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The transdermal permeation of curcumin aided by choline and geranic acid ionic liquid (CAGE-IL) was
addressed as a potential treatment for skin diseases. An in-depth analysis of the effect of CAGE-IL concen-
tration in the enhancement of transdermal permeation of curcumin was performed, and the results were
modelled via nonlinear regression analysis. The results obtained showed that a low percentage of CAGE-
IL (viz. 2.0%, w/w) was effective in disrupting the skin structure in a transient fashion, facilitating the pas-
sage of curcumin dissolved in it.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Curcumin, 7-bis (4-hydroxy-3-methoxyphenyl)-1,6-heptadien-
3,5-dione, is a yellow-orange active compound extracted from cur-
cuma rhizomes, especially Curcuma longa L., that exhibits a wide
array of biological activities (Carvalho et al., 2015). Curcuma longa
L. whose scientific synonyms are C. domestica Valeton and Amomum
curcuma Jacq, is a perennial plant belonging to the Zingiberaceae
family, cultivated in south and southeast tropical Asian countries
(Guimarães et al., 2020; Siddiqui, 2015).

Curcumin is a lipophilic compound, whose water solubility at
room temperature (both at acidic and neutral pH values) is esti-
mated at 11 ng mL�1. While curcumin is soluble in alkali, it is quite
susceptible to self-degradation in this form (Anindya et al., 2015;
Stohs et al., 2020). Curcumin is a commercially available mixture
of curcuminoids, containing 72–78% of curcumin, 12–18% of
demethoxycurcumin, and 3–8% of bisdemethoxycurcumin
(Burapan et al., 2020; Hassanzadeh et al., 2020).
The multicomponent nature of curcumin is well documented,
possessing ‘‘generally recognized as safe” (GRAS) status attributed
by the Food and Drug Administration (FDA), and being used as a
food additive at different levels between 20 and 500 mg kg�1

(EFSA, 2010; Nelson et al., 2017). Clinical reports found in the spe-
cialty literature state that curcumin does not produce any harmful
effect on the human body even at dosages as high as 1000–2000
mg day�1 (Hewlings and Kalman, 2017). However, several adverse
effects have been related to the use of curcumin, including gas-
trointestinal and hematological adverse effects (Agrawal and
Goel, 2016).

Curcuma longa has, since ancient times, been widely used in
Ayurveda and traditional Chinese medicine for the medical treat-
ment of several diseases (Kocaadam and S�anlier, 2017). In the last
few years, numerous scientific studies have rediscovered the ther-
apeutic potential of curcumin and its derivatives due to a wide
array of beneficial effects of this compound including (but not lim-
ited to) anti-inflammatory, antioxidant, chemoprotective, tissue
protective, antibacterial, anti-fungal, antiviral, metabolism regulat-
ing, immuno-modulating, antineoplastic and anti-depressant
properties (Rendon and Schäkel, 2019; Stohs et al., 2020). In this
way, curcumin helps in the recovery from many acute and chronic
diseases such as arthritis, diabetes, diabetic microangiopathy, dia-
betic nephropathy, psoriasis, gastrointestinal diseases, liver dis-
ease, inflammation, and others (Burapan et al., 2020;
Hassanzadeh et al., 2020; Khalid et al., 2020).

Curcumin has also been reported as having potential for the
topical treatment of (but not limited to) diseases such as psoriasis,
iatrogenic dermatitis, wounds, and skin cancer (Vollono et al.,
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2019). However, due to its intrinsic low solubility in water, many
efforts have been made aiming at increasing bioavailability in
medicines for topical or systemic use. Research works have been
performed employing combination of curcumin with cutaneous
permeation facilitators, and encapsulation of curcumin in lipo-
somes, micelles and nanoparticles (Jantarat et al., 2018; Nikolic
et al., 2020; Vollono et al., 2019).

Among skin permeation facilitators, ionic liquids (ILs) and their
deep eutectic solvents (DESs) have emerged as promising sub-
stances that effectively enhance transdermal permeation
(Zakrewsky et al., 2014; Harada et al., 2018). ILs are able to solubi-
lize amphipathic molecules and, therefore, act as perfect solvents
for topical and transdermal delivery of bioactive substances. The
IL molecules are hypothesized to slip through and around the
fat-soluble molecules that make up skin cells, corneocytes, creating
small transient openings through which bioactive macromolecules
(carried by IL) can permeate (Boscariol et al., 2021). ILs and their
DESs are able to transiently disrupt the skin barrier function by
modifying the regular arrangement of the corneocytes of the stra-
tum corneum (Islam et al., 2020; Boscariol et al., 2021). Choline
and geranic acid ionic liquid (CAGE-IL) has been successfully used
by our research group to increase skin permeation of several sub-
stances, such as insulin (Jorge et al., 2020), phage particles
(Campos et al., 2020; Silva et al., 2021) and curcumin (Boscariol
et al., 2021), and also by other research groups (Banerjee et al.,
2017).

There is no uniformity in toxic activities exhibited by ILs. The
cytotoxicity of ILs depends on their structure and varies widely,
from micromolar to millimolar ranges (Egorova et al., 2017).
According Musiał et al. (2021) two main factors that influence
the cytotoxicity are the type of anion and the length of the alkyl
chain substituent to the ion. Cytotoxicity increases with increasing
alkyl chain length of the cation due to the ability of the longer alkyl
chain to more easily embed in and ultimately disrupt, the cell
membrane (Yoo et al., 2016). ILs with longer alkyl chains (n > 4)
are more lipophilic than those with shorter alkyl chains. It can be
assumed that the former tends to incorporate into the phospho-
lipid bilayers of biological membranes (Musiał et al., 2021). In par-
ticular, liquid ionic choline generate has been shown to be safe to
use as a skin enhancer. Compared to conventional chemical pene-
tration enhancers such as ethanol, these compounds showed lesser
toxicity to cells thereby mitigating the issue of skin irritation that
is characteristic of many chemical enhancers (Banerjee et al.,
2017). Other works have also demonstrated the effectiveness of
CAGE-IL as antimicrobial agents in products for topical use and
in higher concentrations. Its efficiency and safety have been
demonstrated in human studies indicating its non-toxicity
(Shevachman et al., 2020; Ko et al., 2021).

For the delivery of bioactive molecules into the dermis, one can
employ gels and hydrogels, using natural biopolymers.
Polysaccharide-based hydrogels have received special attention
over the last few years, due to their biocompatibility, similarity
to the native extracellular matrix, low toxicity and susceptibility
to biodegradation by human enzymes. In addition,
polysaccharide-based hydrogels can be physically cross-linked,
without involving any toxic substances, which makes them attrac-
tive in the development of delivery systems for bioactive mole-
cules (Pasqui et al., 2012; Zhu et al., 2019). A biopolysaccharide
used with success is locust bean gum (LBG) (Dionísio and
Grenha, 2012). LBG is a vegetable galactomannan extracted from
locust bean seeds (from the carob tree, Ceratonia siliqua), used as
a biomaterial in several areas of application such as medical, food
and cosmetic, since it allows formation of barriers against water
vapors and enhances mechanical properties (Pettinelli et al.,
2020). For these reasons, the major goal of the research effort
entertained herein was to develop and evaluate a LBG gel integrat-
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ing CAGE-IL aiming at the delivery of curcumin via transdermal
permeation, with potential application in the treatment of skin dis-
eases such as psoriasis.

2. Materials and methods

2.1. Materials

2.1.1. Cell lineages
The HaCaT (immortalized human keratinocytes) cell line used

in the cytotoxicity assays was purchased from Sigma-Aldrich (St.
Louis, MO, USA). The cells were maintained at 37 �C according to
the procedure described by Rocha et al. (2017).

2.1.2. Porcine ear skin
Domestic pig ears were obtained from a local butchery in the

region of Sorocaba (São Paulo, Brazil) and, from these, the skin
was excised and used in the transdermal permeation assays.

