
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
21

/2
02

5 
1:

44
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Therapeutic hydr
aSchool of Allied Health Sciences, Walai

Thailand
bResearch Excellence Center for Innovation

Nakhon Si Thammarat, Thailand
cSchool of Pharmacy, Walailak University, N

gorawit.yu@mail.wu.ac.th; Tel: +66-75-67-2
dBiomass and Oil Palm Center of Excel

Thammarat, Thailand

† Electronic supplementary infor
https://doi.org/10.1039/d2ra01782b

Cite this: RSC Adv., 2022, 12, 17443

Received 19th March 2022
Accepted 7th June 2022

DOI: 10.1039/d2ra01782b

rsc.li/rsc-advances

© 2022 The Author(s). Published by
ophobic deep eutectic solvents of
menthol and fatty acid for enhancing anti-
inflammation effects of curcuminoids and
curcumin on RAW264.7 murine macrophage cells†
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Ploypailin Kongduk,a Warangkana Chunglok a and Gorawit Yusakul *cd

Owing to their water insolubility, low stability, and poor absorption, anti-inflammatory curcuminoids (CUN)

are difficult to be extracted and delivered to the action site. As a result, therapeutic hydrophobic deep

eutectic solvents (HDESs), containing menthol and fatty acids (capric, caprylic, and oleic acids), are being

developed for CUN solubilization and delivery. In this study, the anti-inflammatory effects of various

combinations of HDESs with CUN and curcumin (CUR) were investigated on RAW264.7 macrophage

cells. The results showed that CUN can be solubilized using the HDESs. The HDESs of oleic acid

(OLA) : menthol (1 : 2, 1 : 1, and 2 : 1 molar ratios) exhibited anti-inflammatory effects, and OLA : menthol

(1 : 1 molar ratio) increased the anti-inflammatory effects of CUR. The cytotoxicity of CUN and CUR was

also lowered when combined with some OLA : menthol HDESs. The combination of OLA, menthol, and

CUR entirely suppressed NO secretion without significant cytotoxicity. These results clearly indicate the

potential of HDESs to solubilize CUN and impart anti-inflammatory properties. Furthermore, these

solvents could replace organic solvents for CUN extraction, with the added benefit of being therapeutic,

biodegradable, and safe for human consumption.
Introduction

Even though Curcuma longa L. (CL) and its chemical ingredients
have garnered signicant attention for use as therapeutics for
inammatory disorders, the extraction and application of cur-
cuminoids (CUN) from CL rhizomes is limited because of their
water insolubility, poor stability, and poor absorption.1,2 This
has warranted a search for better solvents, such as therapeutic
deep eutectic solvents (THEDES), which also exhibit anti-
inammatory properties. Inammation is the response by the
immune system against harmful stimuli, such as infectious
agents and injury, and promotes the healing process.3 However,
excessive and prolonged inammation can contribute to the
pathogenesis of several chronic diseases, such as cardiovascular
disease, metabolic syndrome, and neurodegenerative diseases,
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by interfering with the homeostasis of tissue function.4

Reducing inammation can prevent and treat underlying
diseases in many organs. CL has been reported to have benets
against chronic inammatory diseases, such as osteoarthritis,5

rheumatoid arthritis, ulcerative colitis,6 and diabetes mellitus.7

The pharmacological activities of CL result from CUN, which
consists of curcumin (CUR), bisdemethoxycurcumin (BIS), and
desmethoxycurcumin (DEM).2 In addition, turmeric oils are
bioactive volatiles present in CL.

Bioactive turmeric compounds are oen extracted using
organic solvents due to their low solubility in water and poor
stability in aqueous solutions.8 Such processes are time-
consuming, and the solvent must be removed aer extraction,
resulting in chemical waste. Therefore, effective and safe
solvents are required to extract and manufacture CL-derived
products. In particular, the use of edible solvents for extrac-
tion is highly desired.

Deep eutectic solvents (DESs) have been employed in various
applications, including bioactive molecule extraction, enzy-
matic processes, agricultural and pharmaceutical applications,
and protein stabilization. DESs have lower melting points than
that of their constituents while remaining liquid at ambient
temperature. THEDESs are DESs that provide medicinal bene-
ts; in particular, they compensate for several shortcomings of
the drug formulation and improve bioavailability.9 In addition,
RSC Adv., 2022, 12, 17443–17453 | 17443
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they have several advantages, including biodegradability, low
toxicity, low cost, sustainability, and eco-friendliness.10 DESs
are viable alternatives to organic solvents as they also exhibit
low ammability, variable polarity, and excellent stability. In
particular, hydrophobic DESs (HDESs) are regarded as suitable
solvents for extracting natural compounds with low water
solubility and efficiently delivering those that exhibit poor
bioavailability. For example, CUNs have low water solubility;
therefore, HDESs can be ideal solvents for effectively solubi-
lizing and delivering them.

