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ABSTRACT

Pickering emulsion stabilized with starch is a promising alternative to conventional surfactant- based topical
creams in support of green technology. Limited studies have been done on this research topic. This study
compared the in vitro drug release kinetics and membrane diffusion characteristics of topical diclofenac sodium
creams formulated as annealed Vigna subterranea starch-based Pickering emulsions and emulsifying wax-
based creams. Vigna subterranea starch was extracted, modified to yield annealed starch. The morphology,
crystallinity, swelling index, wettability, hydration, and emulsion capacities were evaluated. FTIR spectra of
physical mixtures of diclofenac sodium and the excipients revealed no sign of incompatibility. Diclofenac
sodium 1% topical oil -in- water creams, F1-F4 were prepared by fusion method, using varying concentrations
of annealed starch (1.0, 2.5, 5.0, 7.5 % respectively) as the Pickering stabilizer. F9 and F11 with native Vigna
subterranea starch and emulsifying wax respectively in the concentration of 7.5% were formulated for
comparison. /n vitro drug release was investigated using a cellulose membrane diffusion model in phosphate
buffered saline, from where samples were collected at predetermined intervals and analyzed using UV- visible
spectrophotometry. Release data was fitted into various kinetic models. Annealing modified the
physicochemical properties of Vigna subterranea starch and improved its suitability as a Pickering stabilizer.
F1-F11 showed satisfactory physicochemical characteristics. The release profiles showed differences (P<0.05)
between the Pickering and conventional cream systems. This indicated the influence of the stabilizing matrix
on drug transport. The optimized annealed starch cream F4 exhibited the highest release efficiency (87.94%)
and area under release curve (527.5%) with the lowest mean dissolution time (0.67 hr) indicating rapid drug
release whereas the emulsifying wax formulation (F11} showed a release efficiency of 77.54% and native
starch formulation (F9) showed 52.24%. Higuchi was found to be the best fitting kinetic model, with the
highest correlation coefficient (R? =0.989) while Korsmeyer -Peppas analysis showed Fickian diffusion (n<
0.45) as the release mechanism. These findings demonstrate that annealed Vigna subterranea starch is a
promising, sustainable alternative to emulsifying wax for topical diclofenac sodium cream.

Keywords: Diclofenac sodium, annealed starch, Pickering, emulsifying wax, stabilizer, drug release,
membrane diffusion.

INTRODUCTION

Topical creams are used in the management of localized inflammatory and musculoskeletal disorders. This is
because of their ability to deliver therapeutic agents to the site of action while minimizing systemic exposure
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and associated adverse effects. (Marto et al, 2015). They are used to administer non- steroidal anti-
inflammatory drugs (NSAIDS), such as diclofenac sodium. Manian et al, 2022). They are easy to apply,
acceptable to patients, and versatile in delivering both hydrophilic and lipophilic ingredients. The efficacy of
topical diclofenac preparations depends not only on the pharmacological properties but also on the ability of
the formulation to release the drug and facilitate its diffusion across membrane barriers (Jin et al, 2022). The
choice of stabilizer is a critical determinant of emulsion’s physical stability and the microstructure (Badruddoza
et al, 2023). Surfactants such as emulsifying wax has been used over the years and the formulations exhibit
acceptable physical stability but may be associated with skin irritation, and environmental concerns. The
increase in enthusiasm in the choice of environmentally compliant and biocompatible excipients has led to
adoption of the use of natural alternatives. (Marto et al, 2019) These days, starch stabilized emulsions have
been found to be goods option when compared with surfactant-stabilized emulsions because of their inherent
ability to reduce reliance on synthetic surfactants. It also has advantage of promoting stability of the
formulation. Starch particles are considered good Pickering stabilizers due to their biocompatibility,
biodegradability, low cost, and renewable nature (Mahfouzi et al, 2025). Nevertheless, native starches often
exhibit limited functionality due to their poor hydration characteristics, variable swelling behavior, and
restricted emulsifying capacity. Annealing, a form of heat treatment in moisture, has been demonstrated to
improve starch functionality by causing internal rearrangement of the starch granular structure without
affecting their integrity. (Fonseca ef al, 2021) Several studies have looked into diclofenac sodium release from
conventional topical formulations (Manian et al, 2022; Tabosa et al, 2022, and Iliopoulos et al, 2022).
However, there is paucity of information on the effect of annealed Vigna subterranea starch-based Pickering
emulsion on the in vitro drug release kinetics of diclofenac sodium creams. Addressing this knowledge gap is
important for the development of sustainable, naturally stabilized topical formulations with improved
performance. This study is aimed at comparatively evaluating the in vitro drug release and membrane diffusion
characteristics of diclofenac sodium creams formulated as annealed starch-based Pickering emulsions and
conventional emulsifying wax systems. The findings are expected to provide evidence of a potential
application of annealed Vigna subterranea starch as natural and environmentally friendly stabilizer for topical
pharmaceutical formulations