2.1.3. Chemicals
Water was purified in a Master System All (model MS2000,

Gehaka, São Paulo, Brazil) to a final resistivity of ca. 18.18 MX.
cm and conductivity of 0.05 mS�cm�1. Geranic acid (85% stabilized;
ref. W412101-1KG-K), choline bicarbonate (ref. C7519-500ML),
locust bean gum (Ref. No. G0753), xanthan gum (Ref. No. G1253),
carrageenan gum (Ref. No. C1013), gellan gum (Ref. No. G1910)
and curcumin (Ref. No. C1386) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). HPLC-grade methanol (LiChrosolv�,
CAS-No: 67-56-1) was purchased from Merck (Darmstadt,
Germany).

2.2. Experimental procedures

2.2.1. Synthesis of choline and geranic acid ionic liquid (CAGE-IL)
CAGE-IL was prepared according to the procedure described by

Jorge et al. (2020), Silva et al. (2021) and Zakrewsky et al, (2014).
To a 1000-mL round bottom flask, 48 mL of acid geranic (CAS No.
459-80-3; Sigma-Aldrich, St. Louis MO, USA), 20 mL of choline
bicarbonate at 80% (w/v) (CAS No. 62-49-7; Sigma-Aldrich, St.
Louis MO, USA) and 20 mL of methanol (CAS No. 67-56-1; Chenco,
Brazil) were added. The mixture was magnetically stirred at room
temperature, in an open system fashion, overnight, until CO2 pro-
duction ceased. The solvent was subsequently removed using a
rotary evaporator (BUCHI Labortechnik AG model R-215, Ger-
many), at 60 �C, during ca. 20 min. The CAGE-IL prepared was
transferred into a 50 mL Falcon tube, the headspace flushed with
nitrogen, and the tube immediately capped and duly sealed with
ParafilmTM (Bemis Flexible Packaging, Neenah WI, U.S.A).

2.2.2. Preparation and characterization of biopolysaccharide gels
Biopolysaccharide gel with curcumin. Gel formulations inte-

grating curcumin were prepared using locust bean gum (Ref. No.
G0753; Sigma-Aldrich, St. Louis MO, USA), xanthan gum (Ref. No.
G1253; Sigma-Aldrich, St. Louis MO, USA), carrageenan gum (Ref.
No. C1013; Sigma-Aldrich, St. Louis MO, USA), and gellan gum
(Ref. No. G1910; Sigma- Aldrich, St. Louis MO, USA) as gelling
agents. For each gel, exact amounts of curcumin (Ref. No. C1386;
Sigma-Aldrich, St. Louis MO, USA) (viz. 1.0, 1.5 and 2.0% (w/w)),
methylparaben (0.1%, w/w) and gum (2%, w/w) were dispersed in
ultrapure water and mixed under continuous magnetic stirring.
The resulting gels were evaluated in order to define the best gum
to be used with curcumin and CAGE-IL.

Biopolysaccharide gel with curcumin and CAGE-IL. Exact
mass concentrations of curcumin (1.0%, 1.5% and 2.0% (w/w))
(Ref. No. C1386; Sigma-Aldrich, St. Louis MO, USA), methylparaben
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(0.1%, w/w) and locust bean gum (2%, w/w) (Ref. No. G0753;
Sigma-Aldrich, St. Louis MO, USA) were dispersed in ultrapure
water under continuous magnetic stirring. Three series of
biopolysaccharide gels were prepared, with six samples, each of
which receiving a different amount of CAGE-IL: in the first series
of biopolysaccharide gels containing 1% curcumin, CAGE-IL was
added up to final concentratios of 0, 0.5, 1.0, 1.5, 2.0 and 2.5%
(w/w). The same procedure was employed for the biopolysaccha-
ride gels integrating curcumin at 1.5% (w/w) and 2.0% (w/w). In
the preparation of the gels, careful homogenization was performed
in order to avoid air incorporation.

Determination of biopolysaccharide gel spreadability. The
effect of the gum type on the spreadability properties of the
biopolysaccharide gel was evaluated. The spreadability tests were
carried out using a set of glass plates of different dimensions and
weights, a circular mold plate made of glass with a central hole
(1.2 cm in diameter) and a support plate. The set (support plate,
mold plate and glass plate) was placed on top of paper with a mil-
limetric scale. A sample of the biopolysaccharide gel (ca. 2 g) was
introduced into the hole in the mold plate and duly leveled with
the help of a spatula. The mold plate was removed, and a glass
plate of known weight was placed over the sample so as to spread
it on the support plate. The diameters covered by the product sam-
ple were read on the millimetric scale of the paper and the average
diameter was calculated. All determinations were carried out in
triplicate at 25 �C. The spreadability (Ei) was then calculated using
Eq. (1).

Ei ¼ d2 � p
4

ð1Þ

where Ei is the spreadability for a given weight of the glass plate
(mm2); d is the mean diameter (mm); and p is the pi number. Plate
1 wt = 162.41 g; Plate 2 wt = 135.26 g; Plate 3 wt = 95.23 g; Plate
4 wt = 61.47 g; Plate 5 wt = 34.65 g; Plate-mold with central
orifice = 22.91 g.

Rheological analyses. The viscosity of the gel formulations was
studied in a viscometer from Brookfield (model Dv-I Prime, Mid-
dleboro MA, U.S.A.). For all gel formulation samples, one used a
Brookfield spindle with reference S-28, at rotating speeds of 20,
30, 50, 60, and 100 rpm, at both 25 �C (room temperature) and
33.5 �C (the normal average temperature of the human skin sur-
face). All analyses were carried out in triplicate. The viscometer
software provides, in addition to the values of viscosity, results
of shear stress as a function of shear rate, and so these results were
also used for the rheological characterization of the various gel for-
mulations produced. The shear stress was determined mathemat-
ically by using Eq. (2), where s is the shear stress, c is the shear
rate, and g is the viscosity. The shear stress and shear rate were
used to characterize the flow behavior of the various gels.

s ¼ c� g ð2Þ
The thixotropic or rheopectic behavior of the gels was evaluated

on the basis of the measurements of viscosity (g) as a function of
time (t).

Fourier Transform Infrared spectrophotometry (FTIR) analy-
ses. Sample weights of ca. 2 mg were mixed with 300 mg of KBr so
as to form a tablet. The FTIR spectra of samples of pure curcumin
(CUR); gel containing 2% (w/w) LBG and 2% (w/w) curcumin; gel
containing 2% (w/w) LBG, 2% curcumin (w/w) and 2% (w/w) DES;
and gel containing 2% (w/w) LBG, 2.087% (w/w) commercial tur-
meric (containing 2% (w/w) curcumin) and 2% (w/w) CAGE-IL,
were gathered using a Fourier Transform Infrared Spectropho-
tometer from Shimadzu (model IR-Affinity-1, Shimadzu, Kyoto,
Japan), in the wavenumber range from 4000 cm�1 to 400 cm�1,
with a resolution of 2 cm�1, and using Happ-Genzel apodization.
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Mechanical analyses. Mechanical properties (hardness, com-
pressibility, adhesiveness and cohesiveness) of the gel containing
2% (w/w) LBG and 2% (w/w) curcumin; gel containing 2% (w/w)
LBG, 2% (w/w) curcumin and 2% (w/w) DES; and gel containing
2% (w/w) LBG, 2.087% (w/w) commercial turmeric (containing 2%
(w/w) curcumin) and 2% (w/w) CAGE-IL, were evaluated via rela-
tionship between force (N) versus time (s) using a probe (P/10)
in a texturometer from Stable Micro Systems (model TA.XT Plus
Texture Analyser, Godalming, United Kingdom). Beforehand, the
texturometer was calibrated with a load cell with mass of 5 kg.
An aliquot of each sample was transferred to a glass beaker and
kept in a water bath with temperature adjusted independently to
either 25 �C or 33.5 �C. For the temperature of 25 �C, an analytical
probe with 10 mm in diameter was compressed on the surface of
the samples, with a force of 0.01 N. The procedure for each sample
was performed in triplicate. The test speed was set to a rate of
0.5 mm s�1, with a 5% strain mode. The probe’s penetration depth
was set to 1 mm. For the temperature of 33.5 �C, an analytical
probe with a diameter of 10 mm was compressed on the surface
of the samples, with a force of 0.005 N. The procedure for each
sample was also performed in triplicate. The test speed was set
to a rate of 0.5 mm s�1, with a strain mode of 2.5%. The probe’s
penetration depth was also set to 1 mm.

