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Abstract:

Naproxen is a widely prescribed non-steroidal anti-inflammatory drug (NSAID)
belonging to Biopharmaceutical Classification System (BCS) Class II, exhibiting high
permeability but poor aqueous solubility, which limits its dissolution rate and oral
bioavailability. The present study aimed to develop, optimize, and evaluate amorphous
solid dispersions (ASDs) of naproxen using hydrophilic polymers to improve its
solubility and dissolution characteristics. Preformulation studies including melting
point determination, Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy,
differential scanning calorimetry (DSC), powder X-ray diffraction (PXRD), UV
spectrophotometric analysis, and solubility studies confirmed the identity, purity, and
crystalline nature of naproxen. ASDs were prepared by the solvent evaporation method
using PVP K30, PEG 6000, HPMC E5, and Poloxamer 188 individually and in
combinations. Preliminary screening demonstrated that PVP K30 exhibited the highest
solubility enhancement, while the combination of PVP K30 and PEG 6000 showed
synergistic improvement. Formulation variables were optimized using response surface
methodology (RSM) based on a factorial design with polymer concentration and ethanol
volume as independent variables. The optimized formulation (F6) exhibited a
production yield of 95.40%, drug content of 86.23%, and 95.68% cumulative drug release
within 60 minutes. FTIR and DSC analyses confirmed the absence of significant drug-—
polymer interactions and indicated successful formation of the ASDs. The optimized
dispersion was compressed into tablets that demonstrated acceptable pre- and post-
compression characteristics, including hardness, friability, weight variation, and drug
content. The tablet formulation released 96.23% of drug within 60 minutes and followed
the Korsmeyer-Peppas kinetic model, suggesting anomalous drug release behavior.
Accelerated stability studies conducted for three months revealed no significant changes
in physicochemical properties or dissolution profile. The findings demonstrate that the
developed ASDs tablet effectively enhances the solubility and dissolution of naproxen
and represents a promising strategy for improving its oral bioavailability.
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1. Introduction

Naproxen is a widely used non-steroidal anti-inflammatory drug (NSAID) belonging to the propionic
acid class and is extensively prescribed for rheumatoid arthritis, osteoarthritis, ankylosing spondylitis, acute
musculoskeletal disorders, dysmenorrhea, gout, and various inflammatory conditions. It exerts its
pharmacological action by inhibiting cyclooxygenase (COX) enzymes, thereby reducing the synthesis of
prostaglandins responsible for pain, inflammation, and fever. Owing to its potent anti-inflammatory and
analgesic activities, naproxen is one of the most frequently prescribed oral NSAIDs. However, its therapeutic
effectiveness is often limited by poor aqueous solubility, which restricts its dissolution in gastrointestinal fluids
and consequently delays drug absorption following oral administration [1-3].

According to the Biopharmaceutics Classification System (BCS), naproxen is classified as a Class II
drug, characterized by high permeability and low aqueous solubility. The dissolution rate is the primary factor
governing oral absorption and bioavailability of BCS Class II drugs. Inadequate dissolution results in a delayed
onset of therapeutic action, variable plasma drug concentrations, and inconsistent clinical efficacy. Therefore,
enhancing the dissolution characteristics of poorly water-soluble drugs has become an important objective in

modern pharmaceutical formulation research to achieve improved bioavailability and therapeutic performance.
[4,5].

Several formulation approaches have been explored to overcome the poor solubility of hydrophobic
drugs in water. These include particle size reduction, crystal engineering, inclusion complex formation, lipid-
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based drug delivery systems, nanotechnology-based formulations, co-crystals, self-emulsifying systems, and
amorphous solid dispersion (ASDs) technology. Among these strategies, ASDs have emerged as one of the most
effective and commercially successful techniques for improving the apparent solubility and dissolution rates of
poorly soluble drug molecules. In this approach, the drug is dispersed within a polymeric carrier in an
amorphous or molecularly dispersed state, leading to reduced crystallinity, increased surface area, enhanced
wettability, and improved dissolution. The conversion of a crystalline drug into an amorphous form also
increases its free energy, thereby facilitating its rapid dissolution in biological fluids.

The performance of ASDs is strongly influenced by the selection of suitable hydrophilic carriers and
preparation method. Hydrophilic polymers are widely employed because they improve the wetting of drug
particles, inhibit recrystallization, stabilize the amorphous form during storage, and maintain supersaturation
after dissolution [6,7]. Similarly, the manufacturing technique plays a critical role in determining the
physicochemical characteristics and stability of the ASDs. Various preparation methods, including solvent
evaporation, melting, spray drying, hot-melt extrusion, freeze drying, and supercritical fluid processing, have
been investigated for the development of ASDs, each offering specific advantages depending on the
physicochemical properties of the drug and carrier used.

The quality and performance of pharmaceutical formulations can be further enhanced through
systematic optimization using a statistical experimental design. Response Surface Methodology (RSM) and
Design of Experiments (DoE) are efficient tools for evaluating the influence of formulation and process
variables, minimizing experimental trials, and identifying optimal formulation conditions [8-10]. In addition,
comprehensive physicochemical characterization and dissolution studies are essential for understanding drug-
carrier interactions, solid-state properties, formulation performance and stability during storage.

Therefore, the present study aimed to develop, optimize, and evaluate amorphous ASDs tablets of
naproxen to improve its solubility and dissolution characteristics. This study also aimed to optimize the
formulation using an appropriate statistical design and comprehensively characterize the developed
formulation to establish an effective oral dosage system with enhanced pharmaceutical performance.

2. Materials and Methods
2.1 Materials
2.1.1 Chemicals and Reagents

Naproxen was used as the active pharmaceutical ingredient in the present investigation. Hydrophilic
polymers, such as Polyvinylpyrrolidone K30 (PVP K30), Polyethylene Glycol 6000 (PEG 6000), Hydroxypropyl
Methylcellulose (HPMC E5), and poloxamer 188, were used as carriers for the preparation of ASDs. Ethanol
was employed as a solvent for the solvent evaporation method because of its ability to dissolve both drugs and
polymers effectively. Distilled water and buffer solutions of pH 1.2, 6.8, and 7.4 were used for solubility studies,
calibration curve preparation, and dissolution studies, respectively. Potassium bromide (KBr) was used for
Fourier-transform infrared (FTIR) spectroscopy, and liquid paraffin was used for melting point determination.
All chemicals and reagents used in this study were of analytical grade and used as received without further
purification.

2.1.2 Instruments and Apparatus

The instruments used in the study included a UV-visible spectrophotometer (Shimadzu UV-1800PC,
Japan) for analytical measurements and calibration studies, and an FTIR spectrophotometer (Shimadzu 8400S,
Japan) for drug identification and compatibility studies. Differential Scanning Calorimetry (DSC) was
performed using a Mettler DSC 1 Star System (Mettler-Toledo, Switzerland) to study the thermal behavior.
Powder X-ray diffraction analysis was performed using an X-ray diffractometer with a Cu target. A motorized
pellet press (Kimaya Engineers, India) was used to prepare the KBr pellets.
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Additional apparatus included an orbital shaking incubator for solubility studies, dissolution
apparatus (USP Type II) for in vitro drug release studies, vacuum oven for drying ASDs, and water bath for
solvent evaporation. Other common laboratory equipment, such as an analytical balance, pH meter, sonicator,
funnel, graduated cylinders, and glassware, were used throughout the study.

2.2 Methods
2.2.1 Preformulation study

Preformulation studies are the first and most important step in the development of pharmaceutical
formulations. They involve the evaluation of the physicochemical properties of the drug alone and in
combination with excipients to support the development of stable and effective dosage forms.

Identification and Confirmation of Drug

Drug identification and confirmation were performed by determining the melting point using the
capillary method, followed by characterization using differential scanning calorimetry (DSC), Fourier-
transform infrared (FTIR) spectroscopy, and Powder X-ray Diffraction (P-XRD) analysis.

Melting Point Method

The melting point of the drug was determined as an initial step to verify its identity and to assess its
purity. A small quantity of the drug was packed into a capillary tube sealed at one end, which was then secured
alongside a thermometer and immersed in a liquid-paraffin bath. The sample was heated gradually, and the
temperatures corresponding to the beginning and completion of melting were recorded as the melting point
range [11,12].

FTIR Spectroscopy

FTIR spectroscopy was performed to confirm the identity of the drug and to identify its characteristic
functional groups. The drug sample was finely powdered and uniformly blended with potassium bromide
(KBr) at a ratio of 1:100 ( w/w). The mixture was compressed into transparent pellets using a motorized pellet
press (Kimaya Engineers, India) under a pressure of 10-12 metric tonnes. The prepared pellets were analyzed
over a spectral range of 4000-400 cm™ using an FTIR spectrometer (Shimadzu 8400S, Japan), and the
corresponding infrared spectra were recorded [13-15].

DSC

DSC was performed to evaluate the thermal behavior and confirm the crystalline nature of the drug.
An accurately weighed sample of naproxen was placed in a perforated aluminum pan and analyzed using a
DSC instrument (Mettler DSC 1 Star System, Mettler-Toledo, Switzerland). The sample was heated from 30 to
350°C at a constant heating rate of 10°C/min under a nitrogen atmosphere maintained at a flow rate of 20
mL/min, and the resulting thermogram was recorded [16,17].

XRD

P-XRD analysis was performed to investigate the crystalline characteristics of the drugs. The diffraction
pattern was recorded using an X-ray diffractometer equipped with a copper (Cu) target operated at 40 kV. The
sample was scanned over a diffraction angle (20) range of 10°-50° at a scanning rate of 3°/min, and the obtained
diffractogram was used to assess the crystallinity of the drug [18,19].

2.2.2 Analytical methods
Standard Calibration Curves

Standard calibration curves of naproxen were established in ethanol, pH 1.2 buffer, pH 6.8 buffer, and
pH 7.4 buffer using UV-visible spectrophotometry. A stock solution containing 100 mg of naproxen was
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prepared by initially dissolving the drug in 5 mL of the respective medium and making up the volume to 100
mL with the same solvent. Appropriate serial dilutions were prepared to obtain concentration ranges of 5-30
pg/mL in ethanol, 10-40 ug/mL in pH 1.2 buffer, 5-30 pug/mL in pH 6.8 buffer, and 2-20 pg/mL in pH 7.4 buffer.
Each solution was scanned to determine the maximum absorption wavelength (Amax), which was observed at
271 nm in all the media. The absorbance of the prepared dilutions was measured at 271 nm, and calibration
plots were constructed by plotting the concentration against the absorbance in accordance with Beer-Lambert's
law. The resulting standard calibration curves were subsequently employed for the quantitative estimation of
naproxen during in vitro dissolution studies [20-23].

2.2.3 Solubility Determination

The equilibrium solubility of naproxen was determined in ethanol, distilled water, and buffers at pH
1.2, 6.8, and 7.4 to evaluate its solubility profile. An excess amount of drug was added to 10 mL of each medium
in sealed glass vials and shaken in an orbital incubator at 37 + 0.5°C for 24 h, followed by equilibration at the
same temperature for an additional 12 h. The saturated solutions were filtered through a 0.45 um membrane
filter, and the drug concentration in the filtrate was quantified by UV-visible spectrophotometry at 271 nm
using the corresponding calibration curve. The solubility of naproxen in each medium was calculated [22,24].

2.2.4 Preformulation Drug—Polymer Compatibility Assessment

Drug—polymer compatibility was evaluated using FT-IR spectroscopy and DSC. FTIR analysis was
performed on the pure drug, individual excipients, and their physical mixture by preparing potassium bromide
(KBr) pellets in a 1:100 (sample, w/w) ratio. The pellets were compressed under 10-12 metric tons of pressure
using a motorized pellet press (Kimaya Engineers, India) and scanned over the spectral range of 4000—400 cm™!
using an FTIR spectrometer (Shimadzu 8400S, Japan) to detect any possible drug—excipient interactions [13-15].
Thermal compatibility was further assessed by DSC using a Mettler DSC 1 Star System (Mettler-Toledo,
Switzerland). Accurately weighed samples of the drug, excipients, and their physical mixtures were sealed in
perforated aluminum pans and heated from 30 to 350°C at a rate of 10°C/min under a nitrogen atmosphere
maintained at a flow rate of 20 mL/min. The obtained thermograms were compared to identify any changes in
the thermal behavior that were indicative of incompatibility [16,17].

2.2.5 Screening of Polymers for each method
Selection of method for the formulation of ASDs

The solvent evaporation technique was selected for the preparation of ASDs because of its simplicity,
ease of scale-up, and ability to achieve efficient solvent removal with a high product recovery. This method also
facilitates the uniform dispersion of the drug within the polymeric matrix, making it suitable for the
development of stable ASDs.

2.2.6 Primary Studies
Selection of polymers for the formulation of binary, ternary and quaternary ASDs

The selection of suitable hydrophilic polymers is a critical step in developing ASDs, as polymer
characteristics and drug-to-polymer ratios significantly influence drug solubility, stability, and overall
formulation performance (25,26). Based on literature reports, PVP K30, PEG 6000, HPMC E5, and Poloxamer
188 were selected as the carrier polymers for screening. Binary ASDs of Naproxen with each polymer were
initially prepared using the solvent evaporation method to identify the most effective carriers for solubility
enhancement. The selected polymers were subsequently employed to formulate ternary and quaternary ASDs.
The compositions of the prepared formulations are presented in Table 1.

Table 1. ASDs of drug for screening of polymer

Batch Code Polymer Drug: Polymer ratio Preparation Technique
1 PVPK30 1:1 Solvent Evaporation Method
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2 PVPK30 1:3
3 PVPK30 1:5
4 HPMC E5 1:1
5 HPMC E5 1:3
6 HPMC E5 1:5
7 PEG6000 1:1
8 PEG6000 1:3
9 PEG6000 1:5
10 Poloxamer 188 1:1
11 Poloxamer 188 1:3
12 Poloxamer 188 1:5
13 PVPK30/PEG6000 1:1:1
14 HPMC E5/PEG6000 1:1:1
15 PVPK30/HPMCE5 1:1:1

2.2.7 Preparation of ASDs of drug using different concentrations of each polymer
Solvent evaporation

ASDs were prepared using a solvent evaporation technique. The required amount of naproxen was
dissolved in ethanol, after which the selected polymer was gradually incorporated with continuous stirring to
obtain a uniform solution. The solvent was evaporated in a water bath until a solid mass was formed, which
was subsequently dried in a vacuum oven to remove any residual solvent. The dried product was pulverized,
passed through an appropriate sieve, and stored in an airtight container in a desiccator until further
characterization was performed.

2.2.8 Evaluation of ASDs
Phase solubility study

Phase solubility studies were performed according to the method described by Higuchi and Connors
[27,28]. An excess amount of naproxen was added to 20 mL of aqueous polymer solutions containing 0.5-4.0%
(w/v) polymer in sealed 25 mL conical flasks. The mixtures were shaken at 100 rpm in an orbital shaker
maintained at 37°C for 24 h to attain equilibrium. After equilibration, the suspensions were allowed to settle,
and the supernatants were filtered through Whatman Grade 1 filter paper. The filtrates were analyzed at 271
nm using a UV-visible spectrophotometer to determine the concentration of the dissolved drug. All
experiments were performed in triplicate, and the results are expressed as mean values.

Saturation solubility study

The saturation solubilities of pure naproxen, physical mixtures, and ASDs were determined in distilled
water, pH 1.2 buffer, and pH 6.8 buffer. An excess amount of each sample was dispersed in 20 mL of the
respective medium in 25 mL conical flasks, sonicated for 10 min, and shaken at 37 + 0.5°C for 24 h in an orbital
shaker. The suspensions were then allowed to equilibrate at the same temperature, followed by filtration
through a Whatman Grade 1 filter paper. The concentration of the dissolved drug in the filtrate was determined
at 271 nm using a UV-visible spectrophotometer (UV-1800PC, Shimadzu, Japan). All experiments were
performed in triplicate, and the mean solubility values were calculated [29-31].

2.2.9 Optimization by Factorial Design

The formulation of Naproxen ASDs was optimized using Response Surface Methodology (RSM) with
a two-factor experimental design implemented in Design-Expert® software (Version 10.0.3.1, Stat-Ease Inc.,
USA) [32-34]. The design was employed to evaluate the individual and interactive effects of the formulation
variables while minimizing the number of experiments. The amount of polymer (X;) and the volume of ethanol
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(X2) were selected as the independent variables based on preliminary investigations, whereas all other
formulation and processing conditions were kept constant. Thirteen experimental formulations (F1-F13) were
generated according to the design matrix and evaluated for drug content (%) (Y1) and cumulative drug release
at 60 min (%) (Y2). The experimental data were fitted to a second-order polynomial model, and the generated
equations were used to analyze the effects of the independent variables and identify the optimized formulation.

