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Abstract

Purpose Curcumin exists in three polymorphic forms: one monoclinic form and two orthorhombic forms. This work aims
to investigate the efficacy of curcumin polymorphs in transdermal drug delivery by formulating curcumin polymorphs and
their incorporation in polymeric films.

Methods Monoclinic form, Form 1, was precipitated by liquid antisolvent technique from acetone solutions, whereas
orthorhombic form, Form 2, was obtained by vacuum evaporation of solutions of curcumin in a mixed solvent of chloroform
and hexane (60:40%v/v). The other orthorhombic form, Form 3, was precipitated from dimethylsulfoxide solutions. All three
curcumin polymorphs were incorporated into polymeric films made of low molecular weight hydroxypropyl methyl cellulose
(HPMC E5LV) along with different plasticizers, and permeation enhancers. Radical scavenging activity and cytotoxicity of
curcumin polymorphs on human melanoma cell lines were evaluated. Water uptake, in-vitro release, and in-vitro permeation
studies on HPMC films loaded with curcumin polymorph were carried out.

Results Cytotoxicity studies on human melanoma cells (SK-MEL-28) showed that Form 2 results in the highest cell inhi-
bition. Among all three curcumin polymorphs, the free radical scavenging activity of Form 3 was found to be the highest.
HPMC films loaded with Form 3 exhibited higher water uptake and higher curcumin release profiles at pH of 5.5 (95.3%
in 20 h) and pH 7.4 (79.8% in 20 h) as well as the highest in-vitro permeation compared to the other two curcumin forms.
Conclusion Overall, orthorhombic curcumin polymorphs (i.e., Form 2 and Form 3) showed a higher propensity for trans-
dermal drug delivery as compared to the monoclinic curcumin (Form 1).

Keywords Curcumin polymorphs - HPMC films - Transdermal drug delivery - Human melanoma - Drug release - Drug
permeation

Introduction

Many active pharmaceutical ingredients (API) exhibit low
water solubility and poor dissolution rates despite possessing
good medicinal properties, which limits their bioavailability.
It has been shown that by increasing specific surface area
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by reduction in the particle size, dissolution rates of such
APIs can be significantly enhanced (Kakran et al. 2012).
A decrease in the particle size increases the surface-to-vol-
ume ratio, thereby increasing their dissolution rates (Mer-
isko-Liversidge et al. 2003). A commonly used approach
for particle size reduction is using either a top-down or a
bottom-up technique. Compared to top-down approaches
(such as milling, grinding, etc.), bottom-up techniques are
not only simpler, more cost-effective, and easier to scale up
but also offer better control over the process. Liquid antisol-
vent (LAS) precipitation is one of the bottom-up techniques
used to produce nanoparticles of poorly water-soluble APIs.
LAS precipitation can alter the physical properties of drug
substances, including modification in the polymorphic form
and particle size distributions (Thorat and Dalvi 2012). The
other advantage is that water can be used as an antisolvent
for many poorly water-soluble drugs since it is also highly
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miscible with many organic solvents. The use of ultrasound
and additives during the crystallization process can easily
give a greater control over the rate of nucleation, crystal
growth, and polymorphism of APIs.

Several drug delivery routes have been investigated to
deliver drug particles with efficacy (Bennet and Kim 2014).
Transdermal drug delivery still remains limited to a narrow
range of drugs. The drug has to be supplied at the site for
an effective treatment. Also, stratum corneum’s (SC) low
permeability for macromolecular drugs poses significant
challenges to transdermal drug administration via passive
diffusion through the skin (Prausnitz and Langer 2008). Still,
transdermal drug delivery via films has been well explored
for the delivery of both hydrophobic as well as hydrophilic
drugs (Karki et al. 2016). Since films are thin and flexible,
their acceptance among patients is high (Maniruzzaman
et al. 2012). Films are capable of accelerating the onset
of drug action, reduce the required dose frequency, and
enhance drug efficacy (Barbu et al. 2006). Ideal transdermal
drug delivery films need to exhibit desirable features such as
sufficient drug loading capacity, fast dissolution rate or long
residence time at the site of administration, and acceptable
formulation stability. They should also be non-toxic, bio-
compatible, and biodegradable (Achouri et al. 2013).

The availability of a wide array of suitable polymers has
made it possible to develop films with a wide range of prop-
erties and applications (Nair et al. 2013). An ideal wound
healing dressing or agent protects the wounded tissue from
bacterial infection, reduces inflammation, and induces cell
proliferation to aid in the reconstruction of the damaged tis-
sue (Boateng et al. 2008). It should also contain antioxidant
molecules since free radicals are considered as one of the
major causes of inflammation during the wound healing pro-
cess (Koh and DiPietro 2011).

Curcumin is a poorly water-soluble drug found in the
herbal spice turmeric (Curcumin longa). It has potential
antioxidant, anti-inflammatory, antitumor, anti-HIV, and
antimicrobial properties (Aggarwal and Harikumar 2009).
Curcumin has also been found to enhance cutaneous wound
healing through tissue remodeling (Mohanty et al. 2012),
tissue formation, and collagen deposition (Joe et al. 2004).
Several reports have shown that curcumin assists in epithe-
lial regeneration (Sidhu et al. 1998) and increases fibroblast
proliferation (Thangapazham et al. 2013). The wound heal-
ing properties of curcumin has also been reported by some
authors (e.g., Akbik et al. 2014; Joe et al. 2004).

Curcumin exists in three polymorphic forms, of which
Form 1 is monoclinic and the other two (Form 2 and Form
3) are orthorhombic (Sanphui et al. 2011). Different cur-
cumin polymorphs possess distinct functionality that could
be utilized for several applications. Silva et al. (2019) have
reported development of HPMC films loaded with curcumin
mainly for food packaging applications. However, there are
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no reports on the evaluation of individual curcumin poly-
morphs for drug delivery applications, especially for trans-
dermal drug delivery.

