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1. Introduction

Lysozyme activated co-delivery of
latanoprost—timolol from mucoadhesive chitosan
nanocomposite to manage glaucomar

%a.d

B. N. Kumara, €22 R. Shambhu,? Yoon-Bo Shim @2 € and K. Sudhakara Prasad
Glaucoma is a leading cause of irreversible blindness, and controlling intraocular pressure is imperative for
good clinical outcomes. It is important to use natural stimuli to trigger the release of the drug when it is
linked to a nanoparticle/nanocomposite, particularly in ophthalmic applications to maintain sustained
release. Herein the preparation and investigation of biocompatible, mucoadhesive dual drug-loaded chit-
osan (CS)—-graphene quantum dot (GQD) nanocomposites are reported. Drug release from the nano-
composite was controlled by the presence of a natural lacrimal fluid enzyme, lysozyme (Lyz). Lyz is
efficient at cleaving the f-1,4 glycosidic linkages of CS, thereby releasing the drug of interest. A biocom-
patible, fluorescent nanomaterial i.e., GQDs, was employed to track drug loading by using simple photo-
luminescent spectral studies. The optimized nanocomposite encapsulation efficiencies (EEs) were 94.51%
and 74.08% for latanoprost (LP) and timolol (TM) and delivered 32.68% and 66.61% of drugs, respectively,
in 72 h. Dual drug delivery through the cleavage of $-1,4 glycosidic linkages of CS in the presence of Lyz
was confirmed through *H-NMR and FE-SEM studies. An increase in the particle size from 490 nm to
1584 nm in the presence of mucin supports the mucoadhesiveness of the hanocomposite. The in vitro
cytocompatibility and live/dead staining assays against human corneal epithelial (HCE) cells showed >80%
cell viability. Ex vivo tests proved that the nanocomposite was non-irritant, and histopathological studies
showed normal growth of blood vessels. Molecular docking studies showed the hydrogen bonding and
electrostatic interactions between the drug and CS. Hence the developed nanocomposite could be used
as an ocular suspension or nanocomposite for further preclinical studies on glaucoma management.

caused by sudden pain followed by blurred vision.’ However,
in both cases, typical symptoms are cupping and atrophy of

Glaucoma is a neurodegenerative disorder that leads to blind-
ness if untreated."” In addition, progressive loss of retinal
ganglion cells due to increased intraocular pressure (IOP)
could occur. Mainly, there are two kinds of glaucoma, open-
angle glaucoma (OAG) and angle-closure glaucoma (ACG).
OAG is a slow progressive atrophy of the optic nerve, character-
ized by a loss of peripheral visual function, whereas ACG is
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the optic nerve head, visual imbalance, and increased 10P.*
The main cause of glaucoma is the elevation of IOP in the eye.
To manage glaucoma, several medications are available on the
market in the form of eye drops® and ocular suspensions.®
Some of the commercial formulations are, individual and com-
binations of prostaglandin analogues, p-blockers, a-2 agonists,
carbonic anhydrase inhibitors, and muscarinic receptor ago-
nists.” Among these, prostaglandin analogues and f-blockers
are found to be effective at managing glaucoma.®'° When it
comes to the mechanism of action, these prostaglandin ana-
logues suppress IOP by initiating aqueous humor drainage
through the uveoscleral outflow pathway whereas f-blockers
bind to p1 and/or p2 receptors in the ciliary body to decrease
the production of aqueous humor.” However, these formu-
lations are not effective as eye drops or ocular suspensions due
to the continuous loss of drugs during periodic eye blinks fol-
lowed by rapid lacrimal fluid outflow. Numerous studies
suggest that only 1-5% of the administered drug is absorbed
in the corneal region due to a short residence time, whereas

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the remaining medication is flushed out with lacrimal fluid
outflow resulting in low bioavailability of the drug at the

cornea.'”™ Hence, mucoadhesive polymers could be
employed for the production of ocular suspensions or eye
drops.**

Recently, efforts have been made to develop dual anti-glau-
coma drug (prostaglandin analogue & p-blocker) loaded nano-
composites to synergistically tackle glaucoma by reducing IOP.
In addition to this, elevating the mucoadhesiveness of the
nanocomposite to improve the long-term delivery of the thera-
peutic payload at the cornea has also been explored.
Latanoprost (LP) and timolol (TM) loaded CS and alginate
nanosheets prepared via a spin coating method showed vari-
able degrees of drug release (25, 82, and 95%) for up to 48 h
resulting in uncontrolled drug delivery and a lack of mucoad-
hesiveness.'> The LP and TM loaded poly(ethylene glycol)
methyl ether—polylactic acid (mPEG-PLA) micelles showed an
initial burst release of 0.70 pg of LP and 57.12 pg of TM, and
no drugs were found after 24 h. A contact lens made from the
same material showed excellent results when compared with
eye drops and showed an impressive decrease in IOP;®
however, the in vitro-in vivo correlations (IVIVC) are poor
because the in vivo release rates are lower than the in vitro
values.'® Hence, by considering the lack of controlled delivery,
stimuli responsiveness, and the absence of drug in the long
term, there is a need to develop highly mucoadhesive, long-
term dual-drug deliverable nanocomposites for glaucoma
treatment.

A plethora of polymers have been reported for the prepa-
ration of hydrogels and nano-formulations by using biocompa-
tible polymers such as sodium alginate, chitosan (CS), gellan,
carrageenan, and Carbopol."”” Among these, CS is found to be
a versatile material due to its biocompatible, biodegradable,
highly mucoadhesive, and polycationic properties with a
capacity to entrap the drug of interest, and most importantly
the quality of undergoing degradation in the presence of lyso-
zyme (Lyz).'®** Lyz is a protein, abundantly available in
human lacrimal fluid, saliva, human milk, and pig sow milk.*
Interestingly, CS undergoes degradation through the breaking
of p-1,4 glycosidic linkages in the presence of Lyz, chitinases,
and proteases. Notably, several chromogenic agents and
organic dyes are utilized in implants or nanocomposites to
confirm drug loading and delivery such as fluorescein isothio-
cyanate (FITC) and sodium fluorescein (NaF) dyes, questioning
the biocompatibility of the developed materials.>* >’

To overcome this bottleneck, biocompatible fluorescent
nanomaterials could be a better option.*® In particular, gra-
phene quantum dots (GQDs) are non-cytotoxic, photolumines-
cent, biocompatible, and aqueous soluble materials having
sizes ranging from 2 to 10 nm.*® With its unique photo-
luminescence (PL) properties, GQD has been extensively
explored for bioimaging and drug delivery applications.*’"?
With tracking evidence from proof-of-concept studies,* in the
present work, we employed GQDs for dual drug loading confir-
mation by emission spectra, band gap, and fluorescence life-
time studies.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Taken together, with the unique properties of CS and GQD,
and considering the present drawbacks of dual drug delivery
platforms for glaucoma management, herein we fabricated
biocompatible, highly mucoadhesive, hydrophobic (LP), and
hydrophilic (TM) drug-loaded CS nanocomposites, which
could deliver the drug through the cleavage of the
f-1,4 glycosidic bonds of CS in the presence of Lyz available in
lacrimal fluid. The newly synthesized dual drug-loaded nano-
composite not only assured sustained delivery in the long term
without burst release but also facilitated excellent biocompat-
ibility with non-irritant characteristics. Notably, the present
work opens an avenue for the simultaneous release of LP and
TM for 72 h to treat glaucoma by utilizing a naturally secreting
enzyme, Lyz. We believe that the developed platform is promis-
ing as a composite material for the production of contact
lenses that can deliver the dual drug to arrest the rapid
diffusion of the drugs as well as prevent overdose side effects.

2. Materials and methods

2.1. Materials

Chemicals such as graphene oxide (GO, 2 mg mL™"), latano-
prost (LP), timolol maleate salt (TM), sulfuric acid (H,SO,),
branched polyethyleneimine (PEI, average M,, ~ 800 by LS,
average M, ~ 600 by GPC), succinic acid (SA), 1-ethyl-3-[3-di-
methylamino propyl]-carbodiimide hydrochloride (EDC),
N-hydroxy succinimide (NHS), chitosan (CS, MW:
50 000-190 000 Da, based on viscosity), lysozyme (Lyz, >40 000
units per mg protein) from egg white, 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), acridine
orange (AO), acetic acid, ethidium bromide (EB), and dimethyl
sulfoxide (DMSO) were obtained from Sigma-Aldrich
Chemicals Pvt. Ltd, Bangalore, India. Furthermore, we pro-
cured hydrochloric acid (HCl), isopropyl alcohol, sodium
chloride (NaCl), sodium bicarbonate (NaHCOj3), potassium
chloride (KCl), calcium chloride dihydrate (CaCl,-2H,0),
mucin (from the porcine stomach, type II, bound sialic acid,
<1.2%), sodium hydroxide (NaOH), formaldehyde solution
(37%), and deuterium oxide (D,O) from Merck Specialties Pvt.
Ltd, Bangalore, India, and nitric acid (HNO;) from HiMedia
Laboratories Pvt. Ltd, Mumbai, India. The procured chemicals
were used as received without any further purification. The cell
culture reagents were obtained from Thermo Fisher Scientific
Ltd, Gibco, Bangalore, India.

