulations. CIP-loaded mucin nanoparticles
showed an entrapment efficiency of 95.51% =+ 0.62%. This high
DEE is due to the hydrophobicity of ciprofloxacin preventing its
diffusion back into the aqueous medium from the core of Mu
NPs. Mu NPs have a higher drug encapsulation efficiency than
the other NPs reported in the literature because of the incor-
poration of drugs along with a cationic crosslinker.®”°® In this
case, the drug is mixed with the crosslinker solution as stated in
the earlier section, and hence, drug particles remain near
the calcium molecule and at the end of electrostatic interaction,
the drug becomes entrapped in the core of the nanoparticle. The
drug loading capacity of dried nanoparticles was 12% =+ 6.4%.

ions.

3.4. Redispersibility index and drop size

The redispersibility of Mu NPs was assessed as part of their
stability evaluation. The test was conducted three weeks post-
formulation to evaluate the tendency of particulate matter to
settle at the bottom of the glass vial and the ease with which the
settled particles could be redispersed into the solution. For the
Mu-XG nanoformulation, no sedimentation was observed even
after three weeks of storage, indicating 100% redispersibility.
The solution remained homogeneous upon inversion of the vial
as shown in Fig. 2a, indicating excellent stability and resistance
to particle aggregation. This suggests that the synthesized
nanoformulation has achieved strong steric or electrostatic
stabilization, preventing phase separation, and the result can
be correlated with the obtained zeta potential (—27 mV) value.
For the Mu-Gly nanoformulation, visible sedimentation was
observed at the bottom of the vial upon inversion, suggesting
weaker stability in the suspension over the storage period. To
redisperse the sedimented particles, the vial required two
inversions having 80% redispersibility score. After these rota-
tions, the solid particles appeared to mix uniformly into the
solution, restoring homogeneity. This behavior indicates that
while sedimentation occurred, the particles retained redisper-
sibility but did not form irreversible aggregates. The difference
in sedimentation behavior between the Mu-XG and Mu-Gly
formulations is due to their distinct physicochemical proper-
ties such as particle size, zeta potential, and the interaction
between the polymer matrix and the mucin nanoparticles. The
absence of sedimentation in Mu-XG suggests high colloidal
stability. From Fig. 2b, the diameter of free falling droplet was
measured, and hence, the volume was calculated. The drop size
of Mu-Gly NP and Mu-XG NP is 54 + 16 uL and 84 £ 30 pL,
respectively. The higher volume of Mu-XG NPs is due to the
strong cohesion force and highly viscous nature, enhancing the
surface tension.

3.5. Viscosity

While prolonged residence times are achieved by increasing the
viscosity, there are a number of shortcomings, including dis-
comfort and blurring. To prevent the lubricants from being
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removed from the ocular surface, the ideal formulation should
theoretically be viscous at low shear rates, such as when the
eyes are opened. To reduce friction, irritation, and ocular
discharge, the viscosity should be low during high-shear situa-
tions like blinking. Consequently, non-Newtonian artificial tears
that exhibit shear-thinning behavior, which is viscosity that
decreases with the increase in shear rates, are preferred.®
Low-viscosity eye drops at low shear rates are more likely to
evaporate quickly and to drain rapidly. However, a lower viscosity
of the eye drops is needed at higher shear rates, including when
blinking, to enhance wearer comfort and lessen inflammation
caused by friction.”” One approach is to use high-molecular-
weight polymers to increase the viscosity of the formulations,
which will increase the residence time and bioavailability of
artificial tears.”’ Only Mu-XG nanoformulation shows shear
thinning behavior due to the presence of XG in it. The reason
for the formation of extremely shear-thinning solutions with XG
is either the intermolecular connections of two or more mole-
cules, or the stiffness of its molecules. The stretched polysac-
charide molecules intertwine to create clumps that result in high
viscosity at low shear rates. As the shear rate increases, the
aggregates disintegrate, the molecules align with the flow direc-
tion, and the apparent viscosity decreases.”>”* From rheological
analysis, XG represents shear thinning also known as pseudo-
plastic behavior, with viscosity decreasing with the increase in
shear rate. In contrast, the pure Mu, Mu-Gly, and Mu-GG
dispersions displayed Newtonian to slightly shear-thinning
behavior, maintaining a nearly constant viscosity across the
tested shear rates, given in Fig. 2d. The shear thinning behavior
of Mu-XG is compared to the equation of power law model, and
it is found that the correlation factor is 85%, the coefficient K is
784.55 Pa-s and the value of dimensionless 7 is 0.69, confirming
the pseudoplastic behavior.

3.6. ATR-FTIR

Fig. 2f shows the ATR-FTIR spectra of empty Mu NP, drug-
loaded Mu-XG NP and drug-loaded Mu NP. The analysis of the
ATR-FTIR spectrum revealed broad peaks ranging from 3250 to
3280 cm ™', which indicate the presence of O-H groups. The ATR-
FTIR spectrum of mucin nanoparticles shows that principal
peaks at wave numbers of 1076.1, 1238.6, 1640.8, 2928.2, and
3272.3 cm™ ' correspond to C-N vibrations, ~C-O stretching, N-H
bending, C-H stretching, O-H stretching, respectively. The
drug-incorporated NP sample has a peak at a wavenumber of
2850 cm ™! corresponding to aromatic cyclic enes. The new peaks
in the region of 2900 cm™*, 1720 cm™* and 1400 - 1500 cm™*
confirm the presence of drug ciprofloxacin in the Mu-CIP sample.
The peak in the Mu-XG-CIP sample in the 1623 cm ™' region has a
higher intensity representing the C=—O stretching in the
4-quinolone ring of the present ciprofloxacin molecule. However,
no chemical interaction between the drug and the mucin polymer
is evident.

3.7. Drug release study

The decrease in the rate of deterioration allows reducing medi-
cine doses, which can reduce potential side effects. Controlling

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Physicochemical properties of the developed mucin nanoformulation. (a) Inversion technique to check for redispersion, (b) a free falling droplet
of mucin nanoformulation, and (c) volume of a drop of Mu-XG NP much higher than Mu-Gly NP. (d) Effect of xanthan gum on the viscosity of the
formulations, making it shear thinning, whereas pure Mu NP, Mu-GG, and Mu-Gly nanoformulations show a shear thickening behaviour. (e) Mu-XG
follows the pattern of power law model of viscosity with 85% correlation. (f) ATR-FTIR spectra of Mu, Mu-CIP and Mu-XG-CIP showing successful

incorporation of CIP.

the release of drugs is an appropriate option for prolonged
treatment. It reduces the number of administrations and main-
tains a steady plasma concentration profile for a long time. The
Mu-XG nanoformulation shows lesser release over time com-
pared to the other formulations, as shown in Fig. 3a. Natural
excipients such as glycerol act as an osmotic agent in the
formulation and increase drug release.”* XG forms a hydrophilic

© 2026 The Author(s). Published by the Royal Society of Chemistry

matrix, the drug release rate from matrices decreases due to the
increase in the viscosity and thickness of the hydrated gel layer
and around 15% drug is released over the 30 h study period. This
gel barrier restricted water penetration into and drug diffusion
from the particle, delaying drug release to achieve sustained
release.*>”>’® The higher viscosity of XG forms a diffusion
barrier, slowing drug molecules’ passage from the matrix to the
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Fig. 3 Properties of the mucin nanoparticle as an effective drug carrier. (a) In vitro release profile of ciprofloxacin from the pure Mu NP, Mu-Gly NP and
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succeeded in slowing and sustaining the release of drug; however, the other formulations exhibited a higher release of 50% of the drug in the first few
hours. (b) Extended drug encapsulation ability in the core of NPs over time with no significant difference compared to the freshly prepared sample. It
represents a good sign of longer shelf life. Antibacterial activity of nano formulations against S. aureus. Zone of inhibitions of (c) Mu-CIP, (d) Mu-Gly-CIP,
(e) Mu-XG-CIP, and (f) APC. (g) Bar plot representation of the diameter of zones of inhibition for different formulations, where the mucin formulations are

equally successful as the commercial eyedrop.

surrounding medium. When xanthan gum hydrates the surface,
it produces a highly viscous coating around the NPs. This layer
regulates the penetration of the solution and limits drug diffu-
sion, lowering the rate of drug release. Moreover, the entangle-
ment of XG chain works as an obstacle to drug release. The
surface area of a particle is directly dependent on its size, which is
correlated with the drug release rate.”” The small particle size
increases the formulation’s surface area and increases the drug
release rate. Larger particles are ideal for prolonged and sus-
tained drug release since they encapsulate more of the drug due
to their massive core.”® From the drug release profile given in
Fig. 3a, it is observed that almost 50% drug is released within the
first 7 h from Mu NPs after which a plateau is obtained. Thus, this
profile shows controlled release of drug from the polymer matrix.
Anion exchange between CIP and phosphate anions in the release
media is the process that occurs during drug release.”” Drug
release via degradation can also occur from within the bulk

Mater. Adv.

polymeric system when both the hydrophobic and hydrophilic
regions in the polymer backbone are present.** Drug release
profiles can generally be divided into two segments: an extended
diffusion-controlled phase and an early burst. The drug is released
from the polymer matrix due to the interaction between the NP
and PBS, where the initial gradient of drug concentration is high,
which provides a strong driving force for diffusion. The CIP-loaded
mucin NP shows drug release by diffusion at first and then bulk
erosion of the polymer chain, as suggested by the increase in the
turbidity of the release medium after 24 h.

The release mechanism for the CIP from the Mu-Gly-CIP NP
and Mu-XG-CIP was estimated using five models to fit the
experimental cumulative drug release data. The kinetic para-
meters are listed in Table 3. At pH 7.4, the best-fitting model
was the Korsmeyer-Peppas model, which had the highest R
values. The Mu-XG-CIP formulation has more similarity to the
Korsmeyer-Peppas model due to the higher correlation factor

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Kinetic model parameters for ciprofloxacin release from two
types of nanoformulations

z First Korsmeyer-
ero irs

. . Peppas .
Drug order order Higuchi ZCPPAS hixson
CIP R R R n R R
Mu-Gly-CIP  0.60148 0.60157 0.76277 0.162 0.8994 0.60148
Mu-XG-CIP  0.8832 0.8832 0.9601 0.351 0.9800 0.88322

(98%) than that of the Mu-Gly-CIP formulation. The Kors-
meyer-Peppas model is also known as the power law model,
which is a semi-empirical model based on the diffusion
phenomenon.®" This model is developed to describe the drug
release mechanism from polymeric systems. The release expo-
nent n indicates the type of diffusion of the release mechanism.
For Fickian diffusion, n is less than 0.5, implying that drug
release by the diffusion-controlled penetration of solvent into
the polymer-crosslinker matrix is much faster than polymer
chain relaxation.?> However, 0.5 < n < 0.89 denotes non-
Fickian transport, n = 0.89 denotes Case II (relaxational) trans-
port, and n > 0.89 denotes Super Case II transport.’” A low
value of n presented in Table 3 supports the Fickian diffusion of
ciprofloxacin from mucin nanoparticles.

Mu NPs serve as the excellent drug carrier due to its extended
shelf-life. The drug encapsulation efficiency of Mu NPs does not
significantly degrade over time even after 2 months, as depicted
in Fig. 3b.

