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Abstract 

Background

Natural gums have long served as essential excipients in pharmaceutical formu-

lations, traditionally functioning as binders, disintegrants, suspending agents, and 

emulsifiers. Their role has expanded to include drug delivery carriers in advanced 

systems such as matrix formulations, gene therapy, and nanomedicine. Increasing 

attention has been given to natural gums over synthetic alternatives due to their 

non-toxicity, biodegradability, affordability, and availability. This study investigated the 

potential of Pentadesma butyracea gum as a matrix-forming agent for the extended 

release of diclofenac sodium.

Methods

The crude gum was harvested from the stem bark of Pentadesma butyracea and 

purified using ethanol precipitation. Fourier-transform infrared spectroscopy (FTIR) 

was employed to assess potential interactions between the gum, diclofenac sodium, 

and other excipients. Matrix tablets (PM01–PM05) containing varying concentrations 

(15–35% w/
w
) of the purified gum were prepared via wet granulation, along with a con-

trol batch (PM06) lacking the gum. Additionally, the PM01 formulation was optimised 

by incorporating xanthan gum at concentrations of 10–20%w/
w
 (PM01A–PM01C). All 

formulations were assessed for weight and dimensional uniformity, mechanical integ-

rity, drug content, and in vitro release characteristics. Comparative dissolution profiles 

were assessed against an innovator brand using the similarity (f₂) and difference (f₁) 

factors. Drug release kinetics and mechanisms were analysed using appropriate 

mathematical models.
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Results

All batches passed the uniformity of weight and dimensions tests, drug content 

(99.11–101.87%), friability (0.25–0.79%), hardness (7.74–8.83 Kgf), and tensile 

strength (1.29–1.49 MPa). The control batch (PM06) failed to meet dissolution cri-

teria, releasing only 60.46% of diclofenac sodium within 45 minutes. In contrast, 

formulations containing P. butyracea gum exhibited a gradual, concentration-

dependent, time-mediated release, with all test batches (PM01–PM05) releas-

ing over 50% of the drug within 45 minutes. Among the optimised formulations, 

PM01C exhibited a modified release profile, with 19.90 ± 0.508% of the drug 

released at 2 hours and 100.26 ± 2.118% at 24 hours, consistent with the British 

Pharmacopoeia standards. The release profile of PM01C was comparable to the 

reference product (f₂ = 79.35; f₁ = 2.93) and followed zero-order kinetics. PM01A 

and PM01B exhibited Korsmeyer-Peppas release kinetics. Mechanistically, drug 

release occurred via non-Fickian diffusion for PM01C and Fickian diffusion for 

PM01A and PM01B.

Conclusion

A matrix system comprising 15%w/
w
 P. butyracea gum and ≥ 20%w/

w
 xanthan gum 

effectively extended the release of diclofenac sodium over 24 hours, demonstrating 

its potential application in extended-release formulations.

1.0.  Introduction

The oral route remains the most widely preferred mode of drug administration, owing 
to its non-invasive nature, improved patient compliance, and convenience. It also 
offers greater formulation flexibility compared to other routes of administration [1,2]. 
Oral dosage forms are cost-effective and easily amenable to scale-up, making them 
suitable for both small-scale and industrial manufacturing. Globally, approximately 
90% of pharmaceutical products intended for human use are administered orally, 
and about 84% of the top-selling drugs are delivered via this route, contributing to a 
market value of approximately $35 billion [2,3].

Matrix formulations are particularly advantageous over conventional immediate-
release systems due to their ability to maintain therapeutic drug concentrations over 
extended periods. By avoiding peak plasma concentrations, they help to reduce 
toxicity, enhance therapeutic efficacy, and minimise drug accumulation, especially 
during chronic dosing. Furthermore, reduced dosing frequency associated with these 
systems improves patient adherence [4].

Several terminologies are used to describe oral formulations with modified drug 
release characteristics, such as sustained release, extended release, controlled 
release, modified release, and delayed release. Matrix tablets, a common form of 
modified-release dosage forms, are designed to continuously release drug over 
a prolonged period following a single dose administration. These are typically 
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formulated by incorporating release-modifying polymers, which may be blended with active pharmaceutical ingredients 
and excipients, followed by either direct compression or granulation before compression.

Among the various types of polymers used in matrix systems, hydrophilic polymers are widely employed due to their 
cost-effectiveness and capability to provide desirable release profiles [5]. In hydrophilic matrix systems, the polymer 
undergoes swelling upon contact with aqueous fluids, forming a gel layer through which the drug is released via dissolu-
tion, erosion and/or diffusion mechanisms [1]. Common examples of such polymers include hydroxypropylmethylcellulose 
(HPMC), hydroxypropylcellulose (HPC), xanthan gum, and sodium alginate. In this study, the drug release-controlling 
potential of purified Pentadesma butyracea gum, a naturally derived hydrophilic polymer, was investigated as a candidate 
excipient for use in extended-release oral diclofenac sodium matrix tablet formulations.

2.0.  Materials and methods

2.1.  Materials

Diclofenac sodium (ALB Technology Ltd., USA), Trifluoroacetic acid (Oakwood Products Inc., USA), acetonitrile (Perki-
nElmer Inc., USA), methanol (Sankyo Chemical Co. Ltd, Japan), purified Pentadesma butyracea gum (7º 43’ 8.7”N, 
1º 40’ 43.9”W, Nkoranza North, Ghana), talc (Multi Mineral Industries, Jodhpur), magnesium stearate (Anhui Sunhere 
Pharmaceutical Excipient Co. Ltd., China), phosphoric acid (Innophos Inc., USA), sodium dihydrogen orthophosphoric 
acid (EURCHEMnet, Italy), xanthan gum (Guangzhou ZIO Chemical Co. Ltd., China), Microcrystalline cellulose (MCC) 
(Shanghai Yuanri International Trade Co. Ltd., China), ethanol was obtained from the chemical store of the department of 
Pharmaceutics, UCC.

2.2.  Preparation of diclofenac sodium granules using Pentadesma butyracea gum as matrix agent

Purified Pentadesma butyracea gum was incorporated into tablet formulations at concentrations ranging from 15 to 
35%w/

w
 (batches PM01–PM05), based on the total tablet weight, as presented in Table 1. A total of five batches were 

developed, each with a distinct gum concentration. In preparing the granules, only essential excipients were included, 
namely, a diluent, a lubricant (added before compression), the active pharmaceutical ingredient (diclofenac sodium), and 
the release modifiers. These components were blended using the doubling-up method to specifically assess the effect 
of the gum as a matrix-forming agent. Granulation was accomplished using the wet granulation technique, with distilled 
water as the granulating fluid. The wet mass was passed through a 2360 µm sieve and then dried at 60°C for 1 hour. 
After cooling in a desiccator, the dried granules were re-screened using a 1190 µm sieve. The granules were subse-
quently stored in ziplock bags for further analyses and tablet compression. Additionally, a control batch (PM06) was for-
mulated without the gum to assess the specific impact of P. butyracea gum on matrix formation. Furthermore, optimised 
formulations containing xanthan gum at concentrations of 10–20%w/

w
 (PM01A–PM01C) were developed for comparative 

analysis.

