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Introduction

Abstract

Background: Curcumin (CUR) has antimicrobial, anti-inflammatory, and antioxidant
bioactivities and is a promising molecule to treat chronic wounds. However, CUR shows limited
oral bioavailability due to low aqueous solubility and dissolution, chemical instability, and rapid
metabolism in the gastrointestinal tract and liver. Therefore, topical delivery seems to provide
therapeutic concentrations of CUR in a controlled manner. Arginine (ARG) promotes the
wound healing process. CUR and ARG form a eutectic mixture (EMCA) that can be used for
simultaneous improvement of dissolution of CUR and combinational wound therapy. Here, we
have formulated in situ hydrogel-forming powders of EMCA using hydrophilic carriers.
Methods: EMCA was prepared by liquid-assisted grinding and analyzed by powder X-ray
diffraction (PXRD) and Fourier transform infrared (FT-IR) methods. The formulations were
prepared by mixing EMCA with sodium carboxy methyl cellulose, sodium alginate, and
polyethylene glycol. Optical microscopy, flow property, dissolution rate, water uptake, hydrogel
forming ability, release profile, and antioxidant activity of the formulated powders were
measured and compared with raw CUR.

Results: The solid-state analyses revealed the formation of EMCA. Photographs showed that
EMCA exhibited a lower particle size than raw CUR and ARG. The formulation content
significantly affected fluid uptake, hydrogel-forming ability, and dissolution rate. The optimized
formulation (FEP5) showed a considerable enhancement in the dissolution rate of CUR and
could control the release. FEP5 also demonstrated promising characteristics including high fluid
uptake and suitable hydrogel-forming ability. FEP5 enhanced the antioxidant activity of CUR
from 9% to 50%. Additionally, FEP5 exhibited improved flow properties compared to raw CUR,
which is crucial for practical applications in wound therapy.

Conclusion: Current work highlighted the potential of EMCA formulated as a hydrogel-forming
powder as a novel formulation with improved dissolution, rapid fluid uptake, inexpensive
components, feasible method of preparation, and easy application and removal for combinational
wound therapy.

concentrations of CUR in a controlled manner. Until now

Curcumin (CUR)isahydrophobic polyphenolic compound
extracted from the rhizomes of Curcuma longa.! CUR has
shown considerable antimicrobial, anti-inflammatory,
and antioxidant bioactivities, introducing it a promising
candidate therapeutic molecule to treat chronic wounds
with impaired healing.*® However, CUR shows limited
oral bioavailability due to very low aqueous solubility and
dissolution, chemical instability, and rapid metabolism
in the gastrointestinal tract and liver.* Therefore, topical
delivery to wound site seems to provide therapeutic

several formulation approaches have been developed for
this purpose such as sponges,’ nanofibers,® nanoparticles,’”
and hydrogels.® Recently in situ hydrogel-forming powders
have attracted increasing attention for wound delivery of
therapeutic agents.” Powder formulations display better
physicochemical and microbial stability than liquid or
semisolid forms such as ready-to-use hydrogels." These
particulate systems have a simple method of use and easy
removal and provide a high surface area for rapid contact
between formulation components and wound fluids."
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Another advantage is applicability of powders for deep or
irregular shaped wounds.'? These powders rapidly absorb
fluids from wound bed and transform to hydrogels. The
formed hydrogel keeps the wound surface moist, exchanges
gases, and controls the release of loaded agents."

L-Arginine (ARG) is an essential amino acid with several
functions in physiological processes such as cell division,
immune function, and hormone release.' Specifically, its
critical roles in the various stages of wound healing have
been recognized for many years."” ARG promotes wound
healing by two main pathways. First, it is metabolized to
prolinewhichisanecessary precursor for collagen synthesis.
Second, it is a substrate for producing nitric oxide, which
facilitates epithelialization, vascularization, and immune
response.'s Other beneficial activities of arginine include
antibacterial'” and antioxidant properties.’®* ARG has been
loaded to hydrogels," sponges,” and nanofibers* with the
aim of direct and controllable delivery to the wound site.