In this work, for the first time, the efficiency of differ-
ent curcumin polymorphs for transdermal drug delivery has
been investigated. The radical scavenging activity of cur-
cumin polymorphs was evaluated by 2,2-diphenyl-1-picryl-
hydrazyl (DPPH) assay. Cytotoxicity studies of curcumin
polymorphs was performed on the human melanoma cell
line (SK-MEL-28). The curcumin polymorphs were then
incorporated in HPMC films and evaluated for their effi-
cacy for transdermal drug delivery using in-vitro release and
permeation studies.

Materials and methods
Materials

Curcumin (>95%) was purchased from Mrida Greens Pvt.
Ltd., India. All analytical grade solvents such as acetone
(>99.9%) and DMSO (99.8%) were purchased from SRL,
India. Hydroxypropyl methyl cellulose (HPMC) (80-120
cPs, F.C.C.), sodium dodecyl sulphate (SDS), bovine serum
albumin (BSA), and polyvinylpyrrolidone (PVP) were pur-
chased from Sigma-Aldrich Inc., India. HPMC (ESLV,
E15LV, and K4000), used for film formulations, was pur-
chased from Colorcon, India. Polyethylene glycol (PEG
400), triethyl citrate (TEC), triacetin (TRA) and propylene
glycol (PG) were purchased from SRL, India. All chemicals
were used without any further purification and deionized
millipore water was used as an antisolvent.

Cell culture

The human melanoma cell line, SK-MEL-28, was obtained
from the National Centre for Cell Science, Pune. These cells
were cultivated in T75 tissue culture flasks in DMEM sup-
plemented with 10% fetal calf serum, 100 pg/mL penicillin,
100 pg/mL streptomycin, 2 mM L-glutamine, and 20 mM
hydroxyethyl piperazine ethane sulfonic acid and incubated
in a humidified incubator containing 5% CO, at 37 °C.

Obtaining curcumin polymorphs

Form 1 and Form 3 were obtained by LAS precipitation. An
organic solution of curcumin in 10 mL of acetone/DMSO
was introduced in 100 mL water maintained at a constant
temperature of 1 °C. An ultrasound horn (Sonics, Vibra-
cell) was immersed in antisolvent at an immersion depth of
1.5 inch. The tip (1" in internal diameter) of the ultrasound
horn was directed over the surface of a solvent—antisolvent
mixture solution such that the solution could be dispersed
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instantaneously by ultrasound (105 W) for 10 min. The
aqueous suspensions thus obtained were filtered using a
vacuum filtration unit and particles were washed thrice with
deionized water to remove any traces of the organic solvent.
These particles were then freeze-dried using a freeze dryer
(Alpha 2-4LD Plus, Martin Christ). The curcumin powders
thus obtained were then used for further analysis.

Form 2 was obtained by vacuum evaporation of cur-
cumin solutions dissolved in chloroform and hexane
(60:40%v/v) and recovered at 150 mbar.

Evaluation of efficacy of solid curcumin polymorphs
for drug delivery

Radical scavenging activity of curcumin polymorphs

The antioxidant activity of the curcumin polymorphs was
estimated using the standard DPPH free-radical scaveng-
ing method. A specified amount of curcumin (6 pug/mL)
was added to 5 mL of 0.1 mM DPPH solution in methanol.
The difference in absorption was determined at 515 nm
using a UV spectrophotometer after 30 min. All meas-
urements were taken in triplicate, and the results were
averaged to obtain a mean value. The radical scavenging
activity was expressed as the inhibition percentage of free
radicals by the sample and calculated as follows:

(AO-AD

Radical scavenging activity (% ) = 0

00 (1
where AQ is the absorbance value of the control, Al is the
absorbance value of the sample.

In-vitro cytotoxicity of curcumin polymorphs on human
melanoma cell line

Cell viability of SK-MEL-28 cells was assessed using MTT
assay. SK-MEL-28 cells were seeded in 200 pL. of DMEM
medium in two 96-well plates separately, and cultured over-
night. Next day, the medium was replaced with fresh DMEM
or DMEM containing different concentrations of curcumin.
After further incubation for 48 h, 50 pL of MTT (2 mg/
mL) was added to each well, followed by another 4 h of
incubation. The medium was then discarded and 150 pL of
dimethyl sulfoxide was added to each well and the culture
was incubated for 20 min. The OD was measured at 570 nm,
using which cell viability in percentage was calculated. In
this study, cells treated with ethanol were used as vehicle
control (VC) and cells treated with paclitaxel dissolved in
ethanol (6 pg/mL) were used as a positive control (PC).
Untreated cells were used as normal control (NC).

Preparation and characterization of films containing
curcumin polymorphs

The polymeric films containing curcumin particles were
prepared using the solvent casting method. Different poly-
mers such as HPMC, chitosan, sodium alginate, polyvinyl
alcohol (PVA), gelatin, and polyvinyl pyrrolidone (PVP)
were optimized for their ability for film formation. During
optimization, these polymers were dissolved at concentra-
tions ranging from 1 to 10% (W/V) in double-distilled water
at room temperature. Further, different plasticizers such as
polyethylene glycol (PEG) 200, PEG 400, and glycerol were
added at different concentrations ranging from 0.5% to 3%
(W/V) to obtain an easily peelable film of adequate strength.
It was found that HPMC (K4000) films could form accept-
able quality films at all concentrations. Different permea-
tion enhancers were optimized for an enhanced permeation
of curcumin. The raw curcumin and precipitated curcumin
powders (5 wt%) were dispersed in double-distilled water
and mixed for 2 h with an aqueous solution of HPMC (10
wt%) that was stirred overnight. The HPMC solution also
contained plasticizers (3 wt%) and permeation enhancers (3
wt%). This solution was then casted into the petridish and
subjected to drying at 40 °C for 2.5 h in Mathis LabCoater,
Switzerland.

X-ray diffraction was performed to determine the physi-
cal state of the precipitated curcumin particles and the films
containing the particles were collected using D8 Discover,
Bruker AXS GmbH, Germany. Sample collection was per-
formed in the 20 range from 5° to 50° with CuKa radiation
at the scanning step of 0.2° and increment of 0.02°. The
morphology of curcumin particles incorporated inside the
films was characterized using field emission scanning elec-
tron microscope (FE-SEM; JSM 7600F, JEOL Japan). A
small portion of the films containing curcumin polymorphs
was cut and glued to the cross-sectional sample holder on the
carbon tape. The films were then sputter-coated with plati-
num before analysis. The images were then recorded under
5kV and 8 mm working distance at different magnifications.

Evaluation of curcumin polymorph loaded films
for transdermal drug delivery

Water uptake ability of the films

At the start of the study, each film was weighed and sub-
sequently immersed in a petri plate containing phosphate
buffer saline (PBS), pH 7.4. The studies on film swelling
were performed by measuring the increase in the weight of
films when placed in contact with the buffer solution. At
predetermined time intervals, films were removed, wiped
to remove the excess water using filter paper, and weighed.
This procedure was repeated until a constant weight was
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observed. The percentage of water uptake was calculated
using the equation below

Wi— W0
— X

Wat take ability % =
ater uptake ability % W0

100 2)
where, WO is the initial weight of the film and Wt is the
weight of film at time ¢.

In-vitro release of curcumin from films

Dissolution experiments were performed using the USP dis-
solution apparatus V paddle over disc (Hanson Research,
USA). The drug release study from the curcumin-loaded
films (2x2 cm? equivalent to 14 mg of the drug) was per-
formed in 500 mL phosphate buffer of pH 7.4 and acetate
buffer of pH 5.5 separately, at the paddle speed of 50 rpm.
The media temperature was maintained at 37 +3 °C. The
release study was carried out for 22 h and samples of 2 mL
were taken at regular intervals (every 15 min for the first
hour and then every hour) and replaced with the same
amount of media maintained at 37+3 °C. UV spectropho-
tometer was then used to measure the concentration of cur-
cumin. The experiments were performed in triplicate and the
average drug release and standard deviation were plotted as
a function of time.

In- vitro permeation of curcumin from HPMC films

In-vitro permeation of curcumin from the polymeric films
were estimated using Franz diffusion cells and commer-
cial cellulose acetate membranes (MWcutoff: 12,000 Da;
Sigma—Aldrich) as a barrier mimicking the skin. The pre-
hydrated membranes were mounted between the donor and
receptor compartments of the diffusion cells. The receptor
compartment was filled with 7 mL of PBS, pH 7.4, con-
taining 20% (v/v) of ethanol and allowed to equilibrate at
32+2 °C. The receptor medium was continuously stirred
at 300 RPM. Films were placed on the donor compartment
such that 1 cm? area was available for diffusion. Release
studies were conducted for 24 h. At predetermined time
intervals, samples of 0.5 mL were withdrawn from the recep-
tor compartment and immediately replaced with the same
volume of fresh medium maintained at 32+2 °C. The per-
meated amount of curcumin was estimated using UV spec-
trophotometer. The cumulative % of the curcumin released

into the receptor for 24 h was plotted as a function of time.
All experiments were carried out in triplicate.

Results and discussion
Physical form of the curcumin particles

To confirm the polymorphs obtained in this work, the XRD
patterns of the polymorphs were matched with the calcu-
lated XRD patterns of curcumin polymorphs, as shown in
Fig. Sla. As already mentioned, Form 1 and Form 3 were
obtained by LAS precipitation of curcumin from acetone and
DMSO, respectively, whereas Form 2 was obtained by rotary
evaporation of curcumin solutions in chloroform and hexane
when subjected to the pressure of 150 mbar. Rietveld refine-
ment was also performed on the recorded XRD patterns,
which indicated the presence of no other polymorphs in the
obtained powders (data not shown). DSC thermograms were
recorded for all three curcumin polymorphs, which are pre-
sented in Fig. S1b. DSC thermogram for Form 1 showed
a single endotherm at 180 °C, which is in agreement with
the other literature reports (Sanphui et al. 2011; Thorat and
Dalvi 2015; Pandey and Dalvi 2019). DSC thermograms
for curcumin Form 2 and Form 3 showed two endothermic
peaks. The first endothermic peaks in these thermograms
correspond to the transformation of orthorhombic forms
(Form 2 and Form 3) to monoclinic form (Form 1). This
peak is followed by the second peak, which corresponds to
the melting of Form 1 (Thorat and Dalvi, 2015; Pandey and
Dalvi 2019). Thus, XRD and DSC studies confirmed the
existence of specific polymorphs in the powders, which were
further used to make polymeric films.

Particle size of Curcumin Particles

Table 1 presents the particle sizes of the curcumin poly-
morphs obtained in this work. The average particle size of
curcumin Form 1 was 7.4 + 1.5 pm at 0 h, which increased
to 9.4+ 3.1 um at the end of 24 h. The particle size of
Form 2 recovered by vacuum evaporation was found
to be 5.9 +2.3 pm. Curcumin particles precipitated in
DMSO resulted in Form 3 with an average particle size of
0.3+0.2 um at O h. However, the size of Form 3 particles
increased to 2.6 +0.9 um at the end of 24 h. The use of

Table 1 Particle sizes of Curcumin poly-

Particle sizes (pm)

curcumin polymorphs produced

. . morphs - -

in this work 0 min D10/D50/D90 at 0 min 24 h D10/D50/D90 at 24 h
Form 1 74+1.5 3.0/7.3/12.2 9.4+3.1 2.3/8.2/18.6
Form 2 59+23 0.2/0.7/21.1 - -
Form 3 0.3+0.2 0.2/0.3/0.6 2.6+09 0.6/1.2/4.1
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ultrasound during the precipitation resulted in the stabili-
zation of particles both at 0 and 24 h. Ultrasound reduced
the particle size due to enhanced micromixing, uniform
supersaturation, and reduced particle growth (Thorat and
Dalvi 2012). Ultrasound suppresses Ostwald ripening and
prevents agglomeration of particles in the solution (Thorat
and Dalvi 2012) and thereby stabilizes the particles in
aqueous suspensions.

Solubility of curcumin polymorphs

Figure S2 shows the solubility trend of curcumin poly-
morphs in a typical organic solvent such as ethanol. The
solubility of curcumin Form 3 was found to be higher,
which was followed by Form 2 and then Form 1. Similar
observation for curcumin polymorphs have been reported
in the literature (Liu et al. 2015; Pandey and Dalvi 2019;
Sanphui et al. 2011). It can be seen that Form 3 is the
least stable form at all temperatures because it possesses
a higher solubility than Form 2 and Form 1 at all tempera-
tures. Form 1 is the most stable form of the three due to
its lowest solubility at all considered temperatures. Higher
solubility of curcumin would result in a higher amount
of curcumin availability at the wound site for necessary
action. It has been reported that increased solubility of
drug and its availability at the wound site leads to higher
cytotoxicity, which could be beneficial for the treatment
of tumorous tissues (Din et al. 2017). This further sug-
gests that Form 3 polymorph of curcumin can accelerate
the process of wound healing and also provide cytotoxic-
ity against cancer cells as compared to other curcumin
polymorphs.

Radical scavenging activity of curcumin polymorphs

Generation of reactive oxygen species (ROS) is a part of
the innate immune system, which helps to clean the wound
of the invading bacteria. However, besides their beneficial
role in microbial killing, ROS can have various harmful and
negative effects as well. At high levels, ROS can lead to
severe tissue damage, neoplastic transformation, and heal-
ing impairment (Ak and Giil¢in 2008). The proliferating
and migrating cells in the wound tissue are exposed to large
amounts of ROS during the respiratory burst and thus have
to develop strategies to protect themselves against such
harmful exposures. Therefore, free radical scavenging activ-
ity of curcumin polymorphs was measured using the DPPH
free radical scavenging test, as mentioned in the experimen-
tal section. The antioxidant properties of curcumin poly-
morphs were estimated using the DPPH method. It can be
observed from Fig. 1, that the curcumin Form 1 and Form
2 showed 61% and 67% scavenging activity, respectively.
However, curcumin Form 3 showed the highest scaveng-
ing activity of 88%. The minimum activity was obtained
for the commercially available curcumin, i.e., 29%. The
radical scavenging ability of curcumin is mainly due to its
phenolic groups, which could scavenge DPPH- radical by
donating their H atoms (Ak and Giilgin 2008). It has been
reported that higher antioxidant activity could be due to the
improved water-solubility and enhanced electron-donating
capacity (Deng et al. 2019). This is in agreement with the
activity of curcumin Form 3, which has enhanced aqueous
solubility compared to other curcumin polymorphs. Thus, it
can be surmised that the solubilization kinetics of curcumin
plays an important role in governing the radical scaveng-
ing behavior of curcumin polymorphs. Also, all forms of

Fig. 1 DPPH scavenging 100
activity of different curcumin
polymorphs 90
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curcumin seem to successfully reduce ROS concentration
during the DPPH assay.

Cytotoxicity of curcumin polymorphs on human
melanoma cell line

Curcumin has been shown to inhibit the growth of many
cancer cell lines (Basnet and Skalko-Basnet 2011). However,
there are no reports on the effect of individual curcumin
polymorphs on cancer cells. In this study, for the first time,
we have investigated the effect of curcumin polymorphs on
human melanoma cell line, SK-MEL-28. Figure 2 shows the
cell viability of the human melanoma cell line, SK-MEL-28

®4png/mL =6 pg/mL

C PC vC

Fig.2 Cytotoxicity of curcumin polymorphs on SK-MEL 28 cell line,
where NC corresponds to untreated cells, PC corresponds to cells
treated with paclitaxel, VC corresponds to cells treated with only
ethanol, Form 1: cells treated with Form 1 curcumin, Form 2: cells
treated with Form 2 curcumin, Form 3: cells treated with Form 3 cur-
cumin, and RC corresponds to cells treated with commercially avail-
able curcumin, raw curcumin, (n=3)

8 ng/mL =12 pg/mL

N
=]
T

% Cell Viability
-
<

[
]
T

N Form1l Form2 Form3 RC

Cumulative % Release

0 40 80 120 160 200 240
Time (mins)

—o—ES5LVHPMC —=—E15LVHPMC —e—K4000 HPMC

in percentage, when treated with different curcumin poly-
morphs. It can be observed that as compared to a positive
control (PC), cell viability for normal control (NC) was
significantly high. At concentrations lower than 12 ug/ml,
curcumin polymorphs are less cytotoxic than PC. However,
at the concentration of 12 pg/ml, all curcumin polymorphs
as well as raw curcumin showed a higher cell cytotoxicity
as compared to PC. Form 2 was found to be more cyto-
toxic (with only about 25% cell viability) as compared to
all other curcumin forms (with about 55% cell viability for
Form 1 and about 40% cell viability for Form 3). The order
of cytotoxicity was Form 2> Form 3 >Form 1 (p <0.05
between the curcumin forms for the cytotoxicity against the
melanoma cell lines). Thus it was clear that orthorhombic
curcumin forms are more cytotoxic than the monoclinic cur-
cumin form.

Optimization of HPMC formulation for film
formation and loading of curcumin polymorphs
on the films

The films were formed with different grades of HPMC,
i.e., ESLV, E15LV and K4000 to evaluate the effect of
different HPMC grades on curcumin release since the
release of drugs from the HPMC matrix can be regulated
by varying the degree of its substitution (Rahman et al.
2011). Commercially available curcumin was used dur-
ing the film optimization process. Curcumin was loaded
at 5 wt% on the films and its release was monitored in
phosphate buffer saline of pH 7.4. Figure 3a shows the in-
vitro release of curcumin from different HPMC matrixes
at pH 7.4 and temperature of 37 °C. It can be observed
that the highest curcumin release was obtained from the

80
@
Z
.&.: 60
)
4
=X
» 40
2
=
g
B 20
@]

0 ) 1 1 1 1 1

0 40 80 120 160 200 240
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—— E5LV-PEG-TRIETHYL CITRATE
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Fig. 3 In-vitro release of curcumin from films prepared from a different HPMC grades and b films made with HPMC E5LV containing different

permeation enhancers at pH 7.4 and 37 °C
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ESLV matrix, followed by the E15LV matrix. The least
curcumin release was obtained from the K4000 matrix.
Further, different plasticizers were also used since plas-
ticizers significantly improve film properties, help in
improving the flexibility of films, and reduce the brit-
tleness during formulations. Apart from this, plasticiz-
ers also impart endurance, resistibility, and stability to
the films. Glycerol and polyethylene glycol 400 (PEG
400) were used as plasticizers at different concentrations.
Between, PEG400 and glycerol, PEG400 at the concen-
tration of 3 wt% was found to be effective in obtaining
good quality films (based on appearance and peelability).
Therefore the ES HPMC matrix with 3% PEG plasticizer
and 5 wt% curcumin loading was chosen as the recipe for
all film formulations.

The skin acts as the barrier for most of the hydrophilic
as well as hydrophobic drugs and hence permeation
enhancers are of utmost importance in transdermal drug
delivery (Marwah et al. 2016). Therefore, different per-
meation enhancers were optimized to enhance the release
of curcumin. Different permeation enhancers used in this
study were triethyl citrate (TEC), triacetin (TRA), oleic
acid (OA), propylene glycol (PG) and glycerol (G). The
order of curcumin release from the films made with differ-
ent permeation enhancers is TEC > TRA > PG> G > OA
at pH 7.4 and temperature of 37 °C (Fig. 3b). The highest
curcumin release and permeation were obtained for the
films made with a TEC permeation enhancer. Hence the
optimized recipe for film formulation was chosen to be
10 wt% E5 HPMC with 3 wt% PEG plasticizer and 3 wt%.
TEC permeation enhancer loaded with 5 wt% of different
curcumin polymorphs.

(A) (B)

— N i M Form 3 loaded film (a)

Form 2 loaded film

|

- [ _m

" A, Form 1 loaded film

Form 1
Form 2

Form 3

S

20

Form 1 powder Form 2 powder Form 3 powder

Ty B g ‘
LT | e o -

Fig.4 A XRD patterns of the HPMC films containing different cur-
cumin polymorphs and B Images of HPMC films loaded with cur-
cumin a Blank HPMC, b Films loaded with Form 1, ¢ Films loaded

Characterization of films

Figure 4A presents the XRD diffractograms of curcumin
polymorphs loaded films. The XRD patterns of all the films
showed the characteristic peaks of the loaded polymorphs
(i.e., Form 1, Form 2, and Form 3) confirming no change in
the curcumin polymorphs at the end of film formulations.
Figure 4B shows pictures of bare HPMC film and HPMC
films loaded with curcumin polymorphs. It is interesting
to note that the color of each film can be used to identify
which polymorph is loaded on the film. Films loaded with
Form 1 appear yellow whereas films loaded with Form 2
appear orange and Form 3 films appear red. The correspond-
ing crosssectional SEM images showed that the curcumin
particles were present within the layers of the HPMC films
(Fig. 4e—h). Also, the particles seem to retain their morphol-
ogy inside the films, which again indicates that there was no
change in polymorphic form during formulation.

Water uptake by HPMC films

The HPMC films loaded with different curcumin poly-
morphs containing TEC were subjected to water uptake
studies in PBS of 7.4 (Fig. 5). Overall, films loaded with
Form 3 curcumin particles showed the highest water uptake
capacity than the films with Form 1 and Form 2 particles.
It has been shown that the drug solubility, chemical nature,
and size play an important role in the film swelling behav-
ior (Coughlan et al. 2004). The enhanced solubility of drug
molecules was found to increase the swelling rate by facili-
tating a continuous water penetration through diffusion and
dissolution (Coughlan et al. 2004). This suggests that films

with Form 2, d Films loaded with Form 3 and crosssectional SEM
images, e Blank HPMC films, f Films loaded with Form 1, g Films
loaded with Form 2, h Films loaded with Form 1
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Fig.5 Water uptake studies of
films prepared with different
curcumin polymorphs A Only
HPMC film, and films contain-
ing, B Raw curcumin, C Form
1, D Form 2, E Form 3 D

| ||

=

10 20

loaded with Form 3 might be more effective in enhancing
wound healing than films loaded with Form 1 and Form 2.
Out of the four phases of wound healing process (hemosta-
sis, inflammation, proliferation. and maturation), enhanced
secretion of water and other fluids occur at the wound site
during the inflammation phase. The drug delivery vehicle
used for healing, if they are able to absorb the fluids secreted
at the site, are found to heal the wound faster (Korting et al.
2011). Therefore, it is clear that films loaded with Form 3
would be able to absorb the extra fluids at the wound site and
help accelerate the wound healing process.

In-vitro release of curcumin from HPMC films

The in-vitro curcumin release from HPMC films was esti-
mated at different pH conditions. As the wound healing
progresses, the pH of the wound environment changes from
basic to neutral and then to acidic (Gethin 2007). The pH
of a chronic wound mostly falls in the range of 7.15-8.9
(Gethin 2007). However, the ideal pH for the treatment of
both acute and chronic wounds is 7.4 (Priyadarsini 2014).
In our study, we have considered both alkaline and acidic
pH for estimating the release of curcumin, which could be
useful in wound healing. For the alkaline pH, we have esti-
mated curcumin release in the PBS of pH 7.4 and for the
acidic pH, the release was estimated in acetate buffer of pH
5.5. Figure 6a shows the release profile of curcumin poly-
morphs from the HPMC films containing TEC, where films
loaded with Form 3 show higher release followed by Form
2 and Form 1. Another observation from Fig. 6a is that films
loaded with Form 3 exhibit higher release behavior, probably
due to the lower size of Form 3 particles (Table 1).
Moreover, curcumin release from the films was found to
be higher in the pH of 5.5 (continuous lines) than at the pH
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of 7.4 (dotted lines). This could be due to the enolic OH
groups of curcumin, which is favorable for acidic pH condi-
tions (Priyadarsini 2014). Thus, due to higher and sustained
release, films loaded with Form 3 might accelerate the heal-
ing process at the wound site, followed by films loaded with
Form 2 and Form 1.

In-vitro permeation of curcumin

The outermost layer of the skin, which is 10 mm thick, acts
as a permeation barrier due to the presence of 79-90% of
protein and 5-15% of lipids (Schneider et al. 2007). There-
fore, for a transdermal delivery permeation enhancers are
used, which help in permeation across the skin by disrup-
tion of the highly ordered structure of stratum corneum
lipid and by interaction with an intercellular protein (Das
and Ahmed 2008). Curcumin, belonging to BCS class IV,
lacks the permeation ability. Hence, during the preparation
of films different permeation enhancers such as OA, PG,
TEC, TRA, and G were screened. The in-vitro curcumin
permeation from HPMC films through cellulose membranes
was performed with 20% v/v ethanol using Franz diffusion
cell. Of all the permeation enhancers, TEC was found to
be most effective for the permeation of curcumin through
the cellulose membrane (Fig. 3). The enhanced permeation
effect due to TEC could be attributed to the hydrogen bond
interaction between TEC hydroxyl groups and keratin chain
C=0 groups, which enables solvation of keratin (Puri et al.
2019). Figure 6b shows the permeation profiles of curcumin
through HPMC loaded with different curcumin polymorphs
and made with a TEC permeation enhancer. Films loaded
with curcumin Form 3 were found to have higher permeation
as compared to films made with other curcumin polymorphs.
Further, the drug permeation from the films loaded with



Journal of Pharmaceutical Investigation (2021) 51:75-84 o

$ 3 =

---------- §----4 g

------------ s =

2 e e mm————-————o - >

3 T H §
g o

R - e +----4 =

@ ﬁ,—i -

3 &

2 =

k £

s g

s E

2 S}

X g <

1 1 1 0 1 N N . . .
10 15 20 1 3 5 7 9 1 13 15
Time (Hrs) Time (Hrs)
B o ooy et RC Form1l —e—Form2 —#—Form3
—+—RC Forml —e—Form2 —&—Form3 -

Fig.6 a In-vitro release of curcumin through HPMC films at the temperature of 37 °C and in different buffer solutions of pH; 5.5 (continuous
lines), 7.4 (dotted lines) and b In-vitro permeation of curcumin through HPMC films in 20% ethanol and at the temperature of 32 °C

Form 2 particles were found to be higher as compared to the
films loaded with Form 1 particles. The synergistic effect of
the enhanced solubility and the permeation enhancer seem to
play a remarkable role in the overall permeation of curcumin
through the films.

Conclusion

The main goal of this study was to investigate the efficacy of
different curcumin polymorphs in transdermal drug delivery.
The cytotoxicity studies showed that orthorhombic curcumin
forms (Form 2 and Form 3 curcumin) caused lower cell via-
bility for human melanoma cells (SK-MEL-28) with Form
2 being the most effective among all curcumin polymorphs.
The free radical scavenging studies showed that the antioxi-
dant activity of curcumin Form 3 was higher than that of
Form 2 and Form 1. During the incorporation of curcumin
polymorphs in different HPMC matrices, HPMC ES5LV
films were found to provide the highest release of curcumin
as compared to other HPMC grades (E15LV and K4000).
Among the different permeation enhancers used in film for-
mulations, TEC was found to provide the highest release
and permeation of curcumin through the films. The XRD
and crosssectional SEM of films showed retention of spe-
cific polymorphic forms inside the formulations without any
polymorphic transformation during the formulation. Water
uptake capacity of films loaded with Form 3 was found to
be higher than that of films loaded with Form 1 and Form 2.
Also, films loaded with Form 3 were found to exhibit higher
release and permeation efficiency than films loaded with
Form 2 and Form 1. The in-vitro release profiles of curcumin

at pH 5.5 were found to be higher than that of pH 7.4 for all
film formulations with the highest release of curcumin from
films loaded with Form 3. Overall, it could be concluded that
orthorhombic curcumin polymorphs (i.e., Form 2 and Form
3) show a higher propensity for transdermal drug delivery
as compared to the monoclinic curcumin polymorph (Form
1) and the commercially available curcumin.

Acknowledgements Authors gratefully acknowledge research fund-
ing from the Science and Engineering Research Board, Department
of Science and Technology, Government of India through Grant No.
EMR/2016/000299. Authros would also like to thank IIT Gandhinagar
and PERD Center, Ahmedabad for supporting this research work.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Research involving human and animal rights This article does not con-
tain any studies with human and animal subjects performed by any of
the authors.

References

Achouri D, Alhanout K, Piccerelle P, Andrieu V (2013) Recent
advances in ocular drug delivery. Drug Dev Ind Pharm
39(11):1599-1617. https://doi.org/10.3109/03639045.2012.73651
5

Aggarwal BB, Harikumar KB (2009) Potential therapeutic effects of
curcumin, the anti-inflammatory agent, against neurodegenera-
tive, cardiovascular, pulmonary, metabolic, autoimmune and neo-
plastic diseases. Int J Biochem Cell Biol 41(1):40-59. https://doi.
org/10.1016/j.biocel.2008.06.010

@ Springer


https://doi.org/10.3109/03639045.2012.736515
https://doi.org/10.3109/03639045.2012.736515
https://doi.org/10.1016/j.biocel.2008.06.010
https://doi.org/10.1016/j.biocel.2008.06.010

84

Journal of Pharmaceutical Investigation (2021) 51:75-84

Ak T, Giilgin 1 (2008) Antioxidant and radical scavenging proper-
ties of curcumin. Chem Biol Interact 174(1):27-37. https://doi.
org/10.1016/j.¢bi.2008.05.003

Akbik D, Ghadiri M, Chrzanowski W, Rohanizadeh R (2014) Cur-
cumin as a wound healing agent. Life Sci 116(1):1-7. https://doi.
org/10.1016/j.1fs.2014.08.016

Barbu E, Verestiuc L, Nevell TG, Tsibouklis J (2006) Polymeric
materials for ophthalmic drug delivery: trends and perspectives.
J Mater Chem 16(34):3439-3443. https://doi.org/10.1039/B6056
40G

Basnet P, Skalko-Basnet N (2011) Curcumin: an anti-inflammatory
molecule from a curry spice on the path to cancer treatment.
Molecules 16(6):4567-4598. https://doi.org/10.3390/molecules1
6064567

Bennet D, Kim S (2014) Polymer nanoparticles for smart drug delivery.
In: Sezer AD (ed) Application of nanotechnology in drug delivery.
IntechOpen, London, pp 257-310

Boateng JS, Matthews KH, Stevens HNE, Eccleston GM (2008) Wound
healing dressings and drug delivery systems: a review. J Pharm
Sci 97(8):2892-2923. https://doi.org/10.1002/jps.21210

Coughlan DC, Quilty FP, Corrigan OI (2004) Effect of drug physico-
chemical properties on swelling/deswelling kinetics and pulsatile
drug release from thermoresponsive poly (N-isopropylacryla-
mide) hydrogels. J Control Release 98(1):97-114. https://doi.
org/10.1016/j.jconrel.2004.04.014

Das M, Ahmed A (2008) Skin permeation enhancement effects of
ascorbic acid and triethyl citrate on rofecoxib. Malays J Pharm
Sci 6(1):69-86

Deng S-P, Yang Y-L, Cheng X-X, Li W-R, Cai J-Y (2019) Synthesis,
spectroscopic study and radical scavenging activity of kaempferol
derivatives: enhanced water solubility and antioxidant activity. Int
J Mol Sci 20(4):975. https://doi.org/10.3390/ijms20040975

Din FU, Aman W, Ullah I et al (2017) Effective use of nanocarriers
as drug delivery systems for the treatment of selected tumors. Int
J Nanomed 12:7291-73009. https://doi.org/10.2147/1IN.S146315

Gethin G (2007) The significance of surface pH in chronic wounds.
Wounds 3(3):52

Joe B, Vijaykumar M, Lokesh BR (2004) Biological properties of
curcumin-cellular and molecular mechanisms of action. Crit Rev
Food Sci Nutr 44(2):97-111. https://doi.org/10.1080/1040869049
0424702

Kakran M, Sahoo N, Tan IL, Li L (2012) Preparation of nanoparti-
cles of poorly water-soluble antioxidant curcumin by antisolvent
precipitation methods. J Nanopart Res. https://doi.org/10.1007/
s11051-012-0757-0

Karki S, Kim H, Na S-J, Shin D, Jo K, Lee J (2016) Thin films as
an emerging platform for drug delivery. Asian J Pharm Sci
11(5):559-574. https://doi.org/10.1016/j.ajps.2016.05.004

Koh TJ, DiPietro LA (2011) Inflammation and wound healing: the role
of the macrophage. Expert Rev Mol Med 13:e23-e23. https://doi.
org/10.1017/S1462399411001943

Korting H, Schollmann C, White R (2011) Management of minor acute
cutaneous wounds: the importance of wound healing in a moist
environment. J Eur Acad Dermatol Venereol 25(2):130-137. https
://doi.org/10.1111/j.1468-3083.2010.03775.x

Liu J, Sviard M, Hippen P, Rasmuson AC (2015) Solubility and crystal
nucleation in organic solvents of two polymorphs of curcumin. J
Pharm Sci 104(7):2183-2189. https://doi.org/10.1002/jps.24463

Maniruzzaman M, Boateng JS, Snowden MJ, Douroumis D (2012)
A review of hot-melt extrusion: process technology to pharma-
ceutical products. ISRN Pharm 2012:436763-436763. https://doi.
org/10.5402/2012/436763

@ Springer

Marwah H, Garg T, Goyal AK, Rath G (2016) Permeation enhancer
strategies in transdermal drug delivery. Drug Deliv 23(2):564—
578. https://doi.org/10.3109/10717544.2014.935532

Merisko-Liversidge E, Liversidge GG, Cooper ER (2003) Nanosiz-
ing: a formulation approach for poorly-water-soluble compounds.
Eur J Pharm Sci 18(2):113-120. https://doi.org/10.1016/S0928
-0987(02)00251-8

Mohanty C, Das M, Sahoo SK (2012) Sustained wound healing activ-
ity of curcumin loaded oleic acid based polymeric bandage in a
rat model. Mol Pharm 9(10):2801-2811. https://doi.org/10.1021/
mp300075u

Nair AB, Kumria R, Harsha S, Attimarad M, Al-Dhubiab BE,
Alhaider IA (2013) In vitro techniques to evaluate buccal films.
J Control Release 166(1):10-21. https://doi.org/10.1016/j.jconr
el.2012.11.019

Pandey KU, Dalvi SV (2019) Understanding stability relation-
ships among three curcumin polymorphs. Adv Powder Technol
30(2):266-276. https://doi.org/10.1016/j.apt.2018.11.002

Prausnitz MR, Langer R (2008) Transdermal drug delivery. Nat Bio-
technol 26(11):1261-1268. https://doi.org/10.1038/nbt.1504

Priyadarsini KI (2014) The chemistry of curcumin: from extraction to
the therapeutic agent. Molecules 19(12):20091-20112. https://doi.
org/10.3390/molecules 191220091

Puri A, Bhattaccharjee SA, Zhang W et al (2019) Development of a
transdermal delivery dystem for tenofovir alafenamide, a prodrug
of tenofovir with potent antiviral activity against HIV and HBV.
Pharmaceutics 11(4):173. https://doi.org/10.3390/pharmaceut
ics11040173

Rahman MM, Roy S, Das S et al (2011) Evaluation of various grades
of hydroxypropylmethylcellulose matrix systems as oral sustained
release drug delivery systems. J Pharm Sci Res 03:930-938

Sanphui P, Goud NR, Khandavilli UBR, Bhanoth S, Nangia A (2011)
New polymorphs of curcumin. Chem Commun 47(17):5013—
5015. https://doi.org/10.1039/C1CC10204D

Schneider L, Korber A, Grabbe S, Dissemond J (2007) Influence of
pH on wound-healing: a new perspective for wound therapy?
Arch Dermatol Res 298:413-420. https://doi.org/10.1007/s0040
3-006-0713-x

Sidhu GS, Singh AK, Thaloor D et al (1998) Enhancement of wound
healing by curcumin in animals. Wound Repair Regener 6(2):167—
177. https://doi.org/10.1046/j.1524-475X.1998.60211.x

Silva M, Fonseca J, Soares L et al (2019) Physical and morphologi-
cal properties of hydroxypropyl methylcellulose films with cur-
cumin polymorphs. Food Hydrocolloids 97:105217. https://doi.
org/10.1016/j.foodhyd.2019.105217

Thangapazham RL, Sharad S, Maheshwari RK (2013) Skin regenera-
tive potentials of curcumin. BioFactors 39(1):141-149. https://
doi.org/10.1002/biof.1078

Thorat AA, Dalvi SV (2012) Liquid antisolvent precipitation and stabi-
lization of nanoparticles of poorly water soluble drugs in aqueous
suspensions: recent developments and future perspective. Chem
Eng J 181-182:1-34. https://doi.org/10.1016/j.cej.2011.12.044

Thorat AA, Dalvi SV (2015) Solid-state phase transformations and
storage stability of curcumin polymorphs. Cryst Growth Des
15(4):1757-1770. https://doi.org/10.1021/cg501814q

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.cbi.2008.05.003
https://doi.org/10.1016/j.cbi.2008.05.003
https://doi.org/10.1016/j.lfs.2014.08.016
https://doi.org/10.1016/j.lfs.2014.08.016
https://doi.org/10.1039/B605640G
https://doi.org/10.1039/B605640G
https://doi.org/10.3390/molecules16064567
https://doi.org/10.3390/molecules16064567
https://doi.org/10.1002/jps.21210
https://doi.org/10.1016/j.jconrel.2004.04.014
https://doi.org/10.1016/j.jconrel.2004.04.014
https://doi.org/10.3390/ijms20040975
https://doi.org/10.2147/IJN.S146315
https://doi.org/10.1080/10408690490424702
https://doi.org/10.1080/10408690490424702
https://doi.org/10.1007/s11051-012-0757-0
https://doi.org/10.1007/s11051-012-0757-0
https://doi.org/10.1016/j.ajps.2016.05.004
https://doi.org/10.1017/S1462399411001943
https://doi.org/10.1017/S1462399411001943
https://doi.org/10.1111/j.1468-3083.2010.03775.x
https://doi.org/10.1111/j.1468-3083.2010.03775.x
https://doi.org/10.1002/jps.24463
https://doi.org/10.5402/2012/436763
https://doi.org/10.5402/2012/436763
https://doi.org/10.3109/10717544.2014.935532
https://doi.org/10.1016/S0928-0987(02)00251-8
https://doi.org/10.1016/S0928-0987(02)00251-8
https://doi.org/10.1021/mp300075u
https://doi.org/10.1021/mp300075u
https://doi.org/10.1016/j.jconrel.2012.11.019
https://doi.org/10.1016/j.jconrel.2012.11.019
https://doi.org/10.1016/j.apt.2018.11.002
https://doi.org/10.1038/nbt.1504
https://doi.org/10.3390/molecules191220091
https://doi.org/10.3390/molecules191220091
https://doi.org/10.3390/pharmaceutics11040173
https://doi.org/10.3390/pharmaceutics11040173
https://doi.org/10.1039/C1CC10204D
https://doi.org/10.1007/s00403-006-0713-x
https://doi.org/10.1007/s00403-006-0713-x
https://doi.org/10.1046/j.1524-475X.1998.60211.x
https://doi.org/10.1016/j.foodhyd.2019.105217
https://doi.org/10.1016/j.foodhyd.2019.105217
https://doi.org/10.1002/biof.1078
https://doi.org/10.1002/biof.1078
https://doi.org/10.1016/j.cej.2011.12.044
https://doi.org/10.1021/cg501814q

	Evaluating the efficacy of different curcumin polymorphs in transdermal drug delivery
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Materials
	Cell culture
	Obtaining curcumin polymorphs
	Evaluation of efficacy of solid curcumin polymorphs for drug delivery
	Radical scavenging activity of curcumin polymorphs
	In-vitro cytotoxicity of curcumin polymorphs on human melanoma cell line
	Preparation and characterization of films containing curcumin polymorphs

	Evaluation of curcumin polymorph loaded films for transdermal drug delivery
	Water uptake ability of the films
	In-vitro release of curcumin from films
	In- vitro permeation of curcumin from HPMC films


	Results and discussion
	Physical form of the curcumin particles
	Particle size of Curcumin Particles
	Solubility of curcumin polymorphs
	Radical scavenging activity of curcumin polymorphs
	Cytotoxicity of curcumin polymorphs on human melanoma cell line
	Optimization of HPMC formulation for film formation and loading of curcumin polymorphs on the films
	Characterization of films
	Water uptake by HPMC films
	In-vitro release of curcumin from HPMC films
	In-vitro permeation of curcumin

	Conclusion
	Acknowledgements 
	References