3.8. Antibacterial property testing

The effectiveness of the nanoparticle as an antibiotic system was
evaluated against S. aureus using the well diffusion test. No
inhibition zone for pure Mu NPs without drug is visible on the
agar plates, showing that the components of the mucin polymer
chain do not possess antibacterial activity. The test results of
three different formulations of mucin with the same concen-
tration of antibiotic are given in Fig. 3c to f. Drug-loaded Mu-CIP
NPs exhibit an inhibitory zone of 3.46 & 0.41 cm. The hydrophilic
gel system of the agar plate has a stronger affinity for hydrophilic
substances like glycerol, which enables diffusion through the gel
network to quickly kill bacteria.*® This offers compelling evidence
of an increased inhibitory zone of 4 + 0 cm for Mu-Gly-CIP NPs.
The slower drug release from Mu-XG-CIP NPs results in a
decrease in the zone diameter, which is 3.5 &= 0 cm. The
commercial eye drop Aprocin (APC) from Aristopharma® shows
4 + 0.5 cm zone of inhibition. The nanoformulation Mu-XG-CIP
NP exhibits similar performance compared to the commercial
product (p-value > 0.05, ns), as shown in Fig. 3g.

3.9. Ex vivo mucoadhesion test analysis

Mucoadhesion is done on excised goat eyes for three incre-
mental concentrations of mucin (i.e., 0.5%, 1% and 1.5%), and
the other two formulations are 1% mucin mixed with 0.5%
xanthan gum-coated Mu-XG and commercial eyedrop Apro-
cin®. Increasing the mucin concentration from 0.5% to 1%
improves mucoadhesion as a higher concentration of polymer
makes the formulation denser and more viscous, as given in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4a. Further increment from 1% to 1.5% results in reduced
mucoadhesion. In all three instances, the same trend is seen.
The reason behind is the repulsion force between negatively
charged epithelia and highly concentrated negatively charged
mucin polymers. The Mu-XG formulation shows high surface
tension and the droplets tend to stick to each other due to
cohesive force. As a result, the repeated trials show a lower
standard deviation. Mucin nanoformulation has a higher
mucoadhesivity than that of the commercial formulation. The
mucoadhesion of Mu-XG is significantly higher (p < 0.05) than
the market eye drop, as depicted in Fig. 4b. The topical
application of mucin nanoformulation interacts with the gly-
coprotein present on the ocular surface, allowing the spreading
of sample over the surface and then the penetration occurs
through diffusion. Diffusion increases with the surface area.
Every mucin polypeptide chain has domains rich in serine and/
or threonine, with hydroxyl groups linked to oligosaccharides
through an O-glycosidic bond, and the glycosylated domains
are devoid of secondary structures.** As the core protein of
mucin is made up of tandem sequences that are abundant in
O-glycosylated serine and threonine as well as proline residues,
their long structures make the chain less flexible than un-
glycosylated random coils. These characteristics explain the
rigid structure of mucin, high buoyant density, high hydrody-
namic volume, and high viscosity.*> The results from molecular
docking support the cause of high mucoadhesion of mucin
NPs. The results of molecular docking and the LigPlus software
confirm the H-bond interaction between ocular mucin and the
present mucin polymer in the NP. In Fig. 4c, the dotted lines
represent the newly formed hydrogen bond. These interactions
provide a molecular basis for the enhanced mucoadhesion
observed experimentally. Fig. 4d shows the simulation results on
the optimum position of molecular docking with the highest
affinity. The position with the highest affinity has the lowest
binding energy (—6.1 kcal mol ), giving the most stable position.

3.10. Long-term stability analysis

Visual inspection confirmed the excellent stability of Mu-XG
NPs. However, pure Mu nanoformulation showed phase separa-
tion after a month, although the two phases could be remixed
by shaking. The Mu-XG formulation is stable at both 4 °C and
25 °C, as no signs of instability (particle aggregation, creaming)
were seen, whereas it exhibited color change at 40 °C. The
images are given in the SI Section (Fig. S1).