Table 1.  Formula for matrix formulations.

Ingredients Quantity per tablet (mg)

PM01 PM02 PM03 PM04 PM05 PM06 PM01A PM01B PM01C

Diclofenac sodium (API) 100 100 100 100 100 100 100 100 100

Release modifier Pentadesma butyracea gum 60 80 100 120 140 – 60 60 60

Xanthan gum – – – – – – 40 60 80

MCC 232 212 192 172 152 292 192 172 152

Magnesium stearate 4 4 4 4 4 4 4 4 4

Talc 4 4 4 4 4 4 4 4 4

https://doi.org/10.1371/journal.pone.0341668.t001

https://doi.org/10.1371/journal.pone.0341668.t001
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2.3.  Fourier transform infrared (FTIR) analysis for compatibility studies

Approximately 5 mg of each sample was placed in the sample holder of the FTIR spectrophotometer (Bruker), and their 
respective spectra were recorded. The resulting spectra were superimposed and compared against the reference library 
to assess spectral compatibility [6,7].

2.4.  Evaluation of the flow properties of the diclofenac sodium granules before compression

2.4.1.  Assessment of the bulk and tapped densities, Hausner ratio and % compressibility of the diclofenac 
sodium granules.  A 10 g quantity of formulated granules was accurately weighed and transferred through a funnel into 
a 100 mL graduated cylinder. The cylinder was gently tapped twice to dislodge any adhering powder from the inner walls. 
The initial volume (V

b
) was recorded as the bulk volume.

Subsequently, the cylinder was tapped 50 times from a height of 2.5 cm onto a wooden surface to allow the powder to 
settle to a constant volume, noted as the final volume (V

t
).

The bulk (or apparent) density (D
b
) for each batch of granules was calculated using the equation [8]:

	 Db = mass / Vb	 (1)

The tapped density (D
t
) for each batch of granules was calculated using [8]:

	 Dt = mass / Vt	 (2)

	 Hausner’s ratio = Dt / Db	 (3)

	 % compressibility = [(Dt – Db) / Dt] × 100	 (4)

2.4.2.  Evaluation of the angle of repose of the diclofenac sodium granules.  The angle of repose, a critical 
indicator of powder flowability, was determined using the fixed height method. For each batch of granules, the sample 
was allowed to flow freely through a funnel fixed at a vertical distance of 2 cm from the horizontal surface. This facilitated 
the formation of a conical heap. The base of the cone was marked, and the granules were removed to measure the 
diameter of the base. The average diameter was calculated from two perpendicular measurements, and the radius (r) was 
determined accordingly. The height (h) of the cone was also measured. The angle of repose (θ) was then computed using 
the equation [8]:

	 θ = tan – ¹(h/r)	 (5)

2.5.  The compression of the diclofenac sodium granules into tablets

The diclofenac sodium granules for each formulation were compressed into tablets (Fig 1) using a Heysu ZP35D rotary 
tablet compression machine (Shanghai, China), after lubricating with the respective amounts of talc and magnesium 
stearate.

2.6.  Pharmaceutical quality evaluation of compressed diclofenac sodium tablets (PM01-PM06; PM01A-PM01C)

2.6.1.  Determination of the thickness and diameter of PM01-PM06, and PM01A-PM01C.  The diameter and 
thickness of ten tablets from each formulation batch were measured using a digital Vernier caliper (SKU: DVC-W-150, 
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China). The mean values and standard deviations were subsequently calculated to assess uniformity in tablet dimensions, 
which is essential for ensuring consistent dosage and mechanical strength [8,9].

2.6.2.  Uniformity of weight test of PM01-PM06 and PM01A-PM01C.  Twenty randomly selected tablets from 
each formulation batch were collectively weighed to determine the mean tablet weight. Subsequently, each tablet was 
weighed individually, and the percentage deviation from the mean weight was calculated to evaluate weight uniformity, as 
recommended by pharmacopoeial guidelines [6].

2.6.3.  Friability test of PM01-PM06 and PM01A-PM01C.  To assess the mechanical integrity of the formulations, 
tablets from each formulation batch, with a total weight equivalent to 6.5 g, were individually dusted and placed in a 
friabilator (Panmex Laboratories and Industrial Motors, Model 902, Delhi). The apparatus was operated at 25 rpm for 100 
revolutions (equivalent to 4 minutes), allowing the tablets to undergo mechanical tumbling within the rotating drum. After 
the test, the tablets were removed, excluding any broken fragments, dusted, and reweighed. The friability was calculated 
as the percentage weight loss using the difference between the initial and final tablet weights [6].

2.6.4.  Evaluation of tablet hardness and tensile strength of PM01-PM06 and PM01A-PM01C.  The mechanical 
strength and resistance of each formulation batch to crushing were evaluated by randomly selecting 5 tablets from each 
batch. Each tablet was individually positioned between the spindle and anvil of a DKB hardness tester (Serial No. 123), 
with the calibration scale adjusted to zero before measurement. A compressive force was gradually applied until the tablet 
fractured, and the breaking point was recorded in kilogram-force (kgf) [6,8].

Fig 1.  Image of a sample of diclofenac sodium matrix tablets. 

https://doi.org/10.1371/journal.pone.0341668.g001

https://doi.org/10.1371/journal.pone.0341668.g001
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The tensile strength was calculated by [6]:

	 Tensile strength = 2F / (πDt),	 (6)

where F is tablet hardness, t is tablet thickness, and D is the tablet diameter
2.6.5.  Assay of diclofenac sodium formulation batches by HPLC.  For each formulation batch, twenty [20] tablets 

were randomly selected, weighed, and triturated into a fine powder. A quantity of the powdered sample, equivalent to 0.5 g 
of diclofenac sodium, was accurately weighed and transferred into a volumetric vessel containing 800 mL of methanol. 
The mixture was subjected to sonication to ensure complete dissolution. The resulting solution was then diluted with the 
mobile phase to achieve a final diclofenac sodium concentration of 0.005%w/

v
. The diclofenac sodium content in each 

formulation batch was quantified using a British Pharmacopoeia (2022) validated high-performance liquid chromatography 
(HPLC) method, with the chromatographic conditions as shown in Table 2 [6].

2.6.6.  In-vitro release studies of diclofenac sodium from matrix tablets.  HPLC method development for 
quantifying in-vitro diclofenac release from formulations PM01-PM06 and PM01A-PM01C. Preparation of stock 
solution. An accurately weighed 0.30 g of diclofenac sodium was placed into a clean glass beaker. The drug was 
dissolved in 300 mL of phosphate buffer (pH 6.8) with sonication. The obtained solution was transferred into a 500 mL 
volumetric flask and diluted to volume with the same phosphate buffer to yield a 0.06%w/

v
 solution. After stoppering, the 

flask was shaken thoroughly to ensure homogeneity. This stock solution served as the source for preparing test solutions 
at various analyte concentrations by appropriate dilution with phosphate buffer (pH 6.8) for use in High-Performance 
Liquid Chromatography (HPLC) method development.

