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ARTICLE INFO ABSTRACT

Keywords: The present work aimed to develop nanoparticles of tobramycin (TRM) using thiolated chitosan
Thiolated chitosan (TCS) in order to improve the mucoadhesion, antibacterial effect and pharmacokinetics. The
nanoparticles

nanoparticles were evaluated for their compatibility, thermal stability, particle size, zeta poten-

Mucoadhesion . . s . ..
tial, mucoadhesion, drug release, kinetics of TRM release, corneal permeation, toxicity and ocular

Ocular irritation test

Antimicrobial activity
Pharmacokinetics
Sustainability of natural resources

irritation. The thiolation of chitosan was confirmed by 'H NMR and FTIR, which showed peaks at
6.6 ppm and 1230 cm ™}, respectively. The nanoparticles had a diameter of 73 nm, a negative zeta
potential (—21 mV) and a polydispersity index of 0.15. The optimized formulation, NT8,

exhibited the highest values of mucoadhesion (7.8 + 0.541h), drug loading (87.45 + 1.309%),
entrapment efficiency (92.34 + 2.671%), TRM release (>90%) and corneal permeation (85.56%).
The release pattern of TRM from the developed formulations was fickian diffusion. TRM-loaded
nanoparticles showed good antibacterial activity against Pseudomonas aeruginosa. The optimized
formulation NT8 (0.1% TRM) greatly increased the AUC(y..) (1.5-fold) while significantly
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reducing the clearance (5-fold) compared to 0.3% TRM. Pharmacokinetic parameters indicated
improved ocular retention and bioavailability of TRM loaded nanoparticles. Our study demon-
strated that the TRM-loaded nanoparticles had improved mucoadhesion and pharmacokinetics
and a suitable candidate for effective treatment of ocular bacterial infections.

1. Introduction

The eye is often colonized by the microbiota. Commonly, the degree of eye stiffness and the protection of the eye from infections
depend on the constant bathing of the eye with tears, which contain antibacterial compounds [1]. If inflammation and scarring of the
eye occur, their immediate control is required. The main causes of ophthalmic infection are bacteria that are present in the outside
environment or that enter the eye because of the prolonged use of contact lenses [2]. Infections can be due to one or several bacteria
and often spread to nearby tissues. Infection due to the continuous interaction of the eye with the external environment, which is the
main source of infection, occurs even though the ophthalmic surface has a fully established immune system [3]. The bacterial
ophthalmic infections include conjunctivitis, keratitis, blepharitis, orbital cellulitis, and dacryocystitis [4].

Ophthalmic drug delivery is a great challenge for scientists due to the eye’s unique structure and physiology. Eye conditions are
treated by applying drugs topically in the form of solutions, suspensions, and ointments [5]. Because of the various structural and
pathophysiological obstacles typically found in the eye, these dosage forms suffer from problems of reduced ophthalmic bioavailability
[6]. Various conventional and novel delivery systems, such as ointments, emulsions, suspensions, the aqueous gel of nanomicelles,
liposomes, nanoparticles, implants, dendrimers, nanosuspensions, contact lenses, in situ heat-sensitive gels, and microneedles, have
been developed for ophthalmic diseases [7]. Recent delivery systems include microemulsion, nanosuspensions, nanoparticles, lipo-
somes, niosomes, dendrimers, and cyclodextrins [8].

The low ophthalmic bioavailability (<10%) of conventional formulations has forced scientists to develop new formulations that
can deliver drugs to ophthalmic tissues at a precise rate [9]. Advanced nanoparticulate systems aimed to raise the bioavailability of
drugs at the ophthalmic surface. In ophthalmic drug delivery, particles of a suitable size reduced ocular irritation [10]. For ophthalmic
tissues, drugs need to have a suitable bioavailability and compatibility. The ideal ophthalmic form of delivery of a drug would be an
eye drop that did not cause blurred vision or require more than two administrations per day [8]. One important feature of the
formulation is its mucoahesiveness (i.e., its interaction with the mucin present on the eye). The development of eye drops and
pharmaceutical approaches based on nanotechnology that use chitosan mucoadhesive polymers is of interest for the efficient treatment
of ophthalmic diseases [11]. A chitosan nanoparticle is a drug carrier that provides the controlled/slow release of a drug, which
improves the drug’s solubility, stability, and efficacy and decreases the drug’s toxicity. Because of the nanoparticles small size, it
traverses biological obstacles and delivers drugs to the desired site with improved efficacy [12]. Nanoparticles of a modified polymer
(i.e., the thiolation of chitosan) provided improved mucoadhesion and enhanced retention of the drug in the eye [13].

Thiolated chitosan (TCS) has various benefits over other types of modified polymers, including their antibacterial activity. It in-
hibits the growth of bacteria, has good mucoadhesion, and slows the release of a drug. In one study, TCS enhanced the retention of a
drug in the ophthalmic region and had little toxicity [14]. TCS is basically created by attaching chemicals with thiol functions to the
main amino groups of chitosan. Thiolated polymers have shown enhanced permeation, which was due to the interaction of positive
and negative charges between the thiolated polymers and the tight junctions and allowed for the transport of a drug by opening the
junctions [15]. The purpose of the study was to develop a TCS that would enhance the mucoadhesion and permeation of TRM. The TCS
was evaluated by hydrogen™ nuclear magnetic resonance (‘\H NMR) and Fourier-transform infrared spectroscopy (FTIR), and the
developed nanoparticles were evaluated for their zeta potential, size, ocular irritation, antibacterial activity, and thermal properties.
The in vivo ocular retention and pharmacokinetics of TRM were evaluated in sheep.

Ethics approval

The animal study protocol was approved by the Institutional Review Board (or Ethics Committee) of Government College Uni-
versity Faisalabad, Pakistan (protocol code 002278 and 06-22-2022).

2. Materials and methods
2.1. Materials

Chitosan (CS) and 3-mercaptopropionic acid (3MPA) were purchased from Sigma Aldrich GmbH, Darmstadt, Germany. Potassium
dihydrogen phosphate, ethanol, methanol, acetonitrile, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), and N-hydrox-
ysuccinimide (NHS) were purchased from Merck, Darmstadt, Germany. Dimethylformamide, hydrochloric acid (HCl), and sodium
hydroxide (NaOH) were acquired from BDH, London, UK. Tobramycin (TRM) was obtained as a gift sample from Vega Pharmaceu-
ticals, Lahore, Pakistan.
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2.2. Thiolation and characterization of CS

The thiolation of CS was done by a slight modification of the method reported by Esquivel et al., in 2015 [15]. It underwent two
reaction processes. First, a 100-mL three-necked flask was charged with 2 mL of dimethylformamide before being filled with 0.104
mmol of EDC, 0.208 mmol of 3MPA, and 0.104 mmol of NHS. The mixture was held overnight at room temperature while constantly
being stirred. O-acylisourea was produced in the first stage of the reaction, and the sulfo-NHS ester that reacts with the intermediate
amines was also activated. The pH was then brought down to 5.5 with 1 M NaOH before 20 mL of a 5% CS solution was created. We
used a syringe to add the intermediate solution one drop at a time. The final mixture was agitated for 12 h at room temperature. The
crude combination was dialyzed (Cellu/Sep MWCO for 5000 membrane dialysis) with 0.01 M HCl and deionized water to remove
unbound 3MPA and isolate the thiolated chitosan (TCS). Centrifugation at 5000 rpm was used to separate the polymer from the
product after it had been precipitated with 50 mL of ethanol (in triplicate; Allegra X-22 centrifuge, F1010 rotor). To ensure that the CS
was pure, it was freeze-dried and then examined using spectroscopic methods. The thiolation of CS was confirmed by 'H NMR and
FTIR.

2.3. Preparation of nanoparticles

One gram of TCS was dissolved in a 1% (w/v) acetic acid solution and sonicated until a clear solution was obtained. The TCS
solution was diluted with deionized water to make concentrations of 0.10%, 0.20%, 0.50%, and 0.80%. The TCS solutions were then
combined with the same volume of a sodium tripolyphosphate (TPP) solution, and the TCS-TPP nanoparticles were formed by the TPP-
initiated ionic gelation process. Then, a TPP solution was made by dissolving 0.7 mg of TPP in 100 mL of deionized water. The weight
ratios of TCS to TPP were synthesized at 1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1, and 9:1. Centrifugation at 6000 rpm for 20 min was done to
obtain the nanoparticles [16].

2.4. Loading of TRM

Amounts of 0.01 mg of nanoparticles and 0.01 mg of TRM were weighed, dispersed in 4 mL of deionized water, and stirred for 24 h.
After stirring, centrifugation was done at 6000 rpm for 20 min. The prepared formulations and their compositions are shown in
Table 1.

2.5. Entrapment efficiency and loading of TRM

An amount of 2 mL was taken from the drug-loaded solution with an Eppendorf tube and centrifuged at 6000 rpm for 20 min to
form a supernatant layer containing drug. This supernatant layer was filtered using cellulose acetate membrane filter having pore size
0.45 pm and its absorbance was measured after dilution. The same procedure was repeated for the other formulations. The entrapment
efficiency and loading of TRM was calculated using equations (1) and (2) respectively.

Total amount of drug — Amount of drug in solution

Entrapment efficiency = x 100 1)

Total amount of drug used

Drug loading (%) = Total amount of drug — Amount of drug in solution

1 2
Total amount of formulation used x 100 @

2.6. Characterization

2.6.1. Particle size analysis and zeta potential
Photon correlation spectroscopy with a Zeta-sizer 3000 was used to demonstrate the distribution size of the nanoparticles and their

Table 1

Composition of prepared nanoparticles.
Formulation Ratio

TCS TPP

NT1 10 10
NT2 20 10
NT3 30 10
NT4 40 10
NTS 50 10
NT6 60 10
NT7 70 10
NT8 80 10
NT9 90 10

TCS is thiolated chitosan and TPP is tripolyphosphate.
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zeta potential (Malvern Instruments, Inc., Malvern, Worcester shire, UK). At a temperature of 25 °C and a scattering angle of 90°, a size
distribution analysis was conducted. The samples were properly diluted with ultrapure water, and the zeta potential was determined
using a disposable zeta cuvette and electrophoretic light scattering. The results were displayed as the mean plus or minus the standard
deviation (SD). The particle size of the optimized formulation was also measured after 7, 14 and 30 days after preparation.

2.6.2. Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)
The TRM, CS, TCS, NT8 blank and TRM-loaded nanoparticles were evaluated using a DSC-TGA analyzer (PerkinElmer, 60A,
Germany DSC/TGA calorimeter) for thermal stability studies.

2.6.3. Fourier-transform infrared spectroscopy (FTIR) and x-ray diffusion (XRD) analysis
The TRM, CS, TCS, NT8 blank and TRM-loaded nanoparticles were evaluated for compatibility and amorphous nature/crystallinity
using FTIR (Bruker Alpha, Germany) and XRD using X-ray diffractometer (D/max-2500pc, Rigaku. Co, Japan).

2.7. TRM release and kinetics

In vitro release of TRM from nanoparticles was studied using 30 mL of phosphate buffered solution at pH 7.4. The nanoparticles
were put in a dialysis bag (molecular weight cut-off 14,000) with 5 mL of dissolution media. Thirty milliliters of buffer was added to the
beaker. The beaker was placed in a water bath (Daihan Scientific, Wonju, Kang won-do, South Korea), which was continuously stirred
at 100 rpm while a temperature of 37 °C was maintained. At different time intervals (0.5, 1, 2, 3, 4, 5, 6, 7 and 8 h), 3 mL of the
dissolution medium was removed and 3 mL of the fresh dissolution medium was added to maintain sink conditions. The cumulative
TRM release into the dissolving liquid was calculated using HPLC (Shimadzu LC-10AT and LC-10AT VP pumps, a manually operated
20 pL sample loop, and a UV-Visible detector (SPD 10A VP) make up the HPLC system).To determine the specific release pattern of the
drug, dissolution statistics were applied by a kinetic model, that is, the zero-order model, first-order model, Higuchi model, Hixson-
Crowell model, or Korsmeyer—Peppas model [17,18].

2.8. Permeation study

Within an hour of the animal being sacrificed, fresh sheep’s eyes were obtained from a nearby butcher shop. The entire eye was
dissected, and the cornea plus a 5-mm-broad sclera attached was tested for permeation in simulated tear fluid (phosphate buffered
solution at pH 7.4) at 37 °C using a vertically oriented Franz diffusion cell. The donor compartment was directly in front of the dorsal
side of the cornea. At regular intervals, samples were taken from the receptor compartment and passed through a 0.45-pym membrane
filter. Using a UV-VIS spectrophotometer, absorbance values were recorded at 235 nm (JASCO V-630 spectrophotometer, JASCO
International, Tokyo, Japan) [19].

2.9. Cell viability assay

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay was applied to the ARPE-19 cell line to
determine the cellular toxicity of the CS, TCS, NT8 blank and TRM-loaded nanoparticles. ARPE-19 is a human retinal pigment
epithelial cell line derived from the normal eyes of a 19-year-old male who died from head trauma in a motor vehicle accident and is
the ideal model for analyzing the cytotoxicity of TRM-loaded nanoparticles. The cells were cultivated on Dulbecco’s Modified Eagle
Medium with 10% fetal bovine serum (FBS) in 96-well plates. Cells were cultured for 6 and 24 h in FBS-free growth medium that
contained 0.5% dispersions of various samples after confluence. After incubation, the cells were washed with phosphate buffered
saline (1X PBS). MTT solutions of 500 pL in FBS-free medium were added after that (0.5 mg/mL), and the cells were once more
incubated for 1 h. DMSO 500 pL was added to each well after the supernatant was drained in order to solubilize the converted dye.

The absorbance at 570 nm was measured using a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA). The
cell viability rates (VR) were calculated according to Equation (3);

A4

VR
As — Ay

x 100% 3

Where A is the absorbance of the experimental group, Ag is the absorbance of the control group and Ay is the absorbance of the blank
group.

2.10. Antibacterial analysis

The most frequent bacteria associated with ocular infections are Staphylococcus aureus, Streptococcus pneumoniae, Bacillus, Pseu-
domonas aeruginosa, Enterobacteriaceae and Haemophilus influenza. Ampicillin, chloramphenicol, neomycin, gentamycin, ciprofloxacin
and tobramycin are used for the management of bacterial infections. Due to the secretion of proteases, Pseudomonas aeruginosa is an
opportunistic bacterium that frequently causes ocular infections such as bacterial keratitis, which damages and perforates the cornea.
P. aeruginosa related ocular infections were reported in the majority of clinical and animal research [20,21]. P. aeruginosa released
enzymes and toxins that damaged the extracellular matrix of the cornea as well as its cellular components, activating and releasing
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enzymes that break down the cornea. We chose P. aeruginosa as the test organism for the antibacterial activity of the TRM-loaded
nanoparticles that were created in the current investigation. The antibacterial efficacy of the TRM-loaded nanoparticles was
assessed using the agar well diffusion method, and the medium was nutrient agar. Using the streak method, Pseudomonas aeruginosa
was used to infect the agar plate. With the aid of a sterile cork borer, a hole of 6-8 mm in diameter was made, and each well received
20 pL of the optimal formulation NT8 (TRM-loaded nanoparticles), NT8 blank, TRM pure drug, or control (i.e., no treatment) and was
incubated for 24 h.

2.11. Ophthalmic irritation study

The Draize test of ocular irritation of the TRM-loaded nanoparticles was conducted on 12 albino rats (6 for the control and 6 for the
NT8-treated group). After every 30 min for 6 h, 20 pL of the TRM-loaded nanoparticles (NT8-treated group) was inserted into the
cornea of the right eye. The TRM was administered to the left eye, serving as the control. The ocular tissue was assessed at the end of
the 8 h treatments. A scale was used to assess the conjunctival edema, discharge, and conjunction. The corneal capacity and irritation
scales ranged from O to 4 [22].

E H:C N‘CHE CH !
? i CN CH; CH |
ey 5 1 o™
: N 0 0 m g 0 2 !
'HS 04 :
: j _<NH £ SH o— HSN)L?QH o E‘(N B HS"\)‘? + D:(NH:‘
+0-H + 1

iCH; o._N_0O NH o, N_O NH |

0 N0 ot o T g o s .

H,C + 2 it
e g L o
HC™ N N
o CH;
Q0 H:C-N HiC-N HS
OH ;
i { 4
CH;
+
HS +  HCe-N _ HS/\/J\O—/( 5 #NH |
NH N
. NH (0] 0]
3-mercaptopropanoic acid & v
(3 MPA) HCI i Hs <c j
\gfq io. & = Sulfo-NHS
! Intermediate
CH; 1-hydroxypyrrolidine-2.5-dione
EDAC
HS OH
H,C 0
OH Y g
0] H:C NH
r R i a 3 -
| CH; o
i -
Sulfo-NHS LWM Chitosan H
Intermediate Thiclated Chitosan

Fig. 1. Schematic representations of the formation of thiolated chitosan. The arrow drawing presented the nucleophilic attack of the OH group of 1-
hydroxypyrrolidine-2,5-dione on the carbonyl ester carbon of the adduct formed by reacting 3MPA with EDAC, leading to the urea derivative and
the desired sulfo-NHS intermediate. Sulfo-NHS intermediate react with LMW chitosan to form thiolated chitosan.
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2.12. Mucoadhesive evaluation

Mucoadhesion was evaluated on freshly cut sheep eyelids. The CS, TCS, and NT8 TRM-loaded formulation were instilled on the
eyelid’s mucosal surface. It was adhered to the bottom of a beaker. Bicarbonate Ringer solution at pH 7.4 was added to the beaker and
it was agitated at a rate of 150 rpm at 33 °C. The detachment time of the applied formulations was noted [23].

2.13. HPLC method for determination of TRM

A HPLC technique was created and approved for TRM quantification. The investigation included the selection of an appropriate
mobile phase as well as flow rate, detection wavelength, and mobile phase pH optimisation. An isocratic mobile phase composed of
45:55 volumetric ratio of methanol and potassium dihydrogen phosphate pH 6.8. The chromatography was carried out at 25 °C and the
detection wavelength set at 235 nm. TRM were eluted isocratically at a constant flow rate of 1.25 mL/min using a C;g column.
Following ICH criteria, the approach was approved, and interday and intraday precision were calculated as well as correlation co-
efficients (R?) for TRM obtained in the linearity study. All of the HPLC processes validating parameters were calculated together with
drug recovery, LOD and LOQ determination, and RSD. Shimadzu LC-10AT and LC-10AT VP pumps, a manually operated 20 pL sample

A Protons of glucosamine

Protons ot) N-acetyl
| ili MJ X i Lk -

3 8.0 7.5 7.0 6.5 6.0 5.5 5.0 45

35 3.0 25 20 1.5 1.0 0s 0.0 0.5
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Fig. 2. NMR of CS (A) and TCS (B) shows a thiol group peak of 6.6 ppm.
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loop, and a UV-Visible detector (SPD 10A VP) make up the HPLC system. Software for Shimadzu class-VP version 6.12 SP1 integrated
the output signal. The mobile phase was passed through column C;g (250 mm x 4.6 mm, 5 pm particle size) after being filtered using a
0.22 pm membrane filter.

2.14. Invivo ocular retention and pharmacokinetic study

Pharmacokinetic parameters following the ocular administration of TRM at dose strengths of 0.3% w/v as the TRM-loaded NT8
formulation and 0.1% w/v TRM were determined. In the course of the experiment, restraining cages were used to hold the sheep while
allowing for free eye and head movement and free food intake. Using a micropipette, 20 pL of each formulation was administered into
the lower conjunctival sac of the left cornea, avoiding any possible contact with the eye that could irritate the surface of the cornea. At
intervals of 5, 15, 30, 45, 60, 90, 120, 150, 180, 210, and 240 min following instillation, 10 pL of lachrymal fluid was drawn out from
the site of administration using a calibrated glass capillary. Samples were kept in microcentrifuge tubes at —20 °C prior to analysis. The
highly sensitive high-performance liquid chromatography (HPLC) method permitted use of only 20 pL of the lacrimal sample to
determine the amount of TRM.

2.15. Statistical analysis

The statistical discrepancy between treatments was evaluated using the analysis of variance (ANOVA) test. The examination
comprised comparisons among groups using the Dunnett’s test, as well as the calculation of means, standard errors, and other metrics.
The confidence interval was set at 95%, and the significance threshold was a p-value of.05 or less.

3. Results and discussion
3.1. Preparation and characterization of thiolated chitosan

Fig. 1 shows the interaction of chitosan with 3MPA in the presence of EDC and NHS coupling agents. Nine formulations of
nanoparticles were prepared successfully. The CS that was thiolated had free thiol levels of between 0.06 and 0.17 mmoL/mg. It
produced formulations NT1 to NT9 of nanoparticles that had free thiol levels of 0.04-0.16 mmoL/mg. The protons of the glucosamine
unit of CS found in the'H NMR spectra showed peaks of 1.9-3.7, and the methyl protons of the N-acetyl group that were found had a
peak of 7.2, as shown in Fig. 2A [24]. The new peak at 6.6 showed the commencement of the thiol functional group in TCS (Fig. 2B).

3.2. Entrapment efficiency and loading of TRM

The entrapment efficiency of the NT1 to NT9 formulations ranged from 52.32 + 1.213% to 92.34 + 2.671%, while the percentage
range of TRM loaded in formulations NT1 to NT9 was 43.43 + 1.13% to 87.45 + 1.309%. NT8 exhibited the highest levels of TRM
loading and entrapment efficiency, as shown in Table 2. Increasing the drug loading capacity of the composite nanoparticles enhances
the encapsulation efficiency to reach 92% at a loading capacity of 87%. When the polymer concentration was raised to 80%, the drug
loading increased. The medication loading was lowered as polymer concentration rose above 80%. The amount of TPP remained at
10% even though the drug loading in NT9 was reduced as the TCS concentration rose. The decrease in TRM loading was due to the
concentration of crosslinker in nanoparticles. The drug nano-carrier’s effectiveness can be improved, resulting in a more significant
therapeutic benefit and fewer side effects. The created nanoparticles have the advantage of improved drug encapsulation, according to
the study’s effectiveness in entrapment values, showing the potential to maximise the medical benefits of TRM and produce improved
long-lasting drug release.

3.3. Characterization of nanoparticles

3.3.1. Particle size analysis and zeta potential
Fig. 3A displays the particle size distribution of the NT8 formulation. The polydispersity index (PDI) of formulations NT1 to NT3

Table 2

Loading of TRM in and entrapment efficiency of formulations NT1 to NT9.
Formulation Entrapment Efficiency (%) TRM Loading (%)
NT1 52.32 +1.213 43.43 £1.13
NT2 56.56 + 1.215 48.76 +£1.125
NT3 59.45 + 1.314 55.34 £ 1.149
NT4 51.39 + 1.412 45.56 + 1.251
NTS 61.45 + 1.514 58.76 + 1.259
NT6 69.56 + 1.912 63.19 +£1.271
NT7 65.89 + 2.325 61.67 +£1.291
NT8 92.34 + 2.671 87.45 £ 1.309
NT9 87.49 + 2.421 82.45 +1.301
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Fig. 3. Particle size distribution (A) and zeta potential (B) of NT8 nanoparticle formulation. Differential scanning calorimetry (DSC) (C) and
thermogravimetric analysis (TGA) (D) of TRM, CS, 3MPA, TCS, NT8 blank, and NT8 TRM-loaded.

was more than 0.4, as shown in Table 3, while in formulations NT4 to NT9 it was less than 0.4; this indicated the uniform size of the
nanoparticles [14]. The average particle diameter in the NT8 formulation was 73 nm; particles having a large size have more difficulty
in becoming diffused through mucus pores [24]. The zeta potential is important for formulation stability as it prevents aggregation.
Table 3 shows that formulations NT1 to NT9 had zeta potentials of —10 to —21; NT8 was the most stable of the formulations (Fig. 3B).
A zeta potential of —21 mV indicated sufficient stability; a negative surface charge revealed that repulsive forces among particles were
dominant and would resist aggregation. Therefore, it is anticipated that the nanoparticles’ negative charge will considerably improve
their interaction with the mucosal membrane of the eye. A negative zeta potential value also produces a repelling force between the
nanoparticles, which can help to stabilize them [25]. The particle size of the NT8 formulation was 79 nm, 86 nm, and 99 nm after 7, 14
and 30 days storage. Following the 30-day storage, there were no significant changes in particle size.

3.3.2. Differential scanning calorimetry (DSC)

In Fig. 3C, the DSC of TRM showed an endothermic peak at 227 °C as it consented to the stable anhydrous form [26]. 3MPA showed
a sharp peak at 16.9 °C that was related to the melting point [27]. Because TCS has a side chain that is easily broken due to thiolation,
an exothermic peak was seen at 270 °C. The deterioration of the amine unit caused the CS to exhibit an exothermic peak at 305 °C [28].
The NT8 blank showed an endothermic peak at 63.91 °C, and the NT8 TRM-loaded nanoparticles showed an endothermic peak at
65.31 °C. The acquired results focused on the DSC thermograms of the TRM-loaded nanoparticles and revealed that no endothermic
peak corresponding to the TRM was observed in any of the cases, revealing that the TRM was likely spread in an amorphous condition.

3.3.3. Thermogravimetric analysis (TGA)

TRM showed a weight loss at 32 °C and 258 °C due to the hygroscopic nature of the formulations; this could be attributed to the loss
of water and volatile components from the samples as a result of a dehydration reaction [29]. In Fig. 3D, the TGA of CS shows a weight

Table 3

Particle size, PDI, and zeta potential values of developed nanoparticles.
Formulation Size of Particles (nm) PDI Zeta Potential (mV)
NT1 189 + 3.129 0.458 + 0.014 —-12+1.2
NT2 156 + 3.098 0.401 + 0.015 -15+1.3
NT3 143 + 2.432 0.482 + 0.021 —-16+1.4
NT4 139 £+ 1.985 0.308 + 0.010 -12+1.1
NTS 134 £1.023 0.213 + 0.002 —-11+1.0
NT6 112 £+ 1.002 0.398 + 0.013 —-10£1.3
NT7 106 + 1.560 0.178 + 0.031 -17 £ 1.4
NT8 73 +£1.109 0.156 + 0.001 -21+1.1
NT9 137 £ 2.103 0.304 + 0.024 -18 +1.3
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loss at 32 °C-191 °C. The decomposition took place in two steps. First, it was related to water evaporation, and second, it was related to
the degradation of the main chain of the CS [30]. TCS began a weight loss at 235 °C and ended it at 342 °C. The degradation took place
in two steps. First, it was due to water absorbed or bonded to the polymer structure, and second, it was due to the degradation of the
amide bridge [31]. 3MPA showed a weight loss beginning at 34 °C and ending at 235 °C owing to the degradation of the carboxylic and
thiol groups. 3MPA is a volatile compound and quickly loses mass [32,33]. The NT8 blank nanoparticles showed a weight loss at
30 °C-216 °C owing to the decomposition of the encapsulated 3MPA in the chitosan nanoparticles; the increased thermal stability
reduced the rate of weight loss [32]. The TRM-loaded NT8 formulation had weight loss at 31 °C-271 °C, and this indicated that the
formulation had thermal stability.

3.3.4. Fourier-transform infrared spectroscopy (FTIR)

The FTIR spectra of TRM and other used excipients are shown in Fig. 4A. TRM showed absorption peaks at 1000 cm ™!, 1345 cm ™},
and 1583 cm™! related to NH bending. Another broad band was seen at approximately 2970 cm™‘and was related to the OH and NH
groups [34]. FTIR spectra of CS showed absorption peaks of the -NH amine stretching vibration at 3410 cm ™!, an absorption band of
the C-H group at 2924 cm ™!, C=0 stretching at 1710 cm ™}, and a C-O stretching vibration at 1088 cm ™! [35]. Fig. 5 shows that CS
that had been thiolated had peaks of the thiol group (C-SH) at 1230 cm ™! and 1629 cm ™! (amide I band), and this was evidence that the
CS had been thiolated [36]. 3MPA showed absorption peaks at 1710 cm_lowing to —-N-C-S stretching, 1410 em™! due to —-C-H
stretching, and 995 cm ™! due to the stretching vibration of -N-C [27]. The drug-loaded nanoparticle formulation (NT8) showed many
peaks as a result of TCS. Many peaks appeared and disappeared, and this verified that interactions were occurring among TRM, TCS,
and 3MPA in the nanoparticles. Absorption peaks at 1000 cm ™}, 1629 cm™!, and 1583 cm ™! were observed [37].

3.3.5. X-ray diffraction (XRD) analysis

TRM peaks indicated a crystalline form, and 3MPA was associated with low-intensity peaks and an amorphous nature, as shown in
Fig. 4B. XRD of CS revealed a prominent peak at 20(6) and intensity at 250, verifying a crystalline nature; in the case of TCS, the
intensities of the sharp peaks were reduced to 150 due to thiol conjugation [38]. The NT8 blank nanoparticles had a less pronounced
crystalline nature because of cross linking among the reactive forms of the functional group in TCS and TPP caused by 3MPA via
coupling agents [35]. The NT8 TRM-loaded nanoparticles had no diffraction peaks; this indicated a uniform distribution of TRM and an
amorphous nature. No TRM distinctive peaks were seen in the resultant diffractogram for the TRM-loaded nanoparticles, proving that
the production procedure yielded nanoparticles with TRM that was still amorphous.
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Fig. 4. FTIR (A) and XRD (B) of TRM, CS, 3MPA, TCS, NT8 blank, and NT8 TRM-loaded nanoparticles.
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Fig. 5. TRM release from developed formulations (A) and permeation study using sheep cornea (B) in phosphate buffered solution at pH 7.4.
3.4. In vitro release and kinetics of TRM

The composition of nanoparticles, the ratio of drug and polymer, the physical and chemical interactions between the components,
and the preparation techniques all had an impact on how efficiently drugs were released from carriers. The release of TRM from the
NTI to NT9 formulations is shown in Fig. 5A. In the NT1, NT2, and NT3 formulations, a maximum drug release of over 90.19% occurred
for up to 4 h because these formulations contained 10%, 20%, or 30% TCS, respectively. The 90.56% TRM release from the NT4, NT5,
and NT6 formulations was seen in 6 h; they contained greater concentrations of TCS (i.e., 40%. 50%, or 60%, respectively) compared
with NT1, NT2, and NT3. Because of the greater amount of TCS retardant polymer, which sustained the release of TRM from the
produced nanoparticles, the NT7, NT8, and NT9 formulations had the maximal TRM release of over 90.34% in 8 h. The increased
concentration of TCS in the developed formulations had a retardant effect. The NT8 and NT9 formulations were chosen because they
had drug release times that lasted for up to 8 h. TRM and TPP had opposite charges that interfered with drug release; thus, when the
concentration of TCS rose, the sustained release of TRM occurred. That is why the NT8 and NT9 formulations showed sustained release
effects [39]. For the TRM release, the obtained p-value was less than 0.001 indicating the significance of the results. In the zero-order
model, the R-squared value ranged from 0.962 to 0.999, while in the first-order model, the R-squared value ranged from 0.896 to
0.953. Because the R-squared value was close to 1, our formulation followed the zero-order release pattern, as shown in Table 4. It
would be ideal to create nanoparticles that could deliver a medicine in a sustained or controlled manner with a low-dose frequency. A
consistent drug release rate (i.e., zero-order drug release profile) was widely employed for this purpose. In the Higuchi model, the
R-squared value ranged from 0.996 to 0.999, indicating that the mechanism of release of TRM from the developed nanoparticles was
diffusion, and in the Hixson-Crowell model, the R-squared value ranged from 0.991 to 0.998. In the Korsmeyer—Peppas model, the
R-squared value ranged from 0.961 to 0.999 and the value of n was 0.5 or less, as shown in Table 4. This indicated that the release

Table 4

Values of release kinetic models for different formulations.
Formulation Zero-order Model First-order Model Higuchi Model Hixson-Crowell Model Korsmeyer-Peppas Model

R? R? R? R? R? N

NT1 0.994 0.896 0.996 0.991 0.966 0.47
NT2 0.962 0.843 0.997 0.993 0.961 0.46
NT3 0.983 0.675 0.997 0.990 0.987 0.45
NT4 0.991 0.890 0.996 0.989 0.994 0.34
NTS 0.992 0.931 0.996 0.967 0.991 0.29
NT6 0.987 0.903 0.998 0.996 0.989 0.37
NT7 0.996 0.953 0.998 0.990 0.998 0.31
NT8 0.999 0.950 0.999 0.998 0.999 0.23
NT9 0.990 0.929 0.997 0.991 0.993 0.39
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pattern of TRM from the developed formulations was fickian diffusion. The nanoparticles followed zero-order release kinetics. Fickian
diffusion was noticed because the value of n in the Korsmeyer—Peppas model was less than 0.45.

3.5. Permeation study

The permeation data showed that the TRM-loaded nanoparticles (NT8) had enhanced permeation because they were loaded with
TCS. As a result of possible additional interactions with the mucosal surface brought about by the presence of disulfide with the
cysteine residue of mucin, formulation NT8 not only demonstrated improved mucosal adhesion but also a higher permeation enhancer
effect, extending the residential time in the eye following topical instillation [39]. NT8 and Obrex, a commercially available eye drop,
had a 98.56% and 79.12% permeation of TRM, respectively, as shown in Fig. 5B. The improved permeation of TRM with the NT8
formulation may have been due to increased mucoadhesion and retention in the eye. The obtained p-value was 0.01 and for the
permeation study, indicating that the results were statistically significant.

3.6. Cell viability assay

Determining the cytotoxicity of a formulation is one of the most essential steps in pre-clinical research on pharmaceuticals. We
evaluated the ARPE-19 cell culture’s viability after it was exposed to the NT8 blank and NT8 TRM-loaded nanoparticles. Findings
demonstrated that the quantity of the TRM-loaded nanoparticles utilized in the study’s culture medium had no effect on the surviv-
ability of these cells, and the graph showed that after 24 h of incubation, more than 80% of the cells remained viable (Fig. 6A). Under
the microscope, there was no evidence of a change in cell morphology. Control (Ctrl) group is the positive group in which only medium
was used (untreated cells).

3.7. Antibacterial activity

Fig. 6B and C shows that the zone of inhibition of the NT8 TRM-loaded formulation was slightly different than that of the NT8 blank
and the TRM formulations. The TRM-loaded nanoparticles showed comparable antibacterial activity to the NT8 blank and TRM,
against P. aeruginosa, observed from the zone of inhibition. The zone of inhibition of the pure drug TRM was 31 + 0.5 mm, while that of
the NT8 TRM-loaded formulation was 34.5 &+ 0.4 mm (p < 0.001). This may have been due to the sustained release pattern of TRM

A 1209 £3 Ctrl == 3MPA Bm TCS B3 NT8 TRM-Loaded
BN TRV E1 CS BE NTS Blank
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]
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Fig. 6. Cytotoxicity and antibacterial activity of pure TRM, CS, TCS, 3MPA, NT8 blank, NT8 TRM-loaded nanoparticles, and control (A). Zone of
inhibition of the TRM, NT8 blank, and NT8 TRM-loaded nanoparticles (B and C). In C, the letters D, L, B, and E represent the pure TRM, NT8 TRM-
loaded nanoparticles, NT8 blank, and control, respectively.
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from the NT8 formulation [40].

3.8. Ophthalmic irritation study

The cornea, conjunctiva, and iris showed no signs of damage or irritation (Fig. 7A) [22]. The scores for discharge and conjunctival
damage were zero for all observations up to 8 h. The corneal opacity and hyperemia of the iris were graded as zero at all stages. These
findings supported the use of TRM in nanoparticulate form for improved ocular retention.

3.9. Mucoadhesive evaluation

The mucoadhesive evaluations for the CS, TCS, and NT8 formulations are shown in Fig. 7B. The mucoadhesion time of the CS was
5.7 h and of the TCS was 7.6 h. This indicated that the thiolation of CS enhanced the time of mucoadhesion because of the presence of
the thiol group in the TCS. The nanoparticles of NT8 had a 7.5 h mucoadhesion time because of the disulfide linkage between the TCS
and the mucus of the eye [36]. The obtained p-value was 0.001 and for the mucoadhesion study, indicating that the results were
statistically significant.

3.10. HPLC method development

HPLC method for TRM determination was established, followed by its validation. An optimal TRM detection time of 3.627 min was
obtained as shown in Fig. 8. The linearity graph shows that the TRM has a good regression value of 0.9993. TRM was reported to have
limits of detection (LOD) and quantitation (LOQ) of 4.57 pg/mL and 8.71 pg/mL, respectively. The developed method’s high mean
TRM recovery percentage (98.78%) revealed its great accuracy [41]. Inter-day and intra-day precision (% RSD) of TRM were
calculated and found to be less than 2%.

3.11. In vivo retention and pharmacokinetics of TRM

In order to assess the potential of the TRM-loaded nanoparticles for prolonged residency at the cornea, the appropriate therapeutic
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Fig. 7. Ocular irritation, mucoadhesion and pharmacokinetic analysis of developed nanoparticles. (A) Results of irritation of albino rat eyes lasting
up to 8 h. (B) Adhesion of CS, TCS, and NT8 nanoparticles. (C) Peak plasma concentrations of TRM 0.3% and NT8 0.1% formulations. All signs such

as discharge and conjunctival damage were absent in the eyes of albino rats during draize test.
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Fig. 8. Chromatograms of pure TRM (A) and drug loaded nanoparticles containing TRM (B).

concentration at the cornea with a small dose, and the increased antibacterial efficacy relative to TRM, pharmacokinetic tests were
done. In sheep, the ocular pharmacokinetics of the NT8 0.1% (w/v) formulation and the TRM supplied as a commercial product (TRM
0.3% w/v) were compared (Table 5 and Fig. 7C). The dosage volume was the same for both formulations, but the strengths varied. This
difference in dosage strength was chosen to assess the effectiveness of the nanoparticles and their capacity to lower doses [40]. Another
goal was to reach the ideal Cpax, which was not overly high relative to that of the TRM, to lessen TRM’s naso-lacrimal elimination and
prevent any negative effects from repeated administration. The NT8 formulation greatly increased the AUC(g..) (1.5-fold) while
significantly reducing the clearance (5-fold). The MRT of NT8 was noticeably higher than that of the TRM. As a result, the eye surface
may have experienced a binding force from the positively charged nanoparticles. However, the positive charge was not the only factor
that affected the bioadhesion of TCS. The presence of free -NH2 and ~OH groups from TCS molecules, which form hydrogen bonds with
the mucin on the surface of the eye, may have further encouraged it [42]. In pharmacokinetics, a p-value of less than 0.05 indicates that
the results are statistically significant. According to the pharmacokinetic investigation, the newly developed formulation greatly
improved the medication’s absorption performance over the pure drug due to improved solubility properties.

4. Conclusions

Nanoparticles of TCS were successfully prepared using ionic gelation method. The mean diameter of prepared nanoparticles was in
the range of 73-189 nm, a suitable size in ocular drug delivery that does not cause irritation. In the current work, we proved that the
TCS nanoparticles loaded with TRM resulted in improved precorneal retention, sustained drug release, and high ocular availability at
low doses and dosing frequencies. As a result of the interaction between the TCS and mucus, the nanoparticles of TCS might be thought
of as increased mucoadhesive polymers. The TCS nanoparticles had both strong surface charge-dependent mucoadhesive charac-
teristics and adequate entrapment efficiency. According to the findings of the in vitro release investigation, TRM was released from TCS
nanoparticles over an extended period of time and in accordance with the fickian theory of diffusion. By reducing the frequency of
delivery, the drug’s relatively longer release increases patient compliance. The cornea, conjunctiva, and iris did not show any signs of a
clinical abnormality or ocular injury. The study also provided information on the ocular pharmacokinetic profile of the TRM, which
might be used to develop future dose regimens and formulations. Due to its capacity to maintain a consistent drug release and its
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Table 5

Topical application and pharmacokinetic analysis of NT8 and TRM in the precorneal region of sheep (n = 3).
Parameter Unit NT8 (0.1%) TRM (0.3%) p-value
Crnax pg/mL 169.67 + 6.09 532.45 + 23.31 0.0012
ti2 min 50.04 + 3.07 09.56 + 1.34 <0.0001
AUC(o.00y min x pg/mL 12078.45 + 87.34 8059.45 + 67.31 0.0032
MRT min 76.45 + 3.45 13.21 £ 2.31 0.0023
cl mL/min 0.014 + 0.0001 0.113 + 0.002 0.0002

convenience of administration due to the lesser need for frequent dosages, this innovative formulation was an effective substitute for
traditional ophthalmic suspensions. Beneficial characteristics of TCS nanoparticles improved retention of the delivery system in the
eye. However, more research is needed to assess its clinical efficacy.

Limitations of the study
The reporting of long tern stability study is the major limitation of the research work.
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