MATERIALS AND METHODS

Materials

Diclofenac sodium (RPS, France) was used as the model drug. Cellulose membrane was from Breda, the
Netherlands, Native starch was isolated from the seeds of Vigna subterranea. Emulsifying wax, TEA,
Methylparaben and other analytical-grade reagents were obtained from reputable commercial suppliers and
used without further purification. Deionized water was used throughout the study.

Methods
Experimental design and replicates

All experiments were performed using a completely randomized experimental design. Unless otherwise stated,
each determination was carried out in triplicate (n = 3) using independently prepared samples, and the mean +
standard deviation (SD) was reported. Cream formulations were prepared in three independent batches to
evaluate batch-to-batch reproducibility. Physicochemical characterization was performed for each batch. Starch
extraction and annealing were also conducted independently in triplicate to ensure reproducibility of the
modified starch characteristics.

Optimization of Pickering cream formulations

A preliminary optimization study was conducted to identify the optimum concentration of annealed Vigna
subterranea starch required to produce physically stable Pickering creams. Formulations containing 1.0, 2.5,
5.0, and 7.5% (w/w) annealed starch (F1-F4) were prepared and evaluated. The formulations were compared
using the physical appearance and absence of phase separation; emulsion stability after centrifugation;
viscosity, spreadability, globule size distribution, drug content uniformity and in vitro drug release
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characteristics. The optimized formulation was selected based on the highest overall desirability, considering
physical stability, drug content (95-105%), acceptable viscosity, ease of spreadability, and maximum drug
release efficiency.

Validation of the membrane diffusion method

The membrane diffusion procedure was optimized and validated before the comparative drug release study. A
regenerated cellulose membrane (molecular weight cut-off 6000—8000Da) was hydrated in phosphate-buffered
saline (PBS, pH 7.4) for 24 h before use. The membrane was carefully inspected for defects before mounting
between the donor and receptor compartments. The receptor compartment contained freshly prepared PBS
maintained at 37.0 = 0.5°C and stirred continuously at 100 rpm to maintain sink conditions throughout the
experiment. Each membrane was visually examined before use and discarded if there were pinholes, tears, or
leakages. The receptor medium volume was selected to ensure that the concentration of diclofenac sodium
remained below 10% of its saturation solubility throughout the experiment. Drug release experiments were
performed in triplicate using independently prepared cream samples. The relative standard deviation (RSD) for
cumulative drug release at each sampling point was maintained below 10%.

Statistical analysis

Data were analyzed using GraphPad Prism version 10.6.1(892) (GraphPad Software Inc., San Diego,
California, USA). Results were presented as mean # standard deviation (SD) from three independent
experiments. Normality of the data was assessed using the Shapiro—Wilk test. Comparisons among multiple
formulations were performed using analysis of variance (ANOVA), followed by Tukey's multiple comparison
post hoc test. When there were comparisons of two groups, an unpaired Student's 7-test was used. Drug release
profiles were compared using release efficiency (RE), mean dissolution time (MDT), and analysis of the
release kinetic models. The goodness-of-fit of each kinetic model was assessed using the coefficient of
determination (R?), Differences were considered statistically significant at p < 0.05.

Quality control

Before each experiment, all glassware was calibrated; the UV-visible spectrophotometer was wavelength
calibrated; buffer pH was verified using a calibrated pH meter; temperature was monitored throughout the
diffusion study. Receptor medium was degassed before use to eliminate air bubbles beneath the membrane
Acceptance criteria were established before experimentation. Experiments showing membrane leakage, air
bubbles beneath the membrane, phase separation of formulations, or drug recovery outside the acceptable range
(95-105%) were excluded and repeated.

Extraction and annealing of starch from seeds of Vigna subterranea (Bambara groundnuts)

Bambara starch was extracted using a slightly modified method reported by Nwaogazie et a./(2024). The
extracted and dried starch was milled, sieved and packaged in an air tight container and stored at room
temperature until use. The annealing process followed a previously described method by Anida et a/ (2015)
with slight modification Eighty (80) gram quantity of starch sample was mixed with distilled water and the
volume adjusted to 400 ml and incubated at 55 °C in a hot air oven for 24 hours. The treated starch was
centrifuged, purified with distilled water, dried at 45°C for 14 hours. The dried product was stored in air tight
plastic containers for further analysis.

Physicochemical characterization of native and annealed starches
The native and annealed starches were characterized for their physicochemical and functional properties.
Determination of hydrogen ion concentration (pH)

The pH of Vigna subterranea starch was determined thrice using a digital pH meter (Hanna Instruments, USA)
according to Compart et al, (2023) and the average pH taken.
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Wettability and water absorption capacity

“’One thousand milligrams of Vigna subterranea starch was weighed and introduced into a calibrated 10 ml
capacity centrifuge cell and 4 ml of water added and made to disperse by stirring with a glass rod (Leach et a/,
1959). The volume was made up to 10 ml by the addition of distilled water. The mixture was sonicated for 5
min and thereafter centrifuged at 100 revolutions per min (rpm) for 0.25 hour. The volume of the settled solid
phase and the supernatant water layer were visually determined from the cylinder. The wetting properties of the
starch, Wp, was determined by the equation (Compart et al, 2023)’’;

wp = X 100 (1)

where Wp = Wettability
Sf= final volume of sediment
St= Initial volume of sediment

Water absorption and retention capacity were determined using a gravimetric method as described by Oladele,
& Aina, (2007). The hydrated starch was separated by centrifugation, and weighed. Determinations were
performed in triplicates and the hydration/ water absorption and retention capacity (H) calculated using the
relation;

Where W2 Weight of sediments
Wi weight of dry sample
Swelling index

A standard method described by Ordu , & Onyemelukwe, 2018 was adopted and modified. A 3.0 g quantity of
Vigna subterranea starch was transferred into a scrupulously dry 50 ml graduated cylinder and was gently
leveled by tapping for about 20 times. The volume was recorded followed by the introduction of 30 ml of
distilled water. The cylinder and its content were gently swirled manually at 180°C and left undisturbed for 1
hour. The new volume was noted and recorded. The swelling indices determined by the relation;

ST = 3)

Vi
Vris the final measured volume of sample in the graduated cylinder
Viis Initial measured volume of sample in the graduated cylinder
Determination of starch particle size, shape and size distribution

Shape, surface features, mean diameter and size distribution of Vigna subterranea starch granules were
examined, and measured using a light microscope (AMScope 5.0, USA). A quantity of 0.05 gram of test starch
sample was placed on a glass slide and viewed under the light microscope with a magnification or x100 to
check the particle configuration and their diameter (Adebowale, & Lawal, 2003). The analysis of particle size
was done with microscopy and the application of its software. The mean particle size was calculated from
randomly selected starch granules

Thermal behavior evaluations

““Thermal characteristics of starch sample were studied by using differential scanning calorimeter
(PerkinElmer, USA) equipped with a thermal analysis station (Krueger et al, 1987)The onset To, Peak (Tp),
conclusion (T¢) temperatures and enthalpies of gelatinization (AH) were obtained from the thermograms.
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Evaluation of starch crystallinity

Powder X-Ray diffractometry was done to evaluate the starches’ polymorphism, both native and modified form
(Zobel H.F, 1998). The crystallinity index was calculated by Segal’s method as,

Ic-Ia

Crystallinity index Crl (%) = X 100 4)

Where Ic represents the intensity of the main crystalline peak (Leach et al, 1959)
Ia is the amorphous background intensity.
Assessment of emulsion capability

An established method of Omojola et al, (2010) was adopted. Two-gram quantity of the Vigna subterranea
starch was mixed in 25 ml of distilled water with the aid of a vortex mixer (Scientific Industries Vortex Geni 2)
for 30 s. followed by the addition of 25 ml of sunflower oil. The mixture was centrifuged at 1,600 rpm for five
minutes. Emulsion capacity was calculated as the amount of oil retained per gram of sample.