HPLC analytical method development. The method was developed with consideration for the ability to detect and 
quantify diclofenac sodium, cost-effectiveness, reagent availability, and analysis time. The HPLC chromatographic condi-
tions were progressively optimised through iterative adjustments until optimal separation was achieved, characterised by 
a distinct peak for diclofenac sodium (Table 3).

Establishment of chromatographic method parameters. Determination of the appropriate stationary phase. One of 
the fundamental principles in HPLC method development is that the polarity of the analyte should be opposite to that of 
the stationary phase. This ensures adequate interaction between the analyte and the column. Thus, the stationary phase 
should be strong enough to retain the compound, yet weak enough to allow elution within a defined run time. For this 
study, a run time of approximately 5 minutes was targeted. Given that the diclofenac sodium under investigation exhib-
its intermediate polarity, possessing both polar and non-polar characteristics, a C18 (150 mm × 4.6 mm, 5 µm particle 

Table 2.  Chromatographic conditions applied in the assay of formulation batches PM01-PM06 and PM01A-PM01C.

Parameter Conditions

Chromatograph Agilent HPLC (1260)

Stationary Phase 25 cm x 4.6 mm; 5 µm, Zorbex C8

Mobile phase Methanol: 0.1% Phosphoric acid and 0.16% sodium dihydrogen 
orthophosphate (80: 20)

Detection wavelength 254 nm

Elution method Isocratic

Temperature Ambient

Flow rate 1 mL/min

Run time 7 minutes

Injection volume 20 µL

https://doi.org/10.1371/journal.pone.0341668.t002

https://doi.org/10.1371/journal.pone.0341668.t002
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size) column (Table 3) was chosen due to its longer alkyl chain, which enhances hydrophobic interactions and provides 
improved retention characteristics for moderately non-polar compounds [10,11].
Selection of an appropriate mobile phase. The mixture of 0.1% w/

v
 Trifluoroacetic acid and acetonitrile in the ratio of 25: 75 

(Table 3) was chosen because this mobile phase composition is relatively nonpolar, making it suitable for eluting moder-
ately to strongly nonpolar compounds or reducing retention time for compounds with intermediate polarity like diclofenac 
sodium [10,12].
Selection of wavelength and injection volume for the analysis. With guidance from the British Pharmacopoeia [6], the 
injection volume and wavelength chosen were 20 µL and 254 nm, respectively (Table 3).

Assessment of the Specificity of the HPLC developed method. The working solutions of the diclofenac sodium in 
matrix tablet (0.02% w/

v
) and the conventional tablet (0.4% w/

v
) were prepared and analysed using the developed HPLC 

method. The blank was also subjected to the same chromatographic conditions. The chromatograms of the analytes 
obtained from multiple determinations were subsequently compared to evaluate the method’s performance.

Investigation of the Linearity of the HPLC developed method. Standard calibration curve, expressed as a linear 
regression plot, was generated for diclofenac sodium using concentrations 0.03% w/

v,
 0.015% w/

v
, 0.0075% w/

v
, 0.00375% 

w/
v
, 0.001875% w/

v
 and 0.0009375% w/

v,
 which were prepared via serial dilution of the stock. Each concentration was anal-

ysed in triplicate runs, and the corresponding peak areas were recorded. A plot of the peak area versus concentration was 
then constructed to determine the coefficient of determination (R²), assessing linearity.

Evaluation of the Limit of Detection (LOQ) and the Limit of Quantification (LOQ) of the HPLC developed 
method. According to the guidelines set by the International Council for Harmonisation of Technical Requirements for 
Pharmaceuticals for Human Use (ICH) [13], the limit of detection and the limit of quantification for analytical methods 
should be calculated using the following equations [13]:

	
LOD =

3.3σ
S 	 (7)

	
LOQ =

10σ
S 	 (8)

where S represents the slope of the calibration curve and σ denotes the standard deviation of the response [13].
Assessment of the accuracy of the HPLC developed method. The accuracy of the developed method was evalu-

ated by analysing three concentration levels for diclofenac sodium (0.0075% w/
v
, 0.015% w/

v
 and 0.03% w/

v
), corresponding 

Table 3.  Chromatographic conditions for the developed method.

Parameter Conditions

Chromatograph PerkinElmer Flexar

Stationary Phase C18 phenomenex (150 x 4.6 mm; 5 µm)

Mobile phase 0.1% v/
v
 Trifluoroacetic acid: acetonitrile

(25%: 75%)

Detection wavelength 254 nm

Elution method Isocratic

Temperature 25 ºC

Flow rate 1 mL/min

Run time 5 minutes

Injection volume 20 µL

https://doi.org/10.1371/journal.pone.0341668.t003

https://doi.org/10.1371/journal.pone.0341668.t003
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to 50%, 100% and 150% of its respective working concentrations. Each concentration was prepared in triplicate and ana-
lysed using the developed HPLC method. The average percentage recovery was then calculated for each level to assess 
the method’s accuracy

Assessment of the precision of the HPLC developed method. Repeatability of the analytical method was assessed 
by analysing a 0.015% w/

v
 diclofenac sodium solution six consecutive times, and calculating the mean percentage recov-

ery and relative standard deviation (RSD). The RSD was determined using the formula [13]:

	 RSD (%) = (σ / x̄) × 100	 (9)

where σ represents the standard deviation and x̄ is the mean of the peak area values.
To evaluate the intraday precision, the same test samples were reanalysed after six hours under identical conditions, 

and the corresponding RSD was calculated. To assess the intermediate precision, the same working diclofenac sodium 
solution was analysed six times, each day for three consecutive days. The mean percentage recovery and the RSD were 
subsequently evaluated for each day.

Assessment of the robustness of the HPLC developed method. The robustness of the developed HPLC method 
was evaluated by introducing deliberate variations to key analytical parameters. Specifically, the column source was 
changed to a Microsorb-MV 100−5 C18 (150 × 4.6 mm), the HPLC instrument was substituted with an alternative model 
(Agilent 1260 infintiy II), and the mobile phase was modified to consist of 80 parts methanol and 20 parts buffer (pH 2.5). 
The buffer was prepared by mixing equal volumes of 0.1%w/

w
 phosphoric acid and 0.16%w/

v
 sodium dihydrogen orthophos-

phate. Diclofenac sodium solutions at concentrations of 0.003% w/
v
, 0.0075% w/

v
, and 0.015% w/

v
 were analysed, each in 

triplicate. The mean percentage recoveries were calculated for each concentration, and the relative standard deviations 
(RSDs) were determined to assess the consistency of the method under the altered conditions.

