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ABSTRACT

A novel topical nanogel formulation combining naproxen and betamethasone was developed and evaluated for
its therapeutic potential in treating osteoarthritis (OA) using an in vivo rat model. The nanogel’s pH was
optimized to ensure it was suitable for skin application without causing irritation. Uniformity tests confirmed
the formulation’s homogeneity, with no aggregates observed. The nanogel demonstrated favorable spreadability
and extrudability, crucial for effective skin application and patient compliance. The viscosity of the formulation
was also assessed, revealing ideal properties for stable and consistent use. Rats were induced with OA via intra-
articular injection of monosodium iodoacetate (MIA), leading to joint pain, inflammation, and reduced mobility.
A significant decrease in motor coordination was observed using a rotarod apparatus, highlighting the
detrimental effects of OA on joint function. The weight-bearing distribution between the affected and healthy
limbs was evaluated using an in-capacitance tester, revealing improvements in the nanogel-treated groups.
Additionally, the arthritis index (AI) score, which accounted for swelling and limping, showed a steady decline
over time in nanogel-treated rats. Inflammatory cytokine levels were measured in the serum, showing a
reduction in inflammation in treated groups. In vivo skin safety evaluations indicated that the nanogel caused
no significant skin irritation. Paw volumes were also monitored throughout the study, demonstrating decreased
inflammation in the nanogel-treated group compared to controls. The novel naproxen and betamethasone
nanogel exhibited promising therapeutic benefits in reducing OA symptoms, including pain, inflammation, and
impaired mobility, while maintaining a favorable safety profile for topical use. This formulation holds potential
for further development as an effective topical treatment for osteoarthritis.
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INTRODUCTION

Osteoarthritis (OA) is a degenerative joint disorder affecting millions of people worldwide, characterized by the
progressive degradation of cartilage, joint inflammation, and pain(Allen, Thoma, and Golightly 2022). It is one
of the most common forms of arthritis, often leading to disability and a reduced quality of life for those
affected(Paget et al. 2023). Although OA can impact any joint, it primarily affects weight-bearing joints such
as the knees, hips, and spine. As a multifactorial disease, OA arises from a combination of genetic, metabolic,
and mechanical factors, with aging and obesity being significant contributors(Oteo Alvaro 2021). Current
therapeutic strategies for OA are largely focused on managing symptoms, reducing pain, and improving joint
function, rather than addressing the underlying causes of cartilage degeneration. Among these therapies,
nonsteroidal anti-inflammatory drugs (NSAIDs) like naproxen and corticosteroids such as betamethasone play
a pivotal role in pain relief and inflammation control(Hinman et al. 2023).

Naproxen, a commonly used NSAID, exerts its therapeutic effects by inhibiting the cyclooxygenase (COX)
enzymes, specifically COX-1 and COX-2, which are involved in the production of prostaglandins that mediate
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inflammation and pain(Heidari-Beni et al. 2020). By reducing the levels of prostaglandins, naproxen helps to
alleviate the discomfort associated with OA(Karateev, Lila, and Alekseeva 2021). However, despite its efficacy,
systemic administration of naproxen is often associated with gastrointestinal complications, including ulcers
and bleeding, as well as cardiovascular risks. These adverse effects limit its long-term use, particularly in elderly
patients who are more susceptible to these complications(Munir et al. 2023).

Betamethasone, on the other hand, is a potent corticosteroid that works by inhibiting multiple inflammatory
pathways, including the suppression of pro-inflammatory cytokines and the inhibition of leukocyte migration
to inflamed tissues(Y. Wang et al. 2023). Corticosteroids like betamethasone are often used for short-term relief
of severe OA symptoms, particularly when NSAIDs are insufficient(Y. Wang et al. 2022). However, repeated
systemic administration of corticosteroids can lead to significant side effects, such as immunosuppression,
osteoporosis, and adrenal suppression, which restrict their long-term application in OA management(Inagaki et
al. 2022). Consequently, there is a growing interest in developing topical formulations that can deliver these
drugs directly to the affected joints, minimizing systemic exposure and reducing the risk of adverse effects(H.
Yang et al. 2022).

The concept of using nanotechnology in drug delivery has gained substantial attention in recent years,
particularly in the field of topical formulations(Freitas et al. 2021). Nanogels, which are nanosized hydrogel
particles, represent an innovative drug delivery system with several advantages over conventional
formulations(Sobhani, Li, and Cortes 2023). These include enhanced drug solubility, increased drug stability,
controlled drug release, and improved penetration of the drug through the skin. Nanogels can encapsulate both
hydrophilic and hydrophobic drugs, offering versatility in formulating a wide range of therapeutic agents.
Moreover, the small size of nanogels allows for better interaction with biological tissues, potentially improving
the bioavailability of drugs at the site of action(Sakib, Verma, and Islam 2022).

In the context of OA treatment, a nanogel formulation could offer several potential benefits. By delivering
NSAIDs and corticosteroids directly to the joint via topical application, it may be possible to achieve effective
local concentrations of the drugs while minimizing systemic absorption and thereby reducing the risk of side
effects(Pan et al. 2023). Furthermore, nanogels can be engineered to provide sustained release of the
encapsulated drugs, prolonging their therapeutic effects and reducing the frequency of application. This is
particularly advantageous in managing chronic conditions like OA, where long-term pain control is essential
for improving patient quality of life(Joshi and Phansopkar 2022).

The rationale for combining naproxen and betamethasone in a single nanogel formulation stem from their
complementary mechanisms of action. While naproxen primarily targets the COX enzymes to reduce
prostaglandin-mediated inflammation, betamethasone exerts broader anti-inflammatory effects by modulating
immune responses and inhibiting multiple inflammatory pathways(Jin et al. 2020). By using these two drugs in
combination, it may be possible to achieve more effective control of OA-related pain and inflammation than
with either drug alone. Furthermore, the use of a nanogel as the delivery vehicle could enhance the penetration
of both drugs through the skin and into the deeper tissues of the joint, where they are needed most(Pergolizzi et
al. 2020).

Several studies have explored the use of nanotechnology-based drug delivery systems for OA, with promising
results. For example, nanoparticle-based formulations of NSAIDs have been shown to enhance drug penetration
through the skin and reduce inflammation in animal models of arthritis(Ramos-Inza et al. 2024). Similarly,
corticosteroids encapsulated in nanoparticles have demonstrated improved efficacy and reduced side effects in
preclinical studies(Bella Triana and Anan Suparman 2022). However, to date, few studies have examined the
potential of combining NSAIDs and corticosteroids in a single nanogel formulation for OA treatment(Sobhani
et al. 2023).

The development of a topical nanogel formulation containing both naproxen and betamethasone represents a
novel approach to OA management, with the potential to offer superior therapeutic outcomes compared to
conventional treatments(Jadhav and Erande 2023). In addition to reducing pain and inflammation, such a
formulation could provide several other benefits, including improved patient compliance and
convenience(Salmons et al. 2023). Unlike oral medications, which must be taken regularly and can cause
gastrointestinal discomfort, a topical nanogel can be easily applied to the affected joint, offering a non-invasive
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and potentially more acceptable treatment option for patients(Dell’Isola et al. 2022).

The present study aims to evaluate the in vivo efficacy of a novel topical nanogel formulation containing
naproxen and betamethasone in an animal model of OA. The primary objectives are to assess the ability of the
nanogel to reduce joint inflammation and pain, as well as to examine the pharmacokinetics of the formulation
to determine the extent of systemic absorption of the drugs. Secondary objectives include evaluating the safety
of the nanogel formulation, particularly with respect to any local or systemic adverse effects(Munir et al. 2023).

PREPARATION OF NAPROXEN NANOSUSPENSIONS

Materials and methods

Naproxen and PVP was once bought from Lobe Chemie, Pvt. Ltd. (Mumbai). Sodium Alginate and HPMC E15
was purchased from Modern Science, Nashik. Tween 80 procured from Corneal, France(Ramos et al. 2023).

Pre-formulation studies

The purpose of pre-formulation testing is to examine the characteristics of a drug material both on its own and
when combined with excipients. Utilising pre-formulation parameters increases the likelihood of creating a
product that is legal, safe, effective, and stable while also laying the groundwork for improving the quality of
the medicinal product(Nupur et al. 2023).

Melting point analysis

The melting point for the obtained naproxen sample was tested using open capillary method. Before conducting
the analysis, the equipment was calibrated. Subsequently, the drug sample was compressed into capillary tubes,
each having dimensions of 6 mm in length and 1 mm in diameter(Medeiros, Ferreira, and Cavalheiro 2023).
These capillaries were then inserted vertically into the equipment with a heating rate maintained at 10 °C per
minute. The readings were collected in triplicate, and the drug's melting point was documented, followed by a
comparison with the melting point of a reference sample(Ayorindea, Agbolabori, and Odeniyia 2023).

Determination of Amax for naproxen

UV spectroscopic analysis was employed to determine the wavelength (Amax) at which the naproxen sodium.
The drug was accurately weighed and dissolved in a solvent to generate a stock solution with a concentration
of 1000 pg/ml. Following this, the solution underwent suitable dilution using the same solvent, resulting in a
concentration of 100 pg/ml. The UV spectrum of this concentration was then documented across the wavelength
range of 200400 nm. It is important to highlight that the UV spectrum of the drug was acquired using a
methanol solven(Mirocki et al. 2022)t.

Standard curve of naproxen using UV-visible spectrophotometric method

A calibration curve for naproxen was established by creating serial dilutions from a 0.1 mg/ml stock solution
within the range of 2-12 pg/ml). Spectrophotometric analysis of the prepared samples was conducted at Amax
272 nm in the specified medium. The absorbance-concentration relationship was plotted (Zhou et al. 2021.

Drug-polymer compatibility by analytical techniques of naproxen nanosuspensions
Fourier transform infrared spectroscopy (FTIR)

FTIR study is essential to determine the purity and interaction between different drugs and polymers. Therefore,
LR. spectra of Naproxen and blends of drug and polymers were monitored compared to KBr tablet using a
Shimadzu — 8700 FTIR spectrophotometer. For this test, plain KBr and drug-polymer blends in potassium
bromide discs were prepared by intimate mixing in a glass mortar pestle. Then, the prepared mixtures were
punched into a transparent tablet using special dies under high pressure. Finally, the prepared tablets were placed
in an LR. spectrometer (FTIR-8700, Shimadzu) to record the spectrum(Rojek, Gazda, and Plenis 2023).
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Differential Scanning Calorimetry

Differential Scanning Calorimetry analysis of the naproxen drug sample involved precisely weighing a small
amount (2-3 mg) of naproxen, which was then carefully placed in an aluminum pan. The pan was hermetically
sealed using a crimper, and the sample pan, along with a reference pan, was introduced into the DSC analyzer.
It underwent heating from 40°C to 400°C range. The process was carried out under an inert atmosphere, with
flow rate of 100 ml/min(Nupur et al. 2023).