3.11. In vitro hemolysis ratio analysis

The findings of the hemolysis test, which are depicted in
Fig. 5(i), indicated that there was almost no hemolysis reaction.
Both Mu-Gly NP, Mu and Mu-XG NP hemolyze at rates of
1.46% =+ 0.71%, 1.7% =+ 0.83% and 3% =+ 0.83%, respectively.
The statistics show that these nanoparticles have excellent
biocompatibility since they fully satisfy the requirements of
the international standard for biomaterial hemolysis rate of
less than 5%.%¢ Triton X-100 (positive control) caused the
extreme damage and lyses of every RBC and PBS (negative
control), which showed the precipitation of healthy and intact
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RBC at the bottom of the tube. Mu NP, Mu-Gly NP and Mu-XG
NP formulations were similar to the negative control proving
their biocompatibility. Nanoparticles consisting of chitosan
and mucin exhibited a high hemolytic ratio due to the use of
the acidic medium for chitosan dissolution. The neutralization
of the medium after the formation of nanoparticles adds a
complexity in procedure, and hence, these chitosan-mucin
nanoparticles are excluded from other in vitro studies despite
having high stability.

3.12. In vivo Draize test and corneal histology

The Draize test revealed that there were no abnormalities in the
cornea, iris, or conjunctiva of rabbit eyes as a result of admin-
istering multiple doses of Mu-XG-CIP NPs. Additionally, there
were no noticeable differences in the corneal regions of the
eyeballs treated with mucin NPs compared to the control eye
(Fig. 5(ii)), indicating that the formulation is entirely biocompa-
tible and non-irritating. The same rabbit’s cornea is assessed for
further evaluation of biocompatibility. The cornea is composed
of five layers,”” namely, the corneal stratified squamous epithe-
lium (i), Bowman’s membrane (ii), stroma consisting of collagen
fibers and keratocytes (iii), Descemet’s membrane (iv), and the
endothelium (v). The corneal epithelium and stroma of the
rabbit treated with Mu NPs for one week were completely intact,
as observed from the H&E staining, and remained attached to

Mater. Adv.

Bowman’s membrane, without any signs of edema, as shown in
Fig. 5c.

3.13. Ex vivo histology analysis

The histology of goat corneal tissue shows that corneal layers
(epithelium, Bowman’s membrane, and stroma) remained
intact with and without drug-loaded mucin NP sample. No
desquamation of corneal epithelium is observed, but a slightly
edematous stroma is observed in the H&E assay. Fig. 5 a and b
represent the histology images of goat cornea after applying the
Mu NP and Mu-CIP NP formulation. The morphology of the
cornea is determined to be in good shape, and there is no loss of
tissue integrity even after applying the sample. Corneal epithe-
lial cells take up the particles by endocytosis. No toxicological
features were observed in the cornea including the epithelium
and the stroma even after keeping the formulation for 30 min as
compared with normal DI water. The histopathological findings
support the use of mucin nanoparticles for ophthalmic applica-
tion. The total thickness of the central cornea and epithelial
layer is measured, and the ratio of epithelium to total corneal
thickness is calculated as well. The ratio was measured to be
0.15, and thus, there was no significant increase in thickness
upon applying the drug-loaded nanoformulation to the excised
eye compared to the control, suggesting that the nanoformula-
tion did not cause any damage.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Biocompatibility analysis of mucin nanoparticles. (i) Hemolysis ratio of Mu, Mu-Gly and Mu-XG nanoformulations and positive control (Triton X-
100) with the images of supernatants of intact healthy RBCs. (i) No signs of possible visual irritation are observed in rabbit eyes after applying the
developed nanoformulations for seven consecutive days. (i) H&E histological staining of excised goat cornea after applying the pure mucin
nanoformulation (a) and ciprofloxacin-loaded nanoformulation (b) shows intact epithelial layer and stroma. In the rabbit corneal histology of the test
eye on day 7 (c), the asterisk (*) symbol highlights the intact epithelial layer with no swelling in the stroma layer.