2.2.10 Optimization data analysis and model-validation

The experimental data obtained from the factorial design were analyzed using the Design-Expert®
software (Version 10.0.3.1, Stat-Ease Inc., USA). Analysis of variance (ANOVA) was performed to evaluate the
significance and adequacy of the developed polynomial model [9,35]. The relationship between the
independent variables and measured responses was described using a second-order polynomial equation:

Y =b0+ b1X1 + b2X2 + b12X1X2 + b11X12 + b22X22 -------mmmmemmm - 2)

where Y represents the predicted response, by is the intercept, b; and b; are the coefficients of the linear
terms, by, is the interaction coefficient, and by; and b,, are quadratic coefficients. X; and X, denote the coded
levels of independent variables. The suitability of the model was assessed through regression analysis and
ANOVA, while three-dimensional response surface and contour plots generated by the software were used to
visualize the influence of formulation variables and identify the optimum formulation.

2.2.11 Evaluation of optimized ASDs formulation
Percentage yield

The percentage yield of the prepared ASDs was determined to evaluate the efficiency of the preparation
process. The weight of the dried ASDs obtained after processing was compared with the total initial weight of
the drug and polymer used in the formulation. The percentage yield was calculated using the following
equation:

%Theoretical Yield = Practical Weight/Theoretical Weight X 100 ----- (3)
Drug content

An accurately weighed quantity of ASDs equivalent to 250 mg of naproxen was dissolved in a small
volume of ethanol, and the volume was adjusted to 50 mL using the same solvent. An appropriate aliquot was
diluted to 50 mL with ethanol. The resulting solution was analyzed using a UV-visible spectrophotometer at
271 nm, and the drug content was determined from the corresponding calibration curve.

In Vitro Dissolution Study

The in vitro dissolution behavior of Naproxen ASDs was evaluated using a USP Type II dissolution
apparatus containing 900 mL of pH 1.2 and pH 6.8 dissolution media maintained at 37 + 1°C and stirred at 75
rpm. At predetermined intervals of 5 min for 60 min, 10 mL samples were withdrawn and immediately replaced
with an equal volume of fresh dissolution medium to maintain sink conditions. The collected samples were
analyzed at 271 nm using a UV-visible spectrophotometer, and the cumulative percentage of drug released was
calculated from the corresponding calibration curve.

2.2.12 Drug-Excipients Compatibility Study

The compatibility of the optimized ASDs (F6) was assessed using FT-IR spectroscopy and DSC. For
FTIR analysis, the optimized formulation was finely powdered and blended with potassium bromide (KBr) in
a 1:100 (sample, w/w) ratio. The mixture was compressed into pellets under a pressure of 10-12 metric tons
using a motorized pellet press (Kimaya Engineers, India) and scanned over the spectral range of 4000—400 cm™!
with an FTIR spectrometer (Shimadzu 8400S, Japan) to evaluate any changes in the characteristic functional
groups following formulation [13-15]. Thermal compatibility was further examined using a Differential
Scanning Calorimeter (DSC-PYRIS-1, PerkinElmer). The accurately weighed sample was sealed in an aluminum
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pan and heated under a dry nitrogen atmosphere at a rate of 10°C/min from room temperature to its melting
point, using an empty aluminum pan as the reference. The obtained thermograms were analyzed to determine
any alterations in the thermal characteristics of the optimized formulation, thereby confirming drug—excipient
compatibility [16,17].

2.2.13 Evaluation of pre-compression parameters

The flow and packing characteristics of the optimized powder formulations were assessed before tablet
compression. The evaluation included the angle of repose, bulk density, tapped density, Carr’s compressibility
index, and Hausner’s ratio to determine the suitability of the powder blend for tablet manufacturing.

Angle of Repose

The angle of repose was measured using the fixed funnel method. A predetermined quantity of powder
was allowed to flow freely through a funnel positioned at a fixed height on the stand. The powder formed a
conical heap, and the height (h) and radius (r) were measured. The angle of repose (0) was calculated using the
following equation [36,37]:

tan 6 =h/r
0 = tan™! (h/r) ---------------- 4)
Bulk Density

Bulk density represents the mass of powder occupying a unit volume under untapped conditions and
is influenced by particle arrangement and packing. The volume was determined by gently transferring a known
weight of powder into a graduated measuring cylinder and recording the initial volume occupied by the
powder [38].

Bulk density = Weight of powder / Untapped volume ---------------- )
Tapped Density

The tapped density was determined to assess the packing behavior of the powder after mechanical
consolidation. A known quantity of powder was introduced into a graduated cylinder and subjected to repeated
tapping until a constant volume was reached. The final tapped volume was recorded and used for the
calculations [39].

Tapped density = Weight of powder / Tapped volume ---------------- (6)
Carr’s Compressibility Index

Carr’s index was calculated to evaluate the compressibility and flow characteristics of the powders. The
was determined from the bulk and tapped density values using the following equation:

Carr’s Index (%) = [(Tapped density — Bulk density) / Tapped density] x 100 ---------------- (7)
Hausner’s Ratio

Hausner’s ratio was calculated from the relationship between the tapped density and bulk density. This
parameter indicates the interparticle friction and flowability of the powder blend.

Hausner’s Ratio = Tapped density / Bulk density ---------------- 8)
2.2.14 Formulation of Tablet using optimized ASDs

The selected ASDs (SEM 6) were subsequently compressed into tablets containing a theoretical
equivalent of 250 mg of naproxen per tablet. Lactose was incorporated as a diluent to achieve the desired tablet
weight. The ASDs were thoroughly blended with talc and magnesium stearate, with magnesium stearate
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incorporated at 1% w/w of the total blend, followed by compression into tablets weighing 500 mg each. For a
comparative evaluation of the dissolution performance, tablets containing the plain drug without the polymer
were also prepared using the same procedure [40,41].

2.2.15 Evaluation of Tablets

The prepared tablets were evaluated for various physicochemical and quality control parameters,
including dimensions, mechanical strength, friability, weight uniformity, and drug content.

Diameter and Thickness

The diameter and thickness of the prepared tablets were determined to assess their dimensional
uniformity. The tablet diameter was measured using a Vernier caliper, and the thickness was determined using
a screw gauge. Measurements were performed for individual tablets, and the results were used to confirm the
consistency among the prepared batches [42,43].

Hardness

Tablet hardness represents the resistance of a tablet to mechanical breakage or crushing. The crushing
strength of the prepared tablets was determined using a Monsanto hardness tester. The hardness values were
recorded in kg/cm? [42,43].

Friability

Friability was evaluated to determine the ability of the tablets to withstand abrasion and mechanical
stress during their handling. Twenty tablets were accurately weighed and placed in a Roche friabilator, which
was operated at 25 rpm. The apparatus was run for 4 min, during which the tablets were repeatedly subjected
to impacts and abrasions. The tablets were then removed, dried, and reweighed [42,43]. The percentage weight
loss was calculated using the following equation:

% Friability = [(Initial weight — Final weight) / Initial weight] x 100 ---------------- )
Weight Variation

The uniformity of the tablet weight was assessed according to the Indian Pharmacopoeia (IP)
procedure. Twenty tablets were randomly selected from each formulation and weighed. The mean tablet weight
was calculated, and the individual tablet weights were compared with the calculated average to determine the
extent of weight variation [42,43].

Drug Content

The drug content was determined to verify the uniform distribution of naproxen in the tablets. Three
tablets from each formulation were individually weighed and powdered. A quantity of powder equivalent to 2
mg of naproxen was accurately transferred to a beaker containing 50 mL of ethanol. The mixture was sonicated
for 15 min at 1500 rpm to ensure complete drug extraction. The resulting solution was diluted with ethanol, and
its absorbance was measured at 271 nm using a UV-visible spectrophotometer. The naproxen content of the
tablets was calculated from the obtained absorbance values [42,43].

In-vitro dissolution study

The in-vitro dissolution behavior of naproxen from the prepared ASDs formulations was evaluated
using a USP Type II dissolution apparatus. The study was conducted in 900 mL of dissolution medium
maintained at 37 + 1°C, with phosphate buffers of pH 1.2 and pH 6.8 used as the respective media. The apparatus
was operated at 75 rpm. At predetermined intervals, 10 mL of the dissolution medium was withdrawn over 1
h, with sampling performed every 5 min. An equivalent volume of fresh dissolution medium maintained at the
same temperature was immediately added after each withdrawal to maintain a constant volume. The collected
samples were suitably diluted and analyzed spectrophotometrically at Amax of 271 nm using a UV-visible
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spectrophotometer. The same procedure was followed for the naproxen ASDs formulations to determine their
dissolution profiles.