Similarly, DSC analysis of the naproxen drug sample in combination with polymers such as PVP, sodium
alginate, and HPMC E15 was conducted using the same procedure. A small amount of the naproxen and polymer
mixture (2-3 mg) was accurately weighed, sealed in an aluminum pan, and subjected to the DSC analyzer. The
heating process, inert atmospheres, and other conditions were consistent with those employed for the individual
naproxen sample analysis(Quddus et al. 2023).

Selection of stabilizers

Water-soluble stabilisers from the surfactant and polymer classes were chosen because they make it simpler
than their hydrophobic equivalents for poorly soluble medicines to create an aqueous dispersion with them. To
investigate their impact on the stability of nanosuspension, a total of three stabilisers from the literature (Table.1)
were chosen. Initially, several batches of nanosuspensions were made solely using polymeric stabilisers such
sodium alginate, HPMC E15, and PVP(Fatih Dilekoglu and Yapici 2023). Researchers looked at the lowest
quantity of stabilisers needed to assist the size reduction and stabilise the nanosuspension in order to prevent
toxicity caused by their surface-active capabilities. The findings produced by stabilisers were used to choose
the stabilisers to be used in nanosuspension. To create various stabiliser solutions, precisely weighed quantities
of stabilisers (polymer/surfactant) were added and dissolved in distilled water(Yeganeh et al. 2022).

Table. 1: Screened stabilizers and their ratio to the drug for preparing naproxen nanosuspensions.

Code Drug: Polymer ratio
N1 1:0.5 (Naproxen: PVP)
N2 1:1 (Naproxen: PVP)
N3 1:1.5 (Naproxen: PVP)
N4 1:0.5 (Naproxen: Sodium alginate)
N5 1:1 (Naproxen: Sodium alginate)
N6 1:1.5 (Naproxen: Sodium alginate)
N7 1:0.5 (Naproxen: HPMC E15)
N8 1:1 (Naproxen: HPMC E15)
N9 1:1.5 (Naproxen: HPMC E15)

Method of Preparation

Naproxen nanosuspension is prepared by antisolvent precipitation method using various stabilizers
concentrations such as PVP (N 1, N 2, & N 3), Sodium alginate (N 4, N 5, & N6), and HPMC E15 (N 7, N 8,
& N 9) in the ratio of 0.5, 1 and 1.5 % respectively, and in all the formulation naproxen (1%) and co-stabilizer
Tween 80 volume remain constant (Table 3.2). On the basis of literature review, details were finalized for pre-
formulation studies. Drug Naproxen is dissolved in methanol (5ml) at room temperature(Medeiros et al. 2022).
The procedure involved the gradual addition of the organic solution of the drug, delivered via a plastic syringe
in drops, into an aqueous solution containing a stabilizer at a controlled rate of 0.5 mL/min. The subsequent
dispersion underwent stirring at 500 rpm for 6 minutes and was subsequently subjected to sonication for a
duration of 5-10 minutes. Double-distilled water was used with very slow rate and introduced into the
dispersion, with continuous stirring for an additional hour. This step facilitated, eventually resulting in the
removal of the organic solvent i.e., methanol was removed by evaporation by keeping it at 50°C leading to the
formation of nanosuspension. Naproxen is insoluble in water that’s why it is precipitate with
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stabilizer(Sharapova et al. 2021).

Table 3.2: Composition of various batches of naproxen nanosuspension.

Formulation Ingredients.
code Drug Methanol PVP 100 Sodium HPMC E15 | Tween 80
(mg) (ml) (mg) alginate (mg) (mg) (ml)
N1 200 mg 5 100 - - 0.5
N2 200 mg 5 200 - - 0.5
N3 200 mg 5 300 - - 0.5
N4 200 mg 5 - 100 - 0.5
NS5 200 mg 5 - 200 - 0.5
N6 200 mg 5 - 300 - 0.5
N7 200 mg 5 - - 100 0.5
N 8 200 mg 5 - - 200 0.5
N9 200 mg 5 - - 300 0.5

Formulation of dry nanoparticles

Shelf life of the suspension can be extended to understand the nature of dissolution, the naproxen
nanosuspensions were freeze dried. At the time of lyophilization, cryoprotectant was added (1% mannitol) in
all formulations. Nanosuspension was lyophilized using a Virtis freeze dryer. The sample was initially stored
for one night at -70 °C in a deep freezer, and subsequently for two days at -50 °C at 2 millitorr in a virtis freeze
dryer(Ma et al. 2021).

Evaluation of Naproxen Nanosuspension Formulations
Particle size and size distribution

The determination of particle size was conducted through photon correlation spectroscopy (PCS) using the
Zetasizer 3000 instrument from Malvern Instruments, UK. This analytical method provided the mean diameter
(z-average) within a measuring range of 20—1000 nm. All presented data represent the mean values obtained
from three independent samples manufactured under consistent production conditions(Zare and Mehrabani-
Zeinabad 2022).

Zeta Potential

The analysis of zeta potential in the naproxen nanosuspension formulation was performed using the Zetasizer
3000 instrument from Malvern Instruments. Prior to measurement, the samples underwent dilution with de-
ionized water and were placed in an electrophoretic cell, where an electrical field of 15.2 V/cm was applied.
Each sample was then subjected to analysis to determine its zeta potential value(Ye et al. 2022).

Scanning Electron Microscopy

The morphology of shape, cross-section, and surface of pure Naproxen and nanosuspension formulations of
naproxen with PVP, sodium alginate, and HPMC E15 were monitored by the SEM system called Phenom Pro
Desktop (Phenom 1481), Thermo Fisher Scientific, USA(Arslan et al. 2024).

Drug content

The nanosuspensions that were prepared underwent drug content analysis using the UV spectroscopic method.
Various batches of nanosuspensions, each equivalent to 10 mg of naproxen, were accurately weighed and
dissolved in 50 ml of methanol. The naproxen content in the samples was analyzed after appropriate dilution
using a double-beam UV spectrophotometer (model UV-1700, Shimadzu, Japan) at the wavelength Amax 272
nm. This procedure was conducted in triplicate, and the averages were subsequently calculated(Aljubailah et al.
2022). Drug content was calculated by the following equation
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Observed drug content
Drug content % = - x 100
Theoretical drug content

Entrapment efficiency

Centrifugation was performed for fifteen minutes at 11,000 rpm on newly developed nanosuspension aliquots
containing 10 mg of naproxen. By using UV testing on the supernatant, the amount of disintegrated medication
was determined. Using an ultraviolet (UV) spectrophotometer that was set to 272 nm, the amount of medication
present in the clear residue after centrifugation was measured(Wibrianto et al. 2021). The following formula
was used to calculate the % of drug entrapment efficiency:

quantity of drug encapsulated in the formulation

t t effici = x 100
entrapment eticlency Total quantity of drug in the formulation

Research on In-Vitro Drug Release

The USP dissolving test device with the paddling technique, revolving at a speed of 50 rotations per
minute(rpm), was used for the in-vitro dissolving investigations of both pure naproxen and its nanosuspension.
Dissolution profiling was conducted in arecently made 7.4 pH phosphate buffer solution. The
cellophane membrane was submerged in the dissolving mixture for 12 hours before the start of the
experiment(X. Wang et al. 2022). Then, a cellophane tube containing naproxen nanosuspension (equal to ten
milligrams (mg) of naproxen) was submerged in the dissolving media. The dissolving media was 37.0 £ 0.2 °C
in temperature and had an amount of 900 ml. At prearranged intervals, materials were removed, and fresh buffer
was added in an equivalent volume. Spectrophotometric measurements of the removed samples' absorbance at
272 nm were made. Every determination was made three times. The release profile of the pure medication was
compared with the data obtained for various preparation batches(Jalil, Chowdhury, and Laman 2023).

Kinetics and mechanism of drug release

Numerous kinetic models exist that explain how drugs generally release from dose formulations. To clarify the
release rate and its mechanics, model-dependent approaches were researched(Reddyy et al. 2024)s. The
following forms of data treatment were used to plot the in-vitro profile results for each formulation:

1. Zero-order kinetic model: tracking the total proportion of medication released over time.

2. First-order kinetic model: the cumulative proportion of medication remaining shown against time using
a logarithmic approach.

Higuchi's model: A graph showing the total amount of medication released in time squared.

4. Korsmeyer equation: displaying the logarithm of the total amount of medication released as a function
of time.

Results and Discussion
Preformulation studies

Preformulation research, such as analytical study, analytical technique selection, and preliminary formulation
trials, must come before the formulation development activity. The information from preformulation studies
reduces issues in subsequent stages of the creation of naproxen nanosuspension and lays the foundation for
successful formulation attempts, which lowers the cost of producing developed products.

Appearance of the drug

The organoleptic characteristics of the sample of medicine were examined; it was found to be white in color,
odorless, and non-hygroscopic. (Table.3).
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Table.3: Pharmacopoeial specifications on organoleptic characteristics of Naproxen

Drug Properties Standard Value or USP/IP specifications Observed Value
Description White or white crystalline White crystalline
powder
Naproxen Odour Odourless Odourless
Solubility Easily dissol.ve.s in ethanc.)l. anfi methanol, but has Complies
limited solubility in water

Determine the melting point.

It was decided what the melting point of the obtained naproxen sample was. The drug substance's melting point
was found to be 153.1°C (Table.4) using the capillary method, which is within the range that has been reported
in the literature. A decrease in melting point as well as a broadening of the melting point range in the presence
of relatively modest amounts of impurities. The readings' proximity to the stated value, however, shows that the
substance has been correctly identified and there are no impurities.

Table.4: Melting point (MP) determination

Drug Theoretical MP (‘¢) Observed MP (¢) Average (°c)
| 11 I
o :t o
Naproxen 153°C 153 1532 1531 153.1+£0.1°C

Determination of Amax for naproxen
The naproxen mixture in phosphate buffer at pH 7.4 showed maximum absorbance at 232 and 272 nm in its UV
spectrum, as seen in the image that goes with it. Figure.1

0935

232 nm

0.300] B

0200} B!

272 nm

Absorbance

0.000}- —

1 . L
220.00 250.00 300.00 360.

Wavelength (nm)

Figure 1: UV spectra of naproxen drug

Naproxen standard curve in pH 7.4 phosphate buffer

The absorbance and naproxen concentration have a linear relationship as indicated by calibration curves (Figure
2). The absorption peaks at 272 nm, which followed Beer's law in the range of 2—12 pg/ml, were revealed by
the U.V. spectrophotometric quantitative quantification of naproxen (Table 5). With a correlation value (R2) of
0.9955, the linear regression equation Y = 0.1772x + 0.1799 is displayed in Figure 2.