3.14. In vivo anti-inflammatory property study

Inflammation was visible in the sclera of the challenged left eye
of the rabbit after 24 h. After the successful inflammation
induction, the eye condition was observed each time after the
NP formulation administration. The right eye was kept
untouched throughout the experiment. The rabbit was healthy
and had no trouble opening its eyelid. After day 1, there was no
noticeable alteration in the challenged eye and the condition of
the right eye (negative control) was completely normal. There
has been an obvious improvement since day 2. The inflamed
zone was smaller than that on the first day of sample admin-
istration, and the redness begun to fade. On day 3, there was
further progress, and the rabbit fully recovered. No increase in
body temperature or discomfort in the rabbit eye was noticed
throughout the entire procedure. Fig. 6(a) shows the healthy
eye, Fig. 6(b) shows the image taken right before starting the
treatment and Fig. 6(d) shows the image taken at the end of
treatment, in which there is no red inflamed area. Fig. 6(e)
shows the gradual decrease in inflammation during 3 days of
treatment. The presence of glycerol and mucin in the solution,

© 2026 The Author(s). Published by the Royal Society of Chemistry

which has a soothing impact in cases of discomfort, is the
driving force behind healing. Type II mucin is a gel-forming
mucin that plays a protective role in inflammation. Further
addition of glycerol helps in lowering corneal edema and haze
and facilitates better healing of the epithelium, endothelium,
and their basement membranes, or corneal lamellae. It may not
have been able to return to normal without treatment in case of
inflammation because of fluid pressure in the intercellular or
interlamellar spaces. Therefore, regular use of pure glycerol
drops may restore relative deturgescence and corneal clarity in
some cases of chronic corneal edema. The application of
glycerol present in the formulation has increased hydration
and inhibited lymphocyte accumulation close to the treatment
site, which helped in healing.®®

3.15. In vivo bacterial infection healing ability

The in vivo antibacterial efficacy of the developed nanoformula-
tion was evaluated in a rabbit model of infection by S. aureus.
Inflammatory mediators released at the site of infection rapidly
diffuse into the aqueous humor, directly impacting other regions,
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01442e

Open Access Article. Published on 17 February 2026. Downloaded on 3/17/2026 5:21:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
Normal eye Day 1
[

o 3
g
=2
2
E
g 1
=]
=
=0 " " Y

S B

1 2 3
Time (days)

Fig. 6 In vivo therapeutic efficacy of Mu-Gly-CIP NPs against inflamma-
tion. Digital images of the rabbit eye at different time intervals under
treatment: (a) healthy eye, (b) 24 h post-challenge and before the start of
treatment, and (c, d) progression of healing of inflamed area where redness
is diminishing gradually. (e) Qualitative inflammation scores up to day 3.

causing progression of ocular infection.*” The rabbits from the
positive control group kept their eyes closed with constant
mucoid discharge, and the animals were euthanized on day 4
due to severe infection. Inflammatory cells, mostly neutrophils
(shown by green triangles in Fig. S2), had widely infiltrated in
corneal tissue. The therapeutic capability of the developed nano-
formulation was assessed against a commercial eyedrop in rabbit
models of bacterial conjunctivitis. The inoculation of S. aureus
into the sclera in rabbits’ eyes created severe clinical signs mainly
in the cornea, conjunctiva, and iris. Peak infection was observed
24 h post-inoculation, and there was problem in opening the
eyelid. The eyelids were swollen and the conjunctiva was red on
the 1st day. On the following day, there was no noticeable change
in redness, but there was a slight improvement in opening the
eyelid and the sample application was ongoing. The 3rd day
showed a similar trend to that observed on the previous day. On
day 4, the rabbits could keep their eyelids open without difficulty
and there was less purulence in the morning. On the 5th day, less
redness was observed in the conjunctiva, and the rabbits always
kept their eyes open comfortably. Finally, on the 7th day, the
redness of the conjunctiva was almost completely resolved, and
the conjunctiva had returned to its normal whitish color, as
shown in Fig. 7(i). The rabbits treated with commercially avail-
able eyedrops had shown a similar pace in the improvement of
bacterial infection. These visual observations suggest that the
0.3% CIP-loaded mucin nanoformulation has the same thera-
peutic efficacy as that of the market product. A clinical scoring
index summarizing these observations is depicted in Fig. 7(ii) for
a comparative analysis.