Vi-v2

Emulsion capacity (ml/g) =

)
Where Vi is the volume of oil added (ml)

V3 is volume of oil decanted after centrifugation (ml)
Drug-excipient compatibility studies
Fourier Transform Infra-Red (FTIR) analysis

Three batches of drug-excipient mixtures in a 1:1 ratio was prepared and tested. The batches were stored at
room temperature in a dry environment for four weeks while corresponding admixtures were prepared with 5%
moisture added and stored at the same temperature. Another batch was stored at elevated temperature and
humidity (40 °C/ 75% RH) FTIR spectroscopy was employed to investigate the compatibility between pure
diclofenac sodium and the excipients (native and annealed starches). FTIR spectra of diclofenac sodium, starch
samples, emulsifying wax, and their physical mixtures were recorded and compared to detect any significant
changes in the characteristic absorption band pointing towards drug-excipient interaction. This was done for all
the batches using transmittance mode, A.

Preparation of topical diclofenac sodium 1% w/w cream

Method described by Chime et al/ (2013 was used in the formulation of diclofenac topical cream with slight
modification. Oil and aqueous phases were prepared separately. The oil phase containing oily ingredients was
heated to about 70°C while the aqueous phase containing the dissolved preservatives and other water-soluble
components were heated to the same temperature. The oily phase was gradually incorporated into the aqueous
phase with continuous stirring. Diclofenac sodium cream was incorporated and the cream was allowed to cool
at room temperature. Diclofenac sodium creams were prepared using starch- based Pickering stabilization (with
both native and annealed starches) and compared with emulsifying wax-based formulation.

Evaluation of diclofenac cream formulation properties

The prepared creams were evaluated for appearance, texture, homogeneity, pH, viscosity, spreadability,
globule size, and emulsion stability, and content of active pharmaceutical ingredients using standard
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pharmaceutical procedures.
In vitro drug release study

The release of the optimized topical diclofenac sodium cream, in vitro, was systematically investigated using
cellulose membrane diffusion across semi-permeable biological barrier with PBS, 500 ml as a dissolution
medium (Kenechukwu et al/, 2018) The cumulative amount of diclofenac sodium recovered in the receptor
medium at predetermined time intervals was used to quantify drug release from the cream formulations. The
release study was conducted under controlled thermal and hydrodynamic conditions hot plate magnetic stirrer
at a temperature of 37° +/- 0.2° C and rotation speed of 100 rpm as previously described (Barkin R, 2015). A
measured quantity of each cream formulation, 0.005 g, was accurately weighed and enclosed within a dialysis
membrane possessing a molecular weight cut-off of 6000-8000 Da, (Breda, The Netherlands). The loaded
membrane securely sealed with a heat resistant thread and subsequently placed in the dissolution medium.
Aliquots of 5 ml were withdrawn from the release medium at predetermined time interval, (0, 0.16, 0.5, 1,2, 3,
4,5, and 6 hour) and replaced with 5 ml of freshly prepared PBS to maintain sink condition.(Momoh et al,
2013) To monitor the temporal release profile, the absorbance of the aliquot was taken in ultraviolet
spectrophotometer (6405, JENWAY, UK) at 290 nm wavelength. Amount of released drug per sampling point
was determined from a pre-validated calibration curve. The cumulative percentage drug release was determined
using the following relationship:

Cumulative Diclofenac sodium release rate

__ Cummulative anount of diclofenac sodium cream released

DGl 017 —— (6)

Initial amount of diclofenac sodium
Analysis of drug release kinetic, and mechanism

The in vitro release data were fitted into various established drug release kinetic models, (Costa & Lobo, 2001)
including, zero order, first order, Higuchi and Korsmeyer- Peppas to study the kinetics and mechanisms of
release.(Wojcick- Pastuszka et al/, 2019) The best fitting model the release data based on correlation coefficient
(R?) was taken to be the release kinetics of the diclofenac sodium creams. The release mechanism was gotten
by the gradient, n (release exponent), of the graph of Korsmeyer- Peppas model. The magnitude n, was used to
infer the dominant release mechanism.

Membrane diffusion study

The extent of diclofenac sodium diffusion across the cellulose membrane was evaluated by determining the
cumulative amount of drug diffused over time.

RESULTS AND DISCUSSIONS

Effects of annealing on the physicochemical properties of Vigna subterranea starch

The physicochemical properties of the native and annealed starches were assessed to determine the impact of
annealing on their functional characteristics and pharmaceutical suitability. The results of these analyses are
presented in Table I.

Table I: Some physicochemical properties of native (BST Native) and annealed Vigna subterranea starch
(BST)

Parameter Physicochemical properties
Native BST | BST
pH 6.9 59
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Hydration capacity 3.4 2.5
Wettability (%) 50.0 55.0
Swelling index 0..61 1,3

Mean particle size (um) £SD 19.67+1.19 | 23.32+3.01
Emulsion capacity (ml/g) 1.7 0.2
Crystallinity index (%) 64 66
Gelatinization peak temperature (°C) 80 85
Viscosity of 2% starch dispersion 22.0 29.0

Table I, shows that annealing produced modified starches with improved structural integrity, increased
crystalline perfection and enhanced functional performance towards its use as stabilizer. The increased
crystallinity index observed following annealing may be attributed to enhanced molecular mobility and
reorganization of starch chains under sub-gelatinization conditions. This facilitates improved alignment and
packing of amylopectin chains into more ordered double helical structures. Annealing also decreased the
hydration capacity. This is in keeping with the reported finding of Adebowale et al, (2011) where it was
showed that annealing decreased swelling power and reduced hydration capacity of starch granules due to
stronger molecular organization and increased crystallinity. Annealing treatment was also found to increase the
wettability of the starch samples. This is consistent with a previously reported work by Wiacek A (2015) where
it was observed that there were changes in contact angle of modified starch film. Annealing also had a
statistically significant (p<<0.05) impact on capacities of the starches to form emulsions. This is also in keeping
with Folade and Ayetigbo (2015). The starch molecules demonstrated increase in the viscosities of 2%
dispersions. This is because the starches had high wettability, which means the water penetrates granules more
easily making granules to swell more which in turns will manifest as increase in viscosity. Annealing treatment
significantly (p<0.05) altered the starch granules diameters. These happened because, during annealing, water
penetrates the amorphous region of the starch granule. This resulted in internal molecular rearrangements and
relaxation of chain and still keeping the external shape intact. These results are in keeping with the findings of
Fonseca et al (2022). Particle size increased with annealing and this affects viscosity, spreadability, skin feel
and how the starch interacts with oil and water. (p<0.05). Table I also shows the effects of annealing on the
thermal properties of starch samples. Changes in polymorphic arrangements after annealing treatment can
affect water absorption, swelling behaviour, viscosity and thermal stability. Evaluating the polymeric pattern
will help determine if the annealing treatment preserved or improved the structural organisation of the starch
granule which are important in ensuring consistency, compatibility and effectiveness in pharmaceutical
formulations. In starch, annealing relaxes double helixes, break weak crystalline domain and increase
heterogenicity in short range resulting in broader peaks. (Alvani et al, 2014) This suggests that annealing
promoted molecular reorganization and homogenization. Thus, there will be controlled drug release and
improved rheological stability. Polymorphic nature and crystallinity index of starch are key structural
attributes that influence its physicochemical and functional behaviour in pharmaceutical formulation systems.
The balance between crystalline (ordered), and amorphous (disordered) regions, affect characteristics such as
swelling, solubility, thermal stability and interactions with other formulation components.
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BST

Native BST

Fig 1 and II: Photomicrographs of native Vigna subterranea starch (Native BST) and annealed Vigna
subterranea starch (BST)

As shown in Fig 1 and II, the starch granules largely retained their native shapes, confirming that annealing did
not cause gelatinization or rupture of granules. Morphological features of starch play an important role in
determining its functional and pharmaceutical properties. Granule shape, size, surface characteristics and
arrangement can affect water absorption, swelling capacity, viscosity, and the interaction with other excipients
present in the topical cream formulation. This also determines their efficiency as stabilizers in Pickering
emulsions, especially, the consistency and stability of the formulation. Additionally, starches with
predominantly spherical or oval —shaped granules exhibits superior interfacial adsorption due to their ability to
pack closely and uniformly around oil droplets. Starch granules have been classed as large (> 25 pm), medium
(10-25 pm), small (5-10 um), and very small (< Sum) (Loden M, 2003) Smaller particles increase Brownian
motion and slow sedimentation. Vigna subterranea starch exhibits elliptical shaped granules with smooth
surfaces and the particle size ranged from 17.58um- 23.73pm with mean of 19.662 um meaning that the
particle sizes are large with significantly reduced surface area.