Table 5: pH 7.4 phosphate buffer with Naproxen calibration curve data
Concentration (pg/ml) Absorbance Average N=3 (£SD)

2 0.364 0.368 0.361 0.364 = 0.121
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4 0.542 0.548 0.549 0.546 £0.182

6 0.687 0.682 0.686 0.685 +0.228

8 0.873 0.877 0.879 0.876 +£0.292

10 1.082 1.088 1.086 1.085 £ 0.362
1.400 Calibration Curve- Naproxen

1.200

1.000

0.800

0.600
y=0.1772x + 0.1799
R?=0.9955

Absorbance

0.400

0.200

0.000

2 4 6 8 10
Concentration (pg/mL)

Figure 2: Calibration curve of naproxen
Drug-polymer compatibility by analytical techniques

Drug-polymer compatibility analyses and practical investigations aim to swiftly define any actual or prospective
interactions between naproxen and other formulation ingredients. In the early stages of formulation
development, it is a crucial exercise in risk minimization. The stability and/or bioavailability of pharmaceuticals
can change due to drug-excipient incompatibility, which might impact their safety or efficacy.

Fourier transform infrared spectroscopy (FTIR)

Compeatibility assessments were conducted using an FTIR spectrophotometer. In the FTIR spectrum (depicted
in Figure 3.6), notable peaks were observed, including C—H stretching vibrations at 3004 & 2967 cm-1, C—O
stretching vibrations at 1029 cm-1, aromatic C=C stretching vibrations at 1605 & 1438 cm-1, and CH3 bending
vibration at 1395 cm-1, indicative of the characteristic features of naproxen. The OH bond and the C-H (benzene
ring) were connected to absorption peaks at 3217 cm-1 and 820 cm-1, respectively, whereas etheric bonds were
linked to peaks at 1265, 1158, and 1029 cm-1. A physical combination of naproxen with PVP, sodium alginate,
and HPMC E15 is also shown in Figure 3.7, along with its FTIR spectra. There were no additional new peaks,
and the locations of the absorption bands in the spectra did not alter, indicating that there were no substantial
interactions between naproxen and the polymers.
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Figure 4: Physical mixes of naproxen with
PVP, sodium alginate, and HPMC E15, as well
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as naproxen's FTIR spectra.

Differential calorimetry scanning

The naproxen DSC thermogram is shown in Figure 3.8. The pure drug's melting point, or its unique endothermic
peak, was confirmed by DSC experiments at 153.5°C. To evaluate possible interactions between the medication
and polymers, the DSC thermogram of physical mixes comprising naproxen and other polymers was given in
Figure 3.9. These mixes' DSC thermograms, which showed strong endothermic peaks at 151.9°C, 152.7°C, and
153°C, respectively, closely matched the drug's melting point of 153.5°C. The mixtures included PVP, sodium
alginate, and HPMC E15. This implies that the medicine and selected excipients did not interact in any
noticeable way.
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Figure 6: Naproxen physical combination with (a)
PVP, (b) sodium alginate, and (¢) HPMC E15
polymer thermograms of DSC

Figure 5: DSC thermogram of naproxen

Evaluation of naproxen nanosuspension formulations

Particle size and size distribution

Quality indicators including solubility, dissolution, bioavailability, and content homogeneity are all strongly
affected by particle size. While the drug's particle shape affects surface area, compaction force, and flow
characteristics. Spherical shape molecules have the most surface area and have a uniform flow property,
compared to molecules with oval, angular, needle, and rough forms. Because a larger surface area provides
greater solubility, BCS Class II medicines increase solubility by decreasing the particle size.

Table 6: The polydispersity index, zeta potential, and mean particle size of the nanosuspension

Sr. No. Batch code Mean Particle size (nm) PDI Zeta potential (mV)

1. N1 185.2+0.33 0.516 +£0.41 -12.6+0.23
2. N2 193.0 £ 0.37 0.459+0.11 -16.8+0.09
3. N3 215.9+0.26 0.327+0.22 -17.3+£0.19
4. N4 100.6 = 0.28 0.265 £0.21 -1.67+0.09
5. N5 106.3 £ 0.21 0.595+0.16 -16.6+6.27
6. N6 144.5+0.13 0.393+0.13 -9.56+3.14
7. N7 129.0+0.13 0.422+ 0.26 -18.6+2.97
8. N8 110.7 £ 0.64 0.318 £0.21 -26.9+0.3

9. N9 133.8+0.15 0.424£0.16 -22.5+5.73

The prepared nanosuspension showed nano size range from 100.6 to 215.9 nm and poly dispersity index range
from 0.265 to 0.595 (Table 3.6). It signifies a favorable consistency in the particle size distribution, highlighting
the importance of selecting appropriate stabilizers and determining their concentrations for effective size and
stability control. Among the nine formulations examined, all fall within the typical nano size range. Notably,
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formulations coded as N4 and N5, incorporating sodium alginate, as well as N8 with HPMC E15, exhibited
particularly reduced particle sizes. Furthermore, the PDI of formulations N4 (0.265 £+ 0.21) and N8 (0.318
+0.21) were also found good as compared to other formulations. Therefore, it is possible that N4 and N8 formed
a homogeneous suspension upon reconstitution, and the low PDI value will suggest that the nanosuspension is
stable.

Results Results

Size (d.nm): % Intensity: St Dev (d.n... Size (d.nm): % Intensity. St Dev (dn...
Z-Average (d.nm) € Peak 1: 190.7 100.0 2434 Z-Average (dnm): 1107 Poak1: 1958 100.0 9.7
Pdi; 0.265 Peak2:  0.000 0.0 0.000 Pd: 0318 Peak2: 0000 00 0.000
Intercept: 0675 Peak 3: 0.000 00 0.000 Intercept: 0674 Peakd: 0000 00 0.000
Result quality ( Result quality :
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Figure 7: The polydispersity index and particle size of Figure 8: Size of particles and polydispersity
the nanosuspension N4. index of the N8 nanosuspension.

Table 6 showed average particle size of all formulations which demonstrated that the proportion of medication
to excipient concentration affects particle size of nanosuspensions. The hydrophobicity of the polymer chain in
the instance of PVP employed in this study is what causes polymer adsorption on hydrophobic surfaces. On the
other hand, the polymer's hydrophilic moiety engages with the medium. Chain morphology is therefore essential
for steric stabilisation and polymer adsorption. Particularly long-swinging hydrophilic chains seem to offer
higher steric stability and aggregation resistance. It has been discovered that increasing the polymer content in
the nanosuspension formula causes the drug particle size to rise. This result might be explained by the drug
particles aggregating as a result of too much polymer being added, which resulted in an accumulation of thick
layers that covered the drug particles. The same is true for sodium alginate-based nanosuspensions. Because the
alginate molecule is bulky, reducing the polymer concentration consequently decreases the particle size.

The HPMC E15-made nanosuspensions, on the other hand, showed a clear pattern. The following reasons may
explain why the dimensions of the particles decreased as the concentration of HPMC E15 was increased from
0.5% to 1.0%. Because HPMC is a nonionic polymer, precipitation was less likely. Because of the
hydrodynamic boundary layer surrounding the nanosuspensions and the polymer molecules' adsorption on the
growing crystal faces, HPMC provides a steric hindrance to the clumping and growth of nanosuspensions. The
drug-stabilizer system may be explained by the hydrogen bonds that form between the drug molecules and the
stabilizer, which has a large number of hydroxyl groups. Although, the source of the rise in particle size and
further increases in HPMC E15 concentration from 1.0% to 1.5% may be the solution's increased viscosity,
which may impede the diffusion between the solvent and antisolvent during precipitation formation. Greater
particle size was produced as a result of Ostwald ripening. Furthermore, the deposition of concentric layers of
HPMC on the drug surface resulted in larger particle sizes. The formulation that provided the greatest steric
repulsion between crystals and enough surface coverage was found to have a concentration of 1.0% W/V
HPMC.

Zeta Potential Analysis
By determining the particles' electrophoretic movement in an electric field, the zeta potential of a colloidal
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system—which represents the particle charge—was determined. High-energy surfaces are produced when
nanoparticles are produced, if proper stabilisation does not occur. Eventually, aggregates, the Ostwald ripening
process, and an unstable colloidal dispersion result from this. Stabilisation becomes increasingly important
when the particle size decreases and the free surface energy increases. Both the manufacturing of
nanosuspensions and storage stability depend on stability. Zeta potential has significantly affected the storage
stability of colloid dispersion systems by representing the electrostatic obstacles that may stop nanoparticles
from agglomerating and clustering. It is desirable to have a zeta potential of at least -20 mV for sterically
stabilised systems or -30 mV for electrostatically stabilised systems in order to produce a physically stable
nanosuspension. Due to the presence of negatively charged PVP, sodium alginate, and HPMC in the current
investigation, the naproxen nanosuspension's zeta potential (Table 6) was discovered to have negative values,
and the observed zeta potential was low (-1.67 to -26.9 mV). The HPMC E15 based formulation (N8) showed
zeta potential value of -26.9 mV (Figure 9) which suggest that the method selected for development and
optimization produced a stable nanosuspension formulation.

Roesults
Mean (mV) Area (%) StDev (mV)
Zeta Potential (mV): -269 Peak1: 269 1000 133
Zeta Deviation (mV): 13.3 Peak2: 0.00 00 0.00
Conductivity (mS/em): 0.0730 Peak 3: 0.00 0.0 0.00
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Figure 9: Zeta potential of N8 nanosuspension

Particles with sufficient zeta potential to provide a sufficient steric or electric barrier are less likely to aggregate.
It is important to note that the adsorption of a steric stabilizer, like the HPMC in formulations (N7-N9) in our
study, reduces the measured zeta potential. This is because the HPMC's layer of adsorption on the medication
surface, where the zeta potential is measured, has caused the drug surface to become further away from the
plane of shear.

Scanning Electron Microscopy

For surface morphology characterization of nanosuspension formulations, SEM images of the pure drug were
contrasted with SEM images of the nanosuspension formulations, captured immediately after preparation, as
illustrated in Figure 10. The micrographs vividly revealed substantial distinctions between the raw crystal form
of naproxen and the nanosuspensions. The former exhibited a large and irregular structure (Figure 10), whereas
in the nanosuspension, the particle size markedly diminished, assuming a spherical shape, possibly due to the
presence of a polymeric coating on the particles (Figure 10b-d)
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Figure 10: Optical microscopic images of naproxen crystal (a); SEM of haproxen nanosuspensions, (b)
naproxen HPMC nanosuspension, (c¢) naproxen PVP nanosuspension, and (d) naproxen sodium alginate
nanosuspension

Drug Content Determination

The developed nanosuspension formulations' drug content examination produced good results, with uniform
distribution seen in every formulation. As shown in Table 7, the percentage of medications varied from
87.35+£2.48% to 95.12+3.96%. The presented data indicates that the formulated naproxen nanosuspension
exhibited high drug content with low standard deviation, signifying minimal drug loss during the preparation
process. This suggests a consistent and effective dispersion of the drug within the powder formulation. Notably,
among the formulations, HPMC E15-based nanosuspension (N8) exhibited a particularly high percentage of
drug loading, enhancing the clinical feasibility of drug delivery.

Table 7: The percentage of drug content and entrapment efficiency in nanosuspension preparations.

Sr. No. Batch code Entrapment efficiency (%) Drug content (%)
1. N1 74.37+1.76 87.354+2.48
2. N2 81.65+1.98 88.05+1.23
3. N3 79.13+£2.04 92.72+2.92
4. N4 73.69+1.73 89.95+1.28
5. N5 80.45+3.01 93.48+2.10
6. N6 78.56+2.72 91.34+3.56
7. N7 80.43+2.73 89.34+2.99
8. N8 84.0+1.48 94.12+3.96
9. N9 81.81+£2.31 95.45+3.71

Value shown as mean + SD for n = 3.

The increase in the percentage of drug content with an increase in polymeric concentration can be explained by
the formation of extra concentric layers of polymeric molecules on the drug surface, which prevent the drug
from diffusing back into the bulk.

Estimation of Entrapment Efficiency of Nano-suspension

The data was calculated and mentioned in Table 7. The naproxen entrapment efficiency of N8 (84.0 = 1.48 %)
was high when compared to other nanosuspension formulations.

The most important aspect affecting entrapment efficiency is the stabiliser concentrations utilised. It could be
as a result of the surfactant's ability to lessen friction at the polymer-aqueous phase contact.

Studies on In-Vitro Release

Naproxen nanosuspension's in vitro drug release profile was studied for 12 hours. The data are shown in Figure
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10. Pure naproxen dissolved at a relatively slow pace. After 12 hours, only 24.82% of the medication was
liberated in phosphate buffer. However, naproxen nanosuspensions dissolution rate was increased more than
the pure naproxen. The different nanosuspension formulations showed the drug release in vitro in the range
between 59.80% to 99.80%. This may be as a result of the drug's larger surface area and/or potential improved
interaction between the nanosuspensions and dissolving media. Naproxen's sluggish rate of dissolution may be
due to its large crystal size, however the nanosuspensions exhibited significantly faster rates of dissolution,
which may be explained by the following causes. (a) High hydrophilicity polymers improve wettability,
decrease aggregation, and become locally soluble by the carrier in the diffusion layer, increasing the rate of
dissolution, As the drug dissolves more quickly in its amorphous form than in its crystalline form due to a higher
thermodynamic activity, (b) the naproxen-loaded nanosuspensions generated from polymers exhibit a reduction
in crystallinity.(c) The formulation's naproxen dissolution rate may accelerate due to the larger surface area and
resulting smaller particle size.

In-vitro drug Release Profile
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Figure 10. The in vitro release profile of formulations including nanosuspension and pure naproxen

Based on the above data, HPMC E15 based nanosuspension formulation (N8) showed maximum in-vitro release
i.e. 99.80 % (in phosphate buffer) drug was released at the end of 12 hrs with increasing carrier proportion.
Since the drug molecules were totally entrapped inside the gel structure, the change in diffusion layer thickness
caused by HPMC's gel formation action is what is responsible for the variance in release rate in different
formulations of HPMC E15 (N7-N9). The hydrophilicity of HPMC in the higher drug-HPMC ratios presumably
had an impact on this outcome. Additionally, the high concentration of HPMC might raising the viscosity, and
thereby the higher concentration of anti-nucleant, which resulted in a reduction in drug release.

Kinetics and mechanism of drug release

To comprehend the process of drug release and release rate kinetics of the drug from nanosuspension, the data
from the in-vitro drug release was fitted to a variety of mathematical models, including zero and first order,
Higuchi (matrix), and korsemeyer-peppas. The R2 values, or regression coefficient, are listed in Table 8. The
drug release in the control sample followed a diffusion-controlled mechanism, according to the correlation
coefficient analysis. The fact that the first-order (0.9903) 'r' values are greater than the zero-order (0.9895) and
Higuchi's square root of time (0.8991) indicates this. As a consequence, the data indicated that the first-
order release pattern predominated over the others. Even so, the results showed that the drug release from all
nanosuspension formulations followed zero order kinetics, as indicated by the higher value of "r" for zero order
(in the range of 0.9854 to 0.9998) compared to first order (in the range of 0.9832 to 0.9995). Additionally, the
Korsemeyer-Peppas equation was used for the drug release mechanism. All the formulation was having good
linearity when checked with Korsmeyer-peppas model. The » value for the control sample was found as 0.891,
which indicated that the release kinetics follows case-Il transport/ zero order, i.e., swelling controlled drug
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release. This kinetics explained that the diffusion process taken place at quicker rate in comparison to the
relaxation process and the system is further controlled by relaxation (Raitr >> Rrelax,). In contrast, the values of n
in the case of nanosuspension formulations ranged from 1.010 to 1.025, indicating that n > 0.89 was observed.
This suggested that the release of the drug kinetics followed super case-II transit, meaning that the drug was
released by both polymer chain relaxation (Rrelax) and diffusion (Rdiff), and it also suggested that the drug
might be released as a result of chain disentanglement and hydrophilic polymer swelling.

Table 8: Release kinetics data for control naproxen and nanosuspension formulations.

Formulation code Regression coefficients (R?)

Zero order First order Peppas Higuchi

Control (N) 0.9895 0.9903 0.9943 n=0.891 0.8991
N1 0.9854 0.9832 0.9956 n=1.208 0.8159

N2 0.9996 0.9991 0.9998 n=1.025 0.8659

N3 0.9996 0.9884 0.9962 n=1.151 0.8302

N4 0.9998 0.9995 0.9998 n=1.010 0.8711

N5 0.9997 0.9992 0.9998 n=1.019 0.8676

N6 0.9907 0.9888 0.9948 n=1.125 0.8373

N7 0.9994 0.9986 0.9997 n=1.031 0.8643

N8 0.9991 0.9982 0.9993 n=1.025 0.8662

N9 0.9996 0.9989 0.9999 n =1.030 0.8644

Conclusions

The use of nanosuspensions offers a workable solution to the problems caused by naproxen's poor solubility,
which has frequently reduced its therapeutic efficacy. By employing several stabilisers in varying amounts,
including PVP, sodium alginate, and HPMC E15, different nanosuspensions containing naproxen was created.
DSC and IR spectrum analyses revealed that the medication and the formulation ingredient were compatible.
All experiments were performed including in-vitro drug release experiments were performed on each
formulation. To compare the process of drug release from various formulations to that of pure drugs, in vitro
release rates were studied for nanosuspension formulations. Furthermore, formulation N8 was chosen as the
best formulation with the requisite attributes based on a variety of assessment metrics. Naproxen
nanosuspension prepared by using HPMC E15 as stabilizer was considered as the best because of its good
stability as zeta potential of -26.9 mV, mean particle size diameter as of 110.7 nm, drug content of 94.12%,
entrapment efficiency of 84%, and in-vitro drug release data displayed 99.80% of drug release rate profile up
to 12 h. This investigation made it clear that HPMC E15 performed better than the other evaluated polymers at
accelerating naproxen dissolution. The drug solubility and dissolution rates of the nanosuspension made with
HPMC E15 showed significant improvements, enhancing bioavailability and perhaps improving therapeutic
results. The ratio of medication to polymer also significantly impacted Zeta potential, particle size, and
entrapment efficiency. Contrary to traditional medications, the nanocarrier system may make some medications
more soluble and shield them from circulating oxidation, enhancing their local bioavailability and lowering
unfavourable side effects. It is crucial to remember that more study and research may be necessary to completely
comprehend the underlying mechanisms and improve the formulation process for nanosuspension.

BETAMETHASONE SODIUM PHOSPHATE LOADED CHITOSAN ALGINATE NANOPARTICLES

Materials & Equipment

Fourrts India in Chennai, India sent a complimentary sample of betamethasone sodium phosphate (BSP). We
purchased sodium alginate and chitosan from the Sigma-Aldrich Chemical Company in the United States(Li et
al. 2022). Calcium chloride, potassium dihydrogen phosphate, and sodium hydrogen phosphate were purchased
from Adwik, El Nasr Pharmaceutical Chemical Company in Egypt. The tools employed in the investigation
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include the following: transmission electron microscopy ([Joel 100CX], Japan), FT-IR spectrophotometer
(Genesis II Mattson, USA), Malvern Nanoseries ZetaSizer (Nano-ZS90, 633 nm He-Ne 200), and a
sonicator(Kianersi et al. 2021).

Methods

Preparation of blank chitosan-alginate nanoparticles

The preparation process used here for the nanoparticle’s formulation is called ionotropic-gelation. The process
has been adapted from existing literatures and involves two steps. The solutions of chitosan and sodium alginate
were made by mixing the polymers with distilled water. Making use of hydrochloric acid. The required amount
of chitosan was dissolved in 1% lactic acid solution to produce the required chitosan concentrations. The
chitosan solutions were adjusted to a pH of 5.2 + 0.2 by adding 1 M sodium hydroxide(Ahmad et al. 2022). The
required amount of calcium chloride was dissolved in distilled water to create calcium chloride solutions, which
were then produced to the required concentrations. The process of producing nanoparticles begins with the
production of pre-gel. After 30 minutes of stirring at 400 rpm, 10 ml of a 0.5% (w/v) sodium alginate solution
and 6 ml of a 0.5% aqueous calcium chloride solution were combined. The second step included constantly
stirring the calcium alginate pre-gel for 30 minutes while adding 4 millilitres of a 0.08% w/v chitosan solution
(pH 5.2). The resultant opalescent dispersion was left to settle at room temperature for an entire night to facilitate
the formation of homogenous particles by nanoparticles(Kianersi et al. 2021).

Formulation of nanoparticles encapsulating betamethasone sodium phosphate within a chitosan-alginate
matrix

To achieve the appropriate concentrations (0.2, 0.4, 0.6, 0.8, and 1.0%), the required amounts of BSP were
mixed with sodium alginate solutions, and the same procedure was used for the placebo(Kolding et al. 2023).
A varied quantity of medication, ranging from 0.2% to 1.0%, was added to the organic phase to achieve maximal
encapsulation in order to assess the impact of drug amount in the nanoparticles. As a solubilizing agent, tween
80 (0.5%), a non-ionic surfactant, was utilized to further prevent the aggregation of nanoparticles. Table 1 below
displays the composition of the produced formulations. After allowing the nanoparticles to form homogenous
particles by adjusting the resultant opalescent solution overnight, the effects of different BSP concentrations on
the formulations' encapsulating performance, zeta potential, particle size, and in-vitro release were
evaluated(Selmin et al. 2022).

Table 1: Composition of BSP loaded chitosan alginate nanoparticles

. Na Alginate Tween 80 BSP CaCl, Chitosan
Formulation . . . . .
code concentration concentration concentration concentration concentration
% w/v % w/v % w/v % w/v % wiv
B1 0.5 0.5 0.20 0.5 0.08
B2 0.5 0.5 0.40 0.5 0.08
B3 0.5 0.5 0.60 0.5 0.08
B4 0.5 0.5 0.80 0.5 0.08
B5 0.5 0.5 1.0 0.5 0.08

Concentration in polymer solution, (total volume = 20 ml)

Characterization of the Prepared BSP Loaded Chitosan Alginate Nanoparticles:
Quantitative Analysis
BSP was assayed using UV spectrophotometer (Shimaduz, USA). BSP was dissolved in distilled water to create
a BSP solution (10 pg/ml). By measuring the absorbance of various BSP solution concentrations, a calibration
curve was formulated(Ivkovi¢ et al. 2023).

Determination of the encapsulating efficiency
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The amount of drug entrapped in the NPs was determined by deducting the total amount of BSP used in the
NPs' production from the total amount of drug that was still disseminated in the water-based suspending medium
but wasn't entrapped(Campos et al. 2024). Five millilitres of BSP-loaded NP mixtures were centrifuged at 6000
rpm for thirty minutes to extract the drug-loaded nanoparticles from the water-based solution (supernatant)
containing unloaded BSP. UV spectrophotometer (UV spectrophotometer; Shimaduz, USA) was used, the
supernatant was analysed for the presence of free drugs at 246 nm. As shown below, the drug entrapment
efficiency was determined.

EE% =[(A - B)/A]x 100

The total quantity of drug in the nano dispersion is represented by A, while the free amount of drug in the
supernatant is shown by B(Y. Yang et al. 2022).

Determination of Average particle size and distribution

The Zetasizer 2000 (Malvern Instruments Ltd., UK) was utilised to perform dynamic light scattering (DLS) in
order to measure particle size and polydispersity index (PDI). For three hours, 200 pg of lyophilized
nanoparticles were reconstituted in 2 mL of 0.2 um filtered water to guarantee the complete dissolution of big
aggregates(Biswasroy et al. 2024). After 20 seconds of vortexing, the re-suspended particles were sonicated for
15 minutes to help break them up, vacuum filtered (10 pm particle retention) to remove any remaining excess
polymer, and sonicated for an additional 5 minutes before being transferred to disposable polystyrene cuvettes
with a 1 cm path length and put in the analyser. The study was carried out at 25 °C, with an angle of scattering
of 90° and a refractive index of 1.590. Particle size was expressed in terms of z-average size (intensity) for each
sample, and the average diameter and standard deviation were assessed in triplicate(X. Wang et al. 2023).

Determination of Zeta potential

The Zetasizer 2000 from Malvern Instruments Ltd., UK, was used to calculate the zeta potential of the
nanocarrier dispersion. This was accomplished by diluting the 0.25 ml nanocarrier dispersion with a distilled
solution before adding it to the electrophoretic cell. Based on the collected mean electrophoretic mobility data,
the zeta-potential values were computed(Shalaby, El-Gazayerly, and Abdallah 2022).

Determination of Morphology of chitosan-alginate nanoparticles

Transmission electron microscopy (Joel 100CX, Japan) was used to examine the morphology of nanoparticles
(NPs). For analysis, a copper grid was coated with a single drop of chitosan-alginate nanosuspension containing
BSP, which was then left to dry at room temperature(Mohamed et al. 2021).

FT-IR analysis

In order to examine any connections between BSP and chitosan/alginate, Fourier-transform infrared (FT-IR)
spectra were collected. FT-IR spectroscopy was used to record the FT-IR spectra for BSP, ALG, CS, and the
physical mixture of BSP, ALG, and CS (Genesis Il Mattson, USA). A 2% weight/weight sample was combined
with dry potassium bromide (KBr) and crushed into a fine powder using an agate mortar(Timotijevi¢ et al.
2022). A 10,000 psi hydraulic press was then used to compress the mixture into KBr discs. Using IR solution
software, each KBr disc was scanned at 4 mm/s and 2 cm resolution throughout a wave number range of 400—
4000 cm-1. This allowed for the identification of unique peaks for the different samples(Mashoofhnia,
Mohamadnia, and Kompany-Zareh 2021).

Determination of In-vitro release profile

For the in-vitro experiment, cellophane barrier was employed in many BSP NP preparations (30/32). A test tube
(diameter 0.4 cm) with open ends was attached with the cellophane barrier on one side. To touch the cellophane
membrane, one millilitre of the synthesized nanoparticles was introduced from the other side. The receptor
storage space, which held 10 ml of hot distilled water in a beaker at 37°C, submerged the whole
membrane(Rastegar Ramsheh et al. 2021). A magnetic stirrer maintained constant agitation of the receptor
compartment at 200 rpm. At designated intervals of 1, 2, 4, 6, 8, and 12 hours, a specified volume (1 ml) of the
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solution from one millilitre of brand-new, distilled water was added to the receptor region after it was removed.
The drug content of the withdrawn samples was measured using a UV spectrophotometer calibrated to 246 nm
against free BSP drug. Additionally, free BSP drug was tested for in vitro release as a reference, and samples
were collected at the same intervals as the BSP-loaded nanoparticles(Riccio et al. 2021)

Statistical analysis

Every experiment was run in triplicate as an independent experiment, and the data is shown as mean + standard
deviation (SD). The statistical analysis was conducted using Sigma Plot v. 11 software (San Jose, California,
United States), with a p-value of less than 0.05 being considered statistically significant. ANOVA, or one-way
assessment of variance, was employed to assess the significance of the variations among the variables. When
suitable, 95% confidence-level linear correlation and covariance estimation were carried out(Tam et al. 2023).

Results and Discussion
UV spectral analysis of BSP

The UV absorption spectrum of the BSP solution was examined, revealing its peak absorbance at 246 ,
Absorbance
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illustrated in Figurel.
Figure 1: UV spectrum of betamethasone sodium phosphate.

Construction of standard curve

Calibration curves show a linear relationship as presented (Figure 2). The U.V. spectrophotometric quantitative
estimation of BSP showed the absorption maxima at 246 nm, which obeyed Beer's law in the range of 10-20
ug/ml (Table 2). Linear regression equation Y = 0.0894X + 0.3857 with correlation coefficient (R?) of 0.9665
(Figure 2).

Table 2: Calibration curve data of BSP in distilled water

Sr. No. Conc. (ng/mL) Absorbance
1 10 0.432
2 12 0.580
3 14 0.694
4 16 0.765
5 18 0.823
6 20 0.898
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Figure 2: Calibration curve of BSP in distilled water

Determination of Encapsulation efficiency

Different drug concentrations (0.2%, 0.4%, 0.6%, 0.8%, and 1%), as well as zeta potential and encapsulation
efficiency, were developed to investigate the effects of changing BSP concentrations. The measured range of
encapsulation effectiveness for several BSP formulations was 66.72% to 69.29%. Furthermore, there was a little
downward trend in the encapsulation efficiency (from about 69.29% to roughly 66.72%) when the amount of
medication in the formulation rose (Figure 3). It was found that the encapsulating efficiency was somewhat
reduced as the drug concentration was raised (Table 3). Drug-polymer interactions in the polymer have an

impact on the drug content in nanoparticles. Increased drug incorporation is correlated with increased drug
miscibility
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Figure 3: Encapsulation efficiency (%) of different BSP loaded nanoparticle formulations

The decline in encapsulation efficiency with higher drug content in the formulation could be attributed to the
heightened propensity of the drug to diffuse into the external solution. According to earlier research, adding

more dexamethasone to chitosan tripolyphosphate nanoparticles reduces the loading efficiency because the
medication diffuses into the external solution.

Table 3: Particle size, zeta potential and encapsulating efficiency of different BSP loaded nanoparticle
formulations

Formulation code Average (E:)t icle Size Zeta Potential (mV) | Encapsulation Efficiency (%)
Bl 148.49+ 20.3 +18.21 69.29 £2.12
B2 142.31 £18.2 +19.73 68.83 +1.52
B3 131.64 +£26.6 +21.48 68.09 +2.25
B4 125.57+15.7 +23.44 67.24 £2.66
B5 110.7+12.4 +26.90 66.72 +1.63
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Particle size analysis

Results
Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 110.7 Peak 1: 195.8 100.0 209.7
Pdi: 0.318 Peak 2: 0.000 0.0 0.000
Intercept: 0.674 Peak 3: 0.000 0.0 0.000

Result quality : Good
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Figure 4: Particle size distribution of BS formulation

The BSP loaded NP formulations' average particle sizes were found to be in the range of 110.70 and 148.49 nm
(Table 4.3), with formulation B5 demonstrating the best nanoparticle formulation with an average size of 110.7
nm and a polydispersity index (PDI) of 0.318 (Figure 4.8). The PDI score is <1.0, indicating that the particles
are distributed uniformly. The primary determinants of nanoparticle size were average value (nm) and size
variability. The relative variance of the distribution was represented by the unitless variable known as the PDI,
which was used to assess size variability. In other words, the uniformity of the distribution of nanoparticle sizes
is symbolised by the PDI. They are necessary to keep colloidal dispersion stable and prevent the production of
precipitates or tiny particles. The uniform particle size distribution and low value of PDI might be the result of
improved formulation variables.

Zeta potential analysis

Results

Mean (mV) Area (%) StOev (mV)
Zeta Potential (mV): 269 Pek1: 269 1000 133
Zeta Deviaton (mV): 133 Pe3k2: 000 00 000
Conductivity (mS/cm): 00730 Peak3: 000 00 000

Result quality : Good
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Tetal Counts
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Figure 5: Zeta potential of BS formulation

As an important particle property that affects both particle longevity and cell binding, the zeta potential value
is significant. All BSP NP formulations were found to have zeta potentials between +18.21 and +26.90 mV
(Table 3), among which formulation B5 showed good zeta potential of +26.90 mV as shown in Figure 5. While
possessing a positive surface charge, BSP-loaded alginate-chitosan nanoparticles exhibit sufficient repulsive
force to deter aggregation during prolonged storage.
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The overall charge on nanoparticles produced by the ionotropic pregelation process includes Ca?" ions. The
core/shell structure of the nanoparticles created by this method is thought to be what distinguishes them from
other types. The core is a molecule that is located between the protonated-NH3+ of CS, the Ca+2 ions of CaCl2,
and the COO- groups of ALG. Furthermore, the excess Ca+2 ions that separate in the outermost coating of the
nanoparticles and do not disintegrate into the polyelectrolyte complex provide on the outside a net positive
charge.

Morphological examination
Transmission electron microscopy (TEM) analysis of the produced nanoparticles revealed that they were
spherical particles with a solid structure. The nanoparticles, however, had a fluffy look rather than a flat surface
(Figure 6). The nanoparticles' shape matched that of the chitosan-alginate nanoparticles produced by ionotropic
gelation found in earlier research. However, these particles were significantly smaller when analyzed with TEM
observed with the zetasizer. The zeta sizer, according to Parbha et al., measures the apparent size (hydrodynamic
radius) of particles, including hydrodynamic barriers around aqueous particles like CS and ALG. As a result,
the size of the NP may be overestimated.

A ‘:‘ ” Soa
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Figure 6: TEM photomicrograph of (A) BSP loaded nanoparticles and (B) Chitosan-alginate nanoparticles

Since spherical NPs have a higher surface area to volume ratio than other shapes, they have a more reactive
surface and, as a result, more opportunities to have a therapeutic effect. Because of this, spherical NPs become
yet another important element of NP morphology.
FTIR analysis
Only after a comprehensive analysis of the
physicochemical characteristics of the drug and
polymers can a formulation be developed. A proper
formulation requires compatibility between the drug ]
and the polymer. The FT-IR spectroscopy provides the * ‘
potential information on how the drug and polymer 1 / ‘
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Figure 7: FT-IR Spectrum of Chitosan Figure 8: FT-IR Spectrum of Sodium Alginate
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Figure 9: FTIR spectrum of betamethasone sodium

phosphate Figure 10: FTIR spectrum of physical mixture of

BSP, sodium alginate and chitosan

The large bands in the chitosan spectrum (Figure 7 at 3425 cm-1 and 3740 cm-1, respectively, represent the
amine and hydroxyl groups. The amide I band (the carbonyl group (C=0) stretching secondary amide) is shown
by the absorption band at 1643 cm-1, the amide II band (the N-acetylated residues) is visible at 1591 cm-1, and
the peak at 2854 cm-1 is the consequence of -OH stretching. The amide and ether bond N-H stretching and the
amide II band N-H stretching are responsible for the peaks at 1458 and 1380 cm-1, respectively. C-O-C
stretching and primary OH (the distinctive peak of —-CH2-OH in primary alcohol, C-O stretch) are shown by the
peaks at 1110 and 1018 cm-1. Bands at 1018 cm-1 (C-O-C stretching) in the alginate spectrum (Figure 8)
correspond to its saccharide structure. The asymmetric and symmetric stretching peaks of carboxylate salt
groups are responsible for the peaks at 1427 and 1458 cm-1. Furthermore, C=0O stretching and C-H stretching
(aliphatic) are responsible for maxima at 1735 and 2923 cm-1, respectively.

The wide band at 3417 cm-1 in the betamethasone sodium phosphate spectrum (Figure 9) represents free
hydroxyl groups, while the peak at 2941 cm-1 is caused by -OH stretching. The secondary hydroxyl group
(typical peak -CHOH in cyclic alcohols, C-O stretch) and primary -OH (typical peak -CH2-OH in primary
alcohol, C-O stretch) are responsible for the peaks at 1093 and 1042 cm-1, respectively. The asymmetrical and
symmetrical stretching of carboxylate salt groups is attributed to the 1606 and 1454 cm-1 bands.

The band at 3100 to 3500 cm-1 grows wide in the infrared spectra of the physical mixture of betamethasone
sodium phosphate with excipients (Figure 10), suggesting improved hydrogen bonding. Certain distinct peaks
associated with chitosan and alginate disappear or become weaker as a result of interactions including hydrogen
bonding and electrostatic interactions.

In vitro drug release profile

The bioavailability and in vitro drug release of BSP-loaded nanoparticles can both be impacted by their particle
size (Figure 11). Chitosan may absorb significant amounts of water due to its hydrophilic nature before
undergoing hydrolysis, erosion, and other types of breakdowns that release the therapeutic chemicals. According
to the findings of the release study, maximal drug release (67.08%) occurs in 12 hours for the formulation with
the highest drug concentration (BS5), compared to 6 hours for nearly 100% in vitro release for pure BSP. As a
result, it was discovered that the percentage release of free drug BSP was greater than that of combination BSP-
Alg-CS nanoparticles. It is possible that the cross-linked polymer will function as a barrier to the medium's
penetration, delaying the breakdown and diffusion of the drug ingredient into the medium, which would further
delay the drug release. Additionally, the composites' electrostatic connection enabled the drug to diffuse slowly
from the polymeric matrix, enabling the prolonged release. The drug has a regulated release profile because of
its enhanced diffusional distance and the surrounding polymeric network's obstructive properties.

In addition, increasing the BSP concentration from a low to a high level led to a higher percentage of drug
release during a 12-hour period, varying from 60.20% to 67.08%. A comparatively less quantity of polymer in
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the formulation may be the cause of the increased release rate and total amount released at 12 hours, since it
may prevent the medication from diffusing from the nanoparticles. Furthermore, every formulation
demonstrated a biphasic release pattern, which is defined by a quick release at first, followed by a longer-lasting
release. The presence of free drug in the nanosuspension and on the surfaces of the nanoparticles was thought
to be the cause of the first release of BSP. These results are consistent with past studies, which showed that
nifedipine was released from chitosan-alginate nanoparticles in a controlled and continuous way following an
initial burst. The burst release may be helpful in achieving a therapeutic concentration quickly. The therapeutic
concentration is then maintained via the continuous release. In addition to the medication dissolving in the
release medium, the particles expanding, and a minor degree of hydrolytic degradation/erosion of the CS matrix,
release is mostly driven by the API molecules diffusing out of the NPs.
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Figure 11: Influence of Betamethasone Sodium Phosphate (BSP) Concentration on the in Vitro Release
Profile from Chitosan-Alginate (CS-ALG) Nanoparticles

Optimization of the formulations

The ionotropic pregelation approach was determined to be appropriate for the manufacture of BSP
loaded ALG/CS nanoparticles based on the physicochemical parameters of the ALG/CS formulations as all
formulations developed in the form of nanoparticles with sustained-release features. Additionally, BS was
chosen as the best NP formulation for future research among all formulations due to its small particle size (110.7
nm), it is believed to enhance the ability of particles to penetrate through biological barriers. Additionally, B5
had the highest positive zeta potential (+26.9 mV), indicating robust mucoadhesion and good colloidal
stabilization of the NPs against clotting.

Conclusions

In this investigation, we illustrated a method for the synthesis of novel biodegradable nanoparticles containing
betamethasone sodium phosphate (BSP). These nanoparticles were loaded into cross-linked chitosan-alginate
matrices using the ionic gelation method, aiming to optimize therapy for osteoarthritis (OA). The synthesized
nanoparticles were thoroughly characterized for their suitability in biomedical applications. The use of
nanoparticles might offer a workable solution to the problems caused by fast dissolution of drug, which thereby
may provide less residence time, and ultimately reduced its therapeutic efficacy. The ionic gelation process was
utilised to successfully manufacture betamethasone sodium phosphate (BSP) loaded nanoparticles. The BSP-
loaded nanoparticles underwent in vitro drug release experiments, entrapment efficiency assessments, and
physicochemical characterisation. Compatibility between the drug and formulation components was shown by
Fourier-transform infrared (FTIR) spectrum analysis. Each formulation underwent extensive evaluations, which
included in vitro drug release assays, zeta potential measurement, drug content estimation, entrapment
efficiency evaluation, and particle size analysis. Formulation B5 was then found to be the best option as it met
all of the evaluation criteria and had the necessary qualities. The combined results demonstrated the safe and
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efficient release of BSP from B5 nanoparticles, highlighting their potential use in the management of common
and long-term diseases like osteoarthritis (OA).

PREPARATION OF NANOGEL BY COMBINATION OF NAPROXEN AND BETAMETHASONE
NANOPARTICLES

Materials and Methods

We purchased triethanolamine, glycerine, acetone, and carbopol 940 from Modern Science, Nashik. The
materials used were all obtained straight from the manufacturer, without further purification or inspection, and
were of analytical reagent (AR)/laboratory reagent (LR) quality or the highest possible grades(Samiraninezhad
et al. 2023).

Preparation of topical nanogel containing naproxen and BSP nanoparticles

The nanogel containing naproxen and BSP nanoparticles was prepared using membrane emulsification
technique. This process involves pressurizing the dispersed phase and delivering it into the steady state through
a microporous barrier to create droplets from two different, immiscible liquids. The process variables and
composition were established by a previously published procedure. In this study, the dispersed phase was taken
as the dispersion of naproxen NPs and BSP NPs in acetone, and is passes through the ceramic membrane, which
have uniform pore size (100-200 nm)(Ciurba et al. 2023). The required quantity of the naproxen NPs and BSP
NPs were added in acetone in a 1:1 ratio to give a final concentration of 1.0% of naproxen and BSP in the gel.
Emulsion droplets or microgels are generated on the membrane surface, and subsequently, the prepared
emulsion droplets or microgels are recovered as the continuous phase passes through the membrane. To achieve
this, a carbopol gel was prepared by dispersing the required amount of carbopol 940 (0.5% w/v) into a small
quantity of double-distilled water, left aside for 24 hours to achieve uniform swelling(Chettupalli et al. 2023).
This dispersion served as the continuous phase. The resulting emulsion droplets were obtained in an oil-in-water
(O/W) configuration, with the membrane pore size regulating the size of the prepared droplets and the
transmembrane pressure. Additionally, 5.0% glycerin was incorporated as a humectant, and the pH of the
nanogel was adjusted to approximate skin pH by adding a few drops of triethanolamine (0.05%). Furthermore,
the mixture was allowed to stand overnight to eliminate entrapped air and facilitate the conversion of polymer
cross-linking into a gel(Srividya et al. 2022).

Evaluation of Physicochemical properties of topical nanogel

Determination of pH

A digital pH metre (Electrolab, Bombay, India) was used to measure the topical nanogel's pH. One gramme of
the topical nanogel was added to a SOmillilitre beaker that already had 20 millilitres of filtered water before the
measurement was done. The topical nanogel was submerged in the pH metre electrode, and the pH reading was
noted(Afshar et al. 2024).

Homogeneity

Using a topical nanogel's visual examination, homogeneity research was conducted. The synthesised topical
nanogel was poured into vials of flint colour and submitted to ocular inspection to see if it was homogeneous
and if aggregates were present or not(Yang et al. 2023).

Determination of Spreadability & Extrudability

The spreadability and extrudability of the gel formulation were assessed in accordance with the described
protocol. To sum up, three sets of 1 g and 10 g of gel were used for spreadability and extrudability tests,
respectively. In order to do spreadability efficiency study on the gel formulations, the measured quantity of the
sample was deposited on one glass slide, and another glass slide was positioned over the gel, sandwiching the
sample between the two glass slides(Khan et al. 2022). The samples were then compressed between the top and
bottom glass slides with a 100 g weight to produce a consistent thin layer. The extra sample was taken out.
Furthermore, after being fastened with a 20 g weight, only the upper glass slide should be simple to remove; the
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second glass slide was firmly fastened to the platform with little to no harm(Srividya et al. 2022). Spreadability
was measured as the amount of time needed to move the top glass 7.50 cm across the thin sheet on the bottom
glass slide. In parallel, the extrudability of the generated gel compositions was estimated by measuring the
quantity of gel that extruded from collapsible tubes. Nanogel and conventional gel, two distinct gel
compositions, were weighed and placed into collapsible tubes. Extrudability (g cm—2) was then computed using
the weight (g) required to extrude a 1 cm ribbon of the formulations from the collapsible tubes(Raja et al. 2021).

Viscosity

Using a Brookfield Rheometer, the viscosity was determined (Brookfield, USA). Topical nanogel was added to
the sample container until it reached the designated mark. The spindle CCT-14 was connected to the Brookfield
Rheometer. The spindle was dipped into a sample container that had already been loaded with topical nanogel.
After that, a sample container was fastened to the device, and the viscosity of the topical nanogel was
determined(Hassan and Hasary 2023).

Pre-clinical Evaluation of nanogel

Animal Treatment

Male Sprague-Dawley (SD) rats, aged five weeks and weighing between 160-210 g, were obtained from the
University's animal house. They were housed in stainless steel cages at the Department of Pharmacology's
animal house, maintaining ambient conditions of temperature (25°C), light, and relative humidity (55 to
60%)(Nascimento et al. 2024). The rats were fed a conventional rodent diet from M/s. Golden Feeds, Mehrauli,
New Delhi, India, for the duration of the trials. Before the trial started, the animals spent more than seven days
becoming acclimated to conventional laboratory settings, which included 22 + 2 °C, 55 + 10% humidity, and a
12-hour light/dark cycle. Before the experiment began, the animals were given free reign to eat and drink for a
week as part of their acclimation phase. At the end of the trial, pentobarbitone (35 mg/kg body weight) was
injected intraperitoneally to induce anaesthesia and make it easier to draw blood from retroorbital veins. The
animals were observed every day for five days prior to the experiment, during which time their behaviour,
clinical symptoms, illness, and death were recorded. All animals were permitted to breathe on their own during
the procedure(Al-Hayder, Aledani, and Al-Mayyahi 2022).

Induction of osteoarthritis

Four sets of six SD rats each were created: sham, control, topical nanogel, and diclofenac. Monosodium
iodoacetate (MIA) (Sigma, USA) was dissolved in 0.9% saline to create a solution with a concentration of 40
mg/mL. After being put to sleep with 2% isoflurane, the rats were given an intracapsular injection of the MIA
solution (50 pL) via the infrapatellar ligament into the knee joint. This procedure was done under the published
literature's guidelines for inducing experimental osteoarthritis (OA) in rats. The identical injection process was
performed in a sham group, but 50 uL of regular saline solution was used instead(Ilyas et al. 2020).

Interventions

Four groups of rats were randomly assigned one week after OA induction: an untreated sham OA group, an
active control group that received 0.4 g of diclofenac 1% gel daily for three weeks, and experimental groups
that received topical 1% nano gel at standardized daily doses that were comparable to the active comparator.
An inert vehicle gel weighing 1 g/kg was applied topically to the sham group(Al-Mukhtar, Deleme, and
Khudhur 2023).

Study Outcome measurements

We assessed the anti-inflammatory efficacy across all animal groups at the end of the three-week treatment
period. Serum levels of two inflammatory cytokines, interleukins and tumour necrosis factor-alpha (TNF-a),
were measured as part of this evaluation. Joint mobility, motor function, and movement-induced discomfort
were all assessed as part of the study(Sléglova 2023). Using the accelerating rotarod apparatus (Ugo Basile,
Varese, Italy, Model 7750), this assessment was carried out once a week in compliance with the protocol
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described by earlier research. In addition, we kept track of the animals' body weight for the whole trial(Brumat
et al. 2022).

Progression of OA and Hind Paw Weight-Bearing "Distribution

All rats were allowed to roam around in their cages on days 0, 7, 14, and 21 after the test material was
administered. Their gait patterns, including any indications of disruption, and the swelling in their knee joints
were carefully evaluated. The arthritis index (Al) score was calculated by classifying the degree of swelling and
limping into four categories: mild (1), moderate (2), severe (3), and no change (0) [233,234]. The same qualified
assessor, who was not aware of the treatment assignments, performed the evaluations for the duration of the
trial(Aso et al. 2022).

Following the onset of osteoarthritis (OA), an imbalance in the hind paws' capacity to support body weight was
observed. Rats were carefully placed in a measuring chamber fitted with a capacitance metre tester (IITC Life
Science, Woodland Hills, CA, USA) in order to measure changes in weight-bearing tolerance(Li et al. 2020).

Every hind limb's force was averaged during a ten-second period. Weight distribution of left hind paw = weight
on left hind limb / (weight on right hind limb + weight on left hind limb) % 100 is the formula used to compute
the percentage of weight distribution on the left hind paw(Hsieh et al. 2023).

Molecular biomarkers using Serum for OA Induced Model

To allow for clotting, blood samples were taken from the abdomen vein and kept undisturbed for 30 minutes.
After that, the serum was removed by centrifugation for 10 minutes at 4000 rpm, and it was kept for further
examination at -70 °C. The Premixed Multi-Analyte Kit from Thermofisher Scientific, USA, was used in
combination with Invitrogen-Rat ELISA Kits to determine the amounts of IL-1p, IL-6, and TNF-a. Using a
Luminex MAGPIX analyzer (Luminex Co., Austin, USA), the acquired data were examined following the
guidelines supplied by the manufacturers for each multiplex test(Y. M. Lee et al. 2023).

Screening of anti-inflammatory activity of nanogel using paw edema

Our model of MIA-induced arthritis served as a useful tool for assessing the topical gel formulation's
effectiveness. Following a week of acclimatisation in the animal housing facility, 24 rats were divided into four
groups (n = 6) at random and placed into individual housing. Below is the breakdown of the groups: 0.2 cc of
paraffin oil was injected into the right hind paw's sub-planter area every four days for a total of twelve days in
Group I, which was assigned as the vehicle control(J. A. Lee et al. 2023). The arthritic control group was
represented by Group I, the conventional test group by Group III, and the experimental group by Group IV.
Every four days for a duration of twelve days, the sub-planter region of the right hind paw was injected
subcutaneously with 0.2 ml of Complete Freund's Adjuvant, which is made up of powdered mycobacterium
cells that have been heat-killed and suspended in liquid paraffin, into the remaining three groups (Groups II to
IV). Using a digital scale and plethysmograph, data on body weight and rat paw volume were acquired before
and after the research period on days 0, 5, 9, and 12. Treatment was started on day 13 with different formulations
and maintained topically for the next two weeks. Days 17, 22, and 27 of the treatment periods were used to
measure the body weight and rat paw volume of the test and control groups(Gharat, Basudkar, and Momin
2024).

Assessment of skin tolerance

The rats were divided into pairs, each consisting of four creatures. An animal hair clipper measuring 0.1 mm
was used to cut the hair on their backs. After that, their skin was washed and shaved three- or four-times using
cotton soaked in saline. Every animal was kept separately in a cage with unrestricted access to food and water.
Topical nanogel was applied to one pair of animals, and conventional gel was applied to the other pair. For a
duration of two weeks, each pair received the corresponding formulations at a dose of one gramme
daily(Donaldson et al. 2020). Every day checks were performed to keep an eye out for any changes to the skin.
Using cloth soaked in saline, any formula left on the skin was carefully cleansed at the conclusion of the
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treatment session. A scoring system was used to assess the skin surface and look for indications of erythema or
edoema. The values for erythema (0, no erythema; 1, slight; 2, well defined; 3, moderate; 4, scar formation) and
edoema (0, no edoema; 1, slight; 2, well defined; 3, moderate; 4, severe) were incorporated in this system. At
last, an analysis was conducted on the data gathered from these evaluations(Mendoza and Rodriguez 2022).

Statistical analysis

The data were subjected to statistical analysis utilizing the SPSS statistics program version 15.0 (SPSS, Chicago,
IL, USA). The data was shown as means plus or minus standard deviation. One-way analysis of variance was
used to statistically evaluate quantitative differences between values, and for numerous intergroup comparisons,
Tukey or Dunnett post hoc tests were used. Two dependent groups were compared using paired sample t-tests.
P-values less than 0.05 were regarded as statistically meaningful(Zemankova et al. 2023).

Results & Discussion
Determination of pH

pH was observed as 6.63 + 0.34 (Table 1). The pH of topical nanogel should be in between 5.5 to 7.0 to avoid
tendency of irritation when applied to skin. Therefore, the formulated nanogel possess desired pH and could be
suitable for applying over skin.

Homogeneity

The uniformity of the topical nanogel formulation was examined following its filling into flint-colored glass
containers. This assessment aimed to ensure homogeneity by checking for the presence of any aggregates. The
prepared topical nanogel formulation demonstrated homogeneity, as no aggregates were detected.

Spread ability and extrudability

Spreadability was used to evaluate the topical nanogel compositions' ability to spread. Important factors
affecting the even dispersion and patient compliance of gel compositions include spreadability and extrudability.
The nanogel exhibited a spreadability of 65.67 = 3.77 gm.cm/s and an extrudability of 103.16 + 3.83 gm/cm2
(Table 1). Therefore, the prepared topical nanogel formulation showed good consistency and spread ability.

Viscosity

The viscosity of topical nanogel formulation was found as 108.6 £ 5.43 cp (Table 1). Viscosity is essential for
the effective distribution of gels, emulsions, and solutions as well as their stable manufacture. The study reveals
that, the prepared topical nanogel formulation possess desired viscosity with consistency.

Table 1: Data reflects the nanogel evaluation and its average values.

Nanogel
Parameters
I 1I 11T Average = SD
Colour Creamy Creamy Creamy Creamy

Appearance Translucent Translucent Translucent Translucent
Homogeneity Good Good Good Good

pH 6.87 6.24 6.77 6.63 +0.34
Spreadability 65.52 69.51 61.97 65.67+3.77
(gm.cm/sec)
Extrudability 107.41 102.11 99.96 103.16 + 3.83
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(gm/cm?)
Viscosity (cp) 102.4 110.9 112.5 108.6 £5.43

Body weight measurements

The study monitored the rat body weight in the experimental groups both prior to and following the initiation
of the treatment protocol. This information is detailed in Table 2. It was observed that the test groups
experienced a decrease in body weight after the onset of the disease. Conversely, the normal control group
exhibited weight gain after the commencement of treatment. Notably, the arthritic control group displayed a
reduction in body weight. This outcome could potentially be linked to abnormal metabolic processes.