2.2.16 Kinetics of drug release

The dissolution data obtained from the prepared naproxen formulations were fitted to different
mathematical models to elucidate the probable drug release kinetics and mechanism. The zero-order, first-
order, Higuchi, and Korsmeyer—Peppas models were applied to the dissolution data, and the model with the
highest coefficient of determination (R?) was considered the best fit.

Zero-Order Model

The zero-order model describes drug release at a constant rate, wherein an approximately equal
quantity of drug is released per unit of time. This model is commonly applicable to modified-release systems,
including certain matrix and coated dosage forms. This relationship is expressed as [44,45]:

Where:

Q: = Amount of drug released at time t

Qo = Initial amount of drug present in the dissolution medium
Ko = Zero-order release constant

t=Time

First-Order Model

The first-order model describes a release pattern in which the rate of drug release depends on the
amount of drug remaining in the dosage form. Consequently, the release rate decreases progressively as the
drug is depleted (44,45). The equation used is:

Log Q:=Log Qo + (K¢ x t)/2.303 ---------------- (12)

Where:

Q: = Amount of drug released at time t
Qo = Initial amount of drug present

K. = First-order release constant
t=Time

Higuchi Model

The Higuchi model was employed to investigate the diffusion-controlled drug release from the matrix
systems. This method is particularly useful for evaluating the release of drugs incorporated within either solid
or semi-solid matrices (44,45). The general equation is as follows:

Q= [DQ2C - Co)Cyt]V2 =mmmmmmmmmmmmv (13)

Where:

Q = Cumulative amount of drug released per unit area at time t
D = Diffusion coefficient of the drug

C = Initial drug concentration in the matrix

C; = Solubility of the drug in the matrix medium

t =Time

When the diffusion coefficient and other relevant parameters remain constant during the release
process, the equation can be simplified as follows:

Q=Kt}
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A linear relationship between cumulative drug release and the square root of time indicates a diffusion-
controlled release mechanism. The suitability of the model was assessed using linear regression analysis and
determination of the corresponding R? value.

Korsmeyer—-Peppas Model

The Korsmeyer-Peppas model was used to characterize the mechanism governing drug release. The
model relates the cumulative fraction of drug released to the release time and provides the release exponent
(n), which helps to identify the underlying release mechanism [44,45]. The mathematical expression is as
follows:

Q=Kt"
Taking logarithms on both sides gives:
Log Q=Log K+nLog t ---------------- (14)

Where:

Q = Cumulative percentage of drug released at time t

K = Release rate constant

t=Time

n = Release exponent obtained from the slope of the plot of log Q versus log t.

2.2.17 Accelerated stability studies

The stability of the optimized naproxen ASDs tablets was evaluated for 90 days under accelerated
storage conditions of 40 + 2°C and 75 + 5% relative humidity (RH). Samples were withdrawn at predetermined
intervals and examined for changes in drug content and in vitro drug release to assess the stability and
performance of the formulation throughout the study period.

3. Results and Discussion
3.1 Preformulation study
3.1.1 Identification and Confirmation of Drug

The identity and purity of naproxen were established using complementary analytical techniques,
including melting point determination, DSC, FTIR, and P-XRD. The obtained results were compared with the
reported characteristics of the drug to confirm its identity.

3.1.2 Melting Point Determination

The melting point of naproxen was determined using the capillary tube method with a suitable melting
point apparatus. The experimentally observed melting point was compared with the standard melting point of
naproxen. The obtained value was within the standard range, confirming the identity and purity of the drug.
The results are shown in Table 2.

Table 2. Melting Point of Naproxen by different methods

Method Observed Melting Point
Glass Capillary Method 155¢2-157°C

Melting Point Apparatus 156°-157°C

Differential Scanning Calorimetry 159.72°C

3.1.3 FTIR Spectroscopy

The FTIR spectrum of naproxen exhibited characteristic absorption peaks at ~3060 cm™ (O-H stretching
of carboxylic acid), 2955 and 2870 cm™ (aliphatic C-H stretching), a strong peak at ~1725 cm™ (C=O stretching
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of the-COOH group), and bands at 1605 and 1508 cm™ corresponding to the aromatic C=C stretching of the
naphthalene ring. Additional peaks were observed at 1455 and 1378 cm™ (C-H bending), 1265 cm™ (C-O
stretching of the carboxylic group), and 1170-1025 cm™ (C-O and C-C stretching vibrations). The peaks in the
region of 900-750 cm™ indicate aromatic C-H bending, as shown in Figure 1.
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Figure 1. FTIR of Naproxen

3.1.4 DSC

The thermal behavior of naproxen was investigated using DSC at a heating rate of 10°C/min under
continuous nitrogen purging. The DSC thermogram exhibited a distinct endothermic event with a peak
temperature of 156.92°C (Figure 2). The observed thermal transition was consistent with the reported melting
range of naproxen (138.47-174.16°C), supporting the identity and thermal characteristics of the drug.

~exo

$DSC Naproxen
DSC Maproxen

—
20 e
mw Integral -352.46 mJ
normalized -176.23 Jg*-1
1 Onset 138.47 °C
Peak 156.92 °C
Endset 17416 °C
<0 60 80 100 120 140 160 180 200 2200 240 260 280 “C
Lab: METTLER STAR°SW 12.10

Figure 1. DSC of Naproxen
3.1.5 XRD

The XRD pattern of naproxen (Figure 3) shows several sharp and intense diffraction peaks at
approximately 20 = 6.5°, 12.8°, 16.2°, 18.9°, 20.5°, 22.3°, 25.4°, and 27.8°, indicating its highly crystalline nature.
The presence of well-defined peaks with high intensity confirms a long-range-ordered crystal lattice. No broad
halo pattern was observed, suggesting the absence of amorphous characteristics in the sample. This crystalline
behavior is typical of pure naproxen and is responsible for its poor aqueous solubility.
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Figure 2. XRD of pure Naproxen
3.2 Analytical methods
3.2.1 UV-Visible spectrophotometer

The UV-visible spectrum of naproxen was recorded by scanning the drug solution over the wavelength
range of 200-800 nm. A distinct maximum absorption peak was observed at 271 nm (Amax), as shown in Figure
4. The obtained Amax was consistent with the reported spectral characteristics of naproxen, confirming the
suitability of 271 nm for spectrophotometric analysis.

1.2

1.0

0.8 1

Absorbance

0.4 1

0.2 1

0.0 & T T T T T T T T
200 225 250 275 300 325 3350 375 400
Wavelength (nm)

Figure 3. UV spectrum of Naproxen
3.3 Standard calibration curve
3.3.1 Curve of Naproxen in buffer pH 1.2

A calibration curve for naproxen was prepared in a pH 1.2 buffer over a concentration range of 10—40
pug/mL. The absorbance increased proportionally with increasing drug concentration, demonstrating a linear
response within the selected range and confirming compliance with Beer—Lambert law. The concentration—
absorbance relationship obtained from the calibration study is presented in Table 3 and Figure 5.
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Table 3. Standard calibration curve of Naproxen in pH 1.2

Concentration (ug/ml) Mean Absorbance (n=3; + SD)

0 0
10 0.21+0.02
15 0.31+0.01
20 0.41+0.04
25 0.52+0.06
30 0.62+0.02
35 0.72+0.03
40 0.84+0.01

Calibration Curve

1

0.8 s y =0.0208x - 0.0014
’ R?=0.9997
0.6
Absorbance
0.4 ¥=Absorbance
—Linear (Absarbance)
0.2
I:I T T T T 1
0 10 20 30 40 a0

Concentration (pg/ml)

Figure 4. Standard calibration curve of Naproxen in pH 1.2
3.3.2 Curve of Naproxen in buffer pH 6.8

The calibration curve of naproxen in the pH 6.8 buffer demonstrated a linear response over the
concentration range of 5-30 pg/mL. The proportional increase in absorbance with increasing naproxen
concentration indicates compliance with the Beer-Lambert law within the selected range. The corresponding
calibration data and curves are presented in Table 4 and Figure 6, respectively.

Table 4. Standard calibration curve of Naproxen pH 6.8

Concentration (ug/ml) Mean Absorbance (n=3; + SD)

0 0

5 0.261+0.06
10 0.385+0.07
15 0.562+0.03
20 0.691+0.05
25 0.839+0.07

30 0.925+0.04
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Figure 5. Standard calibration curve of Naproxen in pH 6.8

3.3.3 Curve of Naproxen in buffer 7.4

The calibration curve of naproxen prepared in a pH 7.4 buffer exhibited a linear response over a
concentration range of 2-20 ug/mL. The observed linear relationship between drug concentration and
absorbance confirmed adherence to the Beer-Lambert law within the investigated range of concentrations. The
calibration data and corresponding curves are presented in Table 5 and Figure 7, respectively.