Procedure for dissolution studies. The in-vitro dissolution behaviour of the matrix tablets formulated exclusively 
with Pentadesma butyracea gum (PM01–PM05) was evaluated using the United States Pharmacopoeia (USP) Dis-
solution Apparatus I (basket method). For formulation batches PM06, PM01A, PM01B, and PM01C, USP Apparatus II 
(paddle method) was employed. Dissolution testing was carried out in 900 mL of phosphate buffer (pH 6.8) maintained 
at 37 ± 0.5°C, with a rotation speed of 100 rpm. Six tablets from each formulation batch were individually introduced into 
round-bottom dissolution vessels at 5-minute intervals, ensuring sink conditions throughout the study. For formulations 
PM01–PM05, 10 mL aliquots were collected at 0 minute, 45 minutes, 2, 6, 10, and 12 hours. Sampling for PM01A–PM01C 
and the reference (innovator) product was performed at 0 minute, 45 minutes, 2, 6, 10, 12, 16, 18, 21, and 24 hours, 
while the control (PM06) was sampled at 5, 15, 30, 45, and 60 minutes. Withdrawn volumes were immediately replaced 
with equal volumes of fresh, pre-warmed dissolution medium to maintain constant volume and temperature. Each sample 
was filtered through a 0.22 µm membrane filter and analysed using a validated high-performance liquid chromatography 
(HPLC) method. The cumulative release of diclofenac sodium was calculated and plotted against time to generate disso-
lution profiles.

2.7.  Determination of the difference (f1) and similarity (f2) factors

A model-independent approach was employed to evaluate the similarity between the dissolution profiles of the optimised 
formulation batches (PM01A–PM01C) and that of the innovator diclofenac sodium product, using the difference factor (f₁) 
and similarity factor (f₂) as statistical tools [14–16].

The difference factor (f₁) and similarity factor (f₂) were calculated using the following equations:

	
Difference factor (f1) =

Σ (Rt – Tt)
Σ (Rt)

x100
	 (10)
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Similarity factor (f2) = 50 x log [ [1+

(
1
n
xΣ (Rt – Tt)2

)
]–0.5 x 100]

	 (11)

Where:
n = number of time points
Rt = cumulative percentage of diclofenac sodium released at time t from the innovator brand
Tt = cumulative percentage of diclofenac sodium released at time t from the optimized formulation batches

2.8.  Kinetics and mechanism of diclofenac release from optimised matrix tablets (PM01A – PM01C)

2.8.1.  Zero-order drug release kinetics for diclofenac sodium release from PM01A-PM01C.  This was evaluated 
by plotting the mean cumulative percentage of diclofenac sodium released versus time. A linear relationship in this plot 
indicates zero-order release behaviour. The slope and correlation coefficient (R²) of the linear regression were used to 
assess the fit of the data to the model. The zero-order kinetic model is described by the equation [17,18]:

	 Qt = K0 t	 (12)

Where:
Qₜ = the amount of diclofenac sodium released at time t
K₀ = the zero-order release rate constant
t = the time
2.8.2.  First-Order drug release kinetics for diclofenac sodium release from PM01A-PM01C.  This was assessed 

by plotting the logarithm of the mean cumulative percentage of diclofenac sodium released versus time. The slope and 
correlation coefficient (R²) of the resulting linear plot were used to evaluate the fit of the data to the first-order model. The 
model is described by the following equation [19]:

	 Log C = logCo – kt / 2.303	 (13)

Where:
C is the amount of diclofenac sodium released at time t
C₀ is the initial concentration of diclofenac sodium
k is the first-order release rate constant
t is time
2.8.3.  Higuchi model of drug release kinetics for diclofenac sodium release from PM01A-PM01C.  The Higuchi 

model was used to describe drug release based on the diffusion mechanism. It was evaluated by plotting the mean 
cumulative percentage of drug released against the square root of time. The slope and correlation coefficient (R²) of the 
linear regression were used to assess the goodness of fit to the model. The Higuchi equation is expressed as [20]:

	 Q = KHt
1/2

	 (14)

Where:
Q – the amount of diclofenac sodium released at time t
KH – the Higuchi release rate constant
t – time
2.8.4.  Hixson–Crowell model of drug release kinetics for diclofenac sodium release from PM01A-PM01C.  The 

Hixson–Crowell model was applied to assess diclofenac sodium release involving changes in surface area and diameter 
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of the matrix tablets during dissolution. This was evaluated by plotting the cube root of the unreleased drug amount (or the 
cube root of the mean cumulative drug release) versus time. The slope and correlation coefficient (R²) of the linear plot 
were used to determine the model fit. The Hixson–Crowell equation is given as [17]:

	 Q1/3
0 – Qt1/3 = KHCt	 (15)

Where:
Q₀ - the initial amount of diclofenac sodium in the matrix tablet
Qₜ – the amount of diclofenac sodium remaining at time t
KHC – the Hixson–Crowell release rate constant
t – time
2.8.5.  Korsemeyer–Peppas model of drug release kinetics for diclofenac sodium release from PM01A-

PM01C.  The Korsmeyer–Peppas model was applied to analyse the drug release mechanism from the polymeric matrix. 
This was done by plotting the logarithm of the mean cumulative percentage of diclofenac sodium released against the 
logarithm of time. The slope and correlation coefficient (R²) of the linear portion of the plot were used to evaluate the 
model fit. The model is described by the following equation [17,21]:

	 Mt / MT = Ktn	 (16)

Where:
Mₜ/Mₜ – the fraction of drug released at time t
K – the kinetic constant incorporating structural and geometric characteristics of the dosage form
t – the release time
n – the diffusion exponent indicative of the release mechanism

2.9.  Statistical analysis

Data obtained from the study were analysed using Microsoft Excel and GraphPad Prism version 10 (GraphPad Software, 
San Diego, CA, USA).

3.0.  Results and discussion

3.1  FTIR compatibility test

Drug-excipient compatibility studies are important in formulation science. Drug-excipient interactions may affect the physi-
cochemical properties, shelf stability, bioavailability, and, therefore, the efficacy and safety profile of the drug. Among other 
methods, the use of FTIR spectroscopy to identify and comparatively analyse the functional group compositions of drugs 
and excipients before and after formulation has become commonplace [22,23].

The FT-IR spectrum of Pentadesma butyracea gum displayed functional group bands consistent with the secondary 
metabolites, including glycosides, identified through phytochemical screening. The bands consist of an O-H intermolecu-
lar bond stretch from 3590 cm-1 to 2990 cm-1 and its corresponding O-H bending at 1374 cm-1; C-H stretching of alkane at 
2981 cm-1; C = C stretch at 1600 cm-1; and glycosidic C-O-C stretching and alcoholic C-O stretching at 1253 cm-1 and 1028 
cm-1, respectively (Fig 2A; Table 4). Similar functional groups can be found in other gums, like guar, almond and grewia, 
which are of pharmaceutical interest [24–26].