A eutectic mixture is formed by dispersing fine particles
of a crystalline drug in other crystalline coformer.” The
components of a eutectic mixture are completely miscible
in their melted form but their solid forms crystallize as
separate phases, resulting in a lower melting point for the
eutectic form compared to the components.” When a water
insoluble drug forms a eutectic mixture with a hydrophilic
coformer, its dissolution properties are improved because
of higher surface area, better wettability, and improved
solubility.** Conventionally, eutectic mixtures are prepared
by neat grinding or liquid-assisted grinding.*® The
advantageous properties ofeutecticmixturesincludesimple,
cost effective, and scalable method of preparation and their
high physical and chemical stability.® Furthermore, drug-
drug eutectics mixtures can be developed to simultaneous
improvement of dissolution properties and combinational
therapy.”® An interesting case of drug-drug eutectic systems
with potential applications in wound therapy is eutectic
mixture of CUR with ARG (EMCA). Gunnam and Nangia
has prepared and characterized EMCA at a 1:1 ratio using
solvent assisted grinding.” They showed that EMCA could
improve the intrinsic dissolution rate and solubility of
CUR by 9 and 30 times, respectively.

In the current work, we have formulated in situ hydrogel-
forming powders of EMCA using hydrophilic hydrogel
forming carriers. Solid-state characteristics, flow property,
dissolution rate, water uptake, hydrogel forming ability,
release profile, and antioxidant activity of the formulated
powders were evaluated to develop a formulation with
desired properties. To the best of our knowledge, this work
is the first study that reports using a drug-drug eutectic
mixture with the purpose of improving dissolution and
combinational delivery for wound healing.

Methods
Materials
Sodium carboxy methyl cellulose (CMC) (Mw= 90 kDa)
and polyethylene glycol 4000 (PEG 4000) were from
Merck. Sodium alginate (SA) (medium viscosity), arginine

(ARG), and raw curcumin (RCUR) were purchased from
Sigma Aldrich. Any other utilized materials were analytical
grade.

Preparation of CUR-ARG eutectic mixture and
formulated powders

The eutectic mixture of CUR and ARG (EMCA) was
prepared by the liquid-assisted grinding method described
by Gunnam and Nangia.”” A 1:1 stoichiometric ratio of
CUR and ARG were ground using a mortar and pestle
for 30 min with dropwise addition of 0.5 ml acetonitrile.
The obtained product was dried at ambient condition
overnight. The powder formulations were prepared by
mixing EMCA with other components based on the ratios

of Table 1 for 5 min using a pestle and mortar.

Powder X-ray diffraction (PXRD)

The XRD patterns of ARG, CUR, and EMCA were
recorded using Tongda TD-3700 X-ray diffractometer
over an angular range of 10-40° (20). The measurement
conditions were 30 kV, 20 mA, step size of 0.02°, and scan
rate of 2° /min.

Fourier Transform Infrared (FT-IR)

A Perkin Elmer FTIR was used to acquire FTIR spectra of
ARG, CUR, and EMCA in the range of 4000 to 450 cm™.
Each powder sample was blended with potassium bromide
at a 1:100 ratio (w/w) and converted into a transparent
disc. The spectra were collected at a resolution of 4 cm™,
and scan numbers of 32.

Fluid uptake

The water absorption properties of prepared formulations
were measured using the Franz diffusion cell setup." The
powder sample with a weight of 40 mg was placed as a
layer over a cellulose membrane in the donor section with
a surface area of 1.77 cm?®. Deionized water was filled in the
receiver section, and the setup temperature was maintained
at 32°C. Water absorption by the powder sample led to a
lowered water level in the receiver section. At time points
of 5, 15, 45, 90, 120, and 180 min, the volume of water that
was needed to return the receiver volume to the starting
level was measured. The fluid uptake (%) was calculated
using the following equation:

Fluid uptake (%) = ’;'V V100

p

Table 1. The components and their ratios (w/w) used for different
formulated powders.

Formulations EMCA SA PEG CMC
FEP1 0.5 4 - -
FEP2 0.5 2 -
FEP3 0.5 1 2 1
FEP4 0.5 2
FEP5 0.5 - - 4
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Where p, V,, and W were the density of water (1 g/cm’),
the measured volume at time ‘t, and powder weight,
respectively.

Hydrogel mechanical integrity

To evaluate viscosity and mechanical strength of formed
hydrogels, 40 mg of each powder formulation was mixed
with 1 ml of phosphate buffer (pH 7.4) in a glass vial and
the first photograph was taken after allowing to stand for
30 s. Then the vial was inverted and the second photograph
was captured after 15 s.

In vitro dissolution studies

The dissolution tests were conducted using a USP apparatus
2 dissolution tester (Pharma Test co, Germany) for RCUR,
EMCA, and Formulated powders. The experiments were
performed using powder samples equivalent to 10 mg of
CUR, 100 mL ethanol 40% (v/v) as dissolution medium,
paddle speed of 100 rpm, and a temperature of 32 + 0.5 °C.
Aliquots of 5 ml were collected at 10, 20, 30, 60, 90, and 120
min and replaced with fresh ethanolic solution to prevent
volume change. The concentration of CUR in collected
samples was determined at 430 nm utilizing a Cecil UV-
visible spectrophotometer.

Optical microscopy

An Oxion optical microscope was used to produce the
images of powder samples. For this purpose, aliquots of
powder samples were suspended in the silicon oil, and
their photographs were taken by a digital camera at a
magnification of x 40, applying Image focus alpha software.

Bulk and tapped density

Density measurements were performed by a glass syringe
as described elsewhere.”® Briefly, the volume and weight of
each powder sample filled in a 1 ml syringe were measured
to calculate bulk density. In the next step, the syringe was
tapped repeatedly on a hard surface to a constant volume
and tapped density was determined as the ratio of the
powder weight to the tapped volume. The Hausner ratio
was the ratio of tapped density to bulk density.

In vitro release studies

Measuring in vitro release of a hydrogel by Franz cell
apparatus can reflect in vivo release behavior where this
formulation is in contact with the wound bed by only one
surface.”” A dialysis membrane with a cut-off value of 14
kDa and surface area of 1.77 cm?* was fixed between donor
and receiver parts. The optimized formulation (FEP5) was
mixed with deionized water at a ratio of 1:50 (w/w), and one
gram of the formed hydrogel (containing 6.36 mg CUR)
was spread over the donor part. As the comparison, the
release experiment was also conducted for CUR powder
(5 mg) dispersed in 1 ml of water. The reservoir medium
was 40 %v/v ethanol stirred at 750 rpm by a magnetic
stirrer. The temperature of the setup was maintained at
32 £ 1°C. Aliquots of 1 ml were sampled at selected time

points and refilled with fresh ethanolic solution to prevent
volume change. The concentration of CUR in the samples
was determined at 430 nm employing a Cecil UV-vis
Spectrophotometer. The release flux was calculated by
dividing the slope of release profile to exposed surface area.

In vitro antioxidant assay

The antioxidant activities of RCUR, ARG, EMCA, and
FEP5 were evaluated using 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radical scavenging method.” First, DPPH
solution with the concentration of 36 uM was prepared
in methanol. In the next step, ~2 mg of RCUR, ~1 mg of
ARG, ~3 mgof EMCA, and ~27 mg of FEP5 were dissolved
in 5 ml of phosphate buffer (pH 7.4) and then centrifuged
at 12500 rpm for 10 min to precipitate undissolved CUR.
Then 1 ml of each sample were added to 1ml of DPPH
solution, mixed and allowed to stand in a dark place at
room temperature. After 30 min of storage, the absorbance
of test solutions was determined at 517 nm using a Cecil
UV-vis Spectrophotometer. The absorbance of a solution
of phosphate buffer mixed with DPPH solution in a 1:1
(v/v) ratio was used as the blank. DPPH inhibition (%) was
calculated using the following formula:

(A bS control _A bS test )
DPPH inhibition (%) = x100
A bscantml
where Abs__  and Abs_ are absorbance values of blank

solution and test solution, respectively. The statistical
analysis of the obtained data was conducted by GraphPad
Prism software with one-way analysis of variance (ANOVA)
followed by the post hoc Tukey’s test.

Results and Discussion

In the upcoming sections, we first characterize prepared
EMCA by PXRD and FTIR methods. Then fluid uptake,
hydrogel forming ability, and dissolution properties of
the prepared formulations are evaluated to select best
formulation. Finally, release profile, flow property, and
antioxidant activity of the optimized formulation is
compared with RCUR.

PXRD

Crystalline phases of untreated powders and eutectic
components can be studied by PXRD. Figure 1 presents
PXRD patterns of RCUR, ARG, and EMCA. RCUR was a
crystalline material with sharp peaks at 20 values of 12.3,
14.6,15.9, 17.4, 18.3, 19.8, 19.6, 21.4, 23.5, 23.9, 24.7, 25.7,
26.2, 27.5, and 29.1. These characteristic peaks matched
with the crystal form I of CUR* ARG displayed its
distinctive peaks at 26 values of 11, 16.9, 18.2, 19.4, 23, and
27.4°% The PXRD pattern of EMCA had the characteristic
peaks of both crystalline CUR and ARG without any
new peak and change in peak position. However, a small
background halo pattern, peak broadening, and reduced
intensity were observed in the EMCA pattern (Figure 1C),
suggesting that the applied liquid-assisted co-grinding

Pharmaceutical Sciences, 2024, 30(4), 469-477 | 471



Ghaderi et al.

Intensity

10 18 20 2 30 35 40
2-heta {deg)

Figure 1. Overlay of PXRD patterns of RCUR (A), ARG (B), and
EMCA (C).

technique produced a minor amount of amorphous
phase.”® To conclude, PXRD experiments confirmed that
EMCA contains separate crystalline phases of ARG and
CUR and ruled out the presence of any new crystalline
phase.

FTIR

FTIR spectra of ARG, RCUR, and EMCA were recorded
to evaluate their chemical structures and possible chemical
interactions between ARG and CUR introduced by eutectic
formation (Figure 2). The appearance of new absorptions
or significant shifts in the absorptions in the FT-IR
spectrum shows intermolecular interactions or chemical
modifications.”” In Figure 2, we have also provided the
chemical structures of ARG and CUR along with their
main characteristic FTIR peaks. The FTIR spectrum
of ARG showed several characteristic absorptions at
3300, 1680, 1612, 1421, and 1137 cm’ related to the
bonds mentioned in Figure 2A in good agreement with
literature.” On the other hand, RCUR main absorptions
appeared (Figure 2B) at 3510, 1628, 1510, 1281, and
1153 cm™ in correspondence with the literature.* In the
spectrum of EMCA (Figure 2C), we could not detect new
absorptions and most of the absorptions related to CUR
and ARG remained unchanged in the EMCA as previously
reported by Gunnam and Nangia.”” This result ruled out
any modifications in chemical structure of CUR or ARG.
There are only a number of minor changes in the peak
positions, such as a red shift for O-H of CUR from 3510
cm to 3504 cm™ or blue shift C-C-N of ARG from 1137
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Figure 2. Overlay of FTIR records of ARG (A), RCUR (B), and EMCA (C).
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cm’! to 1140 cm’. However, such minor shifts cannot
prove the formation of a new solid form. The lack of
strong intermolecular interactions between ARG and
CUR observed in FTIR experiments favored the presence
of CUR and ARG as separate crystalline phases in the
structure of EMCA.

Fluid uptake

A powder intended for wound delivery should rapidly
absorb fluids from the wound bed and form a hydrogel
to exert its dressing, wound healing, and drug release
purposes.’ In addition, the applied powder should
have enough capacity to handle excess fluids secreted
by exudative wounds.”® Therefore, it is essential to
investigate fluid uptake capacities of in situ hydrogel-
forming powders. Figure 3 presents fluid uptake profiles of
prepared formulations. It can be understood by comparing
fluid uptake profiles of different formulations that the fluid
uptake increased by increasing CMC content. FEP5 with
higher content of CMC showed the most water absorption
amounts. This formulation absorbed around 600 and
3600% of water within 15 and 180 min, respectively. It has
been reported that a hydrogel-forming powder containing
alginate, pectin, and polyethylene glycol could absorb
around 200 and 375 % of fluid within 20 and 270 min,
respectively.*® On the other hand, De Cicco and coworkers
reported that a powder composed of alginate and pectin
prepared by spray drying could absorb about 1200 % fluid
within 30 min.*”

Hydrogel mechanical integrity

When a wound powder absorbs fluids, it should transform
into a hydrogel with enough structural integrity and
adhesiveness to the wound surface. These properties are
essential to maintain formed hydrogel at the wound site,
integrate it with the wound tissue, and prevent its leaking
into the surrounding tissue.*®

3600 -=-FEP5
~—FEP4
3000
—+FEP3
—~FEP2
~ 2400
9
Y —FEP1
X
T
S 1800
3
a
b
1200
600
0 - : : : , r
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Figure 3. Water uptake profiles of prepared formulations.

To evaluate and compare the ability of the various
formulated powders to form a semisolid hydrogel in
situ, their appearances were observed following mixing
the powders with phosphate buffer and allowing formed
mixtures to flow (Figure 4). Among different formulations,
FEP5 showed the highest viscosity (no movement)
and FEP1 showed lowest viscosity (fluid like flow). We
observed that formulations with higher CMC content had
better mechanical strengths. This property is in agreement
with higher water absorption of CMC based formulations
as discussed in the previous section.*” Furthermore, CMC
has effective adherence to wound bed. Considering these,
FEP5 can form a hydrogel with excellent residence time in
the wound bed.

In vitro dissolution studies

Figure 5 shows dissolution profiles of studied powder
samples. During dissolution experiments, RCUR showed
negligible dissolved amount even after 120 min. As
expected EMCA improved dissolution of CUR in line
with the results of Gunnam and Nangia.” Furthermore,
all prepared formulations showed higher dissolution
rates than EMCA and the order of dissolution rate was as
follows: FEP3>FEP5~ FEP4~ FEP2> FEP1> EMCA> CUR.
FEP3 and FEP5 displayed about 2 times higher dissolved
CUR than EMCA. These higher dissolution rates can be
explained by better dispersibility and solubilizing effects of
CMC, ALG, and PEG.*

Optical microscopy

Figure 6 presents optical microscopy images of different
powder samples. It can be seen that ARG was a crystalline
material with block shaped crystals and RCUR was as
irregular shaped particles (Figure 6A and B). On the
other hand, applied mechanical force during synthesis of
EMCA by liquid-assisted grinding led to a homogeneous
distribution of micronized particles (Figure 6C). CMC
had a fibrous structure with smooth surfaces (Figure 6D).
In the image of FEP5, EMCA particles were dispersed
between CMC fibers (Figure 6E).

Figure 4. Photographs showing the hydrogel-forming behavior of
the formulations after adding phosphate buffer to them.
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Figure 5. In vitro dissolution profiles of prepared formulations,
EMCA, and RCUR.

Powder flow

Powder flow is an essential factor in the blending, handling,
filling, and application of powder dosage forms.* Therefore,
the bulk and tapped densities and Hausner ratios of RCUR,
EMCA, and FEP5 were measured to evaluate the impact
of prepared formulation on powder flow of RCUR (Table
2). By using Hausner ratio (HR) it is possible to classify
powder samples as freely flowable or poorly flowable.
Freely flowable powders exhibit HR values up to 1.25,
whereas poorly flowable powders display HR values more
than 1.5.# RCUR was a very poorly flowable powder
with an HR of about 3. EMCA had better flowability than
RCUR, but it still would show flow problems. On the
other hand, FEP5 with a HR of 1.37 seems to be a free-
flowing powder. The favorable flow properties of FEP5
enable the manufacturing of a powder dosage form with
desired quality, uniform dose delivery, easy application,
and uniform coverage of the wound surface.

250

——-FEP5 -#-RCUR
Flux:18.5 + 0.3 ug/h.cm?

200

@
=]

Curcumin released (ug)
2
o

Flux:9.2 £ 0.1 pg/h.cm?
50

0

0 1 2 3 4 5 6
Time (h)

Figure 7. In vitro release profiles of FEP5 and RCUR.

Figure 6. Optical microscopy images of ARG (A), RCUR (B),
EMCA (C), CMC (D), and FEP5 (D). The scale bars indicate 100
pm.

Table 2. Bulk density, tapped density, and Hausner ratio of differ-
ent powder samples.

Formulation BUIk. Tappgd Ha!aner
density (g/ml) density (g/ml) ratio
RCUR 0.30£0.01 0.68+0.04 2.99+0.14
EMCA 0.33£0.01 0.58+0.05 1.76+0.21
FEP5 0.57+0.05 0.78+0.03 1.37+0.05

In vitro release studies

Controlling the release of loaded drug to achieve desired
therapeutic concentrations is a prerequisite for successful
wound drug delivery.* Considering superior fluid uptake,
good hydrogel-forming ability, and improved dissolution
of FEP5, this formulation was selected for further
evaluations. Figure 7 presents the release profiles of FEP5
and raw CUR. It can be seen that FEP5 released higher
amounts of CUR than RCUR. The release flux for FEP5
was around two times higher than RCUR. It should be
noted that although the diffusion of CUR molecules from
semisolid matrix of FEP5 would be slower than liquid
medium of RCUR suspension but higher concentration
gradient resulted from higher solubility of EMCA led to
better release profile of FEP5 compared to RCUR. This
result confirmed that formulated powder can provide a
controlled and sustained CUR release over 6 h.

Antioxidant activity

Phenolic hydroxyl groups of CUR are responsible for its
effective antioxidant and free radical-scavenging activity.**
In the case of ARG, the guanidinium group seems to
react with free radicals and gives antioxidant activity to
this amino acid.* DPPH free radical-scavenging assay is
an easy, quick, and sensitive way to evaluate antioxidant
properties of CUR.* Figure 8 presents DPPH assay results
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Figure 8. DPPH free-radical scavenging activities of different
samples by in vitro DPPH assay (n=3, ** p< 0.0022, **** p<
0.0001).

for RCUR, ARG, EMCA, and FEP5. Both RCUR and ARG
showed DPPH inhibitions of around 9%. On the other
hand, EMCA could improve antioxidant activity to 40%.
The highest activity was observed for FEP5 with 51%
inhibition. The higher antioxidant activities of FEP5 and
EMCA can be explained by their higher dissolution rates
than RCUR. The previous works also indicated that CUR
particles with higher dissolution rates exhibit enhanced
antioxidant properties.***

Conclusion

In the current study, we have successfully prepared and
characterized in situ hydrogel-forming powders for
combinational delivery of CUR and ARG to the wound
site. The optimized formulation, FEP5, showed a significant
improvement in the dissolution rate of CUR and could
provide a controlled release. FEP5 also demonstrated
promising characteristics such as high fluid uptake, good
hydrogel-forming ability, and enhanced antioxidant
activity. Additionally, the powder formulations exhibited
improved flow properties compared to RCUR, which is
crucial for practical applications in wound therapy. Overall
current work highlighted the great potential of drug-drug
eutectic mixtures loaded in hydrogel forming powders as
novel formulations with improved dissolution, inexpensive
components, feasible method of preparation, easy
application and removal and favorable physicochemical
and microbial stability profile for designing therapeutic
wound dressings.
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