Table 5. Standard calibration curve of Naproxen pH 7.4

Concentration (ug/ml) Mean Absorbance (n=3; + SD)

0 0

2 0.123+0.04
4 0.195+0.08
6 0.286+0.05
8 0.379+0.03
10 0.472+0.04
12 0.582+0.06
14 0.667+0.09
16 0.748+0.08
18 0.841+0.01
20 0.973+0.02

Calibration Curve

1.2

1
/ v =0.0471x + 0.0078
0.8 I
: /V( R*=0.9984
Absorbance 0.6 L
f = Abzorbance
0.4 I/ Linear (Absorbance)

0.2
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Figure 6. Standard calibration curve of Naproxen in pH 7.4
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A standard calibration curve of naproxen was prepared in ethanol and evaluated over a concentration
range of 5-30 pg/mL. The calibration plot exhibited a linear relationship between naproxen concentration and
the corresponding absorbance, indicating conformity with the Beer-Lambert law within the investigated range
of concentrations. The calibration data and graphical representations are provided in Table 6 and Figure 8,

respectively.

Table 6. Standard calibration curve of Naproxen in Ethanol

Concentration (ug/ml)

Mean Absorbance (n=3; £ SD)

0 0
5 0.24620.02
10 0.414+0.05
15 0.579+0.03
20 0.71620.07
25 0.954+0.09
30 1.093+0.03
Calibration Curve
1.2
1 T }-I
0.8 X

Absorbance 0.6

0.4

0.2

o

10 20 30

Concentration (pg/ml)

40

y=0.0357x +0.0353
R®=0.9947
===t hzorbance

——Linear (&bsorbance)

Figure 7. Standard calibration curve of Naproxen in ethanol

3.4 Solubility study of drug in diverse solvent

The pH-dependent solubility profiles of naproxen are presented in Table 7. The findings demonstrated
a clear dependence of naproxen solubility on the pH of the medium. The solubility was comparatively lower
under acidic conditions and increased progressively with an increase in pH. This behavior reflects the influence
of the ionization state of naproxen on its aqueous solubility and supports the need for an appropriate
formulation strategy to improve and regulate its dissolution and drug release behavior within the

gastrointestinal tract.

Table 7. Solubility data of Naproxen

Medium Solubility (mg/ml)

pH1.2 0.408+0.08
Phosph
osphate — 1168 7.785:0.05
buffer

pH?7.4 6.886:0.09
Ethanol 5.43+0.04
Distilled Water 0.647+0.03
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For successful In-vitro dissolution studies at pH 1.2 and pH 6.8, it is necessary to formulate a sustained-
release drug delivery system for naproxen.

3.5 Drug-polymer compatibility study
3.5.1 FTIR Spectroscopy

Drug-excipient compatibility studies are important for determining the identity of the product as well
as its reproducibility with ensured therapeutic efficiency. The identification of any interaction between
Naproxen and PVP K30, PEG6000, and other polymers and physical mixtures was determined using this
method. The spectra of Naproxen, PVP K30, PEG6000, and the other polymers and physical mixtures are shown
in Figures 9-13. The characteristic absorption peaks of pure naproxen (A) were observed at ~3060 cm™ (O-H
stretching of carboxylic acid), 2955 and 2870 cm™ (aliphatic C-H stretching), a strong peak at ~1725 cm™ (C=O
stretching of -COOH group), and bands at 1605 and 1508 cm™ corresponding to aromatic C=C stretching of the
naphthalene ring. Additional peaks were observed at 1455 and 1378 cm™ (C-H bending), 1265 cm™ (C-O
stretching of the carboxylic group), and 1170-1025 cm™ (C-O and C-C stretching vibrations). The peaks in the
900-750 cm™ region indicate aromatic C-H bending. A similar result for the pure drug was observed in the
thermogram of the physical mixture. No interaction was observed, and the results were compatible. The
formation of hydrogen bonding mainly results in the alteration of the crystalline structure of the drug, proving
the results obtained by DSC.
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Figure 8. FTIR spectra of PVPK30
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Figure 9. FTIR spectra of Polaxomar 188
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Figure 12. FTIR spectra of Physical Mixture (Drug and All Polymers)

3.5.2DSC

DSC was performed to evaluate the thermal behavior of naproxen and assess the compatibility between
the drug and selected excipients. Thermograms of pure naproxen, PVP K30, PEG 6000, and the other polymers
and their respective physical mixtures were recorded using a Mettler DSC 1-Star system (Mettler-Toledo,
Switzerland). The samples were placed in perforated aluminum pans and heated from 30 to 300°C at a constant
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heating rate of 10°C/min under continuous nitrogen purging. The obtained thermograms are shown in Figures
14-18.

The thermogram of pure naproxen exhibited a sharp endothermic peak at 156.92°C, consistent with its
reported melting range of 138.47-174.16°C, confirming the characteristic thermal behavior of the drug. The
physical mixtures retained the characteristic thermal events of naproxen without significant alterations or the
appearance of new prominent peaks. These findings suggest the absence of significant drug-excipient
interactions and indicate satisfactory compatibility between naproxen and the investigated excipients.
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Figure 13. DSC spectra of PVPK30
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Figure 14. DSC spectra of Polaxomar 188
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Figure 16. DSC spectra of PEG6000
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Figure 17. DSC Spectra of Physical Mixture (Drug and All Excipients)
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3.6 Screening of polymers for each method
3.6.1 Selection of method for the formulation of ASDs

The solvent evaporation method was selected for the preparation of the ASDs. This technique was
preferred because of its simple processing procedure, ease of scale-up, and potential for the efficient recovery
of the prepared formulation. Therefore, this method was considered suitable for further formulation
development.

3.7 Preliminary Studies
3.7.1 Selection of polymers for the formulation of binary, ternary and quaternary ASDs

Preliminary screening studies were conducted to identify suitable polymers for developing binary,
ternary, and quaternary ASDs of naproxen. Four polymers, namely PVP K30, PEG 6000, HPMC E5, and
Poloxamer 188, were initially investigated. ASDs were prepared using two techniques: the solvent evaporation
and kneading methods.

Different drug-to-polymer ratios, including 1:1, 1:3, 1:5, and 1:1:1, were evaluated to determine their
influence on the aqueous solubility of naproxen. The solubility results obtained from the preliminary screening
are listed in Table 8. The comparative findings from the preliminary studies (Tables 7.2 and 7.3) were used to
identify the most promising polymer combinations and preparation approaches for subsequent formulation
development.

Table 8. ASDs of drug for screening of polymer

Batch Code Polymer Drug: Polymer ratio  Preparation Technique Solubility* (mg/mL)
1 Drug (Naproxen) - 0.051+0.001
1 PVPK30 1:1 0.078+0.002
2 PVPK30 1:3 0.102+0.001
3 PVPK30 1:5 0.128+0.002
4 HPMC E5 1:1 0.055+0.001
5 HPMC E5 1:3 0.069+0.002
6 HPMC E5 1:5 0.082+0.001
7 PEG6000 1:1 Solvent Evaporation 0.062+0.003
8 PEG6000 1:3 Method 0.088+0.005
9 PEG6000 1:5 0.112+0.003

10 Poloxamer 188 1:1 0.060+0.005
11 Poloxamer 188 1:3 0.078+0.006
12 Poloxamer 188 1:5 0.095+0.002
13 PVPK30/PEG6000 1:1:1 0.142+0.002
14 HPMC E5/PEG6000 1:1:1 0.101+0.001
15 PVPK30/HPMC E5 1:1:1 0.109+0.002

3.7.2 Selection of Polymers

This study evaluated a wide range of polymers for ASDs formulation. These include commonly used
polymers in pharmaceutical formulations, such as PVP K30, PEG6000, HPMC E5, and Poloxamer 188. This
diverse selection allows for the exploration of different properties and behaviors of polymers in enhancing drug
solubility.

3.7.3 Effect of Polymer Type and Ratio

The solubility of naproxen was markedly influenced by both the type of polymer and the drug-to-
polymer ratio. An increase in the polymer concentration from 1:1 to 1:5 resulted in a consistent enhancement in
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solubility across all carriers, indicating improved drug dispersion and reduced crystallinity. Among the
individual polymers, PVP K30 showed the highest solubility improvement, followed by PEG 6000 and
Poloxamer 188, whereas HPMC E5 exhibited a comparatively lower enhancement owing to its gel-forming
tendency.