Drug-excipient compatibility

The physical mixtures of drugs and excipient remained stable throughout the observation period suggesting
that there was no incompatibility. FTIR spectra of diclofenac sodium, starches, and emulsifying wax were
overlaid to enable direct visual assessment of characteristic absorption band, peak shifts, disappearance,
broadening, or emergence of new peaks. The FTIR spectra overlays are presented in Figs III-V
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Fig III: Over lay of FTIR spectra of Diclofenac sodium, Vigna subterranea starch and 1:1 mixtures of

Diclofenac sodium and Vigna subterranea starch samples (D), and another 1;1 mixture containing 5% moisture
(D1 )and kept 25°C, and at 40°C and 75% RH for four weeks.
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Fig IV: Over lay of FTIR spectra of Diclofenac sodium, Annealed Vigna subterranea starch and 1:1 mixtures
of Diclofenac sodium and Annealed Vigna subterranea starch samples (G), and another 1;1 mixture containing
5% moisture (G1) stored at temperature of 25°C, and at 40°C and 75% RH for four weeks RH for four weeks.
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Fig V: Over lay of FTIR spectra of Diclofenac sodium, Emulsifying wax, 1:1 mixtures of Diclofenac sodium
and Emulsifying wax samples (H) , and another 1:1 mixture containing 5% moisture (H1) stored at
temperature of 25°C, and at 40°C and 75% RH for four weeks

In Fig III, The FTIR overlay confirms that diclofenac sodium is chemically compatible with native Vigna
subterranea starch. The retention of characteristic functional group peaks and the absence of new absorption
bands indicate that they are compatible. There were slight peak broadening and minor intensity variations seen
in the hydroxyl stretching region (about 3400 cm™) and fingerprint region (approximately 1150-1020 cm™'), in
the 1:1 mixture of diclofenac sodium and Vigna subterranea starch. These changes are as a result of physical
interaction such as hydrogen bonding and molecular association. The FTIR analysis in Fig IV shows that the
characteristic functional groups of both diclofenac sodium at 1600, 1570 and 1450 cm™ and annealed Vigna
subterranea at 3200 — 3400, 1150- 1000 cm™ were retained in the combined spectra. The absence of new
absorption bands or disappearance of major peaks confirms chemical compatibility between diclofenac sodium
and annealed Vigna subterranea. Minor shifts observed in the hydroxyl stretching region may be attributed to
physical interactions such as hydrogen bonding. In the overlay spectra in Fig V, all major characteristic peaks
of diclofenac sodium were retained. Including the band at approximately [3400 cm cm™, 1570 cm™, and
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°
1500cm™!, alongside emulsifying wax absorption band at approximately 2920 cm™, 2850cm™, and 1735cm™.
Characteristic peaks were retained and no new peaks were formed. Therefore, no chemical incompatibility
existed between diclofenac sodium and emulsifying wax.

Formulation of Diclofenac topical cream

Table II: Formulation composition of 100g of 1% (w/w) diclofenac sodium topical cream

Composition (%) F1 F2 F3 F4 F9 F11
Diclofenac sodium 1.0 1.0 1.0 1.0 1.0 1.0
Emulsifying wax - - - - - 7.5
Native BST - - - - 7.5 -
BST 1.0 2.5 5.0 7.5 - -
Emulsifier 10.0 10.0 10.0 10.0 10.0 10.0
Fixed oil 5 5.0 5.0 5.0 5.0 5.0
Preservative 0.15 0.15 0.15 0.15 0.15 0.15
TEA 1.0 1.0 1.0 1.0 1.0 1.0
Solubilizer 10.0 10.0 10.0 10.0 10.0 10.0
Deionizer 100 100 100 100 100 100

Table II shows that the formulations differed primarily in the type of stabilizer employed, (with native Vigna
subterranea starch, annealed Vigna subterranea starch, and emulsifying wax), while all other excipients and
drug concentration were kept constant. This design ensured that any observed differences in physicochemical
properties and invitro drug release could be attributed to the nature of the stabilizer rather than variations in the
formulation composition.

Organoleptic, mechanical, and physical characteristics of the formulated creams

Sensory evaluations of the creams were carried out in order to ensure products are aesthetically acceptable as it
will ensure acceptability by patients and compliance. All the creams were oil-in-water, non- greasy, white in
colour, odourless and had smooth texture. They were homogenous with no sign of phase separation even after
centrifugation. The physical and mechanical properties of the formulated creams were assessed to evaluate
their quality, stability, and performance. The results of the evaluations are presented in table III.

Table III: Properties of the formulated diclofenac sodium 1 % topical creams

Formulation | Mean globule | PH Mean Drug | Spreadability (%) Invitro
batch size (um) = SD content (%) occlusivity

24hr 48 hr
F1 51.36 £ 0.03 7.3 93.0 381 20.48 17.30
F2 43.37+ 1.31 7.3 |101.0 328 24.09 20.51
F3 43.37£2.06 7.5 1102.0 368 21.69 17.95
F4 41.86+ 1.19 7.7 95.0 360 25.30 24.36
F9 50.41+£3.18 7.8 89.66 320 26.50 24.36
F11 42.70+ 0.96 7.4 93.7 370 37.30 37.20

From Table III, the pH of the formulated creams was from 7.3 to 7.8 which are in line with some formulation
reports. (Manian et al, 2022) pH values of the creams were within acceptable range for preparation intended for
topical use. (Walters & Roberts, 2002) The slight variations in pH among the formulations may be attributed to
the differences in the type and concentration of the stabilizers used in the cream base. Moreover, the USPNF
revision notice for diclofenac had it that topical diclofenac must not necessarily have a particular pH value as
long as the pH value is near neutrality (USP convention, 2021) (diclofenac topical gel- access data.fda.gov).
The spreadability values ranged from 320 to 381%. This is in line with the work published by Ahmed Moglad
et al. (2021). As shown in table III, Variation in spreadability among the formulations reflects differences in
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viscosity and internal consistency resulting from the type and concentration of the polymeric base used.
Knowledge of spreadability helps to ascertain uniform dose and distribution of the creams upon application to
the skin. Higher spreadability values indicate easier and more uniform application to the skin surface. All
formulations displayed spreadability within an acceptable range for topical semi solid preparations, confirming
good mechanical and rheological characteristics suitable for effective dermal application. This also ensures
good patient compliance and ease of use. The content of API for all the diclofenac cream formulations ranged
from 93.0% to 102% and was within BP specification (British Pharmacopoeia, 2009). The occlusivity values
obtained indicate that the oil -in-water cream formulations provided moderate occlusive properties. An
occlusive cream is meant to enhance the skin water retention and inhibit trans epidermal moisture loss by
formation of thin film upon skin application. (Loden M, 2003) This ensures good penetration of drug via
opening of corneocyte’s restricted channels. (Nnamani et al, 2021)

In vitro drug release of optimized formulations

The invitro drug release profiles of the formulated creams were evaluated by plotting the cumulative
percentage of drug released against time. This enabled the comparison of the three formulations and
determination of the influence of annealed starch on the release behaviour of diclofenac. The cumulative drug
release profiles are presented in Fig VI

Drug Release profile
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Fig VI: Drug release profile of the optimised formulations

In Fig VI, F4 exhibits a pronounced initial burst with most of the drug released within the early sampling
period, followed by a plateau. This rapid release could be due to smaller globule sizes that may have exposed
the drug to a larger surface area. F11 exhibited a more gradual release than F4 while still achieving a high
cumulative release by the end of the study period. F9 demonstrated the slowest and most controlled release
throughout the study with the lowest cumulative release at the final time point. The cream matrix in F9 retained
the drug more effectively, providing controlled release. The onset of action being slower shows that the
formulation is capable of maintaining drug levels for a longer period.

Drug Release kinetics, and mechanism

Understanding the mechanism and rate at which API’s are released are essential as this helps to predict in vivo
performance and optimizing formulation design for desired therapeutic outcomes.
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Table IV: Release kinetics and mechanism of release.

Formulation batch | Zero order First order Higuchi Korsmeyer
R? R? R? Peppas
R? n
F4 0.684 0.802 0.793 0.879 0.14
F9 0.796 0.778 0.874 0.944 0.25
F11 0.951 0.807 0.989 0.965 0.21

Table IV shows the kinetics and mechanisms of diclofenac sodium release from the optimized topical cream
preparations. Drug release is best described by Higuchi kinetic model for all the formulations. F11 shows the
highest and best fit (R? = 0.989) indicating a diffusion-controlled release from a matrix system. The
Korsmeyer-Peppas n values (< 0.45) confirm Fickian diffusion as the dominant release mechanism, which is in
keeping with many reported topical and transdermal formulations. (Rahul et al, 2016; Qadir et al, 2024;
Prasanth & Sharma, 2022)

Drug release Parameters
Drug release parameters helps to know if the excipients are performing as intended. This directly affect its
safety, efficacy, and quality. It is desired that a drug be released at the right rate to achieve effective blood

concentration.

Table V: Summary of in vitro drug release performance of the diclofenac topical cream formulations.

Formulation batch AUC (%) Release efficiency (%) Mean dissolution time, MDT (hr)
F4 527.58 87.93 0.67
F9 313.42 52.24 1.33
F11 465.22 77.54 2.00

Table V summaries the invitro drug release performance of the optimized diclofenac sodium cream
formulations. The area under curve, AUC, reflects the total amount of drug release throughout the study period,
while the release efficiency represents the percentage of the maximum possible release achieved over the same
period. Mean dissolution time, MDT, is the average time required for the drug to be released from the
formulation. Among the formulations, F4 exhibited the highest AUC (527.58), and release efficiency (87.93%)
indicating that it provided the greatest drug release. The lowest MDT (0.67h) further suggests that diclofenac
sodium was released more rapidly from F4 than from the other formulations. This may be attributed to the
globule sizes of the F4 which are smaller and provided a higher surface area for drug diffusion. F9 on the other
hand, showed the lowest AUC |(313.42) and release efficiency (52.24%) indicating the least cumulative drug
release during the experimental period.. Its MDT of 1.33h suggests a slower release than F4, implying greater
resistance of drug diffusion, possibly due to the large globule sizes which made for a more compact
microstructure. F11 demonstrated intermediate release performance, with an AUC of 465.22 and release
efficiency of 77.54%. Interestingly, despite releasing more drug, than F9, F11 had the highest MDT (2.00
hours), indicating that drug release occurred gradually over time. These points to a more sustained release
profile which may be of advantage when prolonged topical drug availability is desired.

Comparative performance of the formulations

The performances of the starch- based Pickering and emulsifying wax- based diclofenac sodium creams were
assessed by comparing their physicochemical characteristics and invitro drug release behavior. All
formulations produced pharmaceutically acceptable creams with desirable appearance. Analysis of variance
revealed a statistically significant difference (p<0.05) among formulations at different time points, indicating
the drug release profile were meaningfully affected by formulation composition. The release efficiency differed
significantly among the formulations (One- way ANOVA p< 0.05). The order of release performance based on
release efficiency and AUC and as also shown in Fig VI is F4 >F11> F9 whereas the order of MDT was
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F11>F9> F4. So, F4 was the fastest and most efficient drug releasing formulation, while, F11 provided the
most prolonged release, and F9 exhibited the slowest and least efficient release.

CONCLUSION

There were no differences in appearance of the formulations, showing that both starch-based Pickering systems
and emulsifying wax systems were capable of producing pharmaceutically acceptable topical creams.
Annealing changed the functional properties of starch, altered the creams microstructure and drug release/
diffusion. The annealed starch-based Pickering stabilizer effectively modulated diclofenac sodium release,
demonstrating its potential as a natural alternative to emulsifying wax for stabilizer in topical diclofenac
sodium creams. Annealing did not only enhance release, but also enhanced subsequent diffusion across the
membrane. Therefore, it can be used to tailor the release kinetics of diclofenac in topical formulations. In
excipient selection, the choice between F4 and F11 would depend on the therapeutic objectives, either rapid
onset of action or sustained release.
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