2.2. Instrumentation

To study the optical properties by UV-visible spectroscopy
(UV-Vis), a UV-1800 Shimadzu UV spectrophotometer, Japan,
was used, emission spectroscopy experiments were performed
by employing an F-2700 FL spectrophotometer and fluo-
rescence lifetime measurements were performed using a Jobin
Yvon Fluorolog-3-11 spectrofluorimeter (450 W xenon lamp).
Furthermore, Fourier transform-infrared spectroscopic investi-
gations were performed with an attenuated total reflectance
mode (FTIR-ATR, Shimadzu, Kyoto, Japan) instrument. Surface
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morphological studies of the nanocomposite were analyzed by
using high resolution-transmission electron microscopy
(HR-TEM, JEOL Ltd, Tokyo, Japan) and field emission-scan-
ning electron microscopy (FE-SEM, Carl Zeiss, Germany)
instruments. The particle size and zeta potential analyses of
the prepared dual drug-loaded nanocomposites were per-
formed by using a Malvern Zetasizer Ultra instrument. In vitro
biological studies were performed by using ZOE, BioRad, and
a microplate reader (FluoSTAR Omega, BMG Labtech) instru-
ment. To quantify the TM and LP contents, a Shimadzu
Prominence ISO LC series HPLC instrument at 254 nm and
210 nm (Thermo Scientific™ Hypersil™ ODS C18 column,
5 p, 300 x 4.6 mm) was employed. Furthermore, chemical
characterization ~studies were performed by ‘H-NMR
(500 MHz, 298 K) on a Bruker ASCEND™ spectrometer. To
capture the images of the HET-CAM assay, an android mobile
phone was used. For the histopathological examination and
imaging, a microtome instrument and fluorescence micro-
scope were employed.

2.3. Preparation of dual drug-loaded CS-GQD
nanocomposite

To prepare the dual drug-loaded CS-GQD nanocomposite
(drug nanocomposite), GQD was synthesized as per a previous
method by using graphene oxide (GO) as a precursor in the
presence of a 1:3 ratio of sulphuric acid (H,SO4) and nitric
acid (HNO;) at 120 °C for 24 h. Furthermore, surface passiva-
tion was performed as reported.*?

Before the addition of the dual drug to CS, the required
amounts of LP (LP, 30 pg) and TM (TM, 600 pg) were mixed
and stirred for a few minutes. In brief, 75-85% deacetylated CS
was mixed with the dual drugs (LP and TM) followed by
addition to a prepared passivated GQD in the presence of a
1:3 ratio of EDC/NHS (1 mg/250 pL) to create the drug nano-
composite. Low molecular weight (LMW) CS (2, 3, 5, and 7%
w/v) was dissolved in deionized water containing 2% (v/v)
acetic acid and stirred overnight at 1500 rpm. The CS gel was
sonicated for 5 min to remove bubbles. To the obtained CS
gel, 2 M NaOH was added to adjust the pH from 3.3 to 5.5,
making it slightly acidic for enhanced drug loading. After the
successful preparation of the dual drug nanocomposite, the
pH was adjusted to 7.4. Subsequently, the resulting drug nano-
composite was dialyzed in simulated lacriaml fluid (pH: 7.4)
for a few hours with 0.5-1 kDa MWCO membrane (Spectrum
Labs) to remove unbound LP and TM and excess unreacted
EDC/NHS. Quantification of the unbound drug was achieved
by using HPLC at wavelengths of 210 nm and 254 nm. The
resulting final nanocomposite was stored in the refrigerator
for further use.

To maintain the sterility of the developed drug nano-
composite, before using the materials for the preparation, they
were filtered using 0.22 pm and 0.45 pm syringe filters under
sterile conditions followed by dialysis using 0.5-1 kDa mem-
brane. Furthermore, the developed drug nanocomposite was
exposed to UV radiation of 100-280 nm in wavelength before
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the in vitro cell culture studies and HET-CAM analysis were
conducted.*

2.4. Entrapment efficiency and loading capacity

The entrapment efficiency (EE) and loading capacity (LC) of
combinatorial drugs, namely, LP and TM, were determined by
HPLC analysis at 210 nm and 254 nm. The below-mentioned
formulas were used to calculate both EE and LC.**

EE(%) = [(totalamount of Drug
— free Drug in the supernatant) 1)
/total amount of Drug] x 100

LC(%) = [total amount of drug
/total amount of nanocomposite] (2)
x 100

2.5. Invitro dual drug release studies

To study in vitro drug release from the nanocomposite,
different concentrations of Lyz (300, 600, 1000 pg mL™")-
treated drug nanocomposites (2 mL) were loaded into a
0.5-1 kDa molecular weight cutoff membrane (MWCM), which
was then placed in a beaker containing STF (pH 7.4) at 37 °C
under medium stirring to maintain the physiological con-
ditions. Besides, 1 mL of the released medium was collected
from the beaker at pre-determined time points, namely, 1, 6,
12, 24, 36, 48, and 72 h, and replenished with the same
amount of STF to maintain a constant sink volume. The col-
lected samples were stored in a —20 °C refrigerator until the
analysis. Furthermore, collected samples were simultaneously
quantified by HPLC analysis. The drug release experiments
were performed in triplicate (n = 3).

The mathematical modelling of the obtained drug release
data was performed by using Kinet DS (version 3.0) and
DDSolver®. The in vitro drug release data fit to various stan-
dard kinetic equations, namely, zero-order, first-order,
Korsmeyer-Peppas, and Hixson-Crowell models.’" The selec-
tion of the model suggesting the drug release pattern from the
dual drug-loaded nanocomposite was identified by consider-
ing the coefficient of regression (R*) obtained from the
models.

2.6. Invitro mucoadhesion studies

For mucoadhesive studies, the mucin-nanoparticle was used
to investigate the mucoadhesive property of the formulation by
considering the changes to the particle size. The procedure
was followed as per previous reports.>’>?® The variation in
particle size was analyzed by incubating the dual drug-loaded
nanocomposite with mucin suspension (35 °C, 1% m/v).
Before this, commercially available mucin was hydrated in
demineralized water at 4 °C for 12 h. Furthermore, the mucin
solution was diluted with 0.1 M PBS and the pH (7.4) was
adjusted with 1 M NaOH. The prepared solution was ultrasoni-
cated for 1 h to reduce the size followed by centrifugation at
4000 rpm for 20 min. The resulting supernatant solution was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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filtered using a 0.45 pum filter membrane. The particle size of
mucin was analyzed before conducting the study and only
mucin smaller than 500 nm was considered for the investi-
gation. Furthermore, to check the particle size variation upon
mucin addition, equal volumes of drug nanocomposite and
mucin particle suspension were mixed by vortexing for a
minute and the obtained mixture was analyzed by the DLS
technique.

2.7. 'H-nuclear magnetic resonance (‘H-NMR) characteriz-
ation of nanocomposites

The "H-nuclear magnetic resonance spectra (‘H-NMR) were
recorded to determine the formation of hydroxyl groups due to
the cleavage of f-1,4 glycosidic linkages of CS upon treatment
with Lyz. To check the same, the dual drug-loaded nano-
composite (drug nanocomposite), degraded nanocomposite
(dialysate), and Lyz-dual drug-loaded nanocomposite (reten-
tate) were collected, freeze-dried, and re-dissolved in D,O
(0.5 mL per 20 mg) for analysis. Furthermore, the chemical
structure was characterized by "H-NMR (500 MHz, 298 K) on a
Bruker ASCEND™ spectrometer.

2.8. Biological studies

To test the prepared nanocomposites in vitro, human corneal
epithelial (HCE) cells were chosen. The HCE cells were cul-
tured in Dulbecco’s modified Eagle’s medium (DMEM): Ham’s
F12 supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic-antimycotic solution. The cells were incubated at
37 °C under 5% CO,, subcultured upon attaining 70-80% con-
fluence, and used for the experiments after three consecutive
passages.

2.8.1. Cell viability assessment using methyl thiazolyl tetra-
zolium (MTT) assay. The cytotoxicity assay (MTT) was per-
formed to assess the biocompatibility of the as-prepared nano-
composites with cultured HCE cells.*’ In 96 microtiter well
plates, cells were seeded at a density of 5000 cells per well and
incubated for 24 h at 37 °C under a humidified atmosphere
with 5% CO,. The untreated cells were used as a control. The
drug nanocomposite and Lyz-treated drug nanocomposite
were added to cells at concentrations of 20, 40, 60, 80, and
100 pg mL™", and the cells were incubated for another 24 h.
Following incubation, spent media were removed from each
well, and 100 pL of MTT solution with a concentration of 1 mg
mL™" was added to the wells and further incubated for 4 h.
The absorbance of formazan crystals was measured at 570 nm
using a multimode microplate reader after they were solubil-
ized in 100 pL of DMSO. Furthermore, the cell viability percen-
tage was calculated using the below-mentioned formula.

optical density of cells treated with samples
optical density of the control

x 100

Cell viability(%) =

(3)

2.8.2. In vitro cell morphology studies. To assess the
in vitro HCE cell morphology, different concentrations (20, 60,
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and 100 pg mL™") of drug nanocomposite and Lyz-treated drug
nanocomposite were used. For the analysis, cells were seeded
at a seeding density of 10 000 cells per well in the 24-well plate
followed by incubation at 37 °C under a humidified atmo-
sphere with 5% CO, for 24 h. After 24 h, composites were
treated at 20, 60, and 100 pg mL~". Upon the completion of
24 h of incubation, cell morphological images were captured
using an inverted microscope (Zeiss). For the analysis of both
test compounds, the control is prepared in the same way.

2.8.3. Acridine orange/ethidium bromide (AO/EB) staining
assay. The AO/EB analysis is typically performed to assess the
viable and apoptotic stages of cultured HCE cells.*® For the
experiment, HCE cells were seeded in 24 well plates at a
seeding density of 10 000 cells per well and incubated at 37 °C
under a humidified atmosphere with 5% CO, for 24 h. The
test compounds, namely, drug nanocomposite and Lyz-treated
drug nanocomposites, were added to the cells at various con-
centrations, 20, 60, and 100 ug mL™", and incubated for 24 h.
After the required treatment period, spent media from the
wells were removed and cells were washed with 1x PBS.
Staining was carried out using AO/EB (2 pg mL™", 1:1) for
15 min at 37 °C under dark conditions. Excess stain was
removed, and cells were again washed with PBS. Furthermore,
cells were overlaid with PBS and imaged under green and red
channels of a fluorescence imager. Nuclei with green fluo-
rescence were regarded as viable, and cells with greenish-
yellow or red fluorescence were regarded as apoptotic cells
under the merge channel. For the analysis of both test com-
pounds, the control is prepared in the same way.

2.9. Ocular tolerance test (HET-CAM test)

The ocular tolerability of the prepared formulation was studied
by wusing a hen’s egg test-chorioallantoic membrane
(HET-CAM) assay. It is a well-known conjunctival model to
explore the potential of an exterior irritant agent.>®
Furthermore, the irritant ability of the prepared compounds
can be observed by the periodic changes to the chorioallantoic
membrane of the egg upon exposure to the prepared
materials/formulations. To evaluate the ocular tolerance,
freshly fertilized eggs were incubated at 37 + 0.5 °C for about 9
days. Next, the eggs were tested with a cold lamp to ensure the
viability and optimal illumination of the chorioallantoic mem-
brane followed by the observation of the development of an
embryo. On the 10™ day of incubation, the shells of the egg
were scratched off around the air bubble using forceps.
Furthermore, the inner membrane was moistened with saline
solution, warmed to 37 °C, and carefully removed without
injuring any underlying blood vessels to expose the CAM. Next,
the prepared materials (300 puL) were applied to the surface of
the CAM. In brief, the test materials, namely, GQD, GQD-PEI-
SA (passivated GQD), CS, LP, TM, LP loaded nanocomposite,
and the drug nanocomposite, as well as controls (control, posi-
tive and negative), were exposed to CAM. Notably, we have not
tested Lyz on CAM, since Lyz is naturally available in lacrimal
fluid. Each concentration was tested in triplicate and the mean
scores were analyzed by considering the irritation. The test
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compounds’ activity was investigated over 5 min (at 1 min,
3 min, and 5 min) and photographs were taken at each time
point. For this assay, 0.1 M sodium hydroxide (NaOH) solution
was used as the positive control, saline (0.9% NaCl) solution
was considered a negative control, and one group was left
untreated (control). Furthermore, the irritant tolerability of
blood vessels determined by hyperemia, haemorrhage, or
coagulation was examined using a stereomicroscope.*®™*>

Irritation score(IS) = (301-k)/300 x 5 + (301-I)
/300 x 7 + (301-¢) /300 x 9

(4)

Here, ‘i’ refers to a time in seconds when a haemorrhage
appears, ‘I’ is the time in seconds when lysis appears, and ‘¢’ is
considered as the time in seconds when coagulation is raised.
The scores for non-irritants are considered to be 0-0.9, 1-4.9
are considered slight irritants, 5-8.9 are moderate irritants,
and 9-21 are taken as severe irritants.

2.9.1. Histopathological studies. The control and treated
CAM blood vessels were removed from the egg soon after the
HET-CAM analysis (after 5 min) and stored in a 4% formalin
solution for 24 h. The tissues were processed at different con-
centrations of ethanol and finally embedded in paraffin.
Sections of the CAM tissues were sliced using a microtome
and they were processed for hematoxylin and eosin (H&E)
staining. The stained slides were scanned using the fluo-
rescence microscope to check the structure of the primary, sec-
ondary, and tertiary capillaries.

2.10. Molecular docking

Molecular docking studies were performed to examine the
interactions between the drug and the polymer.**** Primarily,
we investigated the possible interactions of CS and LP, fol-
lowed by CS and TM. In addition, to understand the binding
affinity between the dual drugs, the interactions between TM
and LP were checked. For the analysis, structures were
obtained from the PubChem database (chitosan (CS): 71853;
latanoprost (LP): 5311221; timolol (TM): 5281056) and were
prepared using MGL tools 1.5.6 followed by converting the
results into PDBQT file format for input in AutoDock Vina
1.5.6. The drug and polymer were adjusted for the lack of
hydrogen atoms and chirality with the stereo concoction and
shape optimizations. AutoDock Vina 1.5.6 was used to carry
out the docking studies and further calculations. The polymer
and drug were docked to explore the possible binding affinity
and interactions between them using the Discovery Studio
2021 Client software.

2.11. Statistical analysis

The plotted values of cytotoxicity and bright field imaging
assays were calculated by taking mean + standard deviation (n
= 3). Statistical analysis was carried out using a one-way
ANOVA analysis of variance A (Tukey’s multiple comparison
test) using GraphPad Prism 8 software. Statistical significance
was assumed for p-values: ns = non-significant, *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001.
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3. Results

Herein, we discuss the preparation and application of a dual
drug-loaded nanocomposite (drug nanocomposite) for glau-
coma management. Currently, many combination drugs are
available on the market to reduce IOP; however, due to the fre-
quent instillation of eye drops followed by rapid tear secretion,
patients have trouble adhering to the existing treatment.
Therefore, the present work investigates the delivery response
of the drug nanocomposite in the presence of Lyz, wherein the
drug, TM, is a p-adrenergic agent, and LP prostaglandin ana-
logues were also employed. By considering that the natural
enzyme present in lacrimal fluid has the ability to hydrolyze
CS, we have examined the delivery response of nano-
composites in the presence of various concentrations of Lyz as
shown in Scheme 1.

3.1. Preparation and characterization

We have formulated different compositions by varying the per-
centage of CS and without altering any other co-existing
materials (section 2.3) and drugs as shown in Table 1. It
should be noted that, for ocular drug delivery applications, the
formulations should be highly transparent for better patient
compliance. The formulations contain 2, 3, 5, and 7% of CS,
and importantly, upon increasing the concentration of CS
from 2 to 7%, we observe a highly viscous nanocomposite.
Therefore, by considering the entrapment efficiency (EE) and
loading capacity (LC) among F1, F2, F3, and F4, an optimized
formulation was chosen for further characterization studies.
From Table 1, F1 shows good EE for both LP and TM of
94.51% and 74.08%, respectively. In addition to this, F2
showed good EE for TM, and F3 exhibited the same for LP due
to the variation in CS concentrations. In comparison, F4 shows
the lowest EE and LC for both LP and TM. The decrease in the
EE percentage of TM is expected due to the more hydrophilic
nature of the drug. Furthermore, by considering EE and LC,
the F1 composition was characterized and drug release was
evaluated with different concentrations of Lyz.