For diclofenac sodium, IR peaks were detected for N-H and C-H stretching vibrations at 3388 cm-1 and 2981 cm-1 for 
respectively. C-N stretching was at 1305 cm-1. There was a broad O-H stretching vibration from carboxylic acid, which 
peaks at 3250 cm-1, while the asymmetric stretching of carboxylate ion was at 1574 cm-1. The corresponding O-H bending 
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showed at 1398 cm-1. Double bond vibrations like aromatic C = C stretching were detected at 1557 cm-1 and 1498 cm-1, and 
the C = C bending vibrations were at 952 cm-1. The sp2 hybridised C-H bending occurred at 1470 cm-1 and 1453 cm-1. C-Cl 
bending vibrations were at 746 cm-1 (Fig 2B; Table 4). These bands have been extensively reported [27].

Fig 2.  FT-IR spectrum of A. Pentadesma butyracea gum (P, green), B. diclofenac sodium (red), C. granules (blue) consisting of diclofenac sodium, talc, 
MCC and magnesium stereate, D gum, diclofenac sodium and granules overlaid on each other; spectrum shows distinct pattern for all three materials 
E. gum and granules overlaid on each other, showing significant differences, and F. diclofenac sodium and granules overlaid; spectrum of granules very 
similar to that of diclofenac sodium indicating compatibility.

https://doi.org/10.1371/journal.pone.0341668.g002

https://doi.org/10.1371/journal.pone.0341668.g002
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The granules were formulated using Pentadesma butyracea gum, MCC, talc and magnesium stearate as the excipients 
and diclofenac sodium as the API. Characteristic peaks for talc are found at 1013 cm-1 (Si-O bending) and 671 cm-1 (O-H 
bending) [28]. C-H stretching vibrations occurred at 2981 cm-1–2850 cm-1. O-H stretching was observed at 3250 cm-1 while 
O-H bending was at 1385 cm-1. Infrared absorption due to asymmetric C-O-C stretching of MCC occurred at 1160 cm-1 (Fig 
2C; Table 4) [29]. Besides those peaks in the IR spectrum of the granules accounted for by the excipients, the other peaks 
are accounted for the peaks already discussed for diclofenac (Fig 2F; Table 4).

Drug and excipients are said to be incompatible when the FTIR data of formulation, in comparison to that of the drug, 
indicate either the appearance of new peaks, significant shifts in the peak positions, or a loss or decrease in peak inten-
sity. Comparing the IR spectra of the Pentadesma butyracea gum, diclofenac sodium, and granules highlights some 
similarities and differences in functional groups (Fig 2D). For instance, the Pendesma butyracea gum shows a spectrum 
profile distinct from that of the granules (Fig 2D and 2E), with the overlapping peaks at 1028 cm-1 and 1013 cm-1 due to 
different functional groups in the gum and the granules, respectively. The IR spectrum of diclofenac and the granules 
(formulation) showed very similar peaks. Characteristic peaks for the excipients also showed in the granules. A shift in the 
spectrum baseline of the granules may account for the slight change in peak intensities (Fig 2F). In conclusion, as there 

Table 4.  Characteristic FT-IR peaks for gum, diclofenac sodium and granules.

Material Relevant peaks (cm-1) Type of bond

Pentadesma butyracea gum (P) 1028 C-O stretch of primary alcohol

1253 Glycosidic C-O stretching

1374 O-H bending vibrations

1600 C = C stretch

2981 C-H stretching (alkane)

3300
(2990–3590)

O-H stretching

Diclofenac Sodium 746 C-Cl bending vibrations

952 C = C bending of alkene

1305 C-N stretching

1398 O-H bending

1453 Aromatic C-H bending

1498,1557 Aromatic C = C stretching

1574 Asymmetrical COO- stretching of carboxylic acid

2981 C-H stretching

3250 O-H stretching of carboxylic acid

3388 N-H stretching

Granules 671 O-H bending of talc

745 C-Cl bending vibrations

1013 Si-O bending from excipients

1160 asymmetric C-O-C stretching vibration (MCC)

1304 C-N stretching

1385 O-H bending

1452 Aromatic C-H bending

1498,1556 Aromatic C = C stretching

1572 COO- stretching

2981 C-H stretching

3255 O-H stretching of carboxylic acid

3389 N-H stretching

https://doi.org/10.1371/journal.pone.0341668.t004

https://doi.org/10.1371/journal.pone.0341668.t004
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was no significant change in functional groups of the excipients and the API in granules, the excipients may be said to be 
compatible with diclofenac sodium and safe for use in formulation.

3.2.  The flow properties of the diclofenac sodium granules before compression

To mitigate issues such as flow obstruction and irregular flow during granule compression, the flow properties of each 
batch were assessed. According to [8], Carr’s Compressibility index values ranging from 5–11%, 12–16%, 18–21%, 
23–25%, 33–38%, and > 40% are indicative of excellent, good, fair, poor, very poor, and extremely poor flowability, 
respectively. Similarly, a Hausner’s ratio below 1.2 is associated with good flow characteristics, whereas values ≥ 1.5 sug-
gest poor flowability. The angle of repose further categorises flowability, with values of 25–30°, 31–35°, 36–40°, and > 46° 
corresponding to excellent, good, passable, and very poor flow, respectively. The results, as presented in Table 5, reveal 
that the granules of batches PM01, PM02, PM03, PM05 and PM06 exhibited excellent flow properties. However, batches 
PM04, PM01A, PM01B, and PM01C demonstrated good flowability. These findings indicate that the granules possessed 
adequate flow properties suitable for compression into tablets.

3.3.  Uniformity in the thickness and diameter of formulations PM01 – PM06; PM01A – PM01C

The weight of a tablet is primarily determined by the density of the powder blend, alongside the diameter and thickness 
of the final dosage form. Theoretically, tablet diameter remains constant, as it is governed by the fixed dimensions of the 
punches and dies employed during compression. As shown in Table 6, the mean tablet diameter across all formulation 

Table 5.  Precompressional evaluation of granules.

Formulation code Bulk density (mg/mL) Tapped density (mg/mL) Hausner ratio Compressibility index (%) Angle of repose (º)

PM01 0.496 ± 0.008 0.550 ± 0.010 1.11 ± 0.002 10.96 ± 0.212 30.65 ± 0.263

PM02 0.536 ± 0.007 0.582 ± 0.009 1.09 ± 0.002 8.70 ± 0.178 30.11 ± 0.510

PM03 0.424 ± 0.004 0.457 ± 0.002 1.08 ± 0.016 7.96 ± 1.607 30.48 ± 1.042

PM04 0.414 ± 0.004 0.462 ± 0.006 1.12 ± 0.002 11.50 ± 0.187 31.41 ± 0.275

PM05 0.460 ± 0.008 0.507 ± 0.009 1.10 ± 0.002 10.13 ± 0.181 30.11 ± 0.510

PM06 0.375 ± 0.004 0.427 ± 0.028 1.14 ± 0.085 10.96 ± 0.212 29.75 ± 0.000

PM01A 0.483 ± 0.025 0.558 ± 0.02 1.156 ± 0.018 15.57 ± 1.811 34.14 ± 0.636

PM01B 0.540 ± 0.012 0.620 ± 0.005 1.147 ± 0.016 14.72 ± 1.608 32.01 ± 0

PM01C 0.466 ± 0.008 0.527 ± 0.002 1.132 ± 0.035 13.18 ± 1.352 32.42 ± 0.583

https://doi.org/10.1371/journal.pone.0341668.t005

Table 6.  Uniformity of weight, tablet dimension of formulations and diclofenac sodium content in PM01 – PM06; PM01A – PM01C.