Table 2: Effect of treatment on body weight of animals

Body weight (g) Weight
Groups
Initial 12 days 17th day 22nd day 27th day gain (g)
Normal Control 147.1+ 0.55 1?93"3& 166.5+£0.75 | 171.3£1.22 | 182.2+0.36 305612i
Arthritic Control | 1614047 | 1203% | 15174066 | 148.10.35 | 141.4+055 | 2%1*
0.25 0.22
1% diclofenac gel | 160.4+ 0.25 lgls';i 165.8£0.29 | 167.5£0.16 | 168.6+0.12 2?6:
Novel Nanogel 164.7 + 9.6+
formulation 161.5+0.47 0.32 169.4+040 | 170.1+0.21 | 171.1£0.15 0.32

Evaluation of joint pain, mobility, and motor coordination

Rats utilising the rotarod apparatus showed a much shorter rotation duration when osteoarthritis (OA) was
induced by intra-articular injection of MIA (Table 3). It is most likely due to actively inflamed, swollen, stiff,
and painful joints since this reduction shows a deterioration in joint motor function, mobility, and the capacity
to maintain balance on the revolving spindle. Comparing the newly produced nanogel formulation group to the
untreated OA group, the latter group's duration on the rotarod device in seconds demonstrated a significant
decrease in mobility throughout the course of the full trial period (Table 3). The osteoarthritis group, on the
other hand, continuously demonstrated a significantly lower rotarod delay than the sham control group during
the course of the 4-week investigation. Compared to the osteoarthritis control group, rats treated with diclofenac
gel showed a notable increase in rotarod latency after three weeks of administration, whereas the novel nanogel
formulation demonstrated a significant increase in the amount of time rats could stay on the rotarod after two
weeks of treatment (Table 3). This implies that in these therapy groups, there was an improvement in joint
mobility, motor function, and decreased pain related to movement (better analgesia) in our arthritic model.
Furthermore, only three weeks into therapy did the diclofenac gel-treated actively compared group exhibit a
statistically significant extension in rotation length.

Table 3: Effect of novel nanogel on motor activity. Data represent the mean + SEM of eight animals.

Rotarod latency (s)
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. 1% week post- 2" week post- 34 week post-
Groups Baseline treatment treatment treatment
Sham 260.9° + 4.57 251.4*+10.09 236.2°+11.88 256.9% + 6.82
Osteoarthritis 186.4" £ 4.09 163.5' £ 10.5 151,20+ 10.02 148.19 % 10.10
control
1% diclofenac gel 190.9* = 4.25 208.6 £5.10 229.2 +£2.67 242.7° £ 4.14
Novel Nanogel |04 ¢a (4 1 193.5+ 6.25 1983+ 7.16 2212+ 6.09
formulation

ap < 0.05 indicates significant differences as compared with the sham control group;®r < 0.05 versus
osteoarthritis group

Impact of a Novel Nanogel on the Weight-Bearing Distribution of the Hind Paw in Rats with MIA-
Induced Osteoarthritis for 21 Days

Using an in-capacitance tester, we measured the ratio of weight distribution between the left (MIA-injected)
and right (healthy) limbs on days 0, 7, 14, and 21 in order to determine the evolution of OA in the hind paw.
The weight distribution ratio of the MIA-treated group was significantly lower than that of the control group on
day 7, and this difference persisted until day 21 (p < 0.01) (Table 4).

On the other hand, the results showed that the recently developed nanogel greatly reduced discomfort and
improved the ability to support weight.

Table 4: MIA-induced osteoarthritis in rats, the impact of the innovative nanogel formulation on hind paw
weight-bearing distribution was evaluated over a 21-day period

Weight Bearing Distribution (%)
Treatment
Day 0 Day 7 Day 14 Day 21
Sham 51.51+0.95 50.52 +0.50 53.25+0.82 4922 +0.55
Osteoarthritis control 3525+ 1.56 % 30.25+235# 3345+ 131% 35.66 +1.02 #
1% diclofenac gel 30.55+3.65 36.98 +2.43 39.55+1.29 43.79 £2.02 *
Novel Nanogel 31.46+2.27 37.05 +2.55 * 40.25 + 1.50 * 42.88 +0.96 *
formulation

The data are presented as mean £ SEM (n = 6/group). * p < 0.05, ** p < 0.01, compared to the MIA-induced
control group; ## p < 0.01, compared to the non-MIA-induced control group.

Activity of nanogel formulation gel on Arthritis Index (Al) for 21 Days in MIA-Induced Osteoarthritis

We observed all the animals once a week in order to look for general signs of OA, such as oedema and limping
(Table 5). Compared to the other groups, the MIA-treated group had a higher arthritis index (AI) score, which
includes both swelling and limping. The MIA-treated group's Al score steadily dropped over time (see Table
2). When compared to the MIA-treated group, rats treated with 1% diclofenac gel showed noticeably worse Al
scores starting on day 14. Furthermore, the results showed a significant decline in Al scores after day 21, with
the values eventually approaching those of the positive control, diclofenac. We therefore verified that the topical
administration of the new nanogel formulation significantly reduced the higher Al scores associated with OA.

Table 5: Effects of novel nanogel formulation on arthritis index (Al)
| Treatment | Arthritis Index (A |
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Day 0 Day 7 Day 14 Day 21
Sham 0.00 0.00 0.00 0.00
Osteoarthritis control 2.05+£0.31% 2.01+0.15% 1.65 +0.04 * 1.41+£0.21%
1% diclofenac gel 1.95+0.19 1.59+£0.33 1.06 £0.07 ** 0.69 +£0.25 **
Novel Nanogel formulation 2.02£0.15 1.68 £0.14 1.20 £ 0.22 ** 0.92 £0.10 **

The presented data are expressed as mean + SEM (n = 8/group). ** p <0.01, indicating a significant difference
compared to the MIA-induced control group; ## p < 0.01, indicating a significant difference compared to the
non-MIA-induced control group

Role on Inflammatory Cytokines in MIA-Induced Rat Model

After serum was extracted from blood samples in every experimental group, the levels of inflammatory
cytokines in the serum were measured. Compared to the control group, rats treated topically with the recently
created nanogel showed a substantial decrease in IL-1B, IL-6, and TNF-a concentrations, suggesting a dose-
dependent impact. Interestingly, the nanogel showed a notable decrease in cytokine levels that was on par with
the positive control group

that received 1% diclofenac gel treatment (Figure 1.).
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Figure 1. Effect of novel formulated nanogel on the inhibitory effects on serum inflammatory cytokine levels
in monosodium iodoacetate (MIA) rats. All the experimental rats were topically administered the nanogel for
21 days, ** p <0.01 vs. control, *** p <0.001 vs. control by one-way ANOVA, Dunnett’s test.

In Vivo Skin Safety Study

For both the nanogel and the traditional gel, we performed in vivo skin safety evaluations, paying particular
attention to possible skin irritation at the application site. Both formulations scored 0 after two weeks, meaning
there were no symptoms of discomfort. Interestingly, there was no sign of erythema or edoema development.
These findings demonstrate the improved safety profile of the optimised nanogel as a topical medication
delivery method. This implies that when it comes to skin safety, the nanogel is a better option than the traditional
gel.

Paw volume measurement

Rat paw volumes were measured on the 17th, 22nd, and 27th days after the topical administration of nanogel
from the 13th to the 27th day. The changes in paw volume were measured using a plethysmometer. Rat paw
volume increased significantly in the arthritic control group but decreased significantly in the test group
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following the start of the treatment regimen. Table 6 displays the information assessing anti-arthritic activity by
measuring paw volume. Paw volume rose from 0.24 £ 0.11 to 0.83 + 0.08 (245%) in the arthritic control group.
The paw volume for the nanogel group dropped from 0.49 +0.04 on day 12 after induction to 0.26+ 0.09 on
day 27. In contrast, the positive control diclofenac gel exhibited a significant reduction in paw volume,
measuring 0.47 +0.06 on day 12 and 0.28 £ 0.05 on day 27, respectively. These results affirm the effectiveness
of the nanogel formulation in reducing paw volume to levels similar to diclofenac gel, indicating its comparable
efficacy. This outcome can be attributed to the novel nanogel formulations that significantly penetrated the skin
compared to the conventional drug gel.

Table 6: Anti-arthritic activity of novel nanogel.

Paw volume (ml)
Before
Groups Treatment After Treatment

Initial After 12 days 17th day 22nd day 27th day
Sham 0.21+0.02 0.21+0.01 0.21+0.04 0.21+0.05 0.21+0.03
Osteoarthritis control 0.24+0.11 0.46+0.02 0.57+0.04 0.71+£0.03 0.83+£0.08
1% diclofenac gel 0.21+0.03 0.47+0.06 0.41+0.07 0.36+0.05 0.28 £0.05
Novel Nanogel 0.22+0.04 049+0.04 | 042+0.11 | 032£0.01 | 0.26+0.09

formulation
Conclusions

In conclusion, the comprehensive evaluation of our study provides potential therapeutic benefits of the newly
developed nanogel formulation in the context of MIA-induced osteoarthritis in rats. The key findings and
implications can be summarized as follows: The experimental groups exhibited distinct patterns of body weight
changes. Notably, the arthritic control group showed a decrease in body weight, possibly linked to abnormal
metabolic processes during arthritic conditions, including insulin resistance. In contrast, the normal control
group demonstrated weight gain after treatment initiation, highlighting the significance of our treatment
interventions. The induction of osteoarthritis led to a decline in joint motor function, mobility, and balance, as
evidenced by reduced rotarod performance. However, the novel nanogel formulation consistently improved
joint mobility and motor coordination, with significant enhancements observed after just 2 weeks of treatment.
This improvement was comparable to diclofenac gel, suggesting the efficacy of our nanogel in alleviating pain
and enhancing mobility associated with osteoarthritis. The data showed that the MIA-induced group exhibited
a lower weight distribution ratio compared to the normal control group, indicating reduced weight-bearing
capacity due to osteoarthritis. However, the newly formulated nanogel significantly alleviated pain and
improved weight-bearing abilities. The arthritis index scores, encompassing swelling and limping, were notably
higher in the MIA-induced group initially. The nanogel formulation consistently reduced Al scores, with
significant improvements observed after 14 days, comparable to diclofenac gel. This suggests that our nanogel
effectively mitigated the symptoms associated with osteoarthritis. Cytokines level such as IL-1p, IL-6, and TNF-
a were significantly reduced in rats treated with the nanogel, demonstrating a dose-dependent effect. These
reductions were comparable to the positive control group treated with diclofenac gel, indicating the anti-
inflammatory potential of the nanogel. In-vivo skin safety assessments revealed that both the nanogel and
conventional gel formulations were well-tolerated, with no signs of irritation, edema, or erythema. This
highlights the superior safety profile of the nanogel for topical application. The nanogel formulation
demonstrated a significant reduction in paw volume, similar to the effect observed with diclofenac gel. This
indicates the nanogel's effectiveness in reducing inflammation and swelling associated with arthritis, potentially
due to its superior skin penetration properties.

In summary, our study provides compelling evidence that the novel nanogel formulation offers a promising
therapeutic approach for the management of osteoarthritis in rats. It effectively improved joint mobility, reduced
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pain, mitigated inflammation, and demonstrated excellent skin safety. These findings suggest that the nanogel
formulation could be a valuable candidate for further development as a topical treatment option for osteoarthritis
in humans, potentially offering advantages over conventional gel formulations. Further research and clinical
trials are warranted to explore its full therapeutic potential and safety in human subjects.
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