Evaluation of the cytotoxicity potential of the biopolyssa-
charide gel integrating both curcumin and CAGE-IL via the agar
disk-diffusion assay. The cytotoxicity potential of samples of cur-
cumin and of LBG gel formulations was evaluated via the agar disk-
diffusion methodology using cell lineage HaCaT. Cell lineage HaCaT
was plated in 50 mm Petri plates, at a concentration of 1.5x105

cells/mL using DMEM culture medium supplemented with bovine
fetal serum at 10% (w/w), during a period of 48 h at 37 �C, in an
incubation chamber with an atmosphere containing 5% CO2 (v/v).
Subsequently, the liquid medium was discarded and solid ‘‘over-
lay” medium (Eagle medium, 2x concentrated, with agar at 1.8 %
(w/w) containing 0.01 % (w/w) neutral red, was added. After solid-
ification, the samples (impregnated in sterile filter paper) were
placed in the center of the plates and these were incubated during
24 h at 37 �C, in an environment containing 5% (v/v) CO2. A disc of
sterile atoxic paper was used as negative control whereas a disc of
sterile latex was used as positive control, following the same pro-
cedure described above. The readings of the inoculated plaques
were made macroscopically, where the presence of cytotoxicity
was observed by the formation of a clear halo around the sample
due to cell lysis surrounding the sample tested (Rogero et al.,
2003), corresponding to the dead cells, and microscopically, for
the morphological changes of the cells surrounding the sample
(Rocha et al., 2017; Pusnik et al. 2016; Jorge et al., 2020; Silva
et al., 2021).

2.2.3. Spectrophotometric method for quantification of curcumin
Quantification of curcumin was performed by UV–Vis spec-

trophotometry at a wavelength of 421 nm, using quartz cuvettes,
in a UV–Vis Spectrophotometer from Agilent (model Cary 60 UV–
Vis, Santa Clara, CA, USA), following the procedure described by
Singh and Avupati (2017) with slight modifications. For the trans-
dermal permeation assays, the calibration curve for quantification
of curcumin was prepared using standard solutions of pure cur-
cumin (Ref. No. C1386; Sigma-Aldrich, St. Louis MO, USA) in aque-
ous PEG 10,000 (Merck, Darmstadt, Germany) at 10% (w/v), at
several concentrations in the range 0–25 mg mL�1 (Abs421nm = 6.0
571x[curcumin, mg mL�1] + 0.0003; r2 = 0.9983). For the skin reten-
tion assays, the calibration curve for quantification of curcumin
was prepared using standard solutions of pure curcumin (Ref. No.
C1386; Sigma-Aldrich, St. Louis MO, USA) in aqueous ethanol at
50% (v/v), at several concentrations in the range 0–25 mg mL�1

(Abs421nm = 1.9121x[curcumin, mg mL�1] + 0.1596; r2 = 0.9870).
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2.2.4. In vitro skin permeation assays
Transdermal permeation of curcumin from the biopolysaccha-

ride gel samples was studied in a DHC-6 T Transdermal System
from Logan Instruments Corp. (Somerset NJ, USA), using thawed
porcine ear skin discs (0.5 mm thick � 30 mm /ext) as permeation
membranes, following the procedure described in detail by
Boscariol et al (2021), Jorge et al. (2020) and Campos et al.
(2020). The porcine ear skin discs were prepared according to the
procedure described by Salerno et al. (2010). The porcine ear skin
discs were then clamped on top of the Franz diffusion cell (with
a 15 mm /ext central hole, contacting the receptor fluid beneath).
On top of these porcine ear skin discs, a cavity with /ext = 30 mm
was carefully filled with 2 mL ionic liquid suspension (integrating
different volume percentages of CAGE-IL), eliminating any air bub-
bles. To the receptacle of the Franz diffusion cell (possessing a
small cylindrical teflon-coated magnetic stirring bar) beneath the
porcine ear skin disc, 8 mL of aqueous solution of polyethylene gly-
col 10,000 (10%, w/v) (PEG 10000, CAS-No. 25322-68-3, Merck,
Darmstadt, Germany) were carefully poured until touching the
lower surface of skin, ensuring the absence of air bubbles and
stretching the skin so as to minimize the presence of furrows. This
compartment was thermosttated at 32 ± 3 �C during 30 min. The
ionic liquid suspension was allowed to contact with the upper part
of the porcine ear skin discs for a period of 720 min. At pre-
determined time intervals (viz. 0, 15, 30, 45, 60, 120, 180, 240,
300, 360, 420, 480, 540, 600, 660 and 720 min), 2 mL-samples were
withdrawn from the receiving fluid beneath the porcine ear skin
disk, and 2-mL of fresh aqueous PEG solution were added so as
to reset the volume. Determination of the amount of curcumin in
the samples was performed via spectrophotometric readings at
421 nm.
2.2.5. Evaluation of in vitro skin retention of curcumin
Extraction of the curcumin retained in the porcine ear skin discs

was based on the methodology described by Sato et al. (2007).
After 12 h of in vitro permeation, the porcine ear skin discs were
removed from the diffusion apparatus and the skin area exposed
to the receiving fluid was cleaned with aqueous ethanol (50% (v/
v)), and cut and shredded. The skin fragments thus produced were
processed with 25 mL of absolute ethanol using an UltraTurrax tis-
sue homogenizer (model LR 5/10 from IKA Werke GmbH & Co. KG,
Staufen, Germany) until total tearing of the skin. The resulting sus-
pension was further subjected to sonication via ultrasounds to dis-
rupt the cells, the resulting suspension was filtered into a 50 mL
volumetric flask, and the volume made up with aqueous ethanol
(50% (v/v)). Determination of the amount of curcumin retained in
the porcine ear skin samples was carried out by spectrophotometry
as described earlier.
2.2.6. Permeation parameters
The cumulative amount of curcumin permeated through the

porcine skin (Q) was calculated using Eq. (3) (Mitragotri et al.,
2011; Patel et al., 2009; Sato et al., 2007).

Q ¼ Cmeasured;t � Vr
� �þXn�1

a¼0
� Ca � Va ð3Þ

where Q (mg) is the cumulative amount of curcumin permeated
after 12 h; Cmeasured, t is the measured curcumin concentration in
the receptor fluid (mg/mL) at time t (min); Vr is the volume (mL)
of the receiving solution in the diffusion cell; Ca is the concentration
(mg/mL) of the sample withdrawn; and Va is the volume (mL) of the
sample withdrawn.

For the mathematical modelling of the experimental (calcu-
lated) data, nonlinear fitting of the lognormal distribution (Eq.
(4)) to the experimental data was performed using the graphing
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software GraphPad Prism v. 9.0 (GraphPad Software, San Diego
CA, U.S.A.).

f x;l;rð Þ ¼ 1
xr

ffiffiffiffiffiffiffi
2p

p � exp
� ln x� lð Þ2

2r2

( )
; x > 0 ð4Þ

where m and r are the average log and the standard deviations of
the log, respectively, with the average being given by (m + r2/2)
and the variance being given by exp (2m + r2) (exp (r2) � 1).

