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ABSTRACT

Objective: This study aimed to develop a curcumin microgel with lipophilic encapsulation using pumpkin seed oil to enhance wound healing.

Methods: Curcumin was analyzed using ultraviolet-visible (UV-Vis) spectrophotometry, and microgels (CP1-CP6) were formulated with pumpkin
seed oil encapsulation. Physicochemical tests were performed, and the optimized formulation was selected based on diffusion kinetics. The
optimized formulation was subjected to wound healing studies through scratch wound heal assay.

Results: The calibration curve of curcumin showed a correlation coefficient>0.973. Drug-excipient studies revealed excellent compatibility. The
optimized formulation, CP5 had the lowest zeta potential and highest viscosity, spreadability, and extrudability. CP5 released 94.59% of curcumin in
8 h, following the Korsmeyer-Peppas model. The minimum effective concentration promoting complete wound healing was 50pug/ml in L6 cell lines.

CP5 remained stable for three months at 40+2 °C/75+5% RH.

Conclusion: Pumpkin seed oil effectively encapsulated curcumin, enhancing its wound healing potential. This microgel formulation showed
promise for pharmaceutical applications, and future studies can investigate its pharmacodynamics and wound healing mechanisms.
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INTRODUCTION

External Wound healing is a multifaceted mechanism in human body
including four main Phases, namely Hemostasis, Tenderness,
Hyperplasia and Rejuvenation [1]. Duration of wound healing
depends on the complexity and surface area of the inflicted wound.
Major external factors include infection and necrosis of affected
tissues [2]. In order to accelerate the development of wound healing,
the selected active pharmaceutical ingredient (API) containing
formulation must promote site-specific rapid blood coagulation.
However, the role of an ideal wound healing agent does not cease
there [3]. API must be able to attract monocytes and neutrophils in
sufficient populations to the site of injury at the initial stages.
Subsequently, the fibroblasts must be attracted after inflammation.
It should be noted that the second phase of wound healing
(Inflammation) must be restricted to a minimum, because, high pro-
inflammatory stimuli can possibly lead to the formation of chronic
wound [1, 4, 5]. Thus, itis ideal for an API to be anti-inflammatory in
nature to assist wound healing [4, 5].

Curcumin, a natural polyphenol, is eminent for its anti-hyperplastic and
anti-microbial effects. One of its key roles is in preventing the
transformation of fresh wounds into chronic ones, providing
reassurance about its effectiveness in wound healing [6, 7]. Despite its
tendency to delay hemostasis due to its anti-coagulant activity, the
promising aspect of Curcumin's ability to prevent microbial invasion at
the affected site instills confidence in its wound healing properties [8].

On the other hand, Pumpkin seed oil possesses wound healing
properties due to the presence of poly unsaturated fatty acids like oleic
acid and linoleic acid. These compounds are known for its wound
healing properties which is achieved by a pro-inflammatory mechanism.
Other important phytochemicals in pumpkin seed oil involved in wound
healing include phytosterols and tocopherols. Other than the antioxidant
activity, y-tocopherol can assist in reducing inflammation by inhibiting
PGE2 accumulation at the inflammation site [9, 10].

This research introduces a novel approach by harnessing the unique
properties of pumpkin seed oil to address the anti-coagulant activity

of Curcumin. The encapsulation of Curcumin with pumpkin seed oil
has the potential to keep its anti-platelet activity dormant, while the
conversion of the Curcumin-loaded pumpkin seed oil globules into
microstructures could achieve high permeability. Because,
immediate release on the affected site can lead to anti-coagulation
activity due to inhibitory nature of API for formation of
thromboxane A2 [11]. Besides, uncontrolled release of curcumin can
lead to cytotoxicity. Hence, there is a need to control the drug
release of curcumin to establish effective wound healing. Adjusting
the release of the drug controls reduces the re-inflammation ability
[12, 13]. This innovative strategy could potentially revolutionize the
process of hemostasis and is certain to pique the interest of
professionals in the field of medical research [14-16].

Stimuli responsive hydrogels can be helpful in achieving the controlled
release in a smart manner. The release is usually controlled through a
external stimulus like pH and temperature of wound, such that the
controlled 'smart' release provides safe healing of wound effectively.
Innovations in  microgel architecture-including  core-shell
configurations, multi-stimuli responsiveness, and mechanochemical
synthesis methods—have opened new pathways for precise functional
design and expanded applications [17, 18].

MATERIALS AND METHODS

Active pharmaceutical ingredient (Curcumin) [CAS: 458-37-7;
Laboratory grade, 99% pure] was procured from stabicon life
science private limited. Pumpkin seed oil [CAS: 8016-49-7] was
procured from MN Chemical and Scientific Instruments.
Triethanolmaine [CAS: 102-71-6; Laboratory grade, 99% pure],
Sodium alginate [CAS: 9005-38-3], Carbopol [CAS: 9003-01-4] were
purchased from Loba Chemie.

Organoleptic investigation

The procured API and prepared microgel formulations were
subjected to organoleptic Investigation. Color, odor, taste, physical
nature and texture of API and excipients were investigated. This
investigation was performed to understand the basic quality of API
and excipients.
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Solubility

The API (Curcumin) was dissolved in a range of solvents of varying
polarity. Ethanol, Acetone Distilled Water, Glycerin were some of the
solvents used in this experimental part. This was useful in identifying
the solvent for UV-Vis spectral characterization of the API[19].

UV-Vis spectrophotometry

100 mg of API was dissolved in 100 ml of dimethyl sulphoxide (DMSO)
to produce a concentration of 1 mg/ml. Then 10 ml of resultant
solution was taken and diluted with DMSO to produce 100pg/ml
solution. From this solution, 2, 4, 6, 8, and 10 ml of 100 pg/ml solution
was taken and diluted up to 10 ml with DMSO. Thus, 20, 40, 60, 80, and
100 pg/ml solutions were prepared and checked for Amax between 400
to 800 nm using UV-Vis spectrophotometer (Systronics UV-2202).
Then, coordination with Beer-Lambert’s law was calculated [20].

Drug-Excipient compatibility studies

We analyzed the compatibility between API (Curcumin) and other
excipients through Attenuated Total Reflection-Fourier Transform
Infrared (ATR-FTIR) spectroscopy. ATR-FTIR spectroscopy was
considered superior over FT-IR spectroscopy due to high precision
and lack of rigorous sampling method. Samples were placed in ATR-
FTIR spectrometer (Bruker Alpha-II) and spectrum analysis was
performed in the range between 400 cm! and 4000 cm™ [21].

Formulation of curcumin loaded microgel

The API was dissolved in sufficient quantity of ethanol and kept
aside. Gel base was prepared by mixing swelling agent, polymer and
preservative together with sufficient quantity of water to induce the
swelling process. After proper mixing of the ingredients using a
mechanical stirrer at a predetermined speed for a predetermined
time, Pumpkin Seed oil was added to the resultant mixture and
mixed thoroughly. The ratio of Pumpkin Seed oil and curcumin was
always 1:1 in all microgel formulations. This ratio was selected in
order to maintain a balance between anti-inflammatory (Curcumin)
and wound healing (Pumpkin seed oil) properties. Finally, the
ethanolic solution of Curcumin was uniformly distributed to the
resultant mixture. Triethanolamine was employed as a pH stabilizer
to carefully stabilize and achieve skin-compatible pH. Swelling agent
was chosen between Sodium Alginate and Carbopol in three
different concentrations (0.5%, 1%,1.5%) [22, 23].

Globule size measurement

This was performed using dynamic light scattering (DLS) using
Zetasizer (Malvern Zetasizer ZSU3100). In this study, we placed a
sample of microgel in a disposable cuvette and examined at 25 °C with
a count rate of 151.3 kcps. This evaluation test was performed to
understand the particle size distribution of microgel formulation [24].

Zeta potential

Zeta Potential was analyzed to understand the electrical property of
microgel formulations (CP1-CP6). The electrodes of the Zetasizer
(Malvern Zetasizer ZSU3100) were made in contact with the
capillary cell containing the sample. The electrical charge of the
sample was determined in millivolts (mV) [25].

pH determination

Digital pH meter (Remi Electronics) was applied to determine the pH
level of microgel formulation (CP1-CP6). We successfully validated the
equipment by triple point calibration technique using buffer solutions of
different pH (3.9, 7.6 and 9.2). After calibration process, the electrode
was immersed in each microgel formulation and the continuous reading
was observed till a stable value was produced [26, 27].

Viscosity

Samples pre-incubated at 25 °C for 16 h were employed in this
experimental process. Torque was maintained between the range of
10% and 90% under continuous incubation. Rotational Viscometer
was operated at different pre-determined speeds (0.5, 1, 2.5, and 5
RPM). Viscosity of each formulation batch was expressed in
centipoises (cps) [28, 29].
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Spreadability

Sufficient quantity (2 gm) of each microgel formulation (CP1-CP6)
was placed between two glass plates. The upper glass plate was
mechanically connected through a pulley to a predetermined weight.
The time taken for upper plate to reach the predetermined distance
was carefully noted. The spreadability (S) was calculated using the
following formula [30, 31]:

_MxL

=77

Where,

M-Weight tied to upper glass slide (g)
L-Length of Glass Slide (cm)

T-Time Taken (Sec)

Extrudability

500 gm of microgel formulation packed in a collapsible aluminum
tube was placed between the glass plate without the cap. After
applying predetermined weight on the formulation, the percentage
of extruded gel was gathered and weighed. Minimum Extrudability
must not be less than 70% [32, 33].

In vitro drug release profiling
Preparation of acetate buffer

7.35 gm of sodium acetate and 620.7 mg of acetic acid were mixed
together. After adjustment of pH to 5.5, final volume was adjusted to
1000 ml using distilled water [29]. This buffer was selected on the
basis of normal skin pH range. This also can be used as inflammatory
skin models, because, pH increases only by 0.2-0.4 units in
inflammatory conditions [34, 35].

Diffusion studies

The diffusion studies were performed using a Franz Diffusion cell.
The receptor compartment was filled with 20 ml Acetate buffer (pH
5.5) and maintained at 37 °C. The microgel sample was retained in
the donor compartment over a dialysis membrane. Small quantity of
Aliquot (1 ml) was taken as sample and subsequently substituted
with fresh Acetate buffer at regular sampling intervals up to 8 h. UV-
Vis spectrophotometer (Systronics UV-2202) was applied to
evaluate the resulting sample at 417 nm in triplicate [36].

Kinetic profiling studies

Based on the diffusion studies, pharmacokinetic profiling was performed
to understand the release kinetics. Models for Zero-order kinetics, First-
order Kkinetics, Korsemeyer-Peppa’s plot, Higuchi plot and Hixson-
Crowell plot were modelled systematically for each microgel formulation
batch [36, 37].

Evaluation studies for optimized formulation
Scanning electron microscopy

Scanning Electron Microscopy (SEM) was performed to understand
the particle size distribution of the microgel formulation (CP5). The
sample was prepared by sputter coating a dried sample of microgel
placed on an aluminum stub with gold (Au) for 30 seconds under
vacuum conditions. Sample was placed in the sample holder of
Scanning Electron Microscope (Carl Zeiss JSM 6400, Japan) and
observed at different levels of magnification (1.94, 4.98, 5.00, 7.99,
11.26, and 16.54 kx) [29, 38, 39].