3.7.4 Synergistic Effects of Polymer Combinations

The combination of polymers demonstrated a synergistic effect on the solubility enhancement. The
formulation containing PVP K30 + PEG 6000 (F13) exhibited the highest solubility among all batches, which can
be attributed to the combined effect of improved wettability by PEG 6000 and stabilization of the amorphous
form by PVP K30. Other combinations, such as HPMC E5 with PEG 6000 and PVP K30 with HPMC E5, also
showed improved solubility compared to the individual polymers but were less effective than the PVP-PEG
system.

3.7.5 Water Solubility of Polymers

The observed enhancement in drug solubility was directly related to the inherent aqueous solubility of
the polymers used. PVP K30, being highly water-soluble, facilitated rapid dissolution and improved drug
dispersion. PEG 6000 also contributed significantly because of its hydrophilic nature and wetting ability,
whereas poloxamer 188 enhanced solubility through micellar solubilization. In contrast, HPMC E5, although
hydrophilic, forms a viscous gel layer upon hydration, which may restrict drug release and limit solubility.

3.7.6 Optimization Potential

The data presented in the tables provide a foundation for further optimization of ASDs formulations.
By analyzing the trends in solubility enhancement across different polymers, ratios, and preparation methods,
researchers can identify promising candidates for further investigation and refinement of the formulation.

3.8 Preparation of ASDs of drug using different concentrations of each polymer
3.8.1 Solvent evaporation

A predetermined quantity of naproxen was dissolved in a suitable volume of ethanol to obtain a clear
solution. The required amount of polymer was then added to the drug solution, and the mixture was stirred
thoroughly to ensure uniform mixing. The solvent was subsequently removed by evaporation in a water bath.
The resulting solid mass was further dried in a vacuum oven to eliminate the residual solvent. The dried ASDs
were collected, transferred to an airtight container, and stored in a desiccator until further evaluation was
performed.

3.9 Evaluation of ASDs
3.9.1 Phase solubility study

The phase solubility study of naproxen with PVP K30 and PEG 6000 showed a linear increase in
solubility with increasing polymer concentration, indicating an AL-type solubility profile. Among the polymers,
PVP K30 exhibited a greater enhancement in solubility than PEG 6000, which may be attributed to its higher
hydrophilicity and ability to form hydrogen bonds with the drug. The improved solubility with increasing
polymer concentration suggests enhanced drug dispersion and reduced crystallinity of the drug. Based on these
results, PVP K30 was selected as the most suitable carrier for ASDs preparation, as shown in Table 9.

Table 9. Phase Solubility data of Naproxen with all selected polymers for both methods

Polymer Concentration (%w/v) Method Solubility (mg/ml)
0.5% 0.120+0.003
1% , 0.235+0.002
PVPK30 15% Solvent Evaporation 0.36220.002

2% 0.495+0.004
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2.5% 0.628+0.003

3% 0.768+0.002

4% 0.945+0.003

0.5% 0.105+0.003

1% 0.182+0.002

1.5% 0.268+0.002

PEG 6000 2% Solvent Evaporation 0.358+0.003
2.5% 0.472+0.002

3% 0.585+0.003

4% 0.712+0.002

3.9.2 Saturation solubility study

Saturation solubility studies revealed that the selection and combination of polymers play a crucial role
in enhancing the solubility and dissolution of hydrophobic drugs, such as naproxen, for the successful
development of ASDs. The study was conducted in phosphate buffer pH 6.8, which is a commonly reported
dissolution medium for naproxen. The pure drug exhibited a solubility of 4.11 + 0.15 mg/mL, whereas all ASDs
showed significant enhancement in solubility. Among the binary systems, F3 (PVP K30, 1:5) and F9 (PEG 6000,
1:5) demonstrated the highest solubility values of 22.96 + 0.62 mg/mL and 17.84 + 0.44 mg/mL, respectively.
Among the ternary systems, F13 (PVP K30 + PEG 6000, 1:1:1) showed the maximum solubility of 16.95 + 0.48
mg/mL, followed by F15 (PVP K30 + HPMC E5) and F14 (HPMC E5 + PEG 6000) systems. Overall, all
formulations exhibited approximately 2-5-fold enhancement in solubility compared to that of the pure drug.
Based on these results, formulation F3 was selected as the optimized batch for further dissolution studies
because of its superior solubility enhancement, as shown in Table 10.

Table 10. Saturation solubility study through drug binary and ternary ASDs in pH 6.8 medium

Batch Code Polymer Drug: Polymer ratio  Solubility* (mg/mL)
1 Drug - 411+0.15
1 PVPK30 1:1 8.42+0.32
2 PVPK30 1:3 12.68 + 0.54
3 PVPK30 1:5 22.96 * 0.62
4 HPMC E5 1:1 7.25+0.28
5 HPMC E5 1:3 10.46 + 0.42
6 HPMC E5 1:5 13.72+0.36
7 PEG6000 1:1 8.95+0.31
8 PEG6000 1:3 13.21 + 0.56
9 PEG6000 1:5 17.84 + 0.44
10 Poloxamer 188 1:1 6.88 +0.26
11 Poloxamer 188 1:3 9.96 +0.39
12 Poloxamer 188 1:5 12.85+0.41
13 PVPK30/PEG6000 1:1:1 16.95 + 0.48
14 HPMC E5/PEG6000 1:1:1 18.54 +0.48
15 PVP K30/HPMC E5 1:1:1 19.72 +0.53

3.10 Formulation Design

Different batches of naproxen ASDs were developed using the solvent evaporation technique according
to a selected response surface methodology (RSM)-based factorial design. The quantity of PVP K30 at a drug-
to-polymer ratio of 1:5 (Xi, expressed in grams) and the volume of ethanol (X, expressed in milliliters) were
selected as independent formulation variables. The respective levels are presented in Table 11.
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The percentage drug content (Y1) and percentage drug dissolved at the 60th minute (Y,) were selected
as the dependent response variables to evaluate the influence of the formulation factors. The experimental
design and corresponding formulation batches are listed in Table 11.

Table 11. Experimental design and observed responses of naproxen ASDs formulation batches

Formulation Code X1 (mg) X2(ml) Y1(%) Y2 (%)

F1 75 7.5 83.51 92.5
F2 75 7.5 82.92 9212
F3 75 7.5 82.61 93.5
F4 50 10 80.25 91.5
F5 100 7.5 85.32  94.33
Fé 75 7.5 86.23  95.68
F7 75 10 85.32 94.6
F8 100 10 84.5 94.1
F9 100 5 84.21 93.5
F10 37.5 7.5 79.21 91.14
F11 75 3.75 83.31 92.36
F12 75 7.5 83.93  91.36
F13 50 5 80.11 90.45

3.11 Optimization data analysis and model-validation
3.11.1 Fitting of data to model

The coded and actual levels of independent variables are presented in Table 12. The observed responses
ranged from 79.21% to 86.23% for Y; and 90.45% to 95.68% for Y,. The data from all 13 formulations were
analyzed using the Design-Expert® software, and the linear model was found to be the best fit for both
responses. The R?, adjusted R?, predicted R?, SD, % CV values, and regression equations are presented in Table
12. ANOVA confirmed the significance of the models, with X; and X, showing a positive effect on the evaluated
responses.

Table 12. Summary of results of regression analysis for responses Y1 and Y2

Models R2 Adjusted R? Predicted R2 SD %CV
R Y

esponse (YD) o1n 06175 04790 134 161
Linear Effect

Response (Y2)

Linear Effect 0.5250 0.4312 0.3583 1.18 1.27

Regression Equations
Y1=+83.29+2.28X1+0.3350X2 --------m-m=—- 8)
Y2=+92.93+1.34X1+0.5759X2 ----nmnmmmmmmmne 9)
3.11.2 Model Assessment for Dependent Variables

The experimental data were analyzed using Design-Expert® software, and the Fit Summary indicated
the linear model as the most suitable model for all responses. Statistical significance was evaluated using
ANOVA, and the results are presented in Tables 13 and 14. The analysis demonstrated the effects of the selected
formulation variables on dependent responses. The obtained coefficients indicate the contribution of the
individual factors, whereas their combined variation may produce different responses at different formulation
levels.
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Table 13. Results of Analysis of Variance for Measured Response

Source Sum of Squares df Mean Square F-value p-value

Model 38.23 2 19.11 10.69 0.0033 significant
A-PVPK30 37.45 1 37.45 20.93 0.0010
B-Ethanol 0.8114 1 0.8114 0.4536  0.5159
Residual 17.89 10 1.79
Lack of Fit 9.70 6 1.62 0.7897  0.6216 not significant
Pure Error 8.19 4 2.05
Cor Total 56.12 12

Table 14. Results of Analysis of Variance for Measured Response

Source Sum of Squares df Mean Square F-value p-value

Model 15.41 2 7.70 5.55 0.0239 significant
A-PVPK30 13.04 1 13.04 9.39 0.0120
B-Ethanol 2.40 1 2.40 1.73 0.2181
Residual 13.88 10 1.39
Lack of Fit 2.74 6 0.4572 0.1641  0.9737 not significant
Pure Error 11.14 4 2.79
Cor Total 29.29 12

3.11.3 Response Surface Plot Analysis

3D response surface plots generated using Design-Expert® software were used to evaluate the effects
of PVP K30 concentration (X;) and ethanol volume (X;) on the selected responses, namely, drug content (Y:)
and drug release at 60 min (Y,). The corresponding plots are presented in Figures 19A-B and 20A-B,
respectively. The response surface plots demonstrated the influence of formulation variables on drug content
and dissolution behavior. Among the experimental batches, F6, which contained 75 mg of PVP K30 and 7.5 mL
of ethanol, showed the highest drug content (86.23%) and was selected as the optimized formulation based on
the evaluated responses. The dissolution response also showed a positive trend with increasing polymer
concentration, with the optimized formulation exhibiting a maximum drug release of 95.68% within 60 min.

Factor Coding: Actual Factor Coding: Actual
or Coding, 3D Surface AL SOCTIEACUN DC (%)
10 =

DC (%)

B: Ethanol (ml)

A: PVPK30 (gm)

(A) (B)
Figure 18. (A) 3D Surface Plot of DC% and (B) Contour Plot of DC%
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Figure 19. (A) 3D Surface Plot of CDR% and (B) Contour Plot of CDR%

The linear model showed statistical significance with a p-value of < 0.05. ANOVA further confirmed
that the fitted model was statistically significant for the evaluated response.

3.12 Evaluation of Optimized ASDs Formulation

3.12.1 Percentage Yield

The percentage yield of the prepared ASDs batches ranged from 86.20% to 95.40%, as presented in Table
15. The consistently high yields indicate good process efficiency and suggest that the selected preparation
method may be suitable for scale-up and technology transfer.

Table 15. Production Yield of Different batches

Batch Code Production Yield (%) by SE

F1 86.20+0.18
F2 91.80+0.22
F3 93.90+0.16
F4 92.75+0.14
F5 94.10+0.23
Fe 95.40+0.24
F7 95.10+0.22
F8 93.85+0.15
F9 94.60+0.18
F10 90.80+0.11
F11 89.95+0.19
F12 92.90+0.17
F13 92.60+0.19

3.12.2 Drug content

The drug content of the prepared ASDs batches ranged from 79.21% to 86.23%, as presented in Table
16. The observed drug content indicated satisfactory drug incorporation across the formulations and

demonstrated the reproducibility of the preparation process.

Table 16. Drug Content of Different batches

Batch Code Drug Content (%) by SE
F1 83.51+0.11
F2 82.92+0.15
F3 82.61+0.13
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F4 80.25+0.11
F5 85.32+0.12
Fe 86.23+0.14
F7 85.32+0.19
F8 84.5+0.13
F9 84.21+0.17
F10 79.21+0.11

F11 83.31+0.14
F12 83.93+0.15
F13 80.11+0.17

3.12.3 Percentage drug release

The in-vitro dissolution study of the optimized ASDs (F6) demonstrated a gradual and enhanced drug
release profile, as presented in Table 17 and Figure 21. The formulation showed an initial slow release (6.29% at
10 min and 9.89% at 20 min), followed by a significant increase in drug release after 30 min (30.47%), indicating
improved wettability and dispersion of the drug in the polymer matrix. A rapid release phase was observed
between 30 and 60 min, reaching 95.68% drug release at 60 min, confirming almost complete dissolution.

Table 17. In-vitro release profile of optimized ASDs

Sr. No. Time (Min.) F6 SD

1 0 0

2 10 6.29+0.05
3 20 9.89+0.09
4 30 30.47+0.03
5 40 57.91+0.04
6 50 76.71+0.06
7 60 95.68+0.01

%CDR of F6 Solid Dispersion

120
100
%CDR 60 /
40 === %CDR
20 /

Time (Min)

Figure 20. In-vitro drug release of ASDs
3.12.4 FTIR analysis

The FTIR spectrum of the optimized batch F6 (Figure 22) shows characteristic peaks at 3420 cm™ (broad
O-H stretching indicating hydrogen bonding), 2925 cm™ (aliphatic C-H stretching), 1650 cm™ (C=O stretching
of the carbonyl group), 1450 cm™ (C-H bending/aromatic vibrations), and a strong peak at 1100 cm™ (C-O-C
stretching of the polymer matrix). The slight broadening and minor shifts in these peaks suggest intermolecular
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hydrogen bonding between the drug and polymer without the formation of new chemical bonds, confirming
compatibility and successful ASDs formation.

FTIR Spectrum of Optimized Solid Dispersion

90 1

80

70

60

% Transmittance

50

40

30

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm—*)

Figure 21. FTIR spectra of F6 SD
3.12.5 DSC analysis

The thermal behavior of the optimized ASDs F6 was investigated using DSC. The thermogram was
recorded using a Mettler DSC 1-Star system (Mettler-Toledo, Switzerland). The sample was placed in a
perforated aluminum pan and heated from 30 to 300°C at a rate of 10°C/min under continuous nitrogen
purging. The resulting thermogram is shown in Figure 23. The DSC thermogram of formulation F6 exhibited
an endothermic peak at 149.18°C, which falls within the reported melting range of 126.89-170.49°C. The
characteristic thermal transition of naproxen was retained in the formulation without the appearance of any
significant additional thermal events. This finding indicates the absence of significant drug-excipient
interactions and confirms the compatibility of naproxen with the formulation components.

~exo
$DSC Optimized Formulation of Maproxen
DSC Optimized Formulation of Naproxen
Integral -240.48 mJ
normalized 12024 Jgt-1
Onset 87730C
Peak 96.54 °C
Endset 111.029C —
20 \\_\\
mW Integral -236.16 mJ
normalized -118.08 Jg*-1
Onset 5068 °C
Peak 6514 °C
o
Endset 80.26%C Integral -356.88 mJ
normalized -178.49 Jg™1
Onset 126.89 "C
Peak 149.18 °C
Endset 170.48 °C
40 &0 B0 100 120 140 160 ig0 200 220 240 260 280 =C
Lab: METTLER STAR®SW 12.10

Figure 22. DSC spectra of F6 SD
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3.13 Evaluation of pre-compression parameters

The pre-compression parameters of powder blends prepared using the solvent evaporation (SE)
method were evaluated to determine their suitability for tablet formulation. The evaluated parameters included
the bulk density, tapped density, Carr’s index, Hausner ratio, and angle of repose, as presented in Table 18. The
bulk density of all formulations ranged from 0.45 + 0.03 to 0.59 + 0.03 g/mL, while the tapped density varied
between 0.53 + 0.03 and 0.70 + 0.03 g/mL, indicating the acceptable packing ability of the powder blends. The
Carr’s index values were found to be in the range of 15.29 + 0.02% to 25.32 + 0.03%, suggesting fair to good
compressibility of the formulations. Similarly, the Hausner ratio values ranged from 1.14 + 0.03 to 1.39 + 0.04,
indicating acceptable flow characteristics of the powders. The angle of repose for all batches was between 22.51
+0.23° and 27.19 + 0.21°, confirming the good flow properties of the powder blends.

Among all formulations, batch F9 exhibited the best flow properties, with the lowest angle of repose
(22.51 £0.23°), Carr’s index (17.28 + 0.02%), and Hausner ratio (1.14 + 0.03), indicating excellent flowability and
compressibility. In contrast, batch F6 showed a comparatively higher Carr’s index (25.32 + 0.03%) and Hausner
ratio (1.38 = 0.03), indicating relatively poor flow behavior.

Overall, the results demonstrated that all formulations possessed acceptable flow and compressibility
characteristics, making them suitable for tablet compression.

Table 18. Pre-Compression Parameters of Powder Blend by SE

Bulk Density Tapped Density Carr’s Index

Batch Code (gm/ml) (gm/ml) %) Hausner Ratio Angle of Repose
F1 0.54 £ 0.03 0.70 £ 0.03 20.11 £ 0.02 1.21+0.03 23.42 +0.11
F2 0.50 +0.03 0.59 +0.03 15.29 + 0.02 1.19+0.03 24.58 +0.23
F3 0.53 +0.02 0.65 +0.03 21.52 +0.02 1.27 +0.03 25.40 +0.21
F4 0.56 +0.03 0.60 £ 0.02 18.11 +0.03 1.22 +0.04 27.19£0.21
F5 0.49 £ 0.04 0.63 £ 0.02 20.61 +0.04 1.15+0.03 26.33 £ 0.22
F6 0.50 + 0.04 0.67 +0.02 25.32 +0.03 1.38 £ 0.03 24.44 +0.21
F7 0.49 +0.03 0.55 +0.03 22.78 +0.03 1.39 £ 0.04 24.89+0.18
F8 0.45+0.03 0.69 +0.03 23.12 +0.02 1.29 +0.03 26.49 +0.11
F9 0.47 +0.03 0.53 +0.03 17.28 £ 0.02 1.14 £ 0.03 22.51+0.23

F10 0.51 +0.02 0.64 +0.03 21.58 +0.02 1.15+0.03 25.42 +0.21
F11 0.59 +0.03 0.69 £ 0.02 16.18 + 0.03 1.29 +0.04 25.15+0.21
F12 0.50 + 0.04 0.59 £ 0.02 21.67 +0.04 1.24 +0.03 25.13 £ 0.22
F13 0.49 +0.04 0.70 +0.02 24.25 +0.03 1.39 £ 0.03 24.49 +0.21

3.14 Formulation of Tablet using Optimized ASDs

The optimized ASDs (F6) were selected for tablet formulation based on their superior solubility and
dissolution performance. Tablets were prepared by incorporating the optimized ASDs equivalent to 250 mg of
naproxen. The formulation compositions are presented in Table 19. The total tablet weight was maintained at
500 mg to ensure uniformity and ease of use. ASDs (325 mg) were used as the primary drug-containing
component, whereas lactose (165 mg) was incorporated as a diluent to achieve the desired tablet weight and
improve compressibility. Talc (5 mg) was added as a glidant to enhance the powder flow properties, and
magnesium stearate (5 mg) was added as a lubricant to reduce friction during compression.

All ingredients were accurately weighed and blended uniformly to ensure a homogenous distribution
of the drug within the formulation. The final blend exhibited satisfactory flow properties, facilitating uniform
die filling and compression. The prepared tablets were subjected to evaluation parameters to assess their
quality, performance, and drug release characteristics.
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Table 19. Formulation of Tablet containing ASDs

Sr. No. Ingredients Quantity
1 ASDs (F6) (Naproxen; 250mg Dose)  325mg
2 Lactose 165mg
3 Talc 5mg
4 Magnesium stearate 5mg
5 Total Tablet Weight 500mg

3.15 Evaluation of Tablets

The post-compression parameters of the optimized tablet formulation (F6 Tab) were evaluated to assess
its quality, uniformity, and mechanical strength, as shown in Table 20. The hardness of the tablets was 4.9 + 0.01
kg/cm?, indicating adequate mechanical strength to withstand handling without compromising disintegration.
The weight variation was within the acceptable pharmacopoeia limits (20 + 2.31 mg), confirming uniformity in
tablet weight and proper die filling during compression.

The thickness of the tablets was measured to be 3.1 + 0.03 mm, demonstrating uniform tablet
dimensions. The friability was 0.57 + 0.02%, which is well below the acceptable limit of 1%, indicating good
resistance to abrasion and mechanical stress. The drug content of the formulation was 99.85 = 0.032%,
confirming the uniform distribution of the drug within the tablets and compliance with standard limits.

Overall, the optimized formulation (F6 Tab) exhibited satisfactory post-compression characteristics,
indicating its suitability for further in vitro dissolution and stability studies.

Table 20. Post-Compression Parameters of Tablets Formulation by SE (F6)

Weight variation Thickness
(mg) (mm)
F6 Tab 4.9+0.01 20+2.31 3.1+0.03 0.57 +0.02 99.85 +0.032

Batch Code Hardness(kg/cm?) Friability (%) % Drug content

3.15 In-vitro dissolution study

The in-vitro drug release profile of the F6 tablet demonstrated a progressive and efficient release pattern
over 60 min. An initial slow release (9.86% at 10 min and 21.79% at 20 min) indicated the proper wetting and
dissolution of the ASDs matrix. This is followed by a rapid release phase between 20 and 40 min (reaching
69.92%), suggesting enhanced solubility and reduced crystallinity due to the presence of PVP K30. The
formulation achieved 96.23% drug release within 60 min, confirming almost complete drug availability. Low
standard error values indicate good reproducibility. Overall, the F6 tablet showed improved dissolution
behavior, likely due to ASDs formation, making it superior for enhancing the bioavailability of naproxen, as
shown in Table 21 and Figure 24.

Table 21. In-vitro release profile of Tablets

Sr. No. Time (Min.) F6 Tab

1 0 0

2 10 9.86+0.04
3 20 21.79+0.03
4 30 54.29+0.02
5 40 69.92+0.09
6 50 85.09+0.03
7 60 96.23+0.01
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Figure 23. In-vitro drug release study F6 Tab

3.16 Kinetics of drug release

The kinetic study of the tablet formulation is presented in Table 22 and Figure 25, respectively. The
results indicated that the F6 tablet formulation best followed the Korsmeyer—Peppas release kinetics model (R?
=(0.9881), indicating the highest correlation among all models. Although the zero-order model (R?=0.9784) also
shows a good fit, the slightly higher R? value of the Peppas model confirms that the drug release mechanism is
predominantly governed by non-Fickian diffusion, which involves both drug diffusion and polymer relaxation.
The lower R? values observed for the first-order (0.8774) and Higuchi (0.8699) models suggest that the release
is not purely concentration-dependent or diffusion-controlled. The Hixson—Crowell model (R? = 0.9503)
indicates a minor contribution of matrix erosion. Overall, the F6 formulation demonstrated a controlled and

anomalous drug release behavior, confirming the effectiveness of the ASDs system.

Table 22. R2values of various Kinetic Models

Kinetic Model R2Value (F6 Tab)
Zero order 0.9784
First order 0.8774
Higuchi 0.8699
Hixon Crowell 0.9503
Korsemeyer Peppas 0.9881

2.5

F6 Korsmeyer-Peppas Equation

2

y = 1.1509x - 0.0531
R? = 0.9881
4—F6 Tab

1.5
Logof %CDR 1 /
0.5

05 0.5 1

Log Time

Linear (F6 Tab)

Figure 24. Kinetics of F6 Tab
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3.17 Accelerated Stability Study

The optimized tablet formulation (F6) was subjected to accelerated stability studies under controlled
temperature and humidity. The evaluated parameters included the thickness, hardness, and drug release over
three months, as presented in Table 23. The thickness remained consistent within the range of 3.1 + 0.04 to 3.2 +
0.01 mm, indicating no significant dimensional variations. The hardness values showed minimal fluctuation
(4.7 + 0.04 to 4.9 + 0.08 kg/cm?), confirming the retention of mechanical strength. The dissolution profile
remained stable, with drug release ranging from 96.14 + 0.09% to 96.96 + 0.08%. Overall, no significant changes
were observed in the evaluated parameters, demonstrating that F6 remained stable throughout the study
period.

Table 23. Stability study of parameters of the optimized formulation (F6)

Parameters Initial Month 1st Month 27d Month 3 Month
Thickness (mm) 3.1 +0.04 32+0.02 31+0.06 32+0.01
Hardness 4.9+0.03 48+001 47+0.04 49x0.08
Dissolution (%) 96.23+0.01 96.58+0.07 96.14+0.09 96.96+0.08

4. Conclusion

In conclusion, this study demonstrates that the development of an amorphous solid dispersion (ASD)-
based tablet is an effective formulation strategy for overcoming the poor aqueous solubility and dissolution
limitations of naproxen. The optimized formulation exhibited desirable physicochemical characteristics,
satisfactory tablet quality attributes, enhanced dissolution behavior, and acceptable stability under accelerated
storage conditions, indicating the suitability of the selected formulation approach and hydrophilic polymer
system. Systematic optimization using Response Surface Methodology (RSM) facilitated the identification of an
optimum formulation with improved pharmaceutical performance while minimizing experimental variability.
The findings of this study highlight the potential of amorphous solid dispersion technology as a simple,
reproducible, and scalable approach for enhancing the performance of poorly water-soluble drugs. Therefore,
the developed formulation may serve as a promising oral drug delivery system for naproxen, with the potential
to improve therapeutic efficacy and patient compliance. Nevertheless, further in vivo pharmacokinetic and
bioavailability studies followed by clinical evaluation are warranted to confirm the enhanced oral performance
and therapeutic benefits of the optimized formulation.
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