Formulation 
code

Mean weight of 
tablets (n = 20)/ g

No. of tablets  
deviated by ≥ ± 5%

No. of tablets  
deviated by ± 10%

Mean diameter/
mm (n = 10)

Mean thickness/ 
mm (n = 10)

% Content of diclofenac 
sodium (n = 3)

PM01 0.416 ± 0.005 0 0 12.04 ± 0.041 3.07 ± 0.076 100.45 ± 0.624

PM02 0.408 ± 0.005 0 0 12.06 ± 0.036 3.05 ± 0.023 101.21 ± 2.779

PM03 0.417 ± 0.005 0 0 12.05 ± 0.037 3.03 ± 0.023 100.52 ± 1.659

PM04 0.413 ± 0.006 0 0 12.04 ± 0.036 3.03 ± 0.037 100.82 ± 1.757

PM05 0.413 ± 0.004 0 0 12.07 ± 0.034 3.04 ± 0.039 101.87 ± 2.542

PM06 0.413 ± 0.006 0 0 12.05 ± 0.033 3.06 ± 0.038 101.21 ± 2.485

PM01A 0.406 ± 0.004 0 0 11.98 ± 0.001 3.21 ± 0.036 99.67 ± 0.606

PM01B 0.404 ± 0.003 0 0 12.04 ± 0.136 3.14 ± 0.028 100.06 ± 0.288

PM01C 0.405 ± 0.003 0 0 12.06 ± 0.153 3.14 ± 0.05 99.11 ± 0.587

https://doi.org/10.1371/journal.pone.0341668.t006

https://doi.org/10.1371/journal.pone.0341668.t005
https://doi.org/10.1371/journal.pone.0341668.t006
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batches ranged between almost 12 mm to 12.07 mm. These slight deviations are likely due to minor surface irregularities 
or wear of the punches and dies during the compression process [9]. Tablet thickness uniformity serves as an essential 
quality control criterion, ensuring consistent physical appearance and facilitating efficient packaging. Moreover, uniform 
thickness contributes to the accurate operation of automated tablet counting and filling equipment. Regular monitoring of 
tablet thickness during manufacturing may allow for early detection of weight or content non-uniformity. Data presented in 
Table 6 indicate that tablet thickness values ranged from 3.03 mm to 3.14 mm across all batches. All compressed tablets 
met the British Pharmacopoeia [6] specification for dimensional uniformity, with no single tablet exhibiting more than ± 5% 
deviation in either thickness or diameter. This consistency is attributable to the acceptable flow properties of the granules, 
which likely enabled uniform die filling during the compression process.

3.4.  Weight variation of formulations PM01 – PM06; PM01A – PM01C

The weight variation test serves as an indirect measure of the uniformity of drug content within a batch of tablets, as tablet 
weight correlates with the quantity of active pharmaceutical ingredient (API) it may contain. Achieving consistent tablet 
weight is therefore essential to ensure accurate dosing, which in turn contributes to attaining the desired therapeutic drug 
concentration and clinical efficacy. In the present study, the average weight of all matrix tablet batches exceeded 250 mg. 
According to the British Pharmacopoeia [6], for tablets with an average weight greater than 250 mg, not more than two out 
of twenty randomly selected tablets should deviate by more than ± 5% from the mean weight, and none should devi-
ate by more than ± 10%. As presented in Table 6, all formulation batches complied with these specifications, indicating 
satisfactory uniformity of weight. The observed compliance may be attributed to the favourable flow characteristics of the 
granules, uniform die filling, and consistent movement of the lower punch during compression. Consequently, the tablets 
are expected to exhibit minimal variation in drug content, supporting consistent therapeutic performance across individual 
units.

3.5  Diclofenac sodium content in formulations PM01 – PM06; PM01A – PM01C

The assay of pharmaceutical products is a critical quality control parameter, as it confirms the presence and quantifies the 
content of the active pharmaceutical ingredient (API) in dosage forms. It also plays a vital role in identifying and elimi-
nating substandard and counterfeit products from the market. Based on the results presented (Table 6), all formulated 
batches complied with pharmacopoeial specifications, with diclofenac sodium content ranging from 100.21% to 100.82%, 
which falls within the United States Pharmacopoeia [30], acceptable range of 90–110%. These findings indicate not only 
the presence of diclofenac sodium in the matrix tablet formulations but also confirm that each batch contains the appropri-
ate quantity necessary to ensure consistent therapeutic efficacy.

3.6.  Mechanical integrity of formulations PM01 – PM06; PM01A – PM01C

3.6.1.  Hardness of formulations PM01 – PM06; PM01A – PM01C.  Tablet hardness refers to the ability of a tablet 
to resists breaking or crushing under mechanical stress encountered during manufacturing and use, thereby offering 
insight into the tablet’s structural robustness. As a critical quality control parameter, hardness is routinely evaluated 
during the compression process, as the data obtained informs necessary adjustments to the compression force applied 
by the tableting machine. Tablets with insufficient hardness may lack the mechanical integrity to withstand subsequent 
manufacturing steps such as coating and packaging, whereas overly hard tablets may fail to disintegrate within the 
required time frame, potentially compromising dissolution and bioavailability. A minimum crushing strength of 4 kgf is 
generally considered acceptable for ensuring mechanical stability without compromising disintegration performance [6]. 
As presented in Table 7, all the formulation batches exhibited hardness values within the acceptable range (4–10 kgf), 
thereby passing the hardness test. This outcome may be attributed to the application of an appropriate and consistent 
compression force during tablet manufacture [31].
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3.6.2.  Friability of formulations PM01 – PM06; PM01A – PM01C.  Tablet friability evaluates the mechanical integrity 
of tablets by determining their resistance to abrasion and breakage under stress, thereby indicating their ability to endure 
subsequent processing, handling, packaging, and transportation. According to [6], a weight loss of not more than 1% 
is considered acceptable for conventional tablets; values exceeding this threshold indicate inadequate mechanical 
robustness. As shown in Table 7, all formulation batches passed the friability test. This implies that PM01-PM06 and 
PM01A-PM01C tablets could resist physical defects such as chipping, crumbling, capping, or breakage.

3.6.3.  Tensile strength of formulations PM01 – PM06; PM01A – PM01C.  Tensile strength is a critical mechanical 
property of tablet formulations. In this study, the tensile strength of the formulated batches ranged from 1.29 ± 0.054 to 
1.49 ± 0.141 MPa. For small-scale tablet production, a tensile strength of ≥ 1 MPa is generally considered acceptable to 
ensure adequate mechanical robustness [32,33]. Based on this criterion, all formulations met the required specification 
(Table 7). This means that all formulation batches have sufficient balance between structural integrity to withstand 
handling and adequate friability to allow disintegration and dissolution.