The total amount of curcumin permeated over 12 h (Q12) was
determined by calculating the area under the curve (AUC0-12) in
GraphPad Prism 9.0, by fitting Eq. (5).

AUC0�12 ¼ A�
ffiffiffiffiffiffiffi
2p

p
� ln GeoSDð Þ ð5Þ

where A is related to the amplitude and area of the distribution, and
GeoSD is the geometric standard deviation (dimensionless).

The maximum concentration of curcumin permeated (Cmax)
was also calculated using GraphPad Prism 9.0, through Eq. (6).

Cmax ¼ A

GeoMEAN=exp 0:5� ln GeoSDð Þ2
� � ð6Þ

where A is the amplitude, GeoMEAN is the geometric mean of the
data, and GeoSD is the geometric standard deviation
(dimensionless).

The curcumin flow (mg mm-2h�1) through the porcine ear skin
matrix area as a function of time (Mitragotri et al., 2011; Arce
et al., 2020) was calculated by using Eq. (7).

J ¼ Q
A� t

ð7Þ

where J is the flow (mg/cm2/hr); Q is the permeate quantity (mg); A is
the porcine ear skin matrix area (cm2) available for permeation; and
t is the time (min).
2.2.7. Scanning electron microscopy analyses (SEM)
After lyophilization in a lyophilizer from ThermoFisher (model

ModulyOD R23T-659559-RT, Pittsburgh PA, U.S.A.), the morphol-
ogy of the biopolysaccharide matrix of the optimized gel formula-
tion was observed in a scanning electron microscope (SEM) from
JEOL (model JSM-IT200, Tokyo, Japan) working at high-vacuum,
equipped with an Energy Dispersive X-ray Spectrometer (EDS)
detector also from JEOL (model DRY SDTM25 Detector Unit, Tokyo,
Japan). Samples of the lyophilized gel were sputter-coated with a
Au film (92 Å thickness) via cathodic pulverization on a carbon
layer produced by evaporation in a metalizing device also from
JEOL (Sputter Coater model DII-29010SCTR Smart Coater, Tokyo,
Japan). Photomicrographs were gathered using electron beams
with acceleration speeds of 10.0 keV via random scanning.
3. Results

In the research effort described herein, synthesis of choline and
geranic acid ionic liquid (CAGE-IL) followed the procedure
described in detail by Boscariol et al. (2021), Silva et al. (2021),
Jorge et al. (2020), and Zakrewsky et al. (2016), with a product
yield of 45% and presenting a density of 1.02 g mL�1, totally fluid
and transparent at room temperature. The biopolysaccharide gels
produced, integrating both CAGE-IL and either pure or commercial
curcumin, were duly characterized and used in transdermal per-
meation studies of the active principle, aiming at a potential appli-
cation in the treatment of skin diseases such as psoriasis.
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3.1. Determination of biopolysaccharide gel spreadability

The spreadability tests performed to the several biopolysaccha-
ride gels produced indicated that the ones prepared with LBG
exhibited the highest spreadabilities (Fig. 1). In addition, LBG
showed a good compatibility with curcumin, ease of incorporation
and homogenization, allowing to produce uniform gel preparations
at all curcumin concentrations tested (Fig. 1). Hence, LBG was cho-
sen as the gelling agent for the subsequent research work.

Regarding the results of the spreadability tests of the gel formu-
lations prepared with LBG, CAGE-IL and curcumin (Fig. 2), one
could observe that an increase in the concentration of CAGE-IL
Fig. 1. Spreadability of the gel formulations prepared with the different biopolysac-
charide gums and integrating pure curcumin at 1.0% (w/w) (a), 1.5% (w/w) (b) and
2.0% (w/w) (c), as a function of the weight applied. All values represent the mean of
three experiments, and the error bars represent the standard deviations.

Fig. 2. Spreadability of the gel formulations prepared with LBG and variable
concentrations of CAGE-IL, and integrating pure curcumin at 1.0% (w/w) (a), 1.5%
(w/w) (b) and 2.0% (w/w) (c), as a function of the weight applied. All values
represent the mean of three experiments, and the error bars represent the standard
deviations.
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resulted in a greater spreadability of the gel, probably due to the
establishment of hydrogen bonding between CAGE-IL and the
biopolysaccharide and also to the low viscosity of CAGE-IL.

3.2. Evaluation of the cytotoxicity potential of the biopolyssacharide
gel integrating both curcumin and CAGE-IL via the agar disk-diffusion
assay

To carry out these analyzes, the cell line HaCaT (primary mouse
embryonic fibroblast cells) was used. The results obtained are dis-
played in Fig. 3.
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3.3. In vitro skin permeation assays

In the IPVT assays carried out in the research effort entertained
herein, an aqueous polyethylene glycol (PEG 10000) solution (10%,
w/v) was used as the receiving fluid to favor dissolution of the per-
meated curcumin. Polyethylene glycols are polymers of condensed
ethylene oxide, widely used as solvents due to their very high
affinity towards water (Zhang et al., 2020).

The results obtained for the cumulative amount of curcumin
permeated through the porcine ear skin epidermis, departing from
gel formulations integrating different amounts of CAGE-IL, are dis-
played in Fig. 4.
3.4. Evaluation of in vitro skin retention of curcumin

Determination of the amount of curcumin retained in the por-
cine ear skin matrix (Fig. 5) following IVPT assays, via UV–Vis spec-
trophotometry, was performed after ethanol-mediated extraction
from the skin matrix. The extraction procedure followed was feasi-
ble due to the solubility of curcumin in ethanol (Singh and Avu-
patil, 2017), without interference of the other components of the
porcine ear skin matrix, which were probably also extracted.
3.5. Modelling of in vitro transdermal permeation of curcumin

Most mathematical models postulated for the transport of
chemical substances through the stratum corneum layer of the skin
use one-dimensional diffusion equations, and the popularity of
these models lies on their mathematical simplicity. It is assumed
that, under steady state conditions, the flow through a permeating
membrane is proportional to the concentration gradient across a
unit area of a section of the membrane (Mitragotri et al., 2011;
Pettinelli et al., 2020).
Fig. 3. Results obtained in the analysis of the potential for cytotoxicity via the agar d
formulations integrating both curcumin and CAGE-IL at various concentrations.
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The transdermal permeation profiles of curcumin integrated in
the gel formulations are displayed in Fig. 6, together with non-
linear fittings of a lognormal model to the experimental data.

The flow of curcumin permeated through the porcine ear skin as
a function of time is displayed in Fig. 7, with a close inspection of
the data in this figure allowing to observe that the flow of cur-
cumin increased with increasing concentrations of CAGE-IL in the
gel formulations, up to a concentration of CAGE-IL of 2.0% (w/w).

The transdermal permeation behavior of curcumin from com-
mercial turmeric powder is displayed in Fig. 8.

Hence, in this study, in order to evaluate the permeation param-
eters one determined the cumulative amount of curcumin perme-
ated through an area of porcine ear skin over a 12 h assay (AUC0-12),
the flux (J), the maximum time for permeation (tmax), and the max-
imum permeated concentration (Cmax), for all gel formulations, and
the results obtained are displayed in Table 1 for the gel formulation
prepared with pure curcumin, and in Table 2 for the gel formula-
tion prepared with raw turmeric, together with the coefficients
of determination (r2).
3.6. Fourier Transform infrared spectrophotometry (FTIR) analyses

Fig. 9 shows the FTIR spectra of pure curcumin, commercial tur-
meric, gel formulation integrating pure curcumin, gel formulation
integrating pure curcumin and CAGE-IL, and gel formulation inte-
grating commercial turmeric and CAGE-IL.
3.7. Rheological analyses

The viscosity of the gel formulations integrating CAGE-IL and
either pure curcumin or commercial turmeric are displayed in
Fig. 10a for two different temperatures, viz. 25 �C (room tempera-
ture) and 33.5 �C (the normal average temperature of the human
isk-diffusion method with HaCaT cells, of pure curcumin and of the LBG gel gel



Fig. 4. Net amounts of curcumin permeated from the gel formulations containing different concentrations of curcumin and CAGE-IL. All values represent the mean of three
experiments, and the error bars represent the standard deviations.
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skin surface), whereas Fig. 10b displays the relationship between
shear stress and shear rate allowing to determine the flow behavior
of the same gel formulations at the two aforementioned
temperatures.
3.8. Mechanical analyses

Evaluation of the mechanical properties of the gel formulations
produced integrating pure curcumin with or without CAGE-IL and
of the gel formulation integrating commercial turmeric and CAGE-
IL, encompassed hardness, compressibility, adhesiveness and cohe-
siveness, parameters obtained from force-time curves of texture
profile analysis (Fig. 11), at two different temperatures, viz. viz.
25 �C (room temperature) and 33.5 �C (the normal average temper-
ature of the human skin surface).

The compressibility, hardness, adhesiveness and cohesiveness
of the gel formulations produced integrating pure curcumin with
or without CAGE-IL and of the gel formulation integrating com-
mercial turmeric and CAGE-IL, calculated from the force–time
curves of texture profile analysis (Fig. 11), are displayed in
Fig. 12 for the two different temperatures assayed, viz. 25 �C and
33.5 �C.

The biopolysaccharide matrix of the optimized gel formulation
was analyzed via scanning electron microscopy, and photomicro-
graphs of its morphology are displayed in Fig. 13 at different
magnifications.
4. Discussion

There is no consensus on the definition of the best concentra-
tion of curcumin for topical treatments of skin diseases, with con-
centrations of curcumin ranging generally from 1% to 2% (w/w) in
topical formulations. In this sense, in the research effort enter-
tained herein, biopolysaccharide gels were produced integrating
1.0, 1.5 and 2.0% (w/w) of pure curcumin (Kim and Lio, 2020;
Panahi et al., 2019; Vollono et al., 2019). The pharmaceutical form
‘‘gel” was therefore used to evaluate the effectiveness of CAGE-IL in
enhancing the delivery of curcumin via the transdermal route.
Usually, biopolymeric gel formulations are able to retain
hydrophobic molecules and thus act as ideal carriers for bioactive
molecules aiming at transdermal delivery. In addition, gel formula-
tions are preferred over other topical semisolid preparations, since
it has a longer residence time on the skin, higher viscosity, mois-
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turizing effect on flaky skins due to its occlusive properties, higher
bio-adhesiveness, promotes less irritation, is independent of the
water solubility of the active biomolecule, is easy to apply and
exhibits better release characteristics (Aiyalu et al., 2016).

Several natural biopolysaccharide gums were exploited in the
study described herein, viz. locust bean gum (LBG), xanthan gum,
carrageenan gum and gellan gum, aiming at developing a product
with good spreadability and ability to homogeneously integrate
curcumin. Besides being cheap, chemically inert, biocompatible,
nontoxic, odorless and abounding, natural gums are able to
increase the viscosity of a solution even at low concentrations
(Mohammadinejad et al., 2020).

Another advantage observed with the use of LBG, when further
adding CAGE-IL at several concentrations, was the fact that the gel
formulations could be prepared without the need for adding
surfactants.

A close inspection of the data in Fig. 2 allows to conclude that
spreadability increases in line with the increase in the concentra-
tion of CAGE-IL, irrespective of the concentration of curcumin
added to the gel.

The results obtained in the cytotoxicity assays showed the non-
occurrence of cell death caused by contact with either of the gel
formulations containing curcumin (CUR) and CAGE-IL, after 24 h,
with the microscopy analyses confirming the integrity of the cells,
thus making it possible to observe the clear halo indicative of cell
death only for the positive control (in this control, the HaCaT mur-
ine cells showed changes in morphology and death (Fig. 3)).

In the evaluation of products for dermatological applications,
clinical tests may be preceded, and in some cases replaced by,
in vitro permeation testing (IVPT). In vitro tests allow to understand
some of the phenomena that take place between application of the
product and its pharmacological effect, in a practical, fast way, and
without interference of any biological factors (Pettinelli et al.,
2020). In IVPT, the permeation membrane is a critical factor for
performing the transdermal permeation experiments. Synthetic
membranes do not exhibit the anatomical and physiological fea-
tures of the human skin, hence the idea is to perform transdermal
permeation studies using natural membranes (either human or
animal skin). Human skin is definitely the most suitable membrane
for IVPT studies (Arce et al., 2020), but unfortunately it is not
always accessible. Therefore, the IVPT assays were carried out
using porcine ear skin as permeation membrane. Porcine ear skin
has been often used as a mimicking alternative to the human skin
in studies of percutaneous absorption when developing formula-



Fig. 5. Results obtained for the average amount of curcumin retained in the porcine
ear skin matrix, as a function of the concentration of CAGE-IL for gel formulations
integrating pure curcumin at (a) 1.0% (w/w), (b) 1.5% (w/w), and (c) 2.0% (w/w). All
values represent the mean of three experiments, and the error bars represent the
standard deviations.

Fig. 6. Time evolution of the in vitro skin permeation of curcumin from the gel
formulations integrating variable amounts of CAGE-IL and curcumin at (a) 1.0% (w/
w), (b) 1.5% (w/w), and (c) 2.0% (w/w). Nonlinear fittings of the lognormal model are
depicted by solid lines. All values represent the mean of three experiments, and the
error bars represent the standard deviations.
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tions for transdermal delivery of bioactive moieties (Boscariol
et al., 2021; Silva et al., 2021; Hernandes et al., 2021; Jorge et al.,
2020; Campos et al., 2020; Todo, 2017; Zakrewsky et al., 2016).
Several in vitro studies of transdermal permeation using Franz cells
have indicated that porcine ear skin is the one that has flow values
and permeation coefficients closest to the human skin (Ahad et al.,
2021; Islam et al., 2020).

From inspection of the data in Fig. 4, one may conclude that
CAGE-IL enhanced the transdermal permeation of curcumin. As
can be observed from inspection of the results in Fig. 4, CAGE-IL
at concentrations of 1.5% (w/w) and 2.0% (w/w) promoted the best
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results in terms of total permeated curcumin for all curcumin con-
centrations integrated in the gel. At a concentration of 2.5% (w/w),
CAGE-IL promotes disruption of the stratum corneum and a lower
amount of permeated curcumin, probably due to saturation of
the skin, a result that is in close agreement with previous reports
(Boscariol et al., 2021).

According to Yousef et al. (2019) the mechanism of skin pene-
tration enhancement of curcumin may be due to three different
processes. The increase in permeation may be a function of the
action of the vehicle, contact surface increase (nanoparticles) and



Fig. 7. Time evolution of the in vitro skin flow of permeated curcumin from the gel
formulations integrating variable amounts of CAGE-IL and curcumin at (a) 1.0% (w/
w), (b) 1.5% (w/w), and (c) 2.0% (w/w). Nonlinear fittings of the lognormal model are
depicted by solid lines. All values represent the mean of three experiments, and the
error bars represent the standard deviations.

R. Boscariol, José M. Oliveira Junior, D.A. Baldo et al. Saudi Pharmaceutical Journal 30 (2022) 382–397
by modification of the solvent nature of the stratum corneum
caused by fluidisation of the stratum corneum lipids. In the work
developed, there may be an increase in permeation due to the
greater solubilization of curcumin by the ionic liquid and by
momentary changes in the corneal extract.

As can be observed from inspection of the data displayed in
Fig. 5, the amount of curcumin retained inside the skin matrix
was more significant when CAGE-IL was integrated in the gel for-
mulations at levels equal or higher than 1.5% (w/w), for all cur-
cumin concentrations tested. In the gel formulation containing
the highest concentration of curcumin (viz., 2.0% (w/w)) (Fig. 5c),
the best result in terms of the amount of curcumin retained within
the skin matrix was obtained when CAGE-IL was integrated in the
gel at a concentration of 2.0% (w/w). This result is in fact highly sig-
nificant if this gel formulation is intended for the topical treatment
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of psoriasis, since this very concentration of CAGE-IL allowed the
highest level of transdermal permeation of curcumin (Fig. 4) for
the highest level of curcumin integrated in the gel, while allowing
saturation of the skin with the highest amount of curcumin (Fig. 5).

Human skin permeability values have previously been identi-
fied to follow a log-normal (or skewed non-normal) distribution
(Pradal, 2020; Defraeye et al., 2020; LaCount et al., 2020; Chen
et al. 2016; Purushothaman et al., 2016; Limpert et al., 2001;
Williams et al., 1992), hence favoring the use of geometric means
to compare between formulations. The geometric mean is a good
proxy to describe permeability, when the spatial distribution of
permeability for the (heterogeneous) skin matrix, with no evidence
of anisotropy, is lognormal (Selvadurai and Selvadurai, 2014). The
generative process leading to a lognormal distribution was
explained a long time ago by Gibrat (1930), who named it ‘‘law
of proportional effect”, being closely related to the power law dis-
tribution (Mitzenmacher, 2003).

As can be observed from a close inspection of the data displayed
in Fig. 6, the time profile of curcumin permeated through the skin
in an experimental model in vitro was adequately described by the
aforementioned non-linear lognormal model.

The transdermal permeation behavior of curcumin was similar
for all concentrations of curcumin integrated in the gel formula-
tions (Fig. 6), with an initial higher release being observed during
the first 120 min of assay and, after that, a consistent decrease in
the amount of permeated curcumin until the end of the assay time-
frame, most likely due to skin saturation.

From inspection of the data in Fig. 6 it is clear that for gel for-
mulations containing 1.0% (w/w) and 1.5% (w/w) curcumin,
CAGE-IL added at 1.0% (w/w), 1.5% (w/w) and 2.0% (w/w) promoted
the highest amounts of permeated curcumin (Fig. 6a and 6b), indi-
cating that the presence of the ionic liquid enhances the transder-
mal permeation of curcumin, results that are in close agreement
with previous findings (Boscariol et al., 2021). Notwithstanding
this observation, the gel formulation integrating CAGE-IL at 2.0%
(w/w) promoted the highest permeation of curcumin when it
was added at 2.0% (w/w) (Fig. 6c), whereas CAGE-IL added at
2.5% (w/w) exhibited lower results for the amount of permeated
curcumin. According to Boscariol et al. (2021), Silva et al. (2021),
Jorge et al. (2020), and Sidat et al. (2019), ionic liquids and their
deep eutectic solvents have, in general, the ability to enhance
transdermal permeation of biomacromolecules, employing mecha-
nisms such as disruption of cellular integrity, fluidization, and cre-
ation of diffusional pathways (Boscariol et al., 2021), and
extraction of lipid components within the stratum corneum. In this
sense, higher concentrations of CAGE-IL may lead to disruption and
flaking of the stratum corneum, impairing permeation by altering or
disturbing the pathways for active compounds to flow through
(Boscariol et al., 2021).

The transport of bio(macro)molecules through the skin, in an
in vitro permeation study, can be considered as a steady-state pro-
cess resulting from transient disruption of the stratum corneum
structure, relating the amount of solute that crosses an area of
membrane available for permeation. In fact, the stratum corneum
behaves like a pseudo-homogeneous membrane, where its proper-
ties do not vary significantly with position and time (Mitragotri
et al., 2011; Arce et al., 2020).

The highest flow values were obtained during the first 60 min
for 1% (w/w) curcumin (Fig. 7a), during the first 150 min for 1.5%
(w/w) curcumin (Fig. 7b), and during the first 90 min for 2.0%
(w/w) curcumin (Fig. 7c). This occurred with the different concen-
trations of CAGE-IL in the gel formulations. According to Boscariol
et al. (2021) and Kováčik et al. (2020), the flow of drugs and fat-
soluble chemicals through the skin increases with the presence
of a permeation enhancer, a statement clearly in line with the
results obtained in the present research work. The results obtained



Fig. 8. Total amount of permeated curcumin from the gel formulation integrating commercial turmeric and CAGE-IL (a), average amount of curcumin retained in the porcine
ear skin matrix (b), time evolution of the in vitro skin permeation of curcumin from the gel formulation integrating commercial turmeric and CAGE-IL (c), time evolution of the
in vitro skin flow of permeated curcumin from the optimized gel formulation integrating commercial turmeric and CAGE-IL (d). Nonlinear fittings of the lognormal model are
depicted by solid lines. All values represent the mean of three experiments, and the error bars represent the standard deviations.

Table 1
Average values of the total amount or curcumin (CUR) permeated in a 12 h assay (AUC0-12), curcumin flux (J) through the skin, time to attain maximum concentration (tmax) and
maximum concentration attained of permeated curcumin (Cmax), for the gel formulations integrating curcumin at 1.0 % (w/w), 1.5 % (w/w) and 2.0 % (w/w) and CG-DES at
0 % (w/w), 0.5 % (w/w), 1.0 % (w/w), 1.5 % (w/w), 2.0 % (w/w), and 2.5% (w/w). All values displayed represent the mean of three experiments and associated standard deviations.

CUR (%, w/w) CG-DES (%, w/w) AUC0-12 (mg) J (mg�mm�2 �h�1) Tmax (min) Cmax (mg�mL�1) (r2)

1.0 0.0 398.0 ± 45.5 0.32 ± 0.05 180.0 ± 28.2 0.88 ± 0.20 0.8724
0.5 1323.0 ± 125.6 1.08 ± 0.14 30.0 ± 7.0 3.68 ± 1.20 0.5065
1.0 1930.0 ± 322.5 1.64 ± 0.26 30.0 ± 7.0 4.93 ± 1.30 0.7624
1.5 2695.0 ± 389.2 2.23 ± 0.52 45.0 ± 7.0 5.80 ± 1.20 0.8109
2.0 2176.0 ± 278.6 1.98 ± 0.36 30.0 ± 7.0 6.84 ± 0.50 0.6946
2.5 1040.0 ± 185.5 0.87 ± 0.20 180.0 ± 28.0 4.33 ± 0.50 0.9114

1.5 0.0 262.2 ± 55.1 0.21 ± 0.09 45.0 ± 7.0 0.47 ± 0.05 0.6365
0.5 685.1 ± 360.5 0.46 ± 0.15 300.0 ± 28.0 1.92 ± 0.60 0.8216
1.0 2368.0 ± 235.7 1.66 ± 0.27 240.0 ± 48.0 6.19 ± 0.55 0.9183
1.5 3615.0 ± 289.5 2.45 ± 0.65 120.0 ± 48.0 7.65 ± 1.50 0.9598
2.0 3461.0 ± 350.5 2.33 ± 0.53 180.0 ± 48.0 8.66 ± 1.40 0.9529
2.5 3048.0 ± 345.4 1.92 ± 0.44 240.0 ± 48.0 6.98 ± 1.60 0.9493

2.0 0.0 412.0 ± 136.4 0.33 ± 0.20 180.0 ± 48.0 1.28 ± 0.35 0.8682
0.5 1632.0 ± 338.5 1.18 ± 0.50 240.0 ± 28.0 4.75 ± 1.20 0.8672
1.0 1918.0 ± 289.3 1.48 ± 0.50 180.0 ± 28.0 5.95 ± 1.20 0.8928
1.5 4880.0 ± 525.1 3.48 ± 0.75 180.0 ± 28.0 10.13 ± 3.20 0.9391
2.0 4994.0 ± 468.5 3.77 ± 0.87 180.0 ± 48.0 11.30 ± 3.30 0.9499
2.5 4153.0 ± 372.5 3.01 ± 0.52 120.0 ± 28.0 9.52 ± 2.40 0.9226
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Fig. 9. FTIR spectra of samples of pure curcumin, commercial turmeric, gel formulation integrating pure curcumin, gel formulation integrating pure curcumin and CAGE-IL,
and gel formulation integrating commercial turmeric and CAGE-IL.

Table 2
Average values of the total amount or curcumin (CUR) from commercial turmeric permeated in a 12 h assay (AUC0-12), curcumin flux (J) through the skin, time to attain maximum
concentration (tmax) and maximum concentration attained of permeated curcumin (Cmax), for the gel formulations integrating curcumin at 1.0 % (w/w), 1.5 % (w/w) and 2.0 % (w/
w) and CG-DES at 0 % (w/w), 0.5 % (w/w), 1.0 % (w/w), 1.5 % (w/w), 2.0 % (w/w), and 2.5% (w/w). All values displayed represent the mean of three experiments and associated
standard deviations.

CUR (%, w/w) CG-DES (%, w/w) AUC0-12 (mg) J (mg�mm�2�h�1) Tmax (min) Cmax (mg�mL�1) (r2)

2.0 2.0 3079.3 ± 603.2 2.45 ± 0.83 160.0 ± 70.0 7.16 ± 1.03 0.9307
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clearly confirm the efficiency of CAGE-IL as a facilitator for the
transdermal permeation of curcumin, when added at concentra-
tions up to 2% (w/w), a result in clear agreement with previous
findings (Boscariol et al., 2021).

The transdermal permeation behavior of curcumin from com-
mercial turmeric powder was similar for that of all gel formula-
tions integrating pure curcumin (Fig. 8), but with a lower
amount of curcumin being released when employing commercial
turmeric, most likely due to interactions between curcumin and
other components present in the raw turmeric extract (Fig. 8a).

From inspection of the data in Fig. 8b it is also clear that when
employing raw turmeric extract (containing 2.0% (w/w) curcumin)
in the gel formulation integrating CAGE-IL at 2.0% (w/w), the
amount of curcumin retained in the skin was ca. half of that when
using pure curcumin in the gel formulation. Notwithstanding
this observation, the gel formulation integrating CAGE-IL at 2.0%
(w/w) promoted permeation of curcumin from raw turmeric
at acceptable levels and the skin retained more than
10 mgcurcumin/gskin.

The profile of average amount of permeated curcumin from raw
turmeric integrated in the gel formulation together with CAGE-IL
at 2% (w/w) during the assay timeframe (Fig. 8c) and the flow of
curcumin from raw turmeric permeated through the porcine ear
skin as a function of time (Fig. 8d) exhibited the same trends as
those displayed in Fig. 6 and Fig. 7 for pure curcumin, respectively,
allowing to conclude that raw turmeric powder is an economically
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feasible alternative to pure curcumin when formulating pharma-
ceutical gel forms aiming at transdermal delivery of this important
bioactive molecule with potential in the treatment of skin diseases
such as (but not limited to) psoriasis.

A careful inspection of the data displayed in Table 1 allows to
conclude that the gel formulations that allowed the highest values
for permeated curcumin (viz. AUC0-12, mgcurcumin), curcumin perme-
ation flow (viz. J, mgcurcumin mm�2

skin h�1) and curcumin permeation
coefficient (viz. Cmax, mg mL�1), were those that integrated CAGE-
IL at 1.5% (w/w) and 2.0% (w/w) (shaded areas in Table 1).

As the concentration of CAGE-IL in the gel formulation
increased from 0% (w/w) to 2.0% (w/w), the transdermal perme-
ation of curcumin was found to increase steadily. However, the
use of CAGE-IL at 2.5% (w/w) did not allow an increase in the
amount of permeated curcumin compared to the formulations
containing CAGE-IL at 2.0% (w/w) (Table 1), with a possible expla-
nation for this observation being that higher concentrations of
CAGE-IL may lead to disruption and flaking of the stratum cor-
neum, impairing permeation by altering or disturbing the path-
ways for active compounds to flow through (Boscariol et al.,
2021). The results obtained thus suggest that the use of curcumin
at 2% (w/w) together with CAGE-IL at 2% (w/w) in the gel formu-
lation promoted the best conditions for a maximum transdermal
permeation of curcumin (Table 1). In their studies, Yousef et al.
(2019) evaluated the permeation for curcumin from nanoemul-
sions and concluded that enhanced solubility of curcumin by



Fig. 10. Viscosity of the gel formulations integrating CAGE-IL and either pure curcumin or commercial turmeric for two different temperatures, viz. 25 �C and 33.5 �C (a) and
relationship between shear stress and shear rate (b).
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the employed vehicle may also favor its permeation, a conclusion
that apparently seem to explain the higher amount of permeated
curcumin at higher levels of CAGE-IL in the research work
described herein.

A careful inspection of the data displayed in Table 2 allows to
conclude that the optimized gel formulation containing turmeric
(integrating 2% (w/w) curcumin) and 2.0% (w/w) CAGE-IL
allowed relatively high values for permeated curcumin
(viz. AUC0-12, mgcurcumin), curcumin permeation flow
(viz. J, mgcurcumin mm�2

skin h�1) and curcumin permeation coefficient
(viz. Cmax, mg mL�1), for a CAGE-IL concentration of 2.0% (w/w).

The analysis by infrared spectrophotometry with Fourier trans-
form allows identification of functional groups present in a mate-
rial. Each particular functional group absorbs at a characteristic
frequency of radiation in the infrared spectrum, hence a plot of
intensity versus frequency of radiation (infrared spectrum) allows
to characterize the functional groups of a given material
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(Cienfuegos and Vaitsman, 2000). The FTIR analysis were carried
out for samples of pure curcumin, commercial turmeric, gel formu-
lation integrating pure curcumin, gel formulation integrating pure
curcumin and CAGE-IL, and gel formulation integrating commercial
turmeric and CAGE-IL (Fig. 9), to further elucidate the interaction of
curcumin with LBG and CAGE-IL in the gel formulations. Curcumin
showed its signature peaks at 1627.92 cm�1 (aromatic moiety C@C
stretching and C@O bond stretching of the conjugated ketone),
1116.78 cm�1 (benzene ring stretching vibrations), 1508.33 cm�1

(C@O and C@C vibrations), 1456.26 cm�1 (attributable to the group
ACH2), 1427.32 cm�1 (olefinicACH2 bending vibrations and stretch
of the C@C bond of the aromatic and aliphatic ring), 1280.73 cm�1

(aromatic CAO of enol stretching vibrations), 1028.06 cm�1

(stretching vibrations of the bond CAOAC of the ether) (Yallapu
et al., 2010; Chen et al. 2015; Darandale and Vavia, 2013;
Gangwar et al., 2012; Li et al., 2015). The same exact peaks appear
in the spectrum of commercial turmeric.



Fig. 11. Force-time curve of texture profile analysis of the gel formulations produced integrating pure curcumin with or without CAGE-IL and of the gel formulation
integrating commercial turmeric and CAGE-IL, at 25 �C and 33.5 �C.

Fig. 12. Results obtained for the compressibility (a), hardness (b), adhesiveness (c) and cohesiveness (d) of the gel formulations produced integrating pure curcumin with or
without CAGE-IL and of the gel formulation integrating commercial turmeric and CAGE-IL, at the two different temperatures assayed.
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As observed in Fig. 9, the FTIR spectrum of curcumin indicates
the presence of CAH bands at 713.66 cm�1, 786.96 cm�1, and
810.10 cm�1, respectively. The peak at 1600.92 cm�1 corresponded
to C@C stretching in the benzene ring. Moreover, the peak at
1508.33 cm�1 indicates the presence of ethylene group in cur-
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cumin (Nam et al., 2007). Additionally, the bands in the region of
962.48–810.10 cm�1 belonged to CAH out-of-plane bending and
aromatic stretching.

The band around 1028.06 cm�1 is assigned to CAO stretching
and a band at 1377.17 cm�1 is attributable to CH2 scissoring vibra-



Fig. 13. Results obtained from the biopolysaccharide matrix morphology analysis of the optimized gel formulation via scanning electron microscopy at different
magnifications, viz. x50 (a), x250 (b) and x500 (c).
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tion in the component LBG of the gel formulations (Giri et al.,
2015). Moreover, the bands in the region of 1350–1450 cm�1 show
the symmetrical deformations of the CH2 and COH groups in the
LBG component of the gel formulations (Bashardoust et al., 2013).

The stretching bands and peaks of CAH at 713.66 cm�1,
786.96 cm�1 and 810.10 cm�1, ACAOA bands at 1602.85 cm�1

and 1629.85 cm�1, and the ethylene group at 1510.26 cm�1 con-
firmed the presence of curcumin in our fabricated LBG/ CAGE-IL
gels, a result that is in close agreement with previous findings by
Virk et al. (2019) and Qiao and Duan (2020). The LBG gel formula-
tions with curcumin exhibited peaks at 1629.85 cm�1 (aromatic
moiety C@C stretching), 1602.85 cm�1 (benzene ring stretching
vibrations) and 1510.26 cm�1 (C@O and C@C vibrations), which
are the characteristic peaks of curcumin, indicating that curcumin
retained its characteristics in the gel formulations.

The characteristic peaks of curcumin, LBG and CAGE-IL were
present in the FTIR spectra of the gel formulations. It should be
noted that in the spectrum of LBG-curcumin gels, the C@O stretch-
ing of Cur shifted from 1627.92 cm�1 to 1629.85 cm�1; meanwhile,
the C@C stretching in benzene ring at 1600.92 cm�1 and
1508.33 cm�1 was shifted to 1602.85 cm�1 and 1510.26 cm�1,
respectively. These results demonstrated that hydrogen bonding
between LBG/ CAGE-IL and curcumin occurred in the gel formula-
tions containing curcumin. In brief, LBG, CAGE-IL and Cur were
compounded together excellently. These same types of interac-
tions were reported by Qiao and Duan (2020).

Comparing the spectra of plain pure curcumin and commercial
turmeric (Fig. 9) with the spectra of the gel formulations integrat-
ing curcumin and CAGE-IL, the same characteristic peaks can be
observed with only minor variations in peak intensity, which
clearly suggests that the chemical aspect of curcumin was pre-
served during incorporation into the biopolysaccharide gels.

While the results displayed in Fig. 9 suggest that the spectra of
the gel formulations manifest themselves as a sum of the curcumin
and LBG biopolymer spectra, indicating that no significative inter-
action occurred between curcumin, LBG and CAGE-IL, the FTIR
spectra displayed in Fig. 9 indicates full compatibility between
LBG, CAGE-IL and curcumin, with all the functional group frequen-
cies being present.

The rheological characteristics of semi-solid products are
important properties to be considered in the development of phar-
maceutical formulations for topical use. Rheology has been a sub-
ject of great and growing importance for the cosmetic and
pharmaceutical industries, as the rheological characteristics can
influence the physical stability of the system, the spreadability,
the sensory characteristics and the intended purposes of use. In
the applied research work described here, gels prepared with con-
centrations of 2.5% (w/w) locust bean gum, 2.0% (w/w) CAGE-IL
and 2.0% (w/w) of either pure curcumin or commercial turmeric
395
were evaluated in terms of their viscosities at two different tem-
peratures (25 �C (room temperature) and 33.5 �C (the normal aver-
age temperature of the human skin surface)). As can be observed
from inspection of the data displayed in Fig. 10a, the gel formula-
tions prepared with either pure curcumin or commercial turmeric
exhibited quite different viscosities for low rotating speeds, irre-
spective of the temperature under scrutiny, with the former gel
displaying much lower viscosity than the later. For higher rotating
speeds of the spindle employed, both gel formulations exhibited
the same viscosity irrespective of the temperature.

An inspection of the data displayed in Fig. 10a allows to con-
clude that both types of gel formulations displayed a non-linear
plastic flow behavior. The gel formulation prepared with pure cur-
cumin exhibiting a pseudoplastic (shear thinning) with yield
(Herschel-Bulkley) behavior at both temperatures assayed, and
the gel formulation prepared with commercial turmeric exhibiting
a plastic behavior at both temperatures (Fig. 10b).

The compressibility, hardness, adhesiveness and cohesiveness
of the gel formulations produced integrating pure curcumin with
or without CAGE-IL and of the gel formulation integrating com-
mercial turmeric and CAGE-IL, calculated from the force–time
curves of texture profile analysis displayed in Fig. 11 for the two
different temperatures assayed, viz. 25 �C and 33.5 �C. According
to the results (Fig. 12), the best results in terms of (higher) com-
pressibility and (lower) hardness were obtained at 33.5 �C for the
gel prepared with CAGE-IL and commercial turmeric (Fig. 12a
and b). At the temperature commonly encountered in the surface
of the human skin, viz. 33.5 �C, the gel prepared with commercial
turmeric also displayed the best results in terms of adhesiveness
and cohesiveness (Fig. 12c and d). While ‘‘in-the-packaging” fea-
tures such as lower compressibility and higher hardness together
with lower adhesiveness and lower cohesiveness are desired at
room temperature, those ‘‘out-of-the-packaging” features are bet-
ter reversed at the intended temperature of use, viz. 33.5 �C, for
skin applications. As can be observed from inspection of the data
in Fig. 12, the gel that performed better in terms of these mechan-
ical features was the one integrating CAGE-IL and commercial tur-
meric. The ability of the gel to stick on the surface of the skin is an
especially important attribute, since its adhesiveness and cohe-
siveness are important characteristics for skin applications. These
mechanical properties of the gels are mainly related with the
biopolysaccharide’s ability to form bonds in polymer chains, lead-
ing to resistance to their separation when subject to mechanical
forces (Yang, 2012; Gong and Hong, 2012). In addition, the results
obtained in the microstructural and morphological analysis of the
gel matrix showed (Fig. 13) a highly porous and entangled network
made of biopolysaccharide, which clearly favored release and
availability of the entrapped curcumin for transdermal permeation
aided by the CAGE-IL integrated in the formulation. The major goal
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of the research work undertaken was to develop a gel formulation
based on biopolysaccharides and integrating CAGE-IL and cur-
cumin from commercial turmeric, suitable for application on the
skin aiming at the delivery of curcumin via transdermal perme-
ation. In our perspective, the gel applied directly to the skin should
strongly adhere, allowing release of curcumin and easy removal of
the spent gel from the skin by running water. Thus, compressibil-
ity, hardness, adhesiveness and cohesiveness were the mechanical
resistance parameters evaluated, whereas resistance to traction,
relaxation and resillience were not at all considered important in
the research work developed.

5. Conclusions

In this research effort, the effect of CAGE-IL as a permeation
enhancer of curcumin was studied, following abounding experi-
mental evidence that this ionic liquid promotes transdermal per-
meation of bioactive macromolecules. The results of this study
clearly show that the use of CAGE-IL highly enhances transdermal
permeation of curcumin, with high potential in the treatment of
skin diseases such as (but not limited to) psoriasis. The gel formu-
lated with 2% (w/w) CAGE-IL and integrating 2% (w/w) of either
pure curcumin or commercial turmeric allowed transdermal per-
meation of curcumin in reasonable amounts and concomitant skin
retention of this bioactive molecule. The formulation integrating
2% (w/w) turmeric showed the best results in terms of mechanical
properties, with a high potential for translation into ‘‘real world”
applications with clear benefits to patients.
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