3.16. Corneal FESEM

FESEM observations reveal clinical improvement and elimination
of bacterial cells. From Fig. 7(iii (a)), the intact cell junctions of
hexagonal squamous cells of the upper corneal layer confirm the
biocompatibility of the nanoformulation. Infecting bacteria can
be identified using a SEM.?° The deformed shape shows effective
bacterial death caused by the Mu-XG-CIP nanoformulation;
otherwise, live bacterial cells would be clearly visible on the
cornea in Fig. 7(iii (b)).
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3.17. Corneal histology analysis

At the end of the experiment, corneas were collected after rabbit
euthanasia and sent for histopathological evaluation. The his-
tological study showed normal cellularity in all corneal layers
without signs of inflammation in both nanoformulation-treated
eyes and negative control eyes, whereas the presence of inflam-
matory cells was observed in the commercial eyedrop (APC)
treated eye in Fig. 8(a). The thickness of the total epithelial layer
is also significantly higher due to swelling (p < 0.001), as shown
in the bar plot of Fig. 8b. Bacterial infections often cause
inflammation. From a time-course analysis in a study, it is
found that inflammation peaked at 24 h after infection and
decreased significantly at 48 and 72 h. Additionally, inflamma-
tory cytokines were significantly reduced at these times.”" The
histology result illustrates that a commercial eye drop would
require two to three extra days to eradicate all the inflammatory
cytokines and neutrophils and complete the healing process
eventually. It is observed that therapeutically, the Mu-XG NP
exhibits superior efficacy in treating bacterial uveitis by mitigat-
ing the ocular inflammatory reaction.

3.18. In vivo pharmacokinetic analysis

Fig. 8c depicts the pharmacokinetic profile, which is the cipro-
floxacin concentration in the rabbit aqueous humor at various
time frames after instillation of 100 uL nanoformulation. The
aqueous humor drug concentration increased slowly as expected
according to the in vitro drug release highlighting the sustained
release nature. From 2 to 6 h of initial administration, the drug
concentration ranged from 0.24 to 1.14 pg mL™*. The diffusion
of ciprofloxacin from the mucin nanoparticles’ inner core
becomes noticeable after the liquid particle matrix allows deeper
entrapped drug to spread outward, which is responsible for the
significant rise in drug concentration after 4 h. This delayed
release is consistent with the diffusion-controlled release beha-
vior typically reported for polymeric nanoparticle systems. Even
after 8 h, a significant amount of drug (0.26 pg mL ") is present
in the aqueous humor for effective protection against bacterial
growth reducing the necessity of frequent administration, as
shown in Fig. 8c. The clearance of drug particles from the
aqueous humor is shown by the drop in eight hours. However,
in the case of the commercial ciprofloxacin eye drop, the drug
concentration in the aqueous humor becomes 8 ng mL™ ',
suggesting reapplication every 6 hours for better healing. After
8 h, the remaining free drug was below the detectable limit when
administered without a carrier. Nanocarrier-based drug delivery
enhances the transport of drug molecules through the cornea
over time, as it adheres to the surface tightly without getting
washed out.

4. Conclusion

A novel approach to preparing mucin nanoparticles in the ionic
gelation procedure has been investigated in this study. Besides
the information regarding morphological properties for various
concentrations and different crosslinkers, this study provides a

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In vivo performance of the CIP-loaded Mu-XG NP in healing bacterial infection. (i) Digital images of the rabbit eye under treatment with

ciprofloxacin-loaded mucin nanoparticles and the commercial eyedrop Aprocin at different time intervals. (i) Treatment results in the visual scoring of
eyelid edema and redness during the healing phase, where the nanoformulation follows the same trend as the commercially available ciprofloxacin eye
drop (n = 2, biologically independent eyes for each group). No significant difference in the healing efficacy is found. (iii) FESEM images of the surface of
corneas: (a) ideal surface of another healthy rabbit cornea, where intact hexagonal epithelial cells and cell junctions are signs of biocompatibility upon
applying nanoformulation, and (b) treatment with nanoformulation has killed all the bacterial cells and their debris are attached to the surface.

foundation for further research on mucin nanoparticles incor-
porating drugs in controlled drug delivery applications in
ocular therapy. Among all the synthesized formulations, the
mucin nanoparticles (NPs) with acceptable biocompatibility
based on hemolysis assay exhibited a negative zeta potential
and were perfectly nanosized. The precorneal residence period is
extended in part by the small particle size and negative zeta
potential. The in vitro drug release study demonstrated con-
trolled release for 24 h. The Mu NP has an encapsulation
efficiency and a drug loading capacity of 95% and 12%, respec-
tively. The mucin matrix offers intrinsic mucoadhesive interactions

© 2026 The Author(s). Published by the Royal Society of Chemistry

and a hydrophilic milieu that promote greater drug entrapment,
in contrast to other polymeric nanoparticles. The benefits of our
method in terms of drug loading capacity and possible ophthal-
mic performance can therefore be more clearly assessed by
benchmarking against acceptable carriers. The ex vivo corneal
mucoadhesion of the NPs was proved to be promising without
having a noticeable harmful impact on the corneal surface. The
biocompatibility of the formulation was further confirmed by
in vitro hemolysis assay, ex vivo histology of caprine cornea and
the in vivo Draize test. An in vivo inflammation model of rabbit
eye was developed, and after applying drug-loaded nanoparticles,
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Fig. 8 Therapeutic effects of the CIP loaded Mu-XG NP and commercially available CIP eye drop in preventing eye infection. (a) H&E staining of the
healthy cornea, cornea treated with APC and mucin nanoparticle on day 7. Triangles (green) in the H&E staining indicate the presence of inflammatory
cells (primarily neutrophils). (b) Total corneal thickness measured after seven days of treatment. Presence of neutrophils after treatment with APC makes
the corneal stroma swollen, increasing its thickness, whereas bacterial infection treatment with the Mu-XG NP has been completed successfully within 7
days and the thickness returned to normal, matching the healthy cornea. The average thickness of a healthy cornea (~40 um), provided as a reference to
compare the inflammation-induced swelling with the post-treatment recovery. Significant differences are indicated by *** (p < 0.001). (c) /In vivo
comparative analysis of drug concentration between the free drug and the drug encapsulated in the nanocarrier within rabbit aqueous humor over time.
Even after 8 h of instillation, a significant amount of ciprofloxacin is present in the aqueous humor when applied using a mucin nanocarrier.

the inflammation was cured within 3 days. Moreover, in vivo
bacterial infection was treated within 7 days and the nanoformu-
lation was as effective as the commercial equivalent product
despite the absence of additional components in the formulation
while providing enhanced bioavailability. These findings suggest
the potential applicability of ciprofloxacin-loaded mucin nano-
particles under ocular inflammatory conditions, particularly
those affecting the anterior segment. However, further experi-
ments are needed for optimizing the total number of dosages. To
further validate these findings, improve the formulation perfor-
mance, and facilitate future clinical translation, more extensive
animal trials and more in-depth analysis including immunohis-
tochemistry, levels of TNF-o,, and IL-6 in the aqueous humor by
ELISA will be needed. This study demonstrates that drugs such as
ciprofloxacin can be efficiently integrated into a mucin nanocar-
rier and administered for intended purposes. The successful
development of mucin nanocarrier will open the gate towards
the application of ocular disorders ranging from ocular surface
diseases to the retinal issues requiring prolonged drug release.
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