3.7.  In-vitro diclofenac release from formulation batches PM01-PM06; PM01A–PM01C

3.7.1.  HPLC method validation for the quantitative analysis of diclofenac sodium in dissolution 
testing.  Specificity. This test was performed to verify that the developed HPLC method showed no interference from 
excipients in the formulation. Diclofenac sodium exhibited an average retention time of 3.50 ± 0.016 minutes at 254 nm. 
The blank displayed no peaks within the run time (Fig 3), indicating a high level of specificity. The conventional release 
diclofenac tablet (PM06) produced a peak with an area of 7,846,913.9 mAU at a retention time of 3.55 minutes (Fig 4). 
The matrix formulation also displayed three peaks with areas of 524,661.8 mAU, 3,501,481.2 mAU, and 325,747.4 mAU 
at retention times of 2.975 minutes, 3.534 minutes, and 3.941 minutes, respectively (Fig 5). The diclofenac sodium peak 
was observed at a retention time of 3.534 minutes, while the other peaks could be characteristic of compounds from 
Pentadesma butyracea gum.

Linearity, limit of detection (LOD) and limit of quantification (LOQ). The calibration curve plotted from concen-
tration 0.0009375%w/

v
 to 0.03%w/

v
 was linear with a correlation coefficient (R2) of 0.9997 (Fig 6) for the line equation, 

y = 189991436x – 153612. The obtained R2 value indicates a strong positive correlation between the diclofenac sodium 
concentration and the peak area; thus, as the concentration decreases, the peak area also decreases. The LOQ and LOD 
were determined to be 0.001790723%w/

v
 and 0.00059094%w/

v,
 respectively.

Precision and accuracy. This method was precise, with a relative standard deviation (RSD) value of 0.5800% for 
freshly prepared samples and 0.4113% for intraday precision (Table 8). This method also demonstrated RSD values of 
0.2289%, 0.5756%, and 0.3305% for inter-day precision on days 1, 2, and 3 (Table 9). Since the obtained RSD values 
were < 2, it indicates that the developed analytical method is reproducible, consistent, and reliable [34].

Table 7.  Mechanical strength of formulation batches PM01 – PM06; PM01A-PM01C.

Formulation code Hardness/ kgf (n = 5) Friability/% (n = 3) Tensile strength/ MPa

PM01 8.13 ± 0.849 0.66 ± 0.031 1.37 ± 0.133

PM02 7.74 ± 0.897 0.61 ± 0.040 1.31 ± 0.155

PM03 7.52 ± 0.315 0.17 ± 0.020 1.29 ± 0.054

PM04 8.08 ± 0.777 0.34 ± 0.040 1.39 ± 0.131

PM05 8.73 ± 0.806 0.27 ± 0.020 1.49 ± 0.141

PM06 8.60 ± 0.834 0.46 ± 0.020 1.46 ± 0.143

PM01A 8.54 ± 0.379 0.79 ± 0.010 1.41 ± 0.060

PM01B 8.44 ± 0.572 0.5 ± 0.010 1.42 ± 0.109

PM01C 8.83 ± 0.356 0.25 ± 0.012 1.48 ± 0.047

https://doi.org/10.1371/journal.pone.0341668.t007

https://doi.org/10.1371/journal.pone.0341668.t007
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The accuracy of the developed HPLC method was evaluated by determining the closeness of measured values to their 
corresponding theoretical concentrations, expressed as the percentage mean recovery of diclofenac sodium. The recov-
ery values ranged from 96.71 ± 0.39% to 100.29 ± 1.20% (Table 10), which falls within the acceptable range of 90–110% as 
recommended by [35]. These findings confirm that the developed method is capable of delivering accurate quantification 
of diclofenac sodium and is therefore suitable for application in quality control analyses.
Robustness. Robustness evaluates the reliability of an analytical method under small, deliberate variations in procedural 
parameters. The percentage mean recoveries obtained ranged from 99.85 ± 0.046% to 101.04 ± 0.066%, with relative 
standard deviations (RSD) below 2%. These results indicate no statistically significant differences (p > 0.05) in the chro-
matographic responses, thereby confirming the robustness of the developed HPLC method (Table 11).

3.7.2.  Assessment of Pentadesma butyracea gum as a drug release modifier.  The developed matrix tablets 
were intended to facilitate the extended release of diclofenac sodium, ideally over 24 hours. The drug release-retarding 

Fig 4.  Chromatogram for diclofenac sodium tablets without matrixing agent.

https://doi.org/10.1371/journal.pone.0341668.g004

Fig 3.  chromatogram for blank.

https://doi.org/10.1371/journal.pone.0341668.g003

https://doi.org/10.1371/journal.pone.0341668.g004
https://doi.org/10.1371/journal.pone.0341668.g003
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potential of Pentadesma butyracea gum was evaluated by comparing diclofenac sodium release from formulations 
containing the gum as the sole matrix former (PM01–PM05) with a non-matrix control formulation (PM06). PM06 
failed the dissolution test for conventional-release tablets, releasing only 60.46 ± 0.201% of the drug (Fig 7A), which 
is below the pharmacopeial threshold of 70% [6]. This failure may be attributed to the absence of a disintegrant in the 
formulation.

Fig 5.  chromatogram for diclofenac sodium matrix tablet.

https://doi.org/10.1371/journal.pone.0341668.g005

Fig 6.  Calibration plot for diclofenac sodium in phosphate buffer of pH 6.8.

https://doi.org/10.1371/journal.pone.0341668.g006

Table 8.  Average percentage recoveries and Relative Standard Deviation (RSD) values for precision of diclofenac sodium at 254 nm.

Sample condition Prepared concentration  
(µg/ mL)

Amount of recovered diclofenac  
sodium (µg/ mL) (n = 6)

% Mean recovery  
(n = 6)

RSD/ %

Freshly prepared 150 148.124 ± 0.859 98.75 ± 0.573 0.5800

Intra day 150 147.454 ± 0.606 98.30 ± 0.404 0.4113

https://doi.org/10.1371/journal.pone.0341668.t008

https://doi.org/10.1371/journal.pone.0341668.g005
https://doi.org/10.1371/journal.pone.0341668.g006
https://doi.org/10.1371/journal.pone.0341668.t008
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An increase in P. butyracea gum concentration beyond 15%w/
w
 led to a gradual, time-dependent increase in diclofenac 

sodium release (Fig 7B). At 45 minutes, more than 50% of diclofenac sodium had been released in all batches, with 
PM01 releasing the lowest amount, but failing to meet the British Pharmacopoeia requirements for modified-release 
formulations.

To achieve a compliant extended-release profile, PM01 was optimised by incorporating varying concentrations of xan-
than gum. Among the optimised formulations, PM01C, containing 15%w/

w
 P. butyracea gum and 20%w/

w
 xanthan gum, 

demonstrated 19.90 ± 0.508% drug release at 2 hours and 100.26 ± 2.118% at 24 hours (Fig 7C). This conforms to [6] spec-
ification requiring 10–30% release within 2 hours and ≥ 80% after 24 hours. These results indicate that the combination of 
15%w/

w
 P. butyracea gum and ≥ 20%w/

w
 xanthan gum is effective in modulating diclofenac sodium release over 24 hours.

3.7.3.  Comparison of dissolution profiles: similarity (f2) and difference (f1) factors.  Comparative in vitro dissolution 
studies between the innovator product and the optimised formulations (PM01A, PM01B, and PM01C) were conducted 
using the difference factor (f₁) and similarity factor (f₂) as described by [36–38]. Formulation PM01C demonstrated f₁ and f₂ 
values of 2.93 and 79.34, respectively, which fall within the acceptable ranges (f₁: 0–15; f₂: 50–100), indicating a high level 
of similarity to the reference formulation. In contrast, PM01A and PM01B exhibited f₁ and f₂ values outside these limits, 
signifying notable differences in their dissolution profiles compared to the innovator product (Table 12) [39].

3.7.4.  Investigation of the release kinetics and mechanism of diclofenac sodium from optimised matrix 
formulations through mathematical modelling.  The in vitro dissolution profile was employed to mathematically evaluate 
the kinetics and mechanism of diclofenac sodium release from the optimised matrix tablets. The coefficient of determination 
(R²) provided statistical insight into the best-fitting drug release model (Table 13). Formulation PM01C followed zero-order 
kinetics, exhibiting an R² value of 0.9819, indicative of a constant drug release rate independent of the remaining drug 
concentration within the matrix. This kinetic behaviour is ideal for matrix-based formulations, as it supports the maintenance 

Table 9.  Mean percentage recoveries and Relative Standard Deviation values of intermediate precision of diclofenac sodium at 254 nm.

Day Prepared concentration (µg/ mL) Amount of recovered diclofenac sodium (µg/ mL) (n = 3) % Mean recovery (n = 3) RSD/ %

1 150 152.281 ± 0.349 101.52 ± 0.232 0.2289

2 150 152.491 ± 0.878 101.66 ± 0.585 0.5756

3 150 152.665 ± 0.505 101.78 ± 0.336 0.3305

https://doi.org/10.1371/journal.pone.0341668.t009

Table 10.  Mean % diclofenac sodium recovery at wavelength 254 nm.

Sample Prepared  
concentrations 
(%w/v)

Concentration 
(µg/ mL)

Amount of recovered 
diclofenac sodium
(µg/ mL)

Average diclofenac 
sodium recovered 
(%) (n = 3)

Diclofenac sodium 0.03 300 300.875 ± 3.611 100.29 ± 1.204

0.015 150 149.549 ± 0.933 99.70 ± 0.622

0.0075 75 72.532 ± 0.294 96.71 ± 0.3915

https://doi.org/10.1371/journal.pone.0341668.t010

Table 11.  Mean percentage recoveries and percentage Relative Standard Deviation values for column 
and mobile phase variation at 254 nm.

Prepared concentration 
(µg/ mL)

Amount of recovered 
diclofenac sodium 
(µg/ mL) (n = 3)

% Mean recovery 
(n = 3)

RSD/ %

300 299.560 ± 0.139 99.85 ± 0.046 0.0464

150 150.430 ± 0.274 100.29 ± 0.183 0.1825

75 75.778 ± 0.050 101.038 ± 0.066 0.0656

https://doi.org/10.1371/journal.pone.0341668.t011

https://doi.org/10.1371/journal.pone.0341668.t009
https://doi.org/10.1371/journal.pone.0341668.t010
https://doi.org/10.1371/journal.pone.0341668.t011
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Fig 7.  In vitro diclofenac sodium release from non-matrix formulation (A), matrix formulations (B), optimized matrix formulations and innova-
tor brand of diclofenac sodium retard tablets (C). 

https://doi.org/10.1371/journal.pone.0341668.g007

https://doi.org/10.1371/journal.pone.0341668.g007
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of consistent serum drug levels throughout the delivery period [18,40]. In contrast, formulations PM01A and PM01B 
followed the Korsmeyer-Peppas release model, with R² values of 0.8885 and 0.9198, respectively. This suggests that drug 
release from these formulations occurs primarily by diffusion, analogous to release from polymeric films [21,41].

The mechanism of drug release was further elucidated using the release exponent (n), derived from the slope of the 
log cumulative percentage drug release versus log time plot. According to established classification, an n-value ≤ 0.45 
indicates Fickian diffusion, 0.45 < n < 0.89 suggests non-Fickian (anomalous) transport, and n > 0.89 corresponds to super 
case II transport. PM01A and PM01B demonstrated Fickian diffusion, indicating diffusion-controlled drug release, while 
PM01C exhibited non-Fickian diffusion, suggesting a combination of diffusion and polymer relaxation as the dominant 
release mechanism [42,43]. The observed differences in drug release kinetics and mechanisms among the formulations 
may be attributed to variations in polymer concentration, influencing the swelling and degradation behaviour of the matrix 
and thereby altering its physicochemical characteristics [44].

4.0.  Conclusion

The use of purified Pentadesma butyracea gum alone was insufficient to sustain the release of diclofenac sodium from 
matrix tablet formulations, particularly at higher gum concentrations. However, the incorporation of xanthan gum, at the 
lowest concentration of P. butyracea gum evaluated, markedly enhanced the drug release retardation capacity of the 
matrix. Among the optimised formulations, PM01C demonstrated superior performance as an extended-release matrix 
system for diclofenac sodium. This formulation exhibited a drug release profile comparable to that of the innovator brand 
and conformed to zero-order release kinetics with a non-Fickian diffusion mechanism. These results suggest that a combi-
nation of xanthan gum at concentrations ≥ 20%w/

w
 with 15%w/

w
 P. butyracea gum represents a promising hydrophilic matrix 

carrier system for achieving extended release of diclofenac sodium.
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Table 12.  Difference and similarity factors between the optimised matrix tablets and the innovator brand.

Formulation code PM01A PM01B PM01C

Difference factor (f
1
) 53.68 49.68 2.93

Similarity factor (f
2
) 21.66 23.56 79.34

Comment Different Different Similar

https://doi.org/10.1371/journal.pone.0341668.t012

Table 13.  Kinetics and mechanism of diclofenac sodium release from developed optimised matrix tablets.

Formulation 
code

Zero order First order Higuchi Hixson-Crowell Korsmeyer-Peppas n

R2

PM01A 0.6406 0.6647 0.2160 0.5688 0.8885 0.2160

PM01B 0.7619 0.8743 0.2421 0.7870 0.9198 0.2421

PM01C 0.9819 0.9211 0.6941 0.7425 0.9572 0.6941

https://doi.org/10.1371/journal.pone.0341668.t013
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