In vitro cell line assay
Incubation of cell lines

The cell line studies for the optimized Curcumin loaded pumpkin
seed microgel (CP5) were performed at Athmik Biotech Solutions,
Thiruvananthapuram, India. Scratch Wound heal assay was
performed to understand the mechanism, efficacy and
pharmacodynamics of the optimized microgel. Dulbecco’s Modified
Eagles Medium was augmented with 10% heat inactivated Foetal
Bovine Serum (FBS) and 1% antibiotic cocktail composing of
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Penicillin (100U/ml), Streptomycin (100pg/ml), and Amphotericin-
B (2.5pg/ml). Predetermined surface area of L6 (Rat Skeletal muscle)
Cell line (25 m?) was cultured in Tissue Culture Flasks under CO:
free environment maintained at 37 °C.

Sample inoculation in cell lines

The cells (10,00,000 cells/well) were seeded on six well plates and
allowed to acclimatize to the culture conditions such as 37 °C and 5%
CO:z environment in the incubator for 24 h. The test samples were
prepared in cell culture grade DMSO (10 mg/ml) and filter sterilized
using 0.2 pm Millipore syringe filter. The sample was added to the
wells at different concentrations (25, 50, 100 pg/ml) containing
cultured cells of at least 80% confluence keeping untreated wells as
control.

Determination of wound healing activity

Cell line monolayer was scrapped linearly to stimulate a scratch
using a 200uL pipette tip. Removal of debris was performed by
washing cells with growth medium. Proper precaution was taken to
produce precise scratch marks on subsequent screening. Wound
healing activity of the optimized microgel formulation (CP5) was
monitored under Phase Contrast Microscopy by capturing
photomicrographs at 12 h interval up to 36 h.

Determination of cell line migration rate

Cell migration rate was determined by analyzing the images (Image]
software) and percentage of the closed area with the value obtained
before the process. The percentage of closed area representing the
migration of cells is directly proportional to the efficacy of wound
healing activity [40, 41].

Stability studies

Accelerated Stability Studies were conducted per International
Conference on Harmonization (ICH) guidelines by placing the

2,706
2118
1530
0.942

0.354

023 :
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optimized formulation in a Humidity Chamber (Rashmi Technology).
Assay, Physical Description, disintegration time, and content
uniformity were fixed as the parameters to analyze the quality of the
tablet for 3 mo [42, 43].

Statistical analysis

The statistical analysis was performed using Jamovi (Version 2.3.28)
mean and standard deviation (mean*SD) was determined for other
evaluation tests. One way Analysis of variance (ANOVA) single factor
was performed for the evaluation tests (Zeta potential, Viscosity, pH,
spreadability, extrudability). Tukey’s honestly significant difference
(HSD) was performed as a post-hoc test to understand the
statistically significant difference between groups. Two-way ANOVA
test was performed for the in vitro release studies, with Tukey’s HSD
as the post-hoc test. For in vitro wound healing studies, Shapiro-Wilk
test was initially applied to understand the normality of the
distribution. Friedman’s test was performed due to small sample
size (n=4) followed by Durbin-Conover test.

RESULTS
Organoleptic inspection

We observed that API (Curcumin) exhibited yellow color, aromatic
odor and distinctive spicy taste.

Solubility studies

Curcumin exhibited high solubility with ethanol and Acetone.
However, it was sparingly (or) almost insoluble in water and other
hydrophilic solvents due to polyphenolic structure.

UV-Vis spectrophotometry

Curcumin exhibited a smooth peak (Amax) at 417.6 nm in the visible
region. The graph of absorbance of Curcumin is displayed in fig. 1.
The calibration curve of API is shown in fig. 2 and table 1.

CurlQug/ml

400.00 480.00 560.00
Peak Pick

4176 2513

640.00 120.00 §00.00

Fig. 1: Absorbance graph of curcumin under UV-Vis conditions. It exhibited a peak 0f 417.6 nm

3 -

Absorbance
-
w

Yy =0.175x +1.645
R* =0.9735

—&— Absorbance

......... Linear
(Absorbance)

3
Concentration (pg/ml)

Fig. 2: Calibration graph of curcumin, error bars indicate SD values
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Besides, the API exhibited a correlation co-efficient (R?)>0.973 with
a slope (m) of 0.175 in the calibration curve of curcumin. A
maximum absorbance of 2.57 was observed at 10 pg/ml. Maximum

Int J App Pharm, Vol 17, Issue 5,2025,238-252

absorbance difference of 0.26 was observed between 8pg/ml and
10pg/ml. The Limit of Detection and Limit of Quantification were
0.288pg/ml and 0.873pug/ml respectively (6=0.0153).

Table 1: Calibration of curcumin at different concentrations by absorbance at 418 nm

Conentration (pg/ml)

Absorbance at 418 nm

2
4
6
8
10

1.87+0.05
1.96+0.05
2.14+0.03
2.31£0.06
2.57+0.05

Results are expressed as mean+SD, n=3

Drug-excipient compatibility studies

A total of 16 distinct peaks were observed in the API. Subsequently,
15 peaks are observed in a physical mixture containing API and
excipients. The sharpest peak was observed to be 1125 cm* and
1030 cm! for API and physical mixture respectively. There was a
distinct peak at 1424 cm submissive of the presence of enolic
bond. Besides, we observed a broad peak at 3260 cm-!, which had

curved towards lower transmittance forming easily visible plateau
in the physical mixture. The sharp peaks in the range between
1400 cm?and 1500 cm? (1424 cm'!, 1490 cm™) confirmed the
presence of both aromatic nucleus and a strong carboxylate group.
The peak at 1144 cm! with intermediate intensity was noteworthy
for interpretation and confirmation of chemical structure of APL
The ATR-FTIR spectrum of API (Curcumin) was displayed in fig. 3
and fig. 4.

kil

T st [

=

E

SECL 1S ——

R ———

T p—

l
1

L= LT J—

o e ——

bl = = Es ng
ki i g gd =z
N Ll “ “ 4 ¥y
T T T T T
3500 3000 2600 2000 1500 1000
Wanenumiber cm- 1
Fig. 3: ATR-FTIR spectrum of curcumin
=3
>
= F’
. |BRU R
g 4
o -
(=<}
o -
S
o -
©
o -
wn
o -
<
g 28 5 3 o BI 58 38 8 gg
< =1 S < < S H5 g ¥ o QU
g ] g 5 & Z8 888 & & ap
8 & & & & 2 28 2388 3 8 &8
T T T T T T
3500 3000 2500 2000 1500 1000

Wavenumber cm-1

Fig. 4: ATR-FTIR spectrum of physical mixture (API and excipients)

10 out of 11 significant peaks were visible in the physical mixture
indicating the chemical integrity of the mixture. The table 2 provides

the comparison of significant peaks of curcumin and physical
mixture.
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Table 2: Comparison of significant peaks of curcumin with physical mixture

S. No. Curcumin (cm1) Physical mixture (cm-1) Vibration assignment Possible functional group

1 3260.15+7.23 3298.26+8.42 O-H stretching Phenolic -OH groups

2 2938.32+4.70 2945.23+6.23 C-H asymmetric stretching Aliphatic -CH; and-CH; groups

3 2871.54+2.35 2880.93+8.01 C-H symmetric stretching Aliphatic -CH; and -CH, groups

4 1572.70+3.32 1569.44+ 5.92 C-O stretching Aromatic rings

5 1489.65+1.86 - C=C aromatic stretching Aromatic rings

6 1456.00+2.47 1451.72+5.12 CH; bending or scissoring Methylene groups in the alkyl chain
7 1266.73+1.03 1283.96+3.31 C=C stretching Phenolic C-0 group

8 1144.00+1.68 1134.16+ 4.67 C-0-C stretching Ether linkage in the aromatic structure
9 1025.18+4.98 1029.82+0.95 C-H bending or C-0 stretching Alkoxy or phenolic group vibrations
10 957.54+5.15 915.30£3.26 C-H bending (Out-of-plane) Substituted aromatic rings

11 889.37+3.37 873.59+2.24 C-H bending (Out-of-plane) Aromatic rings

Mean+SD (n = 3)

Globule size measurement

An intensity of 25% was observed at a size of 1000 nm. There was
no other peak or plateau obtained in the evaluation study. Globule
size determination of the microgel is displayed in fig. 5.

Zeta potential

Every microgel formulation exhibited Zeta potential not more than-1 mV.
The highest and least Zeta potentials were exhibited by CP1(-1.1 mV)
and CP5 (-10.4 mV) respectively. Four of the six micro gel formulations

(CP3 to CP6) expressed Zeta potential more than-5 mV. Zeta potential of
different microgel formulations (CP1-CP6) are shown in fig. 6.

One-way ANOVA test exhibited statistical insignificance (p<0.01)
with a F-statistic of 2299.2. Under Tukey HSD test, all the pairs
exhibited statistical significant difference (p<0.05) except one pair
(CP4 vs. CP6; p-value: 0.654). Out of all the statistical pairs, all pairs
expressed highly statistical significant difference (p<0.01) except
two pairs (CP4 vs CP5; CP5 vs CP6). These two pairs expressed p-
value lesser than only 0.05.

20

Intensity (Percent)

Size Distribution by Intensity

0.1 1 10

Size (d.nm)

10000

Record 155: Curcumin and Pumpkin Seed Oil Loaded Microgel 1]

Fig. 5: Globule size determination of curcumin loaded microgel formulation

Formulation (CP)

& & A N

Zeta potential (mV)

.

-

o
[ S S T S S T T S S A S S S S S S S PR
N A

-12

3

4 5 6

‘c}d\ \%r//gd

Fig. 6: Zeta potential of curcumin microgel formulation batches (CP1-CP6). The formulations with the same letter (a,b,c,d) indicate the
statistically insignificance to each other under Tukey’s HSD test. Error bars indicate SD values
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pH

We observed that the prepared microgel formulations (CP1-CP6) One-way ANOVA test expressed the statistically significance within
were weakly acidic. The pH of microgel formulations arranged the microgel formulations (p<0.01). Post-hoc test exhibited
between 5.6 to 6. The pH of various microgel formulations (CP1-CP6) statistically significant difference between CP1 and CP5.

is displayed in fig. 7.

pay & Viscosity

The highest viscosity was expressed by CP5 (16000 cps). Fig. 8
displays the viscosity of various microgel formulations (CP1-CP6).

The formulations (CP1-CP6) were statistically significant (p<0.001)
in one-way ANOVA test. Tukey’s HSD test performed as a post-hoc
test revealed five statistically significant pairs. CP5 and CP6 were

P2 statistically different from three formulations (fig. 8).
Spreadability

We observed that the highest spreadability was expressed in CP5.
On the contrary, CP1 exhibited the least spreadability of 18.18 g.
cm/sec. The statistical analysis revealed statistical significance
(p<0.05) between groups in one-way ANOVA. Under post-hoc test,
there were four pairs with statistically significant difference
(p<0.05). CP5 constituted three of the four pairs (CP1 vs CP5; CP2 vs
CP5; CP3 vs CP5), while the remaining pair included CP1 vs CP6.

ab
"CP3 Extrudability

The highest extrudability was expressed by CP5 (48.88 kPa) due to
excellent viscosity and spreadability. Geometric improvement of
extrudability in microgel formulations containing Sodium Alginate
(CP1-CP3). There was statistically significant difference (p<0.01)

CP4 between the groups (CP1-CP6). Under post-hoc study, 7 pairs were
observed to possess statistically significant differences out of which
Fig. 7: pH of various curcumin loaded microgel formulations CP5 was found to have statistically significant differences with four
(CP1-CP6). The formulations with the same (a or b or ab) formulations (CP1, CP2, CP3, CP4). CP6 was observed to express
indicate the statistically insignificance to each other under statistically significant differences with two formulations (CP1, CP2).
Tukey’s HSD test The results are shown in table 3.
20000 - .
* %k

18000 - ::_T‘

16000 *
14000 | _‘
12000 |
10000 |
8000 |
6000 |
4000 |
2000

0

cP1 cP2 cP3

CP4 CP5 CP6

Viscosity (cps)

Formulation batch

Fig. 8: Viscosity of various microgel formulations (CP1-CP6). *means the p<0.01 and **means p<0.001 in Tukey’s HSD test. Error bars
indicate SD values

Table 3: Spreadability and extrudability of microgel formulations (CP1-CP6). The formulations with the same (a or b or ab) indicate the
statistically insignificant to each other under Tukey’s HSD test

Formulation code Spreadability (g. cm/sec) Extrudability (kPa)
CP1 18.18+1.032 36.32+8.732

CP2 19.00+3.592b 38.45+15.5120

CP3 19.58+0.4 23> 42.22+12.99bc

CP4 20.21+3.392 41. 57+6.94bc

CP5 22.03+1.38° 48.88+12.50

CP6 21.34+1.09® 47.11+4.32¢

Resultsare expressed as mean+SD, n=3. Formulations with different letters (a, b, ¢, d, €) are not significantly different (p<0.05) according to Tukey's HSD test
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In vitro drug release profile

CP1 and CP4 were the microgel formulations not to show 50% API
diffusion in 4 h. All the microgel formulations (CP1-CP6) revealed a
drug release of over 85% within 8 h. The microgel formulation (CP5),

Int J App Pharm, Vol 17, Issue 5,2025,238-252

which was theoretically strong in other evaluation tests,
demonstrated a similarly strong impact in diffusion release by
releasing a staggering 94.59% of Curcumin in 8 h. The in vitro
release studies of pumpkin seed oil encapsulated curcumin microgel
formulations are shown in fig. 9 and table 4.

Table 4: In vitro dissolution release of pumpkin seed oil-encapsulated curcumin loaded microgel formulations (CP1-CP6)

S. Time Cumulative percentage of drug release (%)
No. (min) CP1 CP2 CP3 CP4 CP5 CP6
1 0 0+0.00 0+0.00 0+0.00 0+0.00 0+0.00 0+0.00
2 15 6.42+3.072 6.54+2.182 7.17+3.022b 6.77+2.872b 9.75+1.84b 5.66+3.782
3 30 12.44+3.122 14.77+3.032 17.65+3.33¢ 13.46+2.10% 18.89+2.14¢ 13.33+3.752
4 60 20.1945.752 23.24+2.562> 25.09+2.01bc 21.88+2.673 27.67+3.69¢ 26.22+4.19b¢
5 120 31.02+4.652 32.32+4.092> 34.87+3.96b¢ 31.65+3.612b 34.86+4.13bc 35.77+£2.96¢
6 180 36.24+3.232 42.23+3.42b 43.32+2.95b¢ 36.19+2.632 45.76+3.92¢ 44.44+4.05b¢
7 240 45.72+4.012 51.44+3.91b 52.66+1.99¢¢ 47.51+4.072> 53.53+2.96¢ 53.88+3.05b¢
8 300 51.34+£2.522 60.44+2.90> 67.94+3.354 51.01+4.262 68.32+3.894 68.32+2.484
9 360 65.89+2.972 68.87+3.25P 78.35+3.624 66.17+3.582 78.12+2.774 76.22+4.08¢
10 420 75.66+3.072 78.12+4.01b 86.71+4.264 77.77+2.88b¢ 88.87+4.264 83.89+2.89¢
11 480 88.15+2.232 89.45+3.62b 92.57+2.80¢ 89.11+3.44b 94.59+3.92¢ 89.88+3.67°
Results are expressed as mean+SD, n=3. Formulations with different letters (a, b, ¢, d, e) are not significantly different (p<0.05) according to Tukey's
HSD test.
120 -
100
2 80 -
© 4
a J
@ 1
g 60 1
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5 ]
® 40 1
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Fig. 9: In vitro diffusion release of curcumin loaded pumpkin seed oil loaded microgels (CP1-CP6). Error bars indicate SD values

CP5 showed significant differences with other formulations
consistently at different time points. Besides, CP5 also expressed
higher mean value of drug release than the other formulations.
This proves that the formulation CP5 exhibited the highest drug

Kinetic profiling

Maximum slope range was observed between 3.8 to 4.4 for all
microgel formulations under the Higuchi release model. Meanwhile,
the minimum slow range was in almost zero (0.001-0.002) for

release with statistical significance compared to other microgel formulations under First Order kinetics. The kinetic models
formulations. are shown in fig. 10 to fig. 14.
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Fig. 10: Zero order Kinetics for curcumin-loaded microgel formulations (CP1-CP6). Error bars indicate SD values
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Fig. 11: First order Kinetics for curcumin-loaded microgel formulations (CP1-CP6). Error bars indicate SD values
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Fig. 13: Hixson-crowell plot for curcumin-loaded microgel formulations (CP1-CP6), error bars indicate SD values

25 71

log % cum drug release

1:5 2 235 3
Log time

Fig. 14: Korsmeyer-peppas plot for curcumin-loaded microgel formulations (CP1-CP6). Error bars indicate SD values

The Release exponent (n) of the optimized formulation (CP5) was
calculated to be 0.707. This indicates anomalous transport
(0.43<n<0.85) and is also the best fit (R?=0.985) for the optimized
batch (CP5) compared to Hixson-Crowell (R2=0.975) and Higuchi
plots (R?=0.971).

Evaluation studies for optimized formulation
SEM

SEM Analysis for the optimized formulation (CP5) depicted the
globule size in the range of 5-10 pum. Most of the lipophilic
encapsulated globules were spherical or ovoid. The SEM images at
different resolutions for the optimized formulation (CP5) are
sequentially displayed in fig. 15.

At lower magnifications (e. g, images (a) and (d)), the surface appears
rough and heterogeneous, indicating that the formation of microgels
leads to a non-uniform surface. Image (c) displays some level of particle
aggregation, which may indicate that the microgel particles tend to

clump together. This could potentially hinder drug release by limiting

the effective surface area available for interaction with the surrounding

medium. However, the compact and denser regions observed in image (f)
suggest strong crosslinking or polymer network formation. Crosslinking

density can influence the release rate of curcumin by controlling the

network's ability to swell and release the drug.

In vitro cell line studies

The wound was clearly visible with a dark black background.
Furthermore, the cell migration rate was almost close to zero even
after 24 h in control group. However, cell migration rate increased
significantly after 24 h at all concentrations of optimized Curcumin
loaded pumpkin seed microgel formulation (CP5). By the end of 36t
h, the wound area was nil at 50 pg/ml and 100 pg/ml. It was also
observed that the Minimum Effective Concentration (MEC)
promoting complete wound healing within the predetermined time
was observed to be 50pg/ml. The photomicrographs of wound
healing are shown collectively in fig. 16.

Fig. 15: Scanning electron microscopic images for the optimized microgel (CP5) at (a) 1.94 kx, (b) 16.54 kx, (c) 11.26 kx, (d) 7.99 kx, (e)
5.00 kx, (f) 4.98 kx

246



M. C. Rajappa et al.

Int J App Pharm, Vol 17, Issue 5,2025,238-252

Table 5: Average wound area of L6 cell line (Rat skeletal muscle) over period of time for the optimized microgel (CP5)

Concentration Average wound area (Arbitrary units)

Oh 12h 24h 36h
Control 37 34.9 26.5 25
25pg/ml 37 27.6 8.2 2
50pg/ml 37 27.6 5.1 0
100pg/ml 37 27.2 2.1 0

The wound healing activity of curcumin hydrogel were statistically
significant (p<0.05) in Friedman’s test indicating at least one pair of
treatment groups showed statistically significant difference. In order
to identify the groups, pairwise comparisons were performed by

Durbin-Conover test, which exhibited statistically significant
difference (p<0.05) at all concentrations except 25pg/ml with
control. The Z-score and p-value are shown in Durbin-Conover test
is shown in table 5.

Control 25 ug/ ml 50 pg/ ml 100 pug/ ml

Fig. 16: Cell migration rate of L6 cell line under control and different microgel concentrations (25, 50 and 100 pg/ml), the wound healing
rate based on concentration of microgel is expressed in table 5

Table 6: Pairwise comparisons of treatment groups for the optimized formulation (CP5) in Durbin-Conover test. The symbol “indicates

the statistically significant difference between the treatment groups

Treatment group-1 Treatment group-2 Z-score P-value

Control 25 pg/ml 1.83 0.101

Control 50 pg/ml 3.13 0.012*

Control 100 pg/ml 4.44 0.002*

25 pg/ml 50 pg/ml 1.31 0.224

25 pg/ml 100 pg/ml 2.61 0.028*

50 pg/ml 100 pg/ml 1.31 0.224

*p<0.05

Stability studies temperatures of 40+2 °C and 75+5% RH. This indicates the physical

The percentage deviation of assay and disintegration time was not
more than 3% and 5 seconds respectively when stored under

and chemical quality of optimized curcumin microgel formulation
(CP5). The stability studies conducted for the optimized formulation
(CP5) is tabulated in table 7.

Table 7: Stability studies of the optimized microgel formulation (CP5)

S. No. Tests Initial 1 Mo 2 Mo 3 Mo

1 Colour Yellow Yellow Yellow Yellow

2 Odour Pleasant Pleasant Pleasant Pleasant

3 Nature Opaque Opaque Opaque Opaque

4 pH 6.0£0.5 6.0+0.55 5.8+0.3 5.7+0.4

5 Viscosity 16000+500 15500+620 15000+580 14000 +600

6 Spreadability (g. cm/sec) 22.03+1.38 22.1 £1.67 21.01 +1.82 20.22 +2.01

7 Extrudability (kPa) 48.88 £12.50 45.36 £13.05 43.13+12.68 38.27+12.99

8 Assay (%) 98.22 +1.80% 97.78 £2.06% 97.76 +2.35% 97.11+02.72%
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Results are expressed as mean+SD, n=3.

DISCUSSION

All the microgel formulations (CP1-CP6) were yellow, viscous,
lumpless formulations with smooth texture and zero transparency [6,
7, 44]. In this current research, we developed microgel containing
curcumin with variation in concentrations between two swelling
agents: Sodium Alginate and Carbopol-934. The API was encapsulated
with the lipophilic substance. Pumpkin seed oil was considered for this
encapsulation purpose, because it also possesses a hemostatic effect,
thereby effectively assisting in wound healing [14, 45].

Prior to the development of microgel, a series of preformulation
examinations was conducted. The solubility of curcumin was similar
to Zheng et al. [45]. Lipophilic nature of the curcumin made it
difficult to dissolve in aqueous media, confirming the quality of the
API. When dissolved in organic solvents, it exhibited yellow colour
without precipitating. The lack of orange colour shows that the API
was not auto-oxidised. Because, auto oxidised product of curcumin
(Bicyclopentadione) is an orange colour compound and is similar in
solubility, but can be differentiated from the colour shade [45, 46].

The UV graph of pure curcumin in ethanol was similar to that of
methanol, however a mild hypsochromic shift was observed.
Because the lambda Max of curcumin in methanol was in the range
of 420-422 nm. Besides, the UV spectrum obtained in this study
complied with Mondal et al, which described the maximum shift in
the blue wavelength range under DMSO [47-49].

The peak near 958 cm™ is associated with the out-of-plane bending
of C-H bonds in the enol form of curcumin, a common feature in its
tautomeric forms. Besides, ATR-FTIR studies confirmed the
aromatic hydroxyl group around 3500 cm. This is due to the
conjugation of hydroxyl groups with aromatic rings farming
extensive hydrogen bonding which is both intramolecular and
intermolecular in nature [50-52].

On the contrary, $-di-ketone moiety was confirmed by showing a
peak in the range of 1625-1650 cm!. However, the compound does
not exist in keto form since the reported peak in the mentioned
range was faint. Furthermore, the transmittance of the di-keto form
peak (>85%) was higher than that of enolic bond (<80%). However,
it does suggest that there is single ketone group considering the C=0
Stretching [53-56]. Ethereal and aromatic moieties were confirmed
by C-O stretching (1573 cm™) and C=C stretching (1266 cm)
respectively [57, 58].

Lipophilic encapsulation was performed for the API with pumpkin
seed oil. Swelling is a basic important phenomenon by which the API
can be effectively released into the wound. Hence, variation in the
type and concentration of swelling agents is given [59].

Particle size is a critical factor for the bioavailability and stability of
curcumin. Smaller particles tend to possess increased surface area
and enhance the interaction with biological tissues, which could
enhance the absorption of curcumin [60] Structural integrity is
excellent when the microparticles within the gel lie in the particle
size range between 500 to 1500 nm [61, 62].

The Zeta potential of the microgel followed a decline with successive
formulation batch (CP1-CP6). The microgel performed using Sodium
Alginate as swelling agent exhibited poor zeta potential at low
concentrations. However, sodium alginate at a concentration of 1.5%
showed a drastic improvement in the electronegativity of the
microgel formulation (CP3). Sodium alginate did not help in
increasing the electronegativity. This indicates the deflocculated
state. Generally, deflocculation is an ideal property for certain semi-
solid dosage formulations including gels. Because, it helps in the
maintenance of texture, content uniformity and physical stability.
Furthermore, it prevents aggregation of microparticles from
clumping. Consistency in gel formulation may be considered as an
indirect parameter of the zeta potential. As a result, CP5 exhibited
the most ideal consistency and visual perfection after formulation
stage [63, 64]. Generally, decrease in intensity of zeta potential
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(<£10mV) leads to increase in viscosity. Because, formation of big
particles occur upon collision of smaller particles due to poor
electrostatic repulsion. The relationship between zeta potential and
viscosity is clearly established in the Henry equation. While,
electrophoretic mobility has a direct relationship with zeta potential,
it has an inverse relationship with viscosity [65, 66].

The optimal pH range of skin is generally between 4.1 and 5.8
depending on the region of the body. For instance, the skin pH on the
forearm (5.4-5.9) is slightly acidic compared to toe inter digits (6.1-
7.4). This is due to difference in acidic microdomains [67]. Besides,
presence of alkaline pH in skin can generally lead to wound
infections. This is caused mainly due to presence of blood, ammonia
and other compounds which are alkaline in nature. The active
nature of certain tissue degrading enzymes like elastase at alkaline
pH ranges further retards the wound healing [68]. This research
formulated curcumin microgel in accordance with skin pH. When
applied to the wounds, other than the therapeutic action of the AP],
the pH of the microgel will prevent the growth of major
microorganisms which grow at alkaline pH [69]. The pH must not be
too acidic (pH<4), since, it may cause disruption of acid mantle of
the skin by reducing the pH below the optimal range. As a result,
clinical symptoms like redness of skin, pruritus, sensitivity occurs
and causes progression of wound formation, instead of healing the
wound [70, 71]. Triethanolamine (TEA) acts as pH stabilizer to
adjust the formulation to slightly acidic state in which the wound
healing is improved [72].

Viscosity is defined as the internal resistance of the particle to flow.
This may impact on both extrudability and spreadability. However,
application of external force may impact on these parameters
beyond a threshold limit. Rigid network within the microgel
formulation was present in CP1. Despite expression of least viscosity
(13000 cps), CP6 failed to express the maximum spreadability. This
infers that CP6 exhibited dilatant flow with thixotropic behaviour.
The microgel formulation with the highest spreadability (CP5) was
neither a pseudoplastic nor a Bingham fluid. This confirms that the
microgel formulation behaves like a liquid upon applying pressure
of predetermined mass. Besides, the geometric increase in
extrudability for microgel formulations indicate that the employed
swelling agent improves the dilatant flow in the formulation [73, 74].
The viscosity of the microgel in this research was in accordance with
existing literature [75]. This high viscosity is highly necessary for
impeding the run-off from the affected site. Besides, high viscosity of
microgels is an ideal factor for providing sustained release, since it
retards the drying rate [76]. Even though, high viscosity can cause
an inconvenience in ease of application, the spreadability of CP5 was
sufficiently good to overcome this problem [77]. Besides, patient
counselling on sustained release microgels must be provided by the
medical professionals. This must be focused on the reduction in
administration frequency and the long-term support in wound
healing by such microgels [78].

There was no major difference between the microgel formulation
(CP1-CP6) showing a consistent diffusion with drug release>80%.
The drug release of curcumin over time was relatively similar
irrespective of the type and concentration of swelling agents. Patil et
al. had reported that the diffusion rate of the drug was inversely
proportional to the concentration of sodium alginate (swelling
agent). A reduction in porosity of the biopolymeric swelling agent
occurs when viscosity enhances, leading to a rigid network within
the microgel [79, 80]. Other than the polymers, the pumpkin seed oil
itself is an efficient release retardant and thus helps in preparation
of sustained release formulations. Heikal et al. has successfully
employed pumpkin seed oil as an encapsulating agent for sustained
release of Atorvastatin in breast cancer therapy [81]. Pumpkin seed
oil was also used in controlled release of UV filters and an
antioxidant [82].

Nevertheless, the same theoretical aspect was applicable even in
oral dosage forms and intranasal dosage forms [83, 84].
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Contrary to Patil et al, this research shows a consistent release
throughout the time. Lipophilic encapsulation of curcumin plays the
major role in sustained release of the drug over a period of 8 h.
Because, dissolution of the lipophilic shell takes place after which the
drug is diffused slowly across the semipermeable membrane [79, 85].

The slow and sustained release with maximum drug release over 80%
may be due to a low Flory-Huggins parameter (x<0.5). The poor Flory-
Huggins parameter (x) can be confirmed by the high compatibility
between biopolymer and Curcumin by ATR-FTIR studies. Because, no
characteristic peak of curcumin disappeared upon mixing with
polymer and other excipients [80, 81]. Sustained release of a drug
depends on the electric charge of the polymer involved in the microgel
formulations. Carbopol is capable of producing a more negative
charged formulation compared to sodium alginate. This produces slow
and sustained release through electrostatic interactions between the
drug and carbopol [82, 83]. The optimized microgel formulation (CP5)
followed an anomalous drug transport by non-fickian diffusion
mechanism with a moderate release exponent (n=0.707), which is
accordance with existing literature [86]. This diffusion is possible due
to glassy polymer (Carbopol), which is converted to a rubbery texture
under the presence of aqueous medium. This transitional mechanism
leads to swelling of polymer. This retards the release rate and allows
drug release in a sustained manner [87, 88]. Surface erosion
mechanism is not possible since it occurs when the polymer is
hydrophobic in nature [89].

There were no significant large cracks in the analysis of the
optimised formulation (CP5) through SEM. This confirms the
structural stability of lipophilic encapsulated in microparticles. The
SEM results of this research were contrary to Sinha et al, which had
reported spherical particles using sodium alginate without
agglomeration. Moreover, both optimised microgel (CP5) and
reported mucoadhesive beads followed zero order kinetics [90-92].
Aggregation of particles tend to slow down the drug release due to
the reduction of surface area of the particles. In such cases,
prolonged release Kkinetics is observed [91]. The quality of the
sustained release can be verified using diffusion constant. Because,
the diffusion constant decreases with decrease in surface area of
particle. Ortiz et al. experienced particle agglomeration of small
particles in the prepared formulation of Nanostructured Lipid
Carrier containing Rhodamine 123. This expressed lesser release
exponent (n=0.49) than that of this research (n=0.707). This
indicates that particle agglomeration can possibly affect the drug
release kinetics of the optimized microgel formulation (CP5). Future
research must focus on reducing the risk of particle agglomeration
such that it does not affect drug release kinetics [93, 94].

In vitro wound healing activity of the optimized microgel
formulation (CP5) was similar to that of catholyte electrolysed water
and exhibited better wound healing activity than that of slightly
acidic electrolysed water [95]. Partial mediation of Dickkopf-1
(DKK-1) may be a possible factor for influencing the excellent
wound healing activity of this optimised microgel. Besides, it is
known for reducing inflammation by inhibiting Cycoloxygenase-II
(COX-II) signaling. This will influence on Dkk-1 pathway through
impact on Wingless-related integration site (Wnt) signaling. DKK-1,
which inhibits wound healing, is inhibited by COX-II inhibition. This
leads to prevention of growth suppression of epidermal melanocytes
[22, 96]. These cells help in accelerated wound healing [97]. The
pumpkin seed oil may provide a synergistic activity along with the
API (Curcumin) by also promoting anti-inflammatory activity due to
the presence of y-tocopherol. Because, it promotes anti-
inflammatory activity through Interleukin-13 (IL-1B) and Tumor
Necrosis Factor-a (TNF-a). As a result, it can potentially accelerate
diabetic wound closure [98]. Limitations of this research include the
wound healing assay being performed on a single cell line. Besides,
cytotoxicity studies were not performed for understanding the
safety of the formulation, since, the main objective was to provide
the therapeutic efficacy. Hence, future studies must not be confined
to a single cell line. However, pharmacodynamic studies and
cytokine profiling in animal models and diabetic models must be
performed to establish the confirmation of theoretical evidence
behind the mechanism of wound healing activity of this microgel
model [99, 100].
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CONCLUSION

Encapsulated microgel is one of the emerging formulations in which
the active pharmaceutical ingredient having the drawback is
addressed by effective encapsulation of inert or therapeutically
active lipophilic substance. The lipophilic compound aids in the
enhanced permeation of API across dermal barriers and also assists
in wound healing. While microgels generally focus on the
permeability of drug across skin, this research focused on lipophilic
encapsulation which is not restricted to a single factor (pH,
temperature, etc.), but is naturally responsive to produce a
synergistic effect on wound healing. However, future research can
be performed on in vivo models to understand and confirm the
mechanism of action behind the synergistic activity of pumpkinseed
oil and curcumin in wound healing. Furthermore, cytotoxicity
studies can help us interpret the safety nature of the formulation. It
can be concluded that pumpkin seed oil plays a synergistic role in
wound healing by successfully encapsulating Curcumin in the
microgel formulation.
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