Menthol and saturated fatty acids have been previously used
to produce HDESs. Among them, menthol and stearic acid are
the most promising combination because they show no cyto-
toxicity, improve wound healing, and display antibacterial
activities against Staphylococcus epidermis and Staphylococcus
aureus strains.10 HDESs containing capric acid (CA) : menthol
exhibited antibacterial activity against Escherichia coli and
Staphylococcus aureus.11 DESs containing menthol and short
chain fatty acids, including propionic acid, butanoic acid, hex-
anoic acid, and levulinic acid, also exhibit antimicrobial activ-
ities.12 Deep eutectic mixtures of drugs have also been shown to
improve pharmacological action. For example, the deep eutectic
mixture of limonene and ibuprofen (IBU) inhibited HT29
proliferation and increased the anti-inammatory action of
IBU, both of which are essential in anti-cancer therapy.13 A
menthol-based deep eutectic combined with acetylsalicylic acid,
benzoic acid, and phenylacetic acid enhanced the dissolution
rates while maintaining antibacterial effectiveness.14 Capric
acid (CA) and menthol HDES improved the solubility of drugs,
such as uconazole and mometasone furoate.15 Although the
antimicrobial effect of HDESs containing menthol and fatty
acids is known, their anti-inammatory activity has not been
evaluated. HDESs based on menthol/fatty acids may increase
CUN delivery and also provide therapeutic benets. Menthol
exhibits anti-inammatory and antioxidant properties;16,17 CA
has anti-inammatory characteristics, where its anti-
inammatory action is mediated by the reduction of NF-kB
activation and phosphorylation of the MAP kinase.18 Oleic acid
(OLA) and caprylic acid (CPA) also have anti-inammatory
effects.19,20 Safe and effective HDESs that provide anti-
inammatory action can be used in the extraction and CUN
delivery systems of various CL-based products. Therefore, the
aim of this study is to evaluate the anti-inammatory behavior
of menthol–fatty acid HDESs with different combinations of
CUNs on LPS-induced RAW264.7 murine macrophage cell lines.
The multifunctional behavior of HDESs can facilitate their
application in the pharmaceutical and food industries, where
this green chemistry process will be utilized.

Experimental
Chemicals and reagents

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), curcumin (CUR, $99.5%), oleic acid (OLA, $98%), Gri-
ess reagent (modied), and lipopolysaccharides (LPS) from
Escherichia coli O111:B4 (LPS) were purchased from Sigma-
Aldrich (MO, USA). Caprylic acid (CPA, $98%), capric acid
17444 | RSC Adv., 2022, 12, 17443–17453
(CA, $98%), and L-menthol (>99.0%) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). CUN con-
taining CUR (73.5 � 0.6%), BIS (0.136 � 0.001%), and DEM
(27.3 � 0.0%) was obtained from Acros Organics™ (Thermo
Fisher Scientic Inc., NJ, USA). Dulbecco's modied Eagle
medium (DMEM), fetal bovine serum (FBS), and penicillin/
streptomycin were purchased from Gibco BRL (Life Technolo-
gies, Inc., NY, USA).

Preparation of HDESs and solubility studies

The HDESs were prepared using a mixture of menthol and fatty
acids, CPA, CA, and OLA at molar ratios of 1 : 2, 1 : 1, and 2 : 1,
respectively. Aer mixing the components, HDESs were initi-
ated by stirring and heating at 70 �C for 20 min.10 The obtained
mixtures were transparent. The solubility of CUN in the estab-
lished HDES was evaluated in the following manner: CUN (ne
crystalline powder, 100 mg) was suspended in each HDES (1
mL) and ultrasonically treated for 1 h at 37 kHz. Thereaer, the
mixtures were centrifuged for 10 min at 7155 � g and 25 �C,
yielding clear solutions, which were evaluated for CUN solu-
bility. The solubility of CL extracts was also evaluated using the
same procedure, where 100 mg extracts replaced the pure CUN.
The CL extract used in this study was prepared by macerating
the CL rhizome in 95% ethanol for two days at 25 �C. Subse-
quently, the extract was collected, dried with a vacuum rotary
evaporator, and lyophilized.

For the solubility experiment, the concentration of solubi-
lized CUN was measured using a spectrophotometer. First,
serial concentrations of pure CUN solutions were prepared at
0.390, 0.781, 1.56, 3.13, 6.25, 12.5, 25.0, and 50.0 mg mL�1 in
80% ethanol. The sample solutions (soluble CUN in the HDESs)
were diluted in 80% ethanol before analysis. A 96-well plate was
loaded with 200 mL of the referent CUN and sample solutions,
and the absorbance was measured at 430 nm using amicroplate
spectrophotometer (EonTM, BioTek Instruments, Inc., VT,
USA). The analyses were performed in triplicate (n ¼ 3).

Cell culture and treatment

The macrophage cell line (RAW264.7) was obtained from
American Type Culture Collection (Manassas, VA, USA). The
cells were cultured in DMEM supplemented with 10% (v/v) heat
inactivated FBS, 100 units per mL penicillin/streptomycin, and
25 mg mL�1 amphotericin B. The culture was maintained at
37 �C in a humidied atmosphere containing 95% air and 5%
CO2 until cell growth achieved a 70–80% conuence.

For cell treatment, the effect of all the HDESs on the
inammation and cell viability of the LPS-induced RAW264.7
cells was determined rst. The HDESs that were effective and
less cytotoxic were selected for further investigations, where
they were combined with CUN and CUR. The fatty acid-
: menthol HDESs were investigated at ratios of 1 : 1–128 : 64
mM ratios. Effects of CUN and CUR on the LPS-induced
RAW264.7 cells were investigated at concentrations of 0.305–
19.5 mg L�1 and 1.0–64 mM, respectively. For the various
combinations of CUN, CUR, and HDESs, the compounds were
dissolved in the selected HDESs and then diluted in DMEM
© 2022 The Author(s). Published by the Royal Society of Chemistry
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containing 0.1% DMSO for various concentrations (0.305–19.5
mg L�1 CUN and 1.0–64 mM CUR). Working solutions of the
samples were diluted in DMEM containing 0.1% DMSO.
Determination of NO production

The RAW264.7 cells were seeded at seeding densities of 1 � 105

cells per well into 96-well cell culture plates. The cells were
pretreated with various concentrations of HDESs, CUN, CUR,
and their combinations, as mentioned in “Cell culture and
treatment”. The pretreatment was performed for 1 h before
inammatory induction by LPS (100 ng mL�1) for 23 h. For cell
treatment, solutions of 0.1% (v/v) DMSO in DMEM was used as
the untreated group. NO production from the cells was moni-
tored by the Griess assay, as previously described.21 Briey, 150
mL of the culture medium was mixed with 130 mL deionized
water and 20 mL of the Griess reagent. Aer 30 min, the optical
density was measured at 548 nm. The NO level was expressed in
mM based on the nitrite calibration curve (r2 > 0.990). There-
aer, the relative NO production (%) was calculated using the
following equation and compared to that of the LPS-treated
group eqn (1).

NO secretion (%) ¼ (nitrite level in (substance+LPS)-treated cell/

nitrite level in LPS-treated cell) � 100 (1)

Furthermore, IC50 indicates the concentration of the solu-
tions that inhibit NO secretion by 50%, as determined by the
dose–response curve using non-linear regression in GraphPad
Prism version 9 (GraphPad Soware, CA, USA).
Table 1 The solubility of curcuminoids in the hydrophobic deep
eutectic solvents (HDESs)a

Hydrophobic deep eutectic
solvents (HDESs)b Solubility (mg g�1)

Mixtures Molar ratio Curcuminoidsc CL extractd

CPA : menthol 1 : 2 2.16 � 0.14a 24.4 � 0.7a

CPA : menthol 1 : 1 1.69 � 0.05b 27.2 � 0.8b

CPA : menthol 2 : 1 1.44 � 0.06c 34.2 � 1.1c

CA : menthol 1 : 2 1.45 � 0.04c 30.5 � 0.7c

CA : menthol 1 : 1 1.61 � 0.01bc 24.7 � 0.5a

CA : menthol 2 : 1 1.04 � 0.04d 20.7 � 0.8d

OLA : menthol 1 : 2 1.68 � 0.05b 15.2 � 1.0e

OLA : menthol 1 : 1 1.07 � 0.06d 16.1 � 0.8e

OLA : menthol 2 : 1 0.941 � 0.038d 11.0 � 0.4f
Determination of cytotoxicity

Cell cytotoxicity was determined to ensure that NO inhibition
was not due to cell death. The culturedmedia were removed and
replaced with a fresh culture medium with 0.5 mg mL�1 MTT
reagent. The cells were then incubated for 2 h, followed by
removing the remaining MTT reagent and adding DMSO to
solubilize the formazan crystals. The solution was collected and
analyzed using a spectrophotometer microplate reader at
a wavelength of 595 nm. The results were expressed as the
relative cell viability (%) using the following eqn (2):

Cell viability (%) ¼ (OD of treated cells/OD of untreated cells) �
100 (2)

The cell viability percentage was plotted against the
concentration of the drug. CC50 was determined by the dose–
response curve using non-linear regression in GraphPad Prism
version 9 (GraphPad Soware, CA, USA).
a The same and different letters indicate the nonsignicant and
signicant differences, respectively, in the solubility studies between
HDESs. One-way ANOVA was used to determine the statistical
signicance, followed by the Tukey–Kramer test (p < 0.05). b The
HDESs are formulated from menthol and fatty acids, including
caprylic acid (CPA), capric acid (CA), and oleic acid (OLA). c Solubility
studies were conducted using the ne crystalline powder of
curcuminoids. d Solubility studies were conducted using the crude
extract of CL rhizome.
Statistical analysis

GraphPad Prism version 9 (GraphPad Soware, CA, USA) and
SPSS version 26 were used for the statistical analysis. All data are
presented as means with the standard error of the mean (SEM).
All comparisons were assessed using the analysis of variance
(ANOVA), followed by the Dunnett's multiple comparison and
© 2022 The Author(s). Published by the Royal Society of Chemistry
Tukey–Kramer test. The statistical signicance level was set at p
< 0.05.
Results and discussion
Establishment of HDESs and the solubility of the CUN

The HDESs in this study were obtained by combining menthol
with OLA, CPA, and CA at molar ratios of 1 : 2, 1 : 1, and 2 : 1.
The solubility of CUN in the as-prepared HDESs was tested,
which showed that pure CUN was the most soluble (2.16 �
0.14 mg g�1) in the CPA : menthol (1 : 2 molar ratio) HDES. The
best solvent for the CL extract was CPA : menthol (2 : 1 ratio),
which consisted of a CUN concentration of 34.2 � 1.1 mg g�1.
However, the CUN solubility decreased as the chain length of
the fatty acids increased (Table 1).

Despite its vast range of therapeutic effects, the health utility
of CUR has been limited because of its extremely low solubility,
poor gastrointestinal absorption, low oral bioavailability, and
variable effects. As previously reported, the solubility of CUR in
pure water is only 0.6–7.4 mg mL�1 (ref. 22) and that in the oil of
medium-chain triglycerides is 2.90 � 0.15 mg g�1,23 whereas
their solubility in edible oils is 0.41–0.53 mg g�1.24 The solu-
bility of CUN in hydrophilic DES containing choline chloride
and glycerol (1 : 1 molar ratio) is 7.25–8.6 mg g�1 at 20–60 �C.25

In another case, a 1 : 1 molar ratio of D-(+)-glucose to sucrose led
to a CUR solubility of 0.0521 � 0.0065 mg mL�1.26 In compar-
ison to hydrophilic DESs, the HDESs based on fatty acids and
menthol are less viscous.27 CPA : menthol and CA : menthol
exhibited a viscosity of less than 20 mPa s at 25 �C,27 compared
to that of a previously reported hydrophilic DES (choline chlo-
ride + urea, 1 : 2) with a viscosity of 859.45 mPa s.28 The viscosity
of a solvent is one of the key factors that determine the
extraction yields when applying HDES for CL extraction. The
RSC Adv., 2022, 12, 17443–17453 | 17445
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high viscosity of most DESs at room temperature limits their
application due to the slow mass transfer.29 Although the
viscosity of a hydrophilic DES can be adjusted by the addition of
water, this decreases the solubility of CUN. The solubility of
CUN is higher in the established HDESs compared to that in
water and the edible oils that are usually used as vehicles for
CUN delivery.

Menthol signicantly enhances the percutaneous ux and
enhancement ratio of CUR across the rat epidermis.30 Menthol
in the HDES also functions as a penetration enhancer of CUN,
which may improve bioavailability.

The solubility of pure CUN was lower than that of the CL
extract. The pure CUN used in this study was in the form of
a ne crystalline powder, in which the crystalline structure of
the CUN may render it insoluble in pure water.31 The CL extract
Fig. 1 Anti-inflammation (a, c and e) and cytotoxicity effects (b, d and
RAW264.7 cells. Each bar graph represents the means � S.E.M. The *, **
0.001 as compared to the untreated cells (control), whereas #, ##, and
compared to the LPS-treated cells (LPS). The statistical analyses were c
test.

17446 | RSC Adv., 2022, 12, 17443–17453
contains various constituents, including turmeric oils such as a-
zingiberene, ar-turmerone, b-sesquiphellandrene, a-turmerone,
b-turmerone, and b-bisabolene, which may contribute to the
solubility of CUN in the HDES. The solubility is mediated by
bonding between the solute and solvent. Hydrogen bonds and
van derWaals forces are formed between the HDES components
and the substances in the CL extract. In particular, the
components of turmeric oil may interact with the HDES and
CUN to increase its solubility. The specic interactions that are
fundamental to solubility should be further investigated.

These results indicate that HDESs based on menthol/fatty
acids can be CUN solvents. The composition of the HDES and
the molar ratios of its constituents inuence the solubility of
the target CUN, and further optimization of these parameters is
necessary to improve the solubility. This type of HDES has low
f) of OLA : menthol at 1 : 2, 1 : 1, and 2 : 1 mM ratio, respectively, on
, and *** symbols indicate significant differences at p < 0.05, 0.01, and
### indicate the significant differences at p < 0.05, 0.01, and 0.001 as
onducted using one-way ANOVA with Dunnett's multiple comparison

© 2022 The Author(s). Published by the Royal Society of Chemistry
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toxicity potential, making it ideal for use in food and pharma-
ceutical products.
Anti-inammatory and cytotoxicity evaluation of HDESs

The effects of menthol-based HDESs, namely CPA : menthol,
CA : menthol, and OLA : menthol, on RAW264.7 cells are shown
in Fig. S1, S2† and 1, respectively. The NO secretion of LPS-
treated RAW264.7 cells was 100%, and statistical analysis
indicated that LPS considerably induced NO secretion
compared to the untreated group. The LPS-induced inamma-
tion in the cells via NO production and the upregulation of
inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-
2), interleukin 6 (IL-6), and tumor necrosis factor-a (TNF-
a mRNAs).32 LPS also induced apoptotic cell death in the
RAW264.7 cells.32 However, based on our experiments, the LPS-
treated groups showed a cell viability of over 80% compared
with that of the untreated group.

As stated above, the composition of HDES has a signicant
inuence on the cell viability of the RAW264.7 cells. In the case
of CPA : menthol, the cell survival was $80% by HDESs at
concentration ratios of #8 : 16, 1 : 1, and 2 : 1 mM ratios,
respectively (Fig. S1†). Accordingly, CPA : menthol (1 : 1 molar
ratio) was quite toxic for the RAW264.7 cells, when compared to
the other molar ratios. Furthermore, it did not induce a signif-
icant reduction in NO production at any concentration, with
$80% cell viability. Although CPA did not affect NO production
Fig. 2 Anti-inflammation (a and c) and cytotoxicity effects (b and d) of
graph represents the means � S.E.M. The *, **, and *** symbols indicate
untreated cells (control), whereas #, ##, and ### indicate the significant
cells (LPS). The statistical analyses were conducted using one-way ANO

© 2022 The Author(s). Published by the Royal Society of Chemistry
in the LPS-stimulated RAW264.7 cells, CPA has previously been
shown to decrease inammation via other inammatory
molecules, such as the Toll-like receptor 4 (TLR4), myeloid
differentiation primary response 88 (MyD88), nuclear factor-kB
(NF-kB), TNF-a, IKKa, and IKKb mRNA expression.20 Further-
more, CPA suppresses inammation via TLR4/NF-kBa signaling
and ameliorates atherosclerosis by inhibiting the production of
IL-1b, IL-6, NF-kB, and TNF-a.20 Thus, the above-mentioned
mechanism of the anti-inammatory effect, cytotoxicity, and
underlining pathway of CPA : menthol requires further
examination.

The highest CA : menthol concentration ratios providing
$80% cell survival were 16 : 32, 8 : 8, and 2 : 1 mM ratios
(Fig. S2†). Furthermore, the CA : menthol HDESs signicantly
reduced NO production. When cell viability ($80%) was
considered, CA : menthol (2 : 1 mM ratio) inhibited NO
production the most (25.4%). CA has previously been shown to
reduce TNF-a and IL-6 levels in cyclophosphamide-induced
intestinal inammation.33 Furthermore, CA : menthol can
inhibit inammation via multiple inammatory mediators.
CA : menthol is probably safer than CPA : menthol. However, at
high concentrations of CA : menthol, especially at a molar ratio
of 2 : 1, considerable cell death occurred. Signicantly,
OLA : menthol was less toxic to RAW264.7 cells, with cell
survival exceeding 80% when compared to that of the untreated
cells (Fig. 1). At a 64 : 64 mM ratio, OLA : menthol suppressed
curcuminoid (CUN) and curcumin (CUR) on RAW264.7 cells. Each bar
significant differences at p < 0.05, 0.01, and 0.001 as compared to the
differences at p < 0.05, 0.01, and 0.001 as compared to the LPS-treated
VA with Dunnett's multiple comparison test.
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NO production the most (28.2%), and inhibition occurred in
a concentration-dependent manner. Through the activation of
NF-kB, OLA is linked to COX-2 and iNOS downregulation.34,35

At the 1 : 2, 1 : 1, and 2 : 1 molar ratios of fatty acid-
: menthol, a decreasing trend of cell toxicity with high menthol
proportion was observed. Menthol has immunomodulatory and
anti-inammatory effects in ethanol-induced gastric ulcers,
where it reduces the pro-inammatory cytokines, TNF-a, and IL-
6, while increasing the levels of the anti-inammatory cytokine
IL-10.16 This suggests that a higher menthol : fatty acid ratio
may protect the cell from over-inammation.

In the LPS-treated group, the murine macrophages experi-
enced cell death at 10–13%. Additional cell death was observed
with CPA : menthol and CA : menthol. LPS triggers cell death
via the autocrine release of TNF-a and NO.36 Furthermore,
menthol decreased the LPS-induced cytokine production in the
RAW264.7 cells (TNF-a, IL-6, and IL-1b).17 Although CPA and CA
have been associated with anti-inammatory properties, cell
death remained high for their respective HDESs. This may be
attributed to other mechanisms that CPA : menthol and
CA : menthol uses to trigger apoptosis. On the contrary, anti-
oxidant effects of OLA may be correlated with the enhanced cell
viability. Pyroptosis occurs when cytosolic LPS binds to the
precursor of caspase-4/5/11.37 Because menthol appears to
Fig. 3 Anti-inflammatory and cytotoxicity effects of the combination be
cells. The (number) represents the concentration of HDES-OM1 at differe
at p < 0.05, 0.01, and 0.001 as compared to the untreated cells (control), w
0.01, and 0.001 as compared to the LPS-treated cells (LPS). The statist
multiple comparison test.

17448 | RSC Adv., 2022, 12, 17443–17453
change the cell membranes, it is possible that menthol might
also change cell permeability.38 Additionally, cell properties are
inuenced by several factors, such as HDES ratios, concentra-
tion, and the type of fatty acids; therefore, the effect of menthol/
fatty acid HDESs on the cells remains unclear.

HDESs containing CA : menthol and OLA : menthol signi-
cantly inhibited NO production, while those with
OLA : menthol protected against cell death. OLA can reduce the
LPS-induced expression of iNOS, COX-2, and IL-6 mRNA and
signicantly decrease COX-2 and iNOS protein expression.35

Therefore, OLA : menthol can preserve cell viability and reduce
inammation. These results corroborate with several previous
studies that demonstrated the low toxicity of DESs.10,39 Notably,
compared to our HDESs, the previously reported menthol-based
THEDESs, such as menthol : lauric acid, menthol : myristic
acid, and menthol : stearic acid, showed lower toxicity toward
the HaCaT cell line despite their high concentrations (mM
concentration).10 Our study is the rst to report the non-toxicity
of the OLA : menthol HDES in RAW264.7 cells (Fig. 1).

Overall, the HDESs containing OLA : menthol are anti-
inammatory and less cytotoxic than the HDESs of the other
fatty acids. Consequently, the OLA : menthol HDESs were used
in subsequent studies, where they were combined with CUN
and CUR. The HDESs were dened as HDES-OM1, HDES-OM2,
tween HDES-OM1 with CUN (a and b) and CUR (c and d) on RAW264.7
nt mM ratios. The *, **, and *** symbols indicate significant differences
hereas #, ##, and ### indicate the significant differences at p < 0.05,
ical analyses were conducted using one-way ANOVA with Dunnett's

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and HDES-OM3 with OLA : menthol molar ratios of 1 : 2, 1 : 1,
and 2 : 1, respectively.
Anti-inammatory and cytotoxicity of CUN and CUR

CUN and CUR decrease inammation by inhibiting inamma-
tory molecules, such as interleukins, cyclooxygenase, TNF-a,
and iNOS.40,41 However, the effect of CUN and CUR in combi-
nation with OLA : menthol HDES has not been explored. Both
CUN and CUR decreased NO secretion in a dose-dependent
manner (Fig. 2). Furthermore, the IC50 values of CUN and
CUR were 5.59 � 0.56 mg L�1 and 20.7 � 1.6 mM, respectively.
Compared to the control cells, the CUN-treated cells at 0.305–
19.5 mg L�1 signicantly decreased cell viability by less than
80% in a dose-dependent manner (Fig. 2b), while the same
effect was observed at 4.0–64 mM for the CUR-treated cells
(Fig. 2d). The results of the CUN and CUR treatments indicated
that increasing the concentration decreased the cell viability of
the RAW264.7 cells with CC50 values of 11.9 � 1.1 mg L�1 and
52.9 � 5.5 mM, respectively. These results corroborate well with
previous studies, which report that more than 25 mM concen-
trations of CUR are toxic to RAW264.7 cells.42 Furthermore, in
LPS-stimulated human monocytes, alveolar macrophages, and
glucose-induced human monocytes, a modest dose of CUR (1–5
mM) was sufficient to suppress inammatory cytokines with low
Fig. 4 Anti-inflammatory and cytotoxicity effects of the combination be
cells. The (number) represents the concentrations of HDES-OM1 at differ
at p < 0.05, 0.01, and 0.001 as compared to the untreated cells (control), w
0.01, and 0.001 as compared to the LPS-treated cells (LPS). The statist
multiple comparison test.

© 2022 The Author(s). Published by the Royal Society of Chemistry
cytotoxicity.42–44 There is limited information on the anti-
inammatory effects of the CUN concentration, and CUR is
a well-known and principal component of CUN. For the
subsequent experiments, the CUR and CUN concentrations
were combined with HDES-OM1, HDES-OM2, and HDES-OM3.
Anti-inammation and cytotoxicity evaluation of the HDES
combined with CUN and CUR

In this section, HDES-OM1, 2, and 3 were used to dene the
OLA : menthol molar ratios of 1 : 2, 1 : 1, and 2 : 1, respectively.
Various concentrations of CUN and CUR were dissolved in
HDES-OM1–3 and then diluted in DMEM containing 0.1%
DMSO for cell treatment. Anti-inammation and cytotoxicity
assays were performed in the same manner as previously
described. CUN and CUR in HDES-OM1–3 substantially reduced
NO secretion in a dose-dependent manner, as detailed below.

Compared to the LPS-treated cells, CUN in HDES-OM1 at
concentrations of 2.44–19.5 mg L�1 considerably reduced NO
production in LPS-induced cells; however, all treatments
signicantly reduced cell viability (Fig. 3). It is speculated that
the inhibition of NO productionmay result in cell death. CUR in
HDES-OM1 at concentrations of 4.0–64 mM also signicantly
decreased NO secretion; however, only 4.0–16 mM CUR
demonstrated a cell survival of more than 80% compared to the
tween HDES-OM2 with CUN (a and b) and CUR (c and d) on RAW264.7
ent mM ratios. The *, **, and *** symbols indicate significant differences
hereas #, ##, and ### indicate the significant differences at p < 0.05,
ical analyses were conducted using one-way ANOVA with Dunnett's
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Fig. 5 Anti-inflammatory and cytotoxicity effects of the combination between HDES-OM3 with CUN (a and b) and CUR (c and d) in RAW264.7
cells. The (number) represents the concentration of HDES-OM3 at different mM ratios. The *, **, and *** symbols indicate significant differences
at p < 0.05, 0.01, and 0.001 as compared to the untreated cells (control), whereas #, ##, and ### indicate the significant differences at p < 0.05,
0.01, and 0.001 as compared to the LPS-treated cells (LPS). The statistical analyses were conducted using one-way ANOVA with Dunnett's
multiple comparison test.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
21

/2
02

5 
1:

44
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
untreated group. Therefore, at 4.0–16 mM, CUR in HDES-OM1
inhibited NO production with less cell toxicity than that with
CUR treatment alone. CUR exhibited less cytotoxicity when
combined with HDES-OM1. CUN concentrations of up to 4.88
mg L�1 in HDES-OM2 preserved cell viability over 80% (Fig. 4).
Furthermore, CUN concentrations of 2.44 and 4.88 mg L�1

signicantly suppressed NO secretion. The CUR concentration
in HDES-OM2 of up to 32 mM exhibited a cell viability of over
80%. Therefore, CUN and CUR in HDES-OM2 prevented
Table 2 The comparison of NO secretion (%) at the same concentration b
3a

Solvents

NO secretion (%)

CUN (2.44 mg L�1) CUN (4.88 mg L�1) CUN (9

DMSO 76.7 � 5.5a 54.8 � 6.2a 14.4 �
HDES-OM1 80.7 � 3.8a 41.0 � 3.3ab 5.11 �
HDES-OM2 81.1 � 5.9a 53.3 � 8.7ab 0.432 �
HDES-OM3 89.2 � 3.0a 33.2 � 2.9b 16.9 �
a The same and different letters represent the nonsignicant and signica
and CUN or CUR loaded in HDES-OM1-3 at the same concentration. One-w
the Tukey–Kramer test (p < 0.05).

17450 | RSC Adv., 2022, 12, 17443–17453
cytotoxicity, and its efficacy was superior to that of HDES-OM2
without CUN and CUR. Increasing the CUR concentration
(8.0–32 mM) decreased the NO secretion, reaching 99.4% inhi-
bition at 32 mM with minimal cytotoxicity.

In HDES-OM3, signicant cytotoxicity was not observed for
CUN and CUR concentrations of up to 4.88 mg L�1 and 16 mM,
respectively, as compared to the LPS-treated group (Fig. 5).
Furthermore, CUN (2.44–4.88 mg L�1) and CUR (8.0–16 mM)
signicantly inhibited NO secretion. HDES-OM2 and 3 both,
etween CUN or CUR in DMSO and CUN or CUR loaded in HDES-OM1-

.75 mg L�1) CUR (8.0 mM) CUR (16 mM) CUR (32 mM)

2.7a 84.3 � 4.7a 73.7 � 2.1a 22.9 � 1.4a

2.2b 75.9 � 3.8a 23.4 � 4.6b 4.45 � 2.30b

0.370b 79.1 � 5.5a 43.9 � 7.6c 0.547 � 0.214b

1.3a 73.5 � 2.6a 24.1 � 2.0b 16.9 � 1.5a

nt differences, respectively, of NO secretion (%) of CUN or CUR in DMSO
ay ANOVA was used to determine the statistical signicance, followed by

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The comparison of cell viability (%) at the same concentration between CUN or CUR in DMSO and CUN or CUR loaded in HDES-OM1-3a

Solvents

Cell viability (%)

CUN (2.44 mg L�1) CUN (4.88 mg L�1) CUN (9.75 mg L�1) CUR (8.0 mM) CUR (16 mM) CUR (32 mM)

DMSO 72.8 � 3.2a 71.6 � 2.9a 69.5 � 1.9a 75.0 � 4.1a 71.9 � 3.4a 74.1 � 2.1a

HDES-OM1 74.5 � 0.9a 71.5 � 2.8a 57.4 � 3.8b 91.1 � 3.5b 84.6 � 2.8b 59.8 � 4.1b

HDES-OM2 86.0 � 2.2b 86.4 � 2.9b 78.9 � 3.6a 87.6 � 2.9ab 86.6 � 1.7b 86.4 � 2.0a

HDES-OM3 85.4 � 2.1b 82.8 � 4.4ab 30.8 � 4.5c 86.8 � 3.3ab 82.9 � 2.2b 20.0 � 5.0c

a The same and different letters represent the nonsignicant and signicant differences, respectively, of cell viability (%) of CUN or CUR in DMSO
and CUN or CUR loaded in HDES-OM1-3 at the same concentration. One-way ANOVA was used to determine the statistical signicance, followed by
the Tukey–Kramer test (p < 0.05).

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
21

/2
02

5 
1:

44
:4

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
have a tendency to protect cells from CUN cytotoxicity in
a similar manner; however, HDES-OM2 was the most effective
in reducing CUR toxicity.

For CUN (4.88 mg L�1) combined with HDES-OM1, HDES-
OM2, and HDES-OM3, NO secretion was 41.0, 53.3, and
33.2%, respectively, while cell viability was 71.5%, 86.4%, and
82.8%, respectively. NO secretion was 54.8% and cell survival
was 71.6% in cells treated with CUN (4.88 mg L�1) without HDES
(Tables 2 and 3). These results suggest that HDES-OM3 is
a suitable choice for delivering CUN to the cells. However, cell
death was considerably elevated at CUN concentrations of
$9.75 mg L�1. At 32 mM, CUR combined with HDES-OM1, HDES-
OM2, and HDES-OM3 suppressed NO secretion to 4.45, 0.547,
and 16.9%, respectively, while cell viability was 59.8%, 86.4%,
and 20.0%, respectively. NO secretion was 22.9% and cell
survival was 74.1% in cells treated with CUR (32 mM) without
HDES. Therefore, it is apparent that CUR in HDES-OM2 out-
performed the other solvents, completely blocking NO release
while maintaining high cell viability.

As previously reported, these ndings are most likely related
to the structure of the DESs. DES mixtures of menthol terpene
molecules, in particular, can improve solubility, permeability,
and absorption.45,46 When menthol was coupled with IBU,
phenylacetic acid, or benzoic acid, the permeability increased.46

This suggests that our HDESs derived from menthol and
OLA unsaturated fatty acids may improve the penetration of
CUN in cells. CUR causes apoptosis in cells by dephosphor-
ylating Akt, downregulating the anti-apoptotic Bcl-2, Bcl-X L,
and IAP proteins, releasing cytochrome c, and activating cas-
pase 3 in a sequential manner.47,48 The increase in the pro-
apoptotic Bak protein levels caused by palmitic acid was
considerably reduced by OLA.49 In the palmitic acid-treated
cells, OLA restored the low levels of the anti-apoptotic Bcl-2
family proteins (Bcl-2, Bcl-xL, and Mcl-1).49 Therefore, it can
be expected that OLA : menthol can deliver anti-inammatory
CