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Abstract: Mefenamic acid (MA) is one of the low water soluble non-steroidal
anti inflammatory drugs (NSAID), exhibiting poor wetting and poor dissolution.
MA forms with -cyclodextrin supramolecular inclusion complexes approving a
drug solubility enhancement. The aim of the study is to combine the
solubilization capability of a supramolecule MA:3-CD with the complementary
functional properties of Ethylcellulose (EC) and hydroxylpropylmethylcellulose
(HPMC) hybrid coat for the development of new MA controlled drug delivery
systems, by using emulsion-solvent evaporation technique. First, a 22 factorial
design is drawn to prepare and optimize pure MA/HPMC:EC microspheres, by
studying and evaluating the effect of HPMC:EC ratio (1:1 and 1:4) and stirring
speed of emulsion (600 and 1000 rpm) on the drug entrapment. The results
showed that the main effect of variables is statistically significant, the drug
entrapment was improved using HPMC and varied from 20 to 39%. Second,
MA:B-CD inclusion complex was prepared by solvent co-evaporation method
and subsequently encapsulated into EC and EC/HPMC hybrid matrices. The in
vitro drug dissolution tests were performed in phosphate buffer solution with
pH=7.4 at 37°C and the results showed that the drug release was effectively
increased for MA:B-CD inclusion complex loaded microspheres.

Keywords: mefenamic acid; inclusion complex; B-cyclodextrin; DOE;
microspheres.

INTRODUCTION

Mefenamic acid (MA) is a fenamate non-steroidal anti-inflammatory drug
(NSAID) widely prescribed for the treatment of pains, inflammations, and primary
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dysmenorrheal.! Despite its well-established therapeutic efficacy, its clinical
performance following oral administration remains limited because of its
extremely poor aqueous solubility and slow dissolution rate. In BCS (the
Biopharmaceutics Classification System), MA is classified as a Class Il drug,
exhibiting low solubility and high permeability, in which dissolution is the rate-
limiting step governing drug absorption.’Consequently, improving the solubility
and dissolution of MA remains a major challenge in pharmaceutical formulation
development.**

Numerous formulation strategies have been explored to overcome the poor
aqueous solubility of MA, including particle size reduction, crystallization, self-
emulsifying, solid dispersions, lipid-based delivery systems, polymeric carriers,
and cyclodextrin complexation.>®

B-Cyclodextrin (B-CD) 1is extensively  investigated owing to its
biocompatibility, commercial availability, and remarkable inclusion capability.
Several studies have demonstrated that MA:B-CD inclusion complexes
significantly enhance the aqueous solubility and dissolution rate of MA by
reducing drug crystallinity, improving wettability, and promoting molecular
dispersion within the cyclodextrin cavity.”!?

Although inclusion complexation effectively enhances drug solubility, the
resulting complexes are generally obtained as fine powders exhibiting poor
flowability and limited suitability for downstream pharmaceutical processing. So,
microencapsulation 'is emerging as an attractive strategy to overcome these
limitations by improving powder handling, protecting the inclusion complex, and
ensuring a more homogeneous distribution of the drug within a polymeric matrix.'?

The performance of polymeric microspheres is largely governed by the
physicochemical properties of the selected polymers. Cellulose derivatives such as
Ethylcellulose (EC) and hydroxypropyl methylcellulose (HPMC) are largely
explored in microencapsulation processes.!*!5 Ethylcellulose (EC) is a
hydrophobic polymer widely used because of its excellent film-forming ability,
mechanical strength, and chemical stability. However, its hydrophobic nature may
limit water penetration into the polymeric matrix. In contrast, hydroxypropyl
methylcellulose (HPMC) is a hydrophilic polymer capable of rapidly hydrating,
that facilitates water diffusion and enhances drug wettability. The combination of
EC and HPMC has attracted considerable interest for developing controlled-
release microspheres because it provides an appropriate balance between structural
integrity and matrix hydration, resulting in improved encapsulation efficiency and
drug release characteristics. Khoukhiet al. (2016) successfully incorporated a
piroxicam/B-cyclodextrin inclusion complex into EC/HPMC-based microspheres,
demonstrating the feasibility of combining cyclodextrin complexation with
cellulose derivative matrices to achieve controlled drug release.'® Likewise,
Assaset al. (2019)!and Badaoui et al. (2022)"® further confirmed the suitability of
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EC/HPMC-based microspheres as efficient sustained drug delivery systems for
Niflumic acid and Repaglinide respectively.

Although previous studies have independently investigated —MA:[-
cyclodextrin inclusion complexes to improve drug solubility®!® and MA-loaded
polymeric microspheres using chitosan, alginate, Eudragit RS100- and
ethylcellulose to obtain controlled release formulations.'*?!

However, the encapsulation of pure MA or MA:B-CD.inclusion complex
within an EC/HPMC hybrid polymeric matrix has not yet been investigated.
Therefore, the present study aimed to develop novel polymeric drug delivery
systems by combining the solubilization capability ‘of a preformed MA:B-CD
supramolecule with the complementary functional properties of EC/HPMC hybrid
matrix.

In one hand, a 2*factorial design is drawn to optimize MA microspheres, by
studying and evaluating the effect of HPMC:EC ratio and stirring speed of
emulsion on the drug entrapment -and microparticles’ characteristics. The
significant effects of variables are determined by modeling using Minitab-DOE
software.

In the other hand, MA:B-CD inclusion complex was prepared by the solvent
co-evaporation method and subsequently encapsulated using the solvent
evaporation technique in EC and EC/HPMC hybrid matrices. In this case, the
effects of both B-CD inclusion and HPMC incorporation on the drug release are
investigated.

EXPERIMENTAL
Materials

Mefenamic acid was purchased from Sigma—Aldrich (Germany), ethylcellulose (EC) (10
mPa s) and hydroxypropylmethylcellulose (HPMC) were purchased from Fluka analytical
(USA) and Sigma—Aldrich (USA), respectively. Hydrolyzed polyvinylalcohol (PVA) 87-89 %
(MW = 13000-23000) was purchased from Aldrich Fine Chemicals (USA) and S-cyclodextrin
(p-CD) from Sigma—Aldrich (USA). Dichloromethane (DCM) (= 99 of purity) and absolute
ethanol (99 % of purity) were purchased from Riedel-de Haén (USA).

Preparation of solid complexMA: -CD

Solid inclusion complex of MA and S-CD was prepared in the initial (1:1) molar ratio of
(MA:-CD) by the solvent co-evaporation method.* !¢

MA (0.36 g, 0.0015 mol) and S-CD (1.700 g, 0.0015 mol) were dissolved in ethanol (75
ml), and distilled water (100 ml), respectively and the obtained solutions were merged in a flask
and stirred for 2 h at 50 °C. Solvents were then evaporated under vacuum (5.6-5.1 kPa) using
rotavapor AGCH- 9230 Flawil type: 1000147175 (Buchi Labortechnik, Switzerland) and the
obtained MA:-CD complex was dried at 40 °C.

Preparation of MA loaded microspheres

Microspheres are prepared by the solvent evaporation process as reported in our previous
paper.'® Briefly, polymers (EC or mixture of HPMC:EC) and drug (pure MA or MA:-CD
inclusion complex) are co-dissolved in 32 g of a water-immiscible organic solvent



KHOUKHI et al.

(dichloromethane, DCM), the Pol./DCM ratio is kept at 5% (w/w). The organic solution is
poured into 250 g of deionized water as an external phase containing 0.74% of PVA (w/w). The
resulting oil in water (O/W) emulsion is continuously agitated in a glass reactor (600 mL, @ =
80 mm) using a six-blade turbine impeller stirrer (blade length = 50 mm, blade width = 10 mm,
type VELP stirrer DLS, 0— 2000 min—1) at a constant stirring speed (600 or 1000 rpm) and at
room temperature, for 6 hours. In all experiments, the percentage of pure MA against polymer
matrices (Y%oMA/Pol.(w/w) was 30% (w/w). The solidified microspheres were collected by
filtration, washed several times with de-ionized water, and dried under vacuum in a desiccator
containing CaCl, for at least 48 hours.

The drug microencapsulation optimization in HPMC and EC matrices is conducted using
22 factorial design, where the variables are HPMC:EC ratio and stirring speed of emulsion as
indicated in Table I.

The effect of f-CD complex inclusion on/the drug release is studied from other lots of
microspheres which were prepared at 600 rpm and where the corresponding compositions are
summarized in Table II.

TABLE 1. 22 factorial design for MA microencapsulation optimization in HPMC:EC matrices

Lot Variables
HPMC:EC ratio Level Stirring speed /rpm  Level
Lota 1:4 -1 600 -1
Lotb 1:4 -1 1000 +1
Lot e 1:1 +1 600 -1
Lotd 1:1 +1 1000 +1

TABLE II. Composition of MA and S-CD:MA microspheres prepared at 600rpm of stirring
speed.

Lot HPMC mass/g EC mass/g MA mass/g MA:B-CDcomplex mass/g

L1 - 1.6 0.48 -
L2 0.32 1.28 0.48 -
L3 0.32 1.28 - 1.752
L4 0.32 1.28 0.24 0.876

Drug entrapment and encapsulation efficiency

The drug content or entrapment (DE%) was determined by extraction in triplicate in
ethanol, 5 mg of dried sample (microparticles or complex) were soaked in 20 mL of absolute
ethanol under stirring in a corked bottle for 4h. The resulting solution was analysed by UV
spectroscopy (Shimadzu UV-2401PC, Shimadzu, Japan); at the wavelength (Amax) of 284 nm
where the molar extinction coefficient (&) was equal to 81000 L mol! cm™. The drug entrapment
and the encapsulation efficiency (EE%) were calculated from the following equations:

Drugentrapment(DE)% = ( Mofdrugextract 100) (1)

Myparticlesorcomplex

Entrapmentefficiency(EE)% = (M x 100) 2)

Minitialdrug
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Characterization of f-CD:MA inclusion complex and microspheres
Fourier transform infrared spectroscopy (FTIR)

The infra-red spectra of MA, f-CD, and MA:f-CD inclusion complex were recorded by
FTIR spectroscopy (ATR ALPHA FT-IR spectrometer) (Bruker, Germany), the sample in its
powder form was scanned for the wave number range of 4000-375cm™..

To confirm the effective MA encapsulation, microspheres and complex were characterized
by infrared spectroscopy (ATR ALPHA FT-IR spectrometer) (Bruker, Germany). The samples
in the powder form were scanned in the wave number range of 4000-400cm .

X-ray powder diffraction

The infrared spectra and X-ray diffractograms of pure MA and f-CD were compared to
those of the MA:-CD complex.

To observe the physical state of drug in microspheres and the inclusion complex, the X-
ray powder diffraction patterns were carried out at room temperature (25°C) using copper
radiation on a Bruker D8 DISCOVER diffractometer (Germany) over the 26 range of 1°to 40°
or 60°, at the scanning rate of 0.020° min!. The X-ray diffractograms of pure MA, drug carriers
were compared.

Particle size and morphology analysis

The mean diameters in micrometer and size distribution of microparticles (J) were
calculated from the results of optical microscopy (Optikam B1, Optika, Italy), by counting more

than 500 microparticles using appropriate lenses. Each batch was analyzed in duplicate. The
mean diameters were calculated from the following equations®:

dyo = zz—: (3)
dsy = En;dg @)
®

5= (6)

Where di is the particle diameter, ni is the number of particles with diameter di; diois the
average number diameter, ds; is the mean diameter of Sauter, and ds3 is the volume weighted
mean diameter.

The surface morphology of microspheres prepared with EC and/or HPMC, loaded either
with pure MA or its complex, was examined using a scanning electron microscope (SEM,
ZEISS EVO-15, Germany). The drug-loaded microspheres were mounted on a metal stub
covered with a double-sided carbon adhesive label and then sputter-coated with a thin
conductive gold—palladium layer in the nanometer range. The analysis was carried out under
vacuum at an accelerating voltage of 20.

In vitro drug release study

The drug release kinetic experiments were carried out in duplicate. An amount of
microspheres equivalent to 25 mg of MA is transferred into an appropriate dissolution reactor
containing 900 mL of a buffered solution at pH = 7.4 = 0.1, and plunged in a bath regulated at
37 £ 0.5°C, under a stirring rate of 250 rpm.

At selected time intervals, 3mL of sample is withdrawn and analyzed by UV spectroscopy
(Shimadzu UV-2401 PC, Shimadzu, Japan); at the wavelength (Amax) of 385 nm, where &=
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9817 L mol! cm™. The taken volume is renewed by an equivalent volume of fresh dissolution
fluid.

RESULTS AND DISCUSSION
Inclusion complex characterization

The results of inclusion of MA in B-CD by co-evaporation method showed
that the drug entrapment was equal to 27.39% indicating a ratio of 1.77:1 of MA:f-
CD. In fact, the results are getting closer to Sid et al. (2021) research’ where it was
demonstrated that the 2:1 ratio of MA:5-CD is the most stable inclusion complex.

The possible inclusion complex formation between 3-cyclodextrin (3-CD) and
MA can be confirmed through Fourier-transform infrared (FT-IR) spectroscopy
and X-ray diffraction (XRD) analysis.

To elucidate the possible molecular interactions in the solid state, the FT-IR
spectrum of the MA:£-CD inclusion complex was compared with the pure drug
and f-CD spectra (Fig.1). Mefenamic acid exhibits characteristic absorption bands
at 3307.17 cm corresponding to N-H stretching, 1646.30 cm! for C=0O
stretching, 1574.22 cm! attributed to N—H bending, and 752.92 cm! associated
with aromatic C—C vibrations indicative of ortho-substitution. Methyl group (-
CHs3) vibrations are observed between 1470 and 1424 cm!, while the C-N
stretching vibrations appear in the range of 1161-1254 cm-1. Additionally, the band
at 2915 cm! is assigned to the out-of-phase O—H stretching vibration.

FTIR spectrum of f-CD (Fig. 1) showed a prominent and large absorption
band at 3263.12 em'due to the O-H stretching vibration and C-H stretching
vibration at 2924.52 em™. The peaks appearing at 1020.32 cm™ and 1151.95 cm™
can be assigned to the stretching vibrations of C-OH and C-O-C glycosidic groups
and the band at 757 cm™ corresponded to pyranose ring deformation.

The FT-IR analysis of the inclusion complex reveals a diminution of the MA
bands intensities and minor shifts in the spectral peaks. Some characteristic peaks
have been shifted, while others have disappeared altogether. For example, the
bending and stretching vibrations of N-H bands initially observed at 1574.22 cm™
and 3307.17 cm™'in MA spectrum are now shifted in the complex spectrum to
1575.26 cm™ and 3306.73 cm™!, respectively, the C=O stretching band is shifted to
1647.04. Additionally, the characteristic peak of O-H bond in -CD at 3263 cm™!
is completely absent in supramolecular complex, indicating a formal interactions
between guest:host molecules.
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B-CD:MA Complex

B-CD

Transmittance [%]

MA

L N 1 N 1 N 1 N 1 N 1 H 1 N ]
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm™’

Fig 1. FTIR spectra of MA, -CD and MA:3-CD inclusion complex

The X-ray diffraction analysis (Fig. 2) reveals a high degree of crystallinity
for MA, B-CD and inclusion complex. Figure 2-a showed the presence of multiple
diffraction peaks of MA indicating the crystalline nature of the drug. In fact,
intense characteristic peaks of MA are observed at 6.4°, 16.0°,21.5°, 26.3°related
to the form I polymorph of MA.**

The B-CD diffractogram displayed several sharp, distinct and intense peaks
indicating the high crystalline nature of uncomplexed p-CD.*

In the XRD pattern of theMA:B-CD complex, almost of B-CD and MA peaks
appeared but with low intensities. So, the loss of guest and host molecule
crystallinity proves the formation of lower crystalline supramolecular structure.
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Fig 2. XRD patterns of a) MA, b) f-CD and ¢) MA:$-CD inclusion complex
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Microparticles characterization
FTIR and XRD analysis

The IR spectra of different microparticle’s formulations with polymers
matrices and pure MA are given in Figure 3. The presence of some significant IR
bands of drug is noticed in microspheres formulations spectra such as C=0O
stretching at 1646, C-N bending at 1254, and C-C aromatic vibration at 752cm-1.
This confirms the drug encapsulation and suggests the absence of any chemical
interaction between the drug cellulose derivatives matrices since no new bands
appeared.

Lot 3

/W“\—v
e Ve
Lot b /\'\/JV‘(\»
———

Lot 1

HPMC

Transmittance [%]

MA

L L 1 1 1 1 1 1 1 1 1 1 1 1 |
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm™
Fig 3. FTIR spectra of MA, EC, HPMC and microspheres lots (Lotl: composed of MA and
EC, Lot b: composed of HPMC:EC and MA and Lot 3: composed of HPMC:EC and MA:p-
CD inclusion complex)

The X-ray diffractogram of MA is compared to that of MAloaded
microspheres (Fig4).It is noticeable that some characteristic peaks appropriated to
MA appeared in X-ray diffraction patterns of microspheres but with a low
intensity. The results indicated the diminution of the crystalline form of the drug
in these formulations %27, This fact substantiates the enhancement of drug release
(%) in various formulations. This amorphous state caused greater dissolution of
drug from microspheres loaded with MA:B-CD complex than that of MA
microspheres?.



KHOUKHI et al.

While, the X-ray diffraction patterns of microspheres showed typical broad
diffraction peaks of cellulose at 20 values in the range of 18°-23°, However, the

EC sharp peak®*° at 20 = 11° disappeared indicating the loss the corresponding
crystalline zone of EC.

Intensity;’s'1
-
A § &

. B

10 20

Intensity/s !
g

LN

10 20

Fig 4. X-Ray diffractograms of (a) MA, (b) EC/MA microparticles (lot 1), and (c¢) EC’/HPMC
/ (MA:B-CD microparticles (lot 3).
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HPMC:EC microparticles optimization

In this section, an optimization of microencapsulation of pure MA in cellulose
derivatives was conducted using design of experiments where two variables are
chosen, namely HPMC:EC ratio and stirring speed of emulsion. The objective is
to identify the significant effect of variables on the drug entrapment (DE%) using
Minitab-DOE mathematical modeling. All data related to the 22 factorial design,
are displayed in Table III.

TABLE III. Drug entrapment and HPMC:EC microspheres’ size of 2% factorial design

Lot Variables Response in DE% dio/pm ds2/pm  d43/pm )
duplicate
V1l V2 Y1: DE % Mean+SD
Lota -1 -1 3148  30.52 31.00£0.48 68.8 77.1 80.0 1.16
Lotb -1 +1 20.08  20.72  39.70+0.04 50.2 60.2 64.3 1.28
Lotc  +l1 -1 39.66  39.75  20.40£0.32 54.8 71.0 77.6 1.42
Lotd +1 +1 2897  31.75 30.36£1.39 38.9 40.5 423 1.18
Coded value / Vi: HPMC:EC Va2: Stirring speed
Actual value ratio of emulsion/rpm
-1 1:4 600
+1 1:1 1000

A statistical evaluation of the effects of the selected parameters is achieved
using the factorial design and an interactive statistical first-order complete model
(Equation7) is'generated to identify statistically significant terms.

Yi =ao +a;V1 +a;V; + a1V, (7)

where ao is the arithmetic mean response of 8 runs and ai is the estimated

coefficient for the factor Vi. The main effects of variables Viand Varepresentthe

average result of changing one factor at a time from its low to high value (=1, +1).

Though, the interaction betweenV1 and V2shows how the response (Yi)value
changes when two factors are simultaneously changed.

The fitted equation related the response Yi=DE (%) to variables V1 and V2 is
given by:

DE (%) = 30.366 + 4.666V; — 4.986V, + 0.314V,V, (®)

R?=98.80%, Adjusted R*>=97.90%

The result showed that the drug entrapment in these formulations varied from
20.4 t0 39.7%. As shown in Figure 5a, a synergistic effect of V1 (HPMC:EC ratio)
on the drug entrapment is observed meaning that DE% increased when HPMC
mass increased; the same result was distinguished for the microencapsulation of
niflumic acid.'® However, an antagonist effect of V2 (stirring speed) on DE% is
remarked (Fig 5a); increasing the stirring speed reduced the drug entrapment (DE);
in fact when the stirring speed is higher, the drug transfer to the external phase
becomes easier and then the drug entrapment decreased.’!
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The p value of both variables is <0.001 (p=0.000) indicating that the effects
of the selected variables are significant. The p-value of the interactive effect V1V2
is 0.451 which is representative of a non-significant effect. In fact, the interactive
plot (Fig5b), showed parallel lines indicating that the variables are independent
and which is confirmed by the surface plot (Fig5c). The contour plot given in
(Fig5d) can be useful for the prediction of response value or the suitable value of
variables.

The number mean diameter dio ranged from 38.9 to 68.8um; it decreased when
a stirring speed of emulsion increased which is in agreement with break-up theory
and other research.**3* Also, the size dispersion (8) ranged from 1.16 to 1.42
(Table III) demonstrating a narrow size distribution of microspheres.

Q) Main effect plot of HPMC:EC ratio and stirring speed on DE% b) Interactive effect plot of HPMC:EC ratio and stirring speed on DE%

Mean Drug Loading (%)

215

50

HPMC/EC ratio

Stirring speed

HPMC/EC rati * Stirring spe

-1

1 - 1

€) Surface plot of DE% Vs HPMC:EC ratio and stirring speed

Drug loading (%) - 3

N —

Mean Drug Loading (%)

40,

35

30
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-

HPMC/EC rati

d) Contour plot of DE% Vs HPMC:EC ratio and stirring speed
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EEENEEER
~
w
8
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HPMC/EC ratio

Stirring spe
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Fig 5. Graphical illustrations of DOE factoriel design: a) Main effect plot of HPMC:EC ratio
and stirring speed on DE%, b) Interactive effect plot of HPMC:EC ratio and stirring speed on
DE%, c¢) Surface plot of DE% VsHPMC:EC ratio and stirring speed, d) Contour plot of DE%
VsHPMC:EC ratio and stirring speed

MA and MA:-CD based microspheres

MA and MA:B-CD loaded microspheres are prepared at fixed stirring speed
(600rpm) according to the composition given in Table II, in order to study the
effect of matrices and drug form (pure and inclusion complex) on the
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microspheres’ characteristics and the drug release. The drug entrapment and
encapsulation efficiency are provided in Table IV.

As reported, the content of MA in solid dispersion formula is found to be
between 25 and 31 % and the EE% varied from 64 to 73 %. The drug loading and
encapsulation efficiency are found to be dependent on the nature of the polymer
and the drug formulation. Notably, the drug entrapment in the MA microspheres
prepared with EC/HPMC combination (lot 2 and lot 4) was higher than those
prepared using EC alone (lot 1). This can be attributed to the structural differences
between types and solubility of polymer used in the formulation.”

However DE% decreased for microspheres based on the inclusion complex
(lot 3). p-CD is fairly water soluble and can form water-soluble complexes with
lipophilic guests that hide in the cavity of CDs.*® So, the low DE% of the CD-
containing microspheres can be caused by the water solubility of both HPMC and
S-CD and their possible transfer to the external phase (water) during solvent
evaporation.'® In contrast, when the complex MA:B-CD was added to pure AM in
formulation the encapsulation efficiency and drug content were improved.

Regarding the microspheres’ size, depending on the microparticles
composition, the number mean diameter (d10) of microparticle batches ranged
between 68 and 108 um. The results of the microparticle size showed that, the
microparticles prepared with pure EC (lotl) exhibited a high mean diameter of
108 um, whereas those prepared with EC/HPMC showed mean diameters ranging
from 68 to 83 pum. An increase in ethyl cellulose concentration resulted in larger
microsphere sizes. This can be attributed to the higher viscosity of the dispersed
phase, which facilitates the coalescence of emulsified droplets.’’

Moreover, the inclusion complex had no effect on the size of the
microparticles, as indicated in the Table I'V.

The size dispersion (0) didn’t exceed 1.42 demonstrating a relatively uniform
and narrow microspheres’ size distribution.

TABLE IV. L1-L4microspheres’ characteristics and encapsulation results(%MA/Pol.= 30 %:
w/w; %PV A/water=0.5%:w/w; %Pol./DCM=5%:w/w)

dio ds2 da3 DE% EE%

Lot (composition) 1) mean + SD mean + SD
(um) (um) (um) (n=3) (n=3)

1 (EC/MA) 108.2 137.2 1502 139 28.15+£098  65.7+2.31

2 (EC:HPMC/MA) 68.8 77.1 80 1.16 30.07+137 65.15+2.98

3(EC:HPMC/A-CD:MA) 803 1028 113 142 25094148 643 +3.80
4 (EC:HPMC/MA/g-

+ +
CD:MA) 86.3 1143 125.4 1.2 31.67+1.89 73.23+438

Surface and morphology analysis were inspected by optical microscopy and
scanning electron microscopy (Figures 6 and 7). The SEM and optical microscopy
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micrographs showed that the prepared EC microspheres (Lot 1) were discrete and
spherical, with a rough surface morphology characterized by small distinct pores.
In contrast, microparticles containing HPMC or the S-CD/MA complex
predominantly formed few aggregates with isolated microspheres, exhibiting an
irregular, a rough and a highly porous surface (lot 2 and lot 3), which can improve
wettability and consequently accelerate the dissolution rate of the active ingredient.

-

orn i T » o o~
—— e | ime— T - g s —Tan — -

Fig 7. SEM micrographs of EC and EC/HPMC micropsheres batches (Lots 1-4)

Drug dissolution study

Dissolution behavior of MA in the microparticle samples was investigated in
simulated intestinal medium at 37°C and pH=7.4. The drug release profiles are
presented in Figure 8 and supported by drug release percentage values in Table V.
The results showed that the in-vitro drug release from these formulations is
influenced both by the nature of matrix (EC or HPMC:EC) and by the drug
formulation.

As reported in literature,® the dissolution of mefenamic acid powder in
phosphate buffer solution of pH=7.4 is very low, less than 5% dissolved in 1 hour.
An increment in the dissolution from the MA:3-CD complex was well observed,
as depicted in Fig.8, from the SMA:B-CD complex, 77% of drug was released after
1 hour with an initial burst release of 38%, and this fact proved that the higher
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solubilization capability of substituted cyclodextrin favors the amorphous behavior

of drug and dissolution.

A gradual and sustained drug release was observed regarding the M A loaded
microspheres; the percentage release varied with the formulation compositions. In
each formulation, ethyl cellulose was used as matrix base; the lot 1 is composed of
only EC and pure MA whereas HPMC was included at 20% in the formulations of
lot 2. The drug release profile of lot 1 showed a slow release; in fact, it is well
shown that the microspheres prepared with ethyl cellulose alone showed sustained
effect over an extended period due to its poor solubility, less permeability, and
higher matrix thicknes.*®
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Fig 8. MA release profiles from MA:B-CD inclusion complex and microspheres (lot 1:
EC/MA; lot 2: HPMC:EC/MA, lot 3: HPMC:EC/ MA:B-CD, lot4: HPMC:EC/MA/ MA:B3-

CD)

TABLE V. Percentage release data for MA measured at 30 min and 120, 360 and 1440 min
from all formulation

Formulation Time
30 min 120 min 360 min 1440 min
Lot 1 63713 11.10+22 242+04 38.40+2.1
Lot 2 743 +1.1 2539+4.1 4804+24 789+94
Lot 3 1429+05 2628+0.7 4653+18 59.59+1
Lot 4 1397+02 3331+19 4401+0.1 60.39+0.6

Progressive and extended release profiles were obtained for lots 1-4. However,
the addition of HPMC to EC in the MA incorporated microparticles improved the
drug dissolution from 11% to 25% at 120 min by comparing lot 1 and lot 2 (Table
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5). It’s proved that the combination of HPMC and EC as a base matrix was shown
to simultaneously enhance and control the release of poorly water soluble drugs'®.
This is due to the hydrophilic and hydrophobic properties of HPMC and EC.

Whereas, formulations based on HPMC:EC with inclusion complex (lot3) and
inclusion complex +AM(lot4), exhibited an increase of dissolution from 26% to
339% after 2 hours of release (Table V). So, it is noted that the drug release rate was
meaningfully increased when the microparticles were prepared with complex
formulation comparing with pure drug. In fact; the drug dissolution was at once
improved and controlled.'®!”

In addition, the effect of particles size is also considered. It has been
demonstrated that the size of microparticles influences the drug release rate or
dissolution rate; smaller particles led to a fast drug release; this can be explained
by the increase in surface contact that occurred and facilitated the drug release.
The HPMC:EC microspheres are smaller than EC microspheres, therefore, an
additional effect of size can also contributes in the drug release enhancing.

Release data analysis

The release mechanism of MA was identified by testing mathematical models
in the earlier stage; 6 hours of release time. As detailed in paper by Paarakh et al.,*
five models are explored for analysis, namely the zero order kinetic model
which is related to a constant drug release independently of the concentration, first
order describing a release mechanism where the release rate is concentration
dependent, the Hixson Crowell cube root law exploring release from systems
where there is'a change in surface area anddiameter of particles, the Higuchi
Fickian diffusion model of drug from insoluble matrix and Korsmeyer-Peppas
model analyzing both Fickian and non-Fickian mechanisms of drug release from
swelling as well as non-swelling polymeric delivery systems. The corresponding
results are summarized in Table VI.

TABLE VI. Results of data analysis of drug release kinetics

Korsmeyer-Peppas Higuchi Hixson- First order Zeroorder
Formulat
ion model Crowell
Kkp n 1’ Ku 1’ Knc 1? Ki r? K 1’

Lot 1 0.0136 0.461 0.964 1.203 0971 2E-04 0.996 7E-04 0.997 6E-04 0.995
Lot2  0.0051 0.801 0.992 0.993 0.993 6E-04 0.987 0.002 0.992 0.002 0.973
Lot3  0.0244 0.501 0991 2382 0.990 5E-04 0.940 0.002 0.950 0.001 0.916
Lot4  0.0273 0.493 0.984 2.465 0.964 S5E-04 0.875 0.002 0.885 0.001 0.854

The drug release mechanism was evaluated based on the correlation
coefficient values; the model exhibiting the highest r* value was considered the
most suitable. The results showed that for lot 1 where slow drug release and
concentration took place, the first order model is the most suitable model
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describing the release mechanism, indicating that the release rate is concentration
dependent, nevertheless, the regression coefficients of the other models are higher
than 0.95; so a complex mechanism can be supposed in this case.

Regarding the lots 2, 3 and 4, the most appropriate kinetic models for the
release of MA from these formulations were Higuchi and Korsmeyer—Peppas
models indicating that the release mechanism of MA is governed by a diffusion
phenomenon.

According to the results obtained from the Korsmeyer—Peppas model (Table
VI), the values of the release exponent n range from approximately 0.493 to
0.801.The exponent value is 0.43<n<0.85, so the release mechanism is considered
as a non-Fickian diffusion or anomalous transport where both the diffusion and
relaxation or erosion are involved.**

CONCLUSION

An integrated formulation strategy is expected in this research by combining
the molecular solubilization capability of p-cyclodextrin with the hydrophilic
properties of the HPMC matrix for the preparation of Mefenamic acid loaded
microspheres, using emulsion-solvent evaporation technique. According to the
factorial design analysis, HPMC:EC ratio and stirring speed had significant main
effects on the drug entrapment; at a low level of stirring speed and a high level of
HPMC:EC ratio, the DE exceeded 39%. SEM and optical microscopy showed
spherical microspheres with a narrow size distribution and a number mean
diameter (d10) ranging from 38.9 to 68.8um and which increased to 108 um when
using EC alone and remained between 80 and 86 um by the inclusion of MA:[3-
CD supramolecule. The FTIR, XRD characterization confirmed the effective drug
encapsulation.-without chemical reaction. Also, the results showed that the
microencapsulation of MA:B-CD supramolecule in HPMC:EC hybrid matrix
improved the drug release. In addition, the formulation composed of both pure MA
andMA:B-CD complex in HPMC:EC gave a high drug encapsulation with a high
drug release where the mechanism is considered as a non-Fickian diffusion
or anomalous transport according to Kosmeyer-Peppas model. Therefore,
this formulation procedure represents a rational and innovative hybrid drug
delivery platform for improving the pharmaceutical performance of mefenamic
acid.
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H3BOJ

IOH3AJH EKCITEPUMEHATA 3A OIITUMHU3ALINJY MUKPOUHKAIICYJTIALTNJE
ME®EHAMUHCKE KUCEJIMHE Y JEPUBATUMA LEJIVJIO3E EC/HPMC U ITOBOJbIIARBE
OCJIOBABAA JIEKA TIOMORY HHKTY3HOHOT KOMITJIEKCA CA f3-
IUKJIOJEKCTPHHOM

OUMELKHEIR KHOUKHI"?, KHALIDA MECHETTEMS?, ZINEB ELBAHRI'*
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Medenamuncka xucenuna (MA) je jemaH op ciabo pacTBOP/BMBUX HECTEDPOMIHHUX
aHTHHHpaMaTopHuXx nekosa (NSAID), koju nokasyje oIy KBall/BUBOCT U CIIOPO pacTBapame.
MA ca B-UMKJIOAEKCTPUHOM Ipafy CyNpaMoJIeKy/ICKe HHKIY3HOHe KOMIUIEKCe, IITO IOoTBphyje
nodospliakbe pacTBOP/LUBOCTH Jieka. Lumb oBe cTyHje je KoOMOHHOBamWe KalaluTeTa CojiBaTaldje
cynpamonekyna MA:3-CD ca koMIuieMeHTapHHM (YHKUWOHATHUM CBOjCTBUMA XUOPHUIHOT
omoTtaua ox etunuenynose (EC) u xuppoxcunponunmerunuenynose (HPMC) 3a pa3soj HOBUX
CUCTEMA 3a KOHTPOJMCAHO ocnodahame MehEHaMHHCKE KHUCENIHHE, KOPUIIhEmEM TEXHHUKE
eBanopauyje pacTsapadya U3 emyJsuje. IIpBo je npuMemeH HaKkTOPCKU AU3ajH 22 3a IPUIPEMY U
ontuMu3anujy mukpocgepa uucte MA/HPMC:EC, mpoy4yaBawkeMm U eBaTyaliljoM yTHLaja OfHOCa
HPMC:EC (1:1 u 1:4) u dp3une meuama emymnsuje (600 u 1000 rpm) Ha WHKANCyIaLMjy JeKa.
Pesynrati cy nokasaid jia je [JaBHH YTHLQj NPOMEH/bBMBUX CTaTUCTMYKU 3Havajal;
MHKarcynanyja ineka je nodoseliana kopuirherseM HPMC-a 1 Bapupana je ox 20 no 39%. Ipyro,
WMHKITYy3HOHU Kommiekc MA:B-CD mpumpem/beH je METOOOM KoeBalopalMje pacTBapaya MU
HakHagHO uHKancyiaupaH y EC u EC/HPMC xubpuase maTpuue. In vitro TeCTOBH pacTBapama
nexa U3BefeHu cy y docdartHom nydepy pH = 7,4 Ha 37 °C, a pe3yaTaTd Cy NOKas3ald fa je
ocnobahame Jieka edekTHBHO nmoBehaHo 3a MUKpocdepe MymeHe WHKITY3UOHHM KOMIUIEKCOM
MA:B-CD.

(ITpumrseHo 2. aBrycTa; peBupupaHo 1. centemdpa; mpuxsaheno 2. centemdpa 2026.)

REFERENCES

1. G. Fatima, S.A.Naaz, A.A.Khan, Scholastic Med. Sci.3 (2026) 1-3
(https://www.scholasticopenaccess.org/SCMS/SCMS-03-0160.pdf)

2. P.Prasher, M. Sharma, EXCLI J.25 (2026) 390
(https://dx.doi.org/10.17179/excli2026-9258)

3. C.Konnerth, V. Braig, A. Ito, J. Schmidt, G. Lee, W. Peukert, Chem. Ing. Tech.89
(2017) 1060 (https://doi.org/10.1002/cite.201600190)

4. P.Dhiman, V. Rajput, I. Zahoor, Iran. Polym. J (2026) 1
(https://doi.org/10.1007/s13726-026-01678-0)

5. Indra, N. Apriani, A. Y. Aprillia, W. T. Wulandari, G. A. Wardani, F. Gustaman,
Biol. Med. Nat. Prod. Chem.14 (2025) 601
(https://doi.org/10.14421/biomedich.2025.142.601-607)

6. P. Sriamornsak, S. Limmatvapirat, S. Piriyaprasarth, P. Mansukmanee, Z. Huang,
Asian J. Pharm. Sci.10 (2015) 121 (https://dx.doi.org/10.1016/j.ajps.2014.10.003)



https://www.scholasticopenaccess.org/SCMS/SCMS-03-0160.pdf
https://dx.doi.org/10.17179/excli2026-9258
https://doi.org/10.1002/cite.201600190
https://doi.org/10.1007/s13726-026-01678-0
https://doi.org/10.14421/biomedich.2025.142.601-607
https://dx.doi.org/10.1016/j.ajps.2014.10.003

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

MEFENAMIC ACID MICROENCAPSULATION 1 9

K. R. S. Sambasiva Rao, M. V. Nagabhushanam, K. P. R. Chowdary, Indian J.
Pharm. Sci.73 (2011) 243 (https://dx.doi.org/10.4103/0250-474X.91575)

P. Prasher, M. Sharma, R. Fatima, S. Chugh, H. Mudila, F. Zacconi, W. N. Setzer, /.
Microencapsul.43 (2026) 1 (https://doi.org/10.1080/02652048.2026.2676313)

D. Sid, M. Baitiche, Z. Elbahri, F. Djerboua, M. Boutahala, Z. Bouaziz, M. Le
Borgne, J. Enzyme Inhib. Med. Chem.36 (2021) 605
(https://doi.org/10.1080/14756366.2020.1869225)

S. Siva, S. K. Nayaki, N. Rajendiran, Spectrochim. Acta, Part A174 (2017) 349
(https://doi.org/10.1016/j.saa.2014.12.002)

S. Mohandoss, K. S. Velu, N. Ahmad, R. Srinivasan, P. Roy, P. Somu, Sci. Rep.15
(2025) 30218 (https://doi.org/10.1038/s41598-025-15651-7)

D. V. Derle, M. Bele, N. Kasliwal, Asian J. Pharm.2 (2008) 30
(https://www.asiapharmaceutics.info/index.php/ajp/article/view/167/286)

P. S. Wagh, J. B. Naik, Dry. Technol.34 (2016) 608
(https://doi.org/10.1080/07373937.2015.1064947)

G. Murtaza, Acta Pol. Pharm.69 (2012).11

(https://www.ptfarm.pl/pub/File/Acta Poloniae/2012/1/011.pdf)

N. G. R. Rao, R. Gupta, B. Sahu, A. Khan, S. Kulshrestha, V. K. Bansal, S. S.
Gajbhiye, R. Yadav, Front. Health Inform.13 (2024) 2126
(https://healthinformaticsjournal.com/index.php/IJMI/article/view/150)

0. E. Khoukhi, Z. El Bahri, K. Diaf, M. Baitiche, Chem. Pap.70 (2016) 828
(https://doi.org/10.1515/chempap-2016-0014)

N. Assas, Z. Elbahri, M. Baitiche, F. Djerboua, Asia-Pac. J. Chem. Eng.14 (2019)
€2283 (https://doi.org/10.1002/apj.2283)

F. Z. Badaoui, S. M. Feliachi, F. Boukehil, L. Gacem, Int. J. Drug Deliv. Technol.12
(2022) 1406 (https://doi.org/10.25258/1JDDT.12.3.79)

F. Sevgi, A. Yurdasiper, B. Kaynarsoy, E. Turung, T. Giineri, A. Yalgin, A4PS
PharmSciTech10 (2009) 104 (https://doi.org/10.1208/s12249-008-9183-0)

A. Krishna Sailaja, T. Khan, Indian J. Nov. Drug Deliv.9 (2017) 239
(https://www.ijndd.in/preparation-and-evaluation-of-mefenamic-acid-loaded-
microspheres-using-eudragit-by-solvent-evaporation-technique/)

K.‘Anusha, A. Krishna Sailaja, Der Pharm. Lett.8 (2016) 197
(https://www.scholarsresearchlibrary.com/articles/preparation-and-evaluation-of-
mefenamic-acid-loaded-microspheres-using-synthetic-and-natural-polymers.pdf)
Z. El Bahri, J. L. Taverdet, Powder Technol.172 (2007) 30
(https://doi.org/10.1016/j.powtec.2006.10.036)

M. Mic, A. Pirnau, C. G. Floare, M. O. Miclaus, 1. Kacso, B. M. Tihauan, M. Axinie
(Bucos), G. Marc, O. Oniga, O. Crisan, Farmacia72 (2024) 765
(https://doi.org/10.31925/farmacia.2024.4.4)

I. Fiilop, A. Gyéresi, L. Kiss, M. A. Deli, M. D. Croitoru, P. Szab6-Révész, Z.
Aigner, Acta Pharm.65 (2015) 453 (https://dx.doi.org/10.1515/acph-2015-0035)
H. Niu, W. Chen, W. Chen, Y. Yun, Q. Zhong, X. Fu, H. Chen, G. Liu, J. Agric.
Food Chem.67 (2019) 12875 (https://doi.org/10.1021/acs.jafc.9b05467)

F. Maestrelli, N. Zerrouk, M. Cirri, N. Mennini, P. Mura, Eur. J. Pharm. Sci.34
(2008) 1 (https://doi.org/10.1016/].€jps.2008.02.001)

F. Z. Belmokhtar, Z. Elbahri, M. Elbahri, J. Mex. Chem. Soc.62 (2018) 5
(https://doi.org/10.29356/jmcs.v62i1.579)



https://dx.doi.org/10.4103/0250-474X.91575
https://doi.org/10.1080/02652048.2026.2676313
https://doi.org/10.1080/14756366.2020.1869225
https://doi.org/10.1016/j.saa.2014.12.002
https://doi.org/10.1038/s41598-025-15651-z
https://www.asiapharmaceutics.info/index.php/ajp/article/view/167/286
https://doi.org/10.1080/07373937.2015.1064947
https://www.ptfarm.pl/pub/File/Acta_Poloniae/2012/1/011.pdf
https://healthinformaticsjournal.com/index.php/IJMI/article/view/150
https://doi.org/10.1515/chempap-2016-0014
https://doi.org/10.1002/apj.2283
https://doi.org/10.25258/IJDDT.12.3.79
https://doi.org/10.1208/s12249-008-9183-0
https://www.ijndd.in/preparation-and-evaluation-of-mefenamic-acid-loaded-microspheres-using-eudragit-by-solvent-evaporation-technique/
https://www.ijndd.in/preparation-and-evaluation-of-mefenamic-acid-loaded-microspheres-using-eudragit-by-solvent-evaporation-technique/
https://www.scholarsresearchlibrary.com/articles/preparation-and-evaluation-of-mefenamic-acid-loaded-microspheres-using-synthetic-and-natural-polymers.pdf
https://www.scholarsresearchlibrary.com/articles/preparation-and-evaluation-of-mefenamic-acid-loaded-microspheres-using-synthetic-and-natural-polymers.pdf
https://doi.org/10.1016/j.powtec.2006.10.036
https://doi.org/10.31925/farmacia.2024.4.4
https://dx.doi.org/10.1515/acph-2015-0035
https://doi.org/10.1021/acs.jafc.9b05467
https://doi.org/10.1016/j.ejps.2008.02.001
https://doi.org/10.29356/jmcs.v62i1.579

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

KHOUKHI et al.

M. Palanisamy, J. Khanam, AAPS PharmSciTech12 (2011) 388
(https://dx.doi.org/10.1208/s12249-011-9602-5)

I. Reguieg, K. Diaf, Z. Elbahri, Int. J. Environ. Res.16 (2022) 100
(https://doi.org/10.1007/s41742-022-00484-9)

F. Z. Boubekri, A. Benkhaled, Z. Elbahri, J. Polym. Eng.42 (2022) 191
(https://doi.org/10.1515/polyeng-2021-0252)

S. Dey, S. Pramanik, A. Malgope, Int. Schol. Res. Not. Pharm.2011 (2011) 627623
(https://dx.doi.org/10.5402/2011/627623)

Z. Elbahri, J.-L. Taverdet, Polym. Bull.59 (2007) 709
(https://doi.org/10.1007/s00289-007-0811-8)

R. Merir, M. Baitiche, Z. Elbahri, R. Bourzami, F. Djerboua, M. Boutahala, Int. J.
Biol. Macromol.243 (2023) 124894 (https://doi.org/10.1016/j.ijbiomac.2023.124894)
R. Brahmi, K. Diaf, Z. Elbahri, M. Baitiche, J. Serb. Chem. Soc.89 (2024) 91
(https://doi.org/10.2298/JSC230501088B)

B. C. Behera, S. K. Sahoo, S. Dhal, B. B. Barik; B. K. Gupta, Trop. J. Pharm. Res.7
(2008) 879. (https://dx.doi.org/10.4314/tjpr.v7il.14672)

0. E. Nicolaescu, I. Belu, A. G. Mocanu, V. C. Manda, G. Rau, A. S. Pirvu, C.
Ionescu, F. Ciulu-Costinescu, M. Popescu, M. V. Ciocilteu, Pharmaceutics17 (2025)
288 (https://dx.doi.org/10.3390/pharmaceutics17030288)

S. Tamilvanan, B. Sa, J. Microencapsul.17 (2000) 57
(https://dx.doi.org/10.1080/026520400288553)

P. K. Choudhury, M. Kar, J. Microencapsul.26 (2009) 46
(https://dx.doi.org/10.1080/02652040802130503)

M. P. Paarakh, P- A. Jose, C. M. Setty, G. V. Peter Christoper, Int. J. Pharm. Res.
Technol .8 (2018) 12 (https://www.ijprt.org/index.php/pub/article/view/85)

J. Siepmann, N. A. Peppas, Int. J. Pharm.418 (2011) 6
(https://dx.doi.org/10.1016/].ijpharm.2011.03.051).



https://dx.doi.org/10.1208/s12249-011-9602-5
https://doi.org/10.1007/s41742-022-00484-9
https://doi.org/10.1515/polyeng-2021-0252
https://dx.doi.org/10.5402/2011/627623
https://doi.org/10.1007/s00289-007-0811-8
https://doi.org/10.1016/j.ijbiomac.2023.124894
https://doi.org/10.2298/JSC230501088B
https://dx.doi.org/10.4314/tjpr.v7i1.14672
https://dx.doi.org/10.3390/pharmaceutics17030288
https://dx.doi.org/10.1080/026520400288553
https://dx.doi.org/10.1080/02652040802130503
https://www.ijprt.org/index.php/pub/article/view/85
https://dx.doi.org/10.1016/j.ijpharm.2011.03.051