3.1.1. Spectral studies. The optimized drug nanocomposite
was analyzed by UV-visible spectroscopy—the appearance of a
peak around 299 was observed for GQDs, whereas polyethyl-
eneimine (PEI) and succinic acid (SA) peaks were found
around 250 nm due to the absence of continuous conjugation
as reported (Fig. 1A).*>*® For CS, no significant absorption was
reported; however, one shoulder peak at 254 nm and a broad
peak (275 nm-483 nm) centered at 291 nm was found for
amide linkages and the chromophoric C=O group.
Furthermore, LP absorption was found at 210 nm, which could
not be differentiated due to its weak absorption wavelength,
and the TM peak was recorded at 295 nm. Therefore, we have
observed that the broader peak can be attributed to the for-
mation of the drug nanocomposite. In brief, we observed the
broad peak from 271 nm to 348 nm centered at 294 nm and
used the long chain, similar to CS, to confirm drug loading.
Furthermore, through FT-IR and HPLC detection methods we
have found the presence of the drugs. It is interesting to note

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the development of drug nanocomposite and lysozyme responsive cleavage: (A) preparation of passivated
GQD, (B) dual drug embedded chitosan, (C) drug nanocomposite, (D) lysozyme responsive cleavage, and (E) mechanism of action of latanoprost (LP)

and timolol (TM) at the ocular region of the glaucomatous eye.

Table 1 Formulation of the drug (LP-TM) nanocomposites and their entrapment efficiencies and loading capacity percentages

SL GQD PEI SA Chitosan Amount of LP Amount of TM Entrapment efficiency Loading capacity
no (pL) (mg) (nL) (%) loaded (pg) loaded (pg) (LP: T™M, % EE) (LP:T™M, % LC)
F1 50 5.46 90 2 30 600 94.51:74.08 0.092:1.452

F2 50 5.46 90 3 30 600 89.06:74.29 0.088:1.456

F3 50 5.46 90 5 30 600 97.93:60.51 0.095:1.186

F4 50 5.46 90 7 30 600 86.38:56.75 0.084:1.112
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voluted spectra of C 1s, N 1s, and O 1s of the drug nanocomposite.

that, by considering the PL property, GQDs have been
employed to track the drug loading and through spectral vari-
ations in fluorescence drug encapsulation could be confirmed.
Practically, the single carbon precursor, graphene oxide (GO),
oxidizes to form GQDs at 120 °C in the presence of strong
acids, which exhibit blue fluorescence under UV light.
Therefore, no intermediates form using the top-down prepa-
ration methods with GO. Hence, we have used the top-down
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method to synthesize the GQDs and utilized them for drug
delivery applications. In the present study, emission spectro-
scopic studies were carried out to confirm the variation in fluo-
rescence and drug loading in comparison with pristine GQDs.
The quenching of the PL in the drug nanocomposite was
observed due to the increased influence of polymer matrices,
which were believed to have a stronger effect on surface elec-
tronic structures, resulting in changes to the energy gaps. In
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addition to this, there is a redshift (~24 nm) in the PL peak
centered at 401.77 nm for the drug nanocomposite, whereas
the peak at 377.2 nm represents GQDs (Fig. 1B). Due to vari-
ations in the emission peak, the band gap has shifted from
3.28 eV (GQD) to 3.08 eV (drug nanocomposite), which is
expected for a stronger effect on the surface electronic struc-
tures. Besides, we have also observed ~99% quenching of the
PL in the present study compared to the previous report prob-
ably due to CS polymer encapsulation and the synergistic
effect of dual drugs. To evaluate the decrease in fluorescence
intensity upon drug loading, a fluorescence lifetime study was
carried out for GQDs and the drug nanocomposite (Fig. S17).
Generally, the lifetime of a fluorescent species can be deter-
mined from the decay of its fluorescence intensity as a func-
tion of time. The average lifetime of the GQD was found to be
0.54 ns, and it exhibited 3 components: 2.30 ns (z), 0.37 ns
(72), and 6.88 ns (z3) under excitation at 295 nm in solution.
Similarly, the drug nanocomposite demonstrated an average
lifetime of 0.22 ns, which showed 3 components: 1.92 ns (z4),
0.17 ns (z), and 7.64 ns (r3) under the same conditions.
Hence, the addition of drug loaded CS to the fluorescent nano-
material shortened the lifetime and reduced the fluorescence
intensity. The obtained data are in concordance with the fluo-
rescence spectral and band gap studies.

3.1.2. XPS analysis. The variation in the atomic percen-
tages in comparison with the LP-loaded nanocomposite
proved the loading of TM into the nanocomposite. For the
dual drug-loaded nanocomposite (drug nanocomposite), the
XPS survey scan spectrum shows the presence of different
elements in the nanocomposite (Fig. 1C). The peaks at 404.91
eV, 537.41 eV, 290.72 eV, and 168.29 eV are responsible for N
1s, O 1s, C 1s, and S 2p with atomic percentages of 7.19, 23.9,
68.83, and 0.07, respectively. Furthermore, the O/C value is
found to be 0.34 for the drug nanocomposite. The deconvo-
luted C 1s spectrum demonstrates the presence of C=C, C-C,
and C-O-C functional groups, whereas that of N 1s represents
the formation of graphitic, pyrrolic, and amino nitrogen
groups. Furthermore, the deconvoluted O 1s spectrum con-
firms the presence of C=0O, C-O-C, and COOH functional
groups. In brief, the deconvoluted high-resolution C 1s spec-
tral peaks (Fig. 1D) at 284.63 eV are responsible for C-C/C=C,
286.30 eV is due to the presence of C=N, 287.63 eV is accoun-
table for C=0/COOH and 290.73 eV is exclusively for O-O=C
functional groups, respectively. The N 1s spectral peaks
present at 399.91 eV are responsible for amino ‘N’, 401.84 eV
for graphitic ‘N’, and 404.89 eV for nitro ‘N’ functional moi-
eties (Fig. 1E). In addition to this, O 1s peaks (Fig. 1F) at
532.82 eV occurred due to C-O-C/C-O, 534.00 eV for C-OH,
and 537.49 eV is responsible for adsorbed O,/C as per the
NIST database. Therefore, the functional groups present in
different regions elucidate the dual drug loading and the
deconvoluted S 2p peak usually appeares at 165 eV (within the
survey scan of S 2p at 168.29 eV) represents the presence of the
N-S-N functional group due to the loading of TM.

3.1.3. FT-IR analysis. FT-IR spectral studies were per-
formed to analyze the presence of TM and LP in the drug

© 2024 The Author(s). Published by the Royal Society of Chemistry
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nanocomposite. For the TM drug, N-H stretching and -OH
stretching vibrations appeared in the regions of 3366 cm™" and
3246 cm™', respectively. The CH bending vibration was
observed at 1386 cm™'; the peak at 1626 cm™" corresponds to
the C=O stretching vibration, and those at 1540 cm™" and
1459 cm™' are responsible for C=C aromatic rings as
reported.*”*” In brief, the drug nanocomposite exhibited
broadened peaks at 3339 cm ™" to 3259 cm ™' for -NH and ~-OH
functional groups. The occurrence of LP in the composite was
further confirmed with the distinct broad peak for aliphatic C-
H stretching centered at 2880 cm™" and ester C-O stretching
vibrations at 1299 cm™'. The peaks associated with C-N
stretching of the amide bond, asymmetric C-O-C, and C-O
stretching vibrations are observed at 1366 cm™, 1159 cm™,
and 1073 cm™*, respectively. Interestingly, we have also spotted
that the sharp peak at 1626 cm™" represents the presence of
the amide C=O bond stretching peak responsible for the
occurrence of CS (Fig. S21). Therefore, the above-mentioned
spectral vibrations are in complete accordance with the pres-
ence of LP and TM in the drug nanocomposite.

3.1.4. Particle size and mucoadhesiveness analysis. The
dynamic light scattering (DLS) technique was used to study the
particle size of the prepared drug nanocomposite. The particle
size of the pristine GQD was found to be 1.7 nm>> whereas the
size of the drug nanocomposite (Fig. 2A) was 490 nm. It
should be noted that <500 nm particle-sized drug-loaded com-
posites are highly suitable for ocular delivery applications.*®

To evaluate the mucoadhesive nature, we mixed an equal
volume of mucin nanoparticles and drug nanocomposite,
resulting in the formation of an aggregated structure with a
particle size of 1584 nm, whereas it was 291 nm for mucin.
The massive increase in particle size proves the interaction of
the drug nanocomposite with mucin particles. The obtained
results prove that nanocomposites can reside for longer in the
cornea by binding with sialic acid present in the mucosal
layer, which results in the prolonged delivery of drugs to
decrease IOP thereby managing glaucoma.

3.1.5. Surface morphological (HR-TEM and FE-SEM)
studies. A high-resolution transmission electron microscopy
(HR-TEM) study was performed to evaluate the surface mor-
phology of the nanocomposites. Herein, CS appears as a plain
sheet (Fig. 2B). The addition of dual drug-loaded CS to passi-
vated GQDs results in the formation of an aggregated structure
with an enhanced size (Fig. 2C). As a result of more aggregated
structures, we found an increase in the particle size for the
drug nanocomposite. The obtained results from the HR-TEM
analysis agree with the obtained DLS data, wherein an incre-
ment in the size of the drug nanocomposite is observed.
Furthermore, a selected area electron diffraction (SAED) study
confirms the polycrystalline nature of the nanocomposite
(Fig. 2D).

Furthermore, we performed FE-SEM analysis (Fig. S37) to
identify the surface morphology of the drug nanocomposite.
From the data, we could identify the presence of drugs in
aggregated form; this is similar to the results obtained from
the HR-TEM studies. In addition, energy-dispersive X-ray spec-
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(A) Particle size analysis of the drug nanocomposite, (B and C) HR-TEM image of chitosan at 50 nm magnification and drug nanocomposite

at 200 nm magnification, and (D) selected area electron diffraction (SAED) pattern of the drug nanocomposite.

troscopy (EDS) and elemental mapping studies for GQD, LP,
TM, and drug nanocomposites were carried out (Fig. S4 and
S57). It was observed that GQD showed the presence of C, N,
O, and S due to the utilization of graphene oxide as a precur-
sor in the presence of HNO; and H,S0,.%* Furthermore, C and
O were observed for the LP drug (molecular formula (MF):
C,6H4005) with 33.33 at% C and 66.67 at% N, whereas C, O, N,
and S were found for TM (MF: C;3H,,N,03S; 27.71 at% C,
55.43 at% O, 10.65 at% N, & 6.20 at% S). For the drug nano-
composite, we found the presence of C, N, O, and S due to the
presence of the synthesized material and drugs. The observed
elemental compositions of GQD and drug nanocomposites
agree with the XPS analysis in section 3.1.2.

3.2. Invitro drug loading and release studies

Drug release studies were conducted to evaluate the Lyz-
responsive simultaneous release of LP and TM. LP and TM
have different mechanisms of action in dealing with IOP, as
shown in Scheme 1E.

The drug release studies were quantified using HPLC at two
different wavelengths simultaneously. It was found that at
300 pg mL™" Lyz treated nanocomposite delivered 23.10% and
35.71% of the drug in 72 h with burst releases of 1.04% and

556 | RSC Pharm., 2024, 1, 548-569

4.72% in 1 h for LP and TM. Whereas in the case of 600 pg
mL ™" Lyz treated nanocomposite, the delivery was found to be
29.54% and 42.86% of the drug in 72 h with 5.72% and
13.87% Dburst releases in the first hour respectively.
Importantly, 1000 pg mL™" Lyz-treated nanocomposite exhibi-
ted burst releases of LP and TM of 11.77% and 17.32% in an
hour and sustained release of 32.68% and 66.61% of the drugs
in 72 h, respectively (Fig. 3A and B). Furthermore, to under-
stand the drug release response, a comparison study of the
drug nanocomposite and individual commercial formulations
was carried out by taking similar concentrations. The commer-
cially available latoprost eye drops released around 84% of the
drug within 1 h and complete drug release was observed
within 2 h. Similarly, 89.44% of TM was released from the
Timolet eye drops in 12 h, and the remaining drug was
released within 24 h of the study (Fig. 3C) Therefore, in com-
parison with commercial formulations, the drug nano-
composite could act efficiently at managing glaucoma.

The drug release kinetics was analyzed by overlapping the
obtained data with various kinetic models. Furthermore, the
possible release kinetics was determined by considering the
high coefficient of regression (R*) as shown in Table 2; related
equations are given in the ESL

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In vitro simultaneous release of (A) LP and (B) TM from the drug nanocomposite in the presence of lysozyme, and (C) drug release study of

Table 2 In vitro drug release kinetics of dual drug-loaded nanocomposites

LP ™

300 600 1000 300 600 1000
Model Parameter pg mL ™ Lyz pg mL ™ Lyz
Zero order R? 0.9172 0.9235 0.9427 0.7943 0.8207 0.4999
First order R? 0.7636 0.7663 0.9146 0.6989 0.8121 0.4923
Hixson-Crowell R? 0.8300 0.8313 0.9256 0.7388 0.8156 0.4948
Korsmeyer-Peppas R? 0.9305 0.9818 0.8292 0.8073 0.8246 0.8689

n 0.8499 0.3777 0.2537 0.4021 0.1352 0.0691

The obtained results from the models show that the release
kinetics follow zero order and Korsmeyer-Peppas models for
both released drugs; this demonstrates that drug release is
independent of the concentration of the drug present.
Interestingly, at a lower concentration of Lyz (300 ug mL™"), LP
drug release was observed to follow a non-Fickian or anoma-
lous transport mechanism due to the involvement of more
than one mechanism (release exponent, n > 0.45), whereas the
remaining drug release was observed to follow the Fickian
diffusion mechanism (release exponent, n < 0.45). The Fickian
mode of diffusion was significant for TM, possibly due to the
hydrophilicity of the water-soluble drug during dual drug
release. The obtained kinetics results are in accordance with
the proposed mechanism in our study that Lyz is involved in
the release of the drug by cleaving the $-1,4 glycosidic linkages
of CS, possible diffusion of the drug, and transport of the drug

© 2024 The Author(s). Published by the Royal Society of Chemistry

through the concentration gradient due to the swelling
nature.*"*> The Hixson-Crowell model reveals that the
reduction in the surface area or the decrease in the diameter
of the nanocomposite during release, which can be observed
in our study because drug release occurs upon cleavage of the
nanocomposite, results in the formation of fragmented CS.*°
Furthermore, a field emission-scanning electron micro-
scopic (FE-SEM) study was conducted to observe surface mor-
phological changes due to the Lyz accelerated degradation/
cleavage of the nanocomposite. The Lyz action varies with
respect to pH (active at pH 6.0-9.0) and concentration. Herein,
we studied the degradation of a nanocomposite at pH 7.4 with
a higher concentration of Lyz (1 mg mL™") for 24 h of incu-
bation. In the absence of Lyz (Fig. 4A and B), we could observe
a clear and flat surface with connected networks of polysac-
charide layers. Upon treatment with Lyz, the degradation of

RSC Pharm., 2024, 1, 548-569 | 557
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Fig. 4 (A and B) FE-SEM images of the drug nanocomposite (2 um and
(2 pm and 1 pym magnification).

the nanocomposite can be seen by the formation of the
cracked and uneven surface (2 pm and 1 pm magnification) in
Fig. 4C and D, which leads to the release of dual drugs. Several
studies reported the utilization of CS and its hydrogels,
scaffolds, and in situ gel as a platform to deliver drugs for

skin, cartilage, and bone engineering
50,51

various tissue
applications.

In addition, we characterized the released fragmented CS
upon Lyz treatment by "H-NMR spectral studies, as discussed
in the following section, and identified the cleavage site and

the formation of hydroxyl groups spectroscopically.

3.3. Characterization of the products released from the
nanocomposite upon treatment with lysozyme

The '"H-NMR spectral study was performed to evaluate the
chemical structure of the material released from the drug
nanocomposite in the presence and absence of Lyz as shown
in Scheme S1.f The prepared composites were dissolved in
D,0, in which the peak appears in the region of 4.7 ppm. For
the Lyz-treated drug nanocomposite, the CS peaks positioned
at 2.2-2.6 ppm are determined to be multiplets of CH, and at
3.0 ppm for the triplet of CH. The peaks at 3.1-3.8 ppm are
associated with CH,OH and CHOH, and the peak at 1.2 ppm
is responsible for the terminal triplet of CH;. It is noteworthy
to mention that the peaks present for the drug nanocomposite
(Fig. 5A), Lyz-treated drug nanocomposite (retentate) (Fig. 5B),
and degraded (dialyzed) (Fig. 5C) nanocomposites were found
to be almost the same except for some peak shifts; similar
kinds of chemical shifts were observed previously for lysozyme

558 | RSC Pharm., 2024, 1, 548-569

1 ym magnification) and (C and D) lysozyme treated drug nanocomposite

based insulin drug delivery in chitosan systems.’> However, we
observed a new peak at 3.8 ppm in the degraded nano-
composite (Fig. 5C), which was attributed to CHOH due to the
hydrolysis of the p-1,4 glycosidic bond, followed by the for-
mation of fragmented low molecular weight CS. In the Lyz-
treated drug nanocomposite, we were unable to find a similar
peak formation, probably due to the formation of the enzyme-
substrate complex or interactions. The above-mentioned
'H-NMR data confirm that the drug nanocomposite in the
presence and absence of Lyz is almost the same, which proves
the formation of CS nanomicelles or fragmented CS without
the formation of by-products.

3.4. Invitro cytocompatibility, bright field imaging, and live/
dead cell staining assay

To assess the toxicity of the prepared composites, we per-
formed an in vitro cytocompatibility (MTT) and live/dead (AO/
EB) staining assay against human corneal epithelial (HCE)
cells. The phenotype of the in vitro primary HCE cells has a
better match with the in vivo tissues. Furthermore, these cul-
tures of corneal cells will predict toxic reactions in the intact
cornea in vivo.>® Therefore, the toxicity of the nanocomposite
can be obtained by using cultured HCE cells. The in vitro MTT
assay data in Fig. 6A and B demonstrate that the prepared
composites (drug nanocomposite and Lyz-treated drug nano-
composite) are found to be viable towards HCE cells by provid-
ing more than 80% viability for concentrations from 20 to
100 pg mL™".

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 H-NMR spectral peaks of (A) drug nanocomposite, (B) Lyz-treated drug nanocomposite (retentate), and (C) degraded nanocomposite (after

dialysis).

To check for morphological changes, different concen-
trations of nanocomposites (drug nanocomposite and Lyz-
treated drug nanocomposite) such as 20, 60, and 100 pg mL ™"
were tested against HCE cell lines (Fig. 6C and S61). The
results show that there are no significant changes to the mor-
phology of the cells and they are found to be structurally intact
upon incubation for 24 h at all treated concentrations due to
the biocompatible nature of the composite. Furthermore, cells
were counted and the results are displayed in Fig. S6.}

Furthermore, to check the stages of apoptosis, we per-
formed an AO/EB staining assay with similar concentrations of
20, 60, and 100 pg mL™' of nanocomposite (drug nano-
composite and Lyz-treated drug nanocomposite), in which the
prepared composite did not show any apoptosis stages of the
cells (Fig. 7 and S77). Additionally, we did not observe the cells
in the red field, and the absence of yellow or red fluorescent
cells in the merge field followed by the appearance of green-
stained cells exclusively determines the viable nature of the
cells. Moreover, all the treated nanocomposites are found to
be biocompatible in all the in vitro biological studies.

3.5. HET-CAM assay

All the in vitro cytotoxicity evaluations confirm that the compo-
sites are biocompatible and the cells are viable. Furthermore,
to use the formulation for ocular applications, a Draize test

© 2024 The Author(s). Published by the Royal Society of Chemistry

must be conducted to evaluate ocular irritation, therefore, as
an alternative to the in vivo Draize rabbit eye test, herein, we
have used the hen’s egg analysis using the chorioallantoic
membrane (HET-CAM test). The CAM of the chick embryo has
several tissues including arteries, capillaries, and veins, which
help to provide similar results to conjunctival tissue on inflam-
mation. As a preliminary observation, we performed a
HET-CAM assay to evaluate the ocular irritation of the pre-
pared materials and nanocomposites.*® To evaluate ocular irri-
tation, we have taken GQD, passivated GQD, CS, LP, TM, and
LP-loaded drug nanocomposite and the drug nanocomposite.
It was observed that none of the tested materials except the
positive control (NaOH) showed any haemorrhage (HM), clot-
ting (CL), or hyperemia (HY) in the CAM upon exposure for
5 min with an irritation score (IS) of 0; hence, they can be con-
sidered safe for ophthalmic use (Fig. 8). As mentioned, treat-
ment with 0.1 M NaOH caused severe irritation (IS of 11.06)
from 0 min to 5 min.

3.5.1. Histopathological studies. The histopathological
examinations of the CAM in Fig. 9 showed the presence of
healthy blood vessels (HBV), primary capillaries (PC), second-
ary capillaries (SC), and tertiary capillaries (TC) in all the
tested individual compounds and formulations. However,
shrunken blood vessels (SBV) and reduced capillaries (RC)
were found in the positive control treated CAM due to severe

RSC Pharm., 2024,1,548-569 | 559
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Fig. 6 In vitro biocompatibility assay of (A) drug nanocomposite, and (B) Lyz-treated drug nanocomposite with concentrations of 20-100 pg mL™
(statistical significance was assumed for p-values: ns = non-significant, *P < 0.05, **P < 0.01, ****P < 0.0001; Statistical significance were plotted in
comparison to control), and (C) bright field image of (a) drug nanocomposite, and (b) Lyz-treated drug nanocomposite at 20, 60, and 100 yg mL™*

against HCE cells (20x image magnification).

irritancy that led to damaged blood vessels. The treated com-
pounds, namely, GQD, passivated GQD, CS, LP, TM, LP-loaded
nanocomposite, and the drug nanocomposite showed the pres-
ence of normal growth of blood vessels without any differ-
ences. Hence, the histopathological study confirms the non-
irritancy of the prepared composites. Furthermore, we counted
the number of PC, SC, and TC to observe differences in com-
parison with the positive control. We found that the positive
control had SBV and a limited number of PC, SC, and TC.
Therefore, the graph provided in the ESIf (Fig. 10) proves that
all the precursors and drug nanocomposites except the posi-
tive control have a good number of capillaries, which proves
non-irritancy.

3.6. Molecular docking

Molecular docking studies (Fig. 11) were performed to visual-
ize the interactions and binding affinity of the drugs (LP and
TM) with CS by using AutoDock Vina 1.5.6. The polymer, CS,
has reactive amine groups; hence it facilitates inter- and intra-
molecular interactions towards neighbouring molecules.>® For
the interactions of CS and LP, we observed 1 hydrogen bond

560 | RSC Pharm., 2024, 1, 548-569

(non-classical) with the lowest binding energy of —6.0 kcal
mol ™" having the 6 best interactions. The length of the H-bond
was found to be 2.74 A. Non-classical bonds are usually found
in carbohydrates connected by =n-electrons and we have eluci-
dated that CS encapsulates the LP through n—r stacking inter-
actions. Furthermore, the CS and TM exhibited the lowest
binding energy of —5.9 kcal mol™' and are connected by
5 hydrogen bonds and electrostatic interactions, and showed
9 modes of interactions. For this, the H-bond lengths were
found to be 3.04, 2.96, 2.89, 3.07, and 3.16 A. It is very evident
that due to its hydrophobic nature, LP showed fewer inter-
actions with CS; however, TM was found to exhibit more hydro-
gen bonds due to the presence of hydrophilic moieties, as
seen by the resulting low binding energy for TM (—5.9 keal
mol™"). Generally, a low binding score depicts effective inter-
actions of the drug with the polymer. In the case of LP and TM
interactions, we noted 9 binding modes with the lowest
binding energy of —3.4 kcal mol™'. For this, we observed
1 hydrogen bond with a length of 1.40 A and 2 electrostatic
interactions. The probable electrostatic interactions provide
the repulsion against attractive forces to prevent aggregation.”*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 In vitro AO/EB staining images of drug nanocomposite against HCE cell lines with concentrations of 20, 60, and 100 ug mL™. Images were

captured after 24 h of drug treatment (image magnification = 100 pm).

Hence, a detailed molecular docking study showed the inter-
actions of LP and TM towards the polymer chain and the for-
mation of a stable structure.

4. Discussion

The optimized dual drug-loaded nanocomposite was con-
sidered for optical and surface morphological characterization
studies. Several publications described the utilization of fluo-
rescent carbon dots and GQDs for anti-cancer drug delivery
applications.>®>® In brief, Srivastava et al.’” and Misra et al.>®
reported the use of caged PL carbon nanoparticles for sensing
and drug delivery in response to UV light and counter ionic
ligands by reverse switching of the PL. Interestingly, in our pre-
vious work, we demonstrated the reverse switching phenom-
enon in the presence of an ocular enzyme, Lyz, by taking LP as
a model drug.*?

In the present work, GQDs were employed to develop the
nanocomposite, and by considering the PL property of the
same, drug loading was confirmed by PL spectral studies.
Quenching of the PL central peak at 401.77 nm suggests LP
and TM loading into the nanocomposite and the redshift sup-
ports for the same. Similar results were seen in our previous

© 2024 The Author(s). Published by the Royal Society of Chemistry

work with the ~18 nm redshift in the peak.>” The broader vari-
ation in the redshift from ~18 to ~24 nm also points to the
dual drugs being present in the nanocomposite. The PL spec-
tral variations change the band gap due to variations in the
surface electronic structures. The PL decay study also confirms
the decrease in the decay time from 0.54 ns to 0.22 ns,
suggesting that quenching of the fluorophores is responsible
for emission. It should be noted that similar PL lifetime
changes are observed for quantum dots bio-conjugated with
proteins for drug release in the presence of maltose®® and fluo-
rescence quenching with respect to bio-conjugated carbon
quantum dots.®® Moreover, the decrease in average lifetime is
a consequence of caged GQDs inside the chitosan-drug nano-
composite. It has been reported that the microenvironment
surrounding the GQDs also results in a reduction of the mean
lifetime.®" Hence, the addition of drug loaded CS to the fluo-
rescent nanomaterial shortened the lifetime and decreased the
fluorescence intensity. The obtained data are in concordance
with the fluorescence spectral and band gap studies.

XPS analysis confirms the variations in the binding energy
concerning new bond formations and alterations of the func-
tional groups upon modification. The XPS analysis of GQD
and passivated GQD showed the presence of C, N, O, and S.*>
For the LP-loaded nanocomposite, we observed C 1s, N 1s, and
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Fig. 8 Hen's egg chorioallantoic membrane treated precursors and formulations: control, positive control (0.1 M NaOH), negative control (0.9%
NaCl), GQD, passivated GQD, CS (2%), LP, TM, LP loaded nanocomposite, and the drug nanocomposite under observation for 5 min (H-CAM:
healthy CAM, PD: paper disk, HM: haemorrhage, HY: hyperemia, CL: clotting).

O 1s at binding energies of 284 eV, 401 eV, and 532 eV with
atomic surface percentages of 56.18, 2.39, and 28.37, respect-
ively. Similarly, the LP-TM-loaded nanocomposite demon-
strated the presence of C, N, O, and S. The difference in func-
tional group formation compared to the LP-loaded nano-
composite represents the loading of dual drugs.

The formation of the nanocomposite and occurrence of the
drugs could be found through X-ray diffraction (XRD) analysis
as an alternative to the above-mentioned methods. In brief,
XRD is a basic analytical technique used to identify and
characterize the phase from its diffraction pattern. As men-
tioned in a few reports in the literature, GQDs obtained from
GO demonstrate a highly intense peak at 33.34° responsible
for the high crystallinity of the material.*" In addition to this,
a few peaks could be found at 20.33°, 29.26°, 30.21°, 35.12°,
and 39.76°.°* The peaks responsible for pure CS could be
observed from 10 to 30° with the peak centered at 20.94° with
a shoulder peak at 16.22° being responsible for pure CS with
planes of (220) and (110).%* As reported, the presence of inter-
molecular and intramolecular hydrogen bonding is respon-
sible for the rigid structure of CS.** Furthermore, TM shows
intense peaks in various regions from 10 to 30° and especially
high intensity at 20.17° responsible for the crystallinity of the
drug3*%

562 | RSC Pharm., 2024, 1, 548-569

In the case of FT-IR spectra, the peaks responsible for the
starting materials CS, LP, GQDs, and passivated GQDs were
described in an earlier publication.?® In the present study,
similar peaks were found with a slight shift in the peak posi-
tions as a result of the successful drug loading of TM and LP
in the composite.

In the case of particle size, maintaining a suitable size
(<500 nm) of the nanocomposite is necessary to prevent
ocular irritation. It also increases the ocular bioavailability of
the drug, as well as stabilizing the colloidal dispersion. It is
interesting to note that the smaller particle size of the nano-
composite offers a greater surface area, which is an important
criterion for the binding of nanoparticles or nanocomposite to
the ocular surface.® The obtained particle size of the drug
nanocomposite in the current study is 490 nm, which is
necessary for ocular applications as per earlier reports. Very
recently, Rubenicia et al. prepared LP eye drops loaded with
hyaluronic acid-CS nanocomposite to treat glaucoma, wherein
the particle size of the composite was found to be 314 =+
0.63 nm.*’

CS is a polycationic, mucoadhesive material having a posi-
tive surface potential, and offers enhanced bioavailability of
the drug by binding to the negatively charged mucus of
the cornea.’’ The mucoadhesive contact is reinforced by

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Histological sections of chorioallantoic membranes (CAMs) treated with precursors and formulations under H & E staining. Images were cap-
tured under 20x magnification (HBV, healthy blood vessels; PC, primary capillaries; SC, secondary capillaries; TC, tertiary capillaries; SBV, shrunken
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Fig. 11 Molecular docking model and bonding interaction representations of (A) chitosan—latanoprost, (B) chitosan—timolol, and (C) latanoprost—

timolol.

interfusion across the formed interface when the drug nano-
composite interacts with the mucus glycoprotein. The advan-
tage of using cationic material is the mucoadhesive property of
CS, and its effect on the protein-associated tight junctions
leads to the prolonged ocular residence time and increased
absorption of the drug.**®®

Mucoadhesive polymers are necessary to enhance corneal
retention for a longer time and therefore, CS was employed in
the current study. In brief, the pH and carboxylate groups
present on the sialic acid of mucin play a critical role in the
interaction with CS and its nanoparticles by protonation of the
amino group to form electrostatic interactions and hydrogen
bonds.

In the present study, an increment in the particle size to
1584 nm from 490 nm suggests the mucoadhesiveness of the
developed drug nanocomposite. Similar results were reported
by Pires de S& et al, wherein an increase in the particle size

564 | RSC Pharm., 2024, 1, 548-569

from 96.5 + 2.2 nm to 2441.3 + 164.5 nm was observed after
incubation with mucin due to the interaction between mucin
and cationic-charged liposomal formulation.>® Therefore,
mucin interaction studies confirm that the drug nano-
composite is mucoadhesive.

In the FE-SEM analysis, aggregated structures were found
for the drug nanocomposite, while a planar sheet kind of
surface morphology was determined for CS. The SAED pattern
suggests the polycrystalline nature of the drug nanocomposite,
which helps prolong drug delivery due to the disordered struc-
ture. The obtained surface morphological data agree with the
XPS, DLS, and FT-IR studies. In addition, EDS analysis demon-
strates the occurance of elements responsible for the drugs
and drug nanocomposite similar to XPS analysis.

By considering the efficacy of dual drugs in treating glau-
coma, simultaneous drug delivery analysis was carried out.
Importantly, the simultaneous delivery of drugs will improve

© 2024 The Author(s). Published by the Royal Society of Chemistry
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patient compliance and reduce frequent administrations. The
TM drug is administered twice a day with a commercial formu-
lation concentration of 0.125%. Similarly, commercially avail-
able LP is usually administered once a day with a formulation
concentration of 0.005% having an expected release of 1.5 pg
day . Xu et al. reported the co-delivery of LP and TM encapsu-
lated polymeric micelles and found the burst release of 57.12 pg
of TM and 0.70 pg of LP, and found no drug after 24 h.
However, the dual drug-loaded micelles encapsulated in a
contact lens showed an extended release time and promising
decrease in IOP.® Wang et al. reported a co-drug deliverable
multi-layered nanosheet by employing the spin coating method.
In this, different drug release (25, 82, and 95%) performances
were observed within 48 h for layered films in the presence of
saline. From the commercial aspect, the application of
nanosheets to the patient may require assistance.”® In terms of
mechanism, Lyz permeates into the drug nanocomposite layer-
by-layer by cleaving the f-1,4 glycosidic bonds of chitosan,
leading to the sustained delivery of the loaded drugs. Hence, we
conceptualized the mucoadhesive stimuli-responsive release
system, which could stand out as a trendy ocular nano-
composite and release the drugs simultaneously in the presence
of naturally secreting enzymes sustainably for a longer time.

In the presence of lower and higher concentrations of Lyz,
drug release was observed until 72 h. Maximum release was
observed in the case of 1 mg mL™" of Lyz and all the drug
release patterns were dependent on the concentration of the
enzyme. In addition, burst release in the first hour was found,
possibly due to swelling and hydrolysis. In brief, Lyz activates
the hydrolysis of p-1,4 glycosidic linkages®® by recognizing the
N-acetyl glucosamine sequences in the chitin/CS molecules;
followed by increasing digestibility with the increasing degree
of N-acetylation in the polymer chain.”® At present, <5% of the
applied formulations reach the cornea due to rapid lachryma-
tion, hence the proposed system could show good pharma-
ceutical efficacy by releasing LP and TM simultaneously. It is
noteworthy to mention that people who are suffering from dry
eye syndrome will have a Lyz production of 0.7 + 0.5 mg mL™",
and healthy people have a mean tear Lyz production rate of 1.5
+ 0.5 mg mL™Y;”" therefore, we considered evaluating drug
release of the nanocomposite by taking various amounts of
Lyz (300-1000 pg mL ™). In addition, in vitro release kinetics
models suggest that the release is happening through the clea-
vage of p-1,4 glycosidic linkages of CS, possible diffusion of
the drug, and transport of the drug through a concentration
gradient due to the swelling nature.>"** The reduction in the
surface area or the decrease in the diameter of the nano-
composite occurs during release and leads to the formation of
fragmented CS.*° Overall, our study confirms the release of
dual drugs at lower and higher concentrations of Lyz in a sus-
tained manner. Moreover, the delivery response could be cus-
tomized by varying the drug concentration and Lyz content.
Hence, the proposed strategy could work as a personalized
therapy to treat glaucoma patients.

In comparison studies with commercially available formu-
lations, namely, latoprost and Timolet, both formulations deli-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vered the drugs in 2 h (LP) and 24 h (TM). Therefore, the devel-
oped drug nanocomposite could deliver the drug for a long
time in response to naturally secreting ocular lysozyme by
residing in the cornea due to mucoadhesiveness.

During drug release, it is expected that cleavage of the
nanocomposite results in drug delivery. The surface FE-SEM
image confirmed the cleavage of p-1,4 glycosidic linkages. The
formation of cracked and uneven surfaces in the presence of
Lyz suggests the release of dual drugs, while the drug nano-
composite appeared to be clear without any edges. Similar
studies have reported the formation of sharp edges with an
increase in the surface pore size upon Lyz treatment.”> Liu
et al. described the addition of Lyz to poly(p,L-lactic-co-glycolic
acid) microspheres in CS scaffolds for tissue engineering appli-
cations, wherein the presence of enzyme leads to hydrolysis of
the scaffold by forming an uneven surface, with cracked and
discernible ragged edges.”® Similarly, Kim et al. observed the
degradation of CS hydrogel,”* and Ahlen and co-workers
reported the degradation of CS poly(acrylic acid) nanoparticles
in the presence of an enzyme.”*”°

To confirm the cleavage of f-1,4 glycosidic linkages in the
presence of Lyz, a "H-NMR spectral study was carried out. The
study showed the appearance of a peak at 3.8 ppm responsible
for the formation of the -OH functional group after treatment
with Lyz (dialysate), whereas the drug nanocomposite and Lyz-
treated drug nanocomposite (retentate) did not show the
same. The Lyz-treated drug nanocomposite did not demon-
strate the -OH peak, possibly due to enzyme-substrate
complex formation. Similar results were observed by Chou
et al., wherein carboxymethyl hexanoyl CS (CHC) was treated
with Lyz to release insulin.”* To confirm the structural simi-
larity, "H-NMR spectroscopic studies were performed in which
the data suggested that there were no significant changes to
the chemical structure of the composite in the presence and
absence of Lyz. Furthermore, it forms only fragmented low
molecular weight CHC. In addition to this, Huang et al.
reported that the formation of fragmented CS*° could also be
represented by emission spectroscopic studies; therefore, we
used fluorescent GQDs to track the drug loading, delivery, and
degradation of CS. Therefore, FE-SEM data and 'H-NMR data
confirm the cleavage of composite in the presence of Lyz.

To evaluate the in vitro toxicity of the developed drug nano-
composites, an MTT assay was conducted, and the drug nano-
composite and Lyz-treated drug nanocomposite showed >80%
compatibility with HCE cells. The phenotype of the in vitro
primary HCE cells has a better match with the in vivo tissues.
Furthermore, these cultures of corneal cells will predict toxic
reactions in the intact cornea in vivo.>® Therefore, the toxicity
of the nanocomposite was determined on HCE cells. Earlier
studies reported more than 80% viability of cells in the pres-
ence of anti-glaucoma drug-loaded nanocomposite.*’** In
addition, bright field imaging studies in the presence of 20,
60, and 100 pug mL™' concentrations of the drug nano-
composite suggest the intact morphology of the HCE cells.
Like the MTT analysis, AO/EB staining assay was performed
using 20, 60, and 100 pg mL™' concentrations of the drug
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nanocomposite and Lyz-treated drug nanocomposite, which
showed the compatibility of the nanocomposite by the appear-
ance of green stained cells.

In addition to in vitro compatibility studies on HCE cells,
the HET-CAM test also confirmed the non-irritancy of the
developed nanocomposites and their precursors. The
HET-CAM assay is considered a potential qualitative method
to assess the ocular irritancy of chemicals. To investigate irri-
tation, we have used a fertilized hen’s egg, which is a labora-
tory-friendly and inexpensive method that gives an immense
idea of ophthalmic irritation in vivo. Interestingly, as per the
EU directive, if the material is not found to be corrosive or a
severe irritant in vitro, ex vivo studies can be considered for
evaluation in the case of ocular formulations and need not be
extended for in vivo studies. Furthermore, histopathological
staining of the CAM also suggests the growth of blood vessels,
PC, SC, and TC. Hence, the study suggests the non-irritancy of
the developed materials for ocular applications.

The molecular docking studies demonstrated the possible
binding interaction between the polymer (CS) and drugs (LP
and TM). LP showed a binding energy of —6.0 kcal mol™*
towards CS, while TM showed —5.9 kcal mol™'. Generally, a
low binding score depicts effective interactions of the drug
with the polymer. Similar studies were reported by
Dhanasekaran et al., wherein the interactions of CS and chitin
nanoparticles towards curcumin were determined by docking
studies and a more stable structure was found by evaluating
the number of hydrogen bonds and low binding energy.””
Furthermore, LP-TM interactions showed a binding energy of
—3.4 kecal mol ™. Hence, the detailed molecular docking study
showed the interactions of LP and TM towards the polymer
chain and the formation of a stable structure.

In conclusion, we have developed a mucoadhesive drug
nanocomposite for glaucoma drug delivery, which releases dual
drugs in response to lysozyme. The drug loading was confirmed
through fluorescence changes to GQDs by a simple PL spectro-
scopic study. XPS, UV-visible, FT-IR, and particle size analysis
confirmed the successful formation of the drug nanocomposite.
Molecular docking studies represent the interactions of the drug
and CS. The prepared nanocomposite delivered 32.68% and
66.61% of LP and TM under the treatment of 1 mg mL ™" of lyso-
zyme within 72 h of the study due to the cleavage of
$-1,4 glycosidic linkages, which was confirmed by surface mor-
phological FE-SEM, 'H-NMR, and HPLC studies. In addition,
in vitro cytotoxicity, live/dead staining, and bright field imaging
assays proved good cell viability (>80%) upon treatment with
20-100 pg mL ™" of nanocomposite against HCE cell lines. Ex vivo
studies indicate the non-irritancy of the composite for use in
ophthalmic applications. Hence, by considering the secretion of
lysozyme in the ocular region, the technology can be used to treat
several ocular disorders and to manage mean diurnal IOP using
medicated contact lenses. Besides, the work could also lead to
personalized therapy for various disorders by considering the
availability of lysozyme in saliva, lachrymal fluid, breast milk,
intestines (secreted by Paneth cells), and stomach (present in
mucinous granules and the rough endoplasmic reticulum).
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The developed sustained dual drug deliverable systems
could be employed for various ophthalmic and other disorders
irrespective of the drug of interest. In addition, by considering
the presence of lysozyme in the ophthalmic region, the drug
nanocomposite could be utilized to develop soft contact lenses
by initiating radical polymerization using poly(hydroxyethyl
methacrylate) (pHEMA), thereby releasing the drug in a sus-
tained manner. Furthermore, the enzyme-responsive drug
release strategy could be explored in biomedical implants such
as a microneedle and ocular inserts by employing nano-
composites. Apart from biomedical applications of the devel-
oped nanocomposites, they can also be employed for catalytic
and electrochemical applications due to the reactive functional
groups. Presently, our lab is focusing on the utilization of the
nanocomposite for sensing applications, and in the future, it
could be explored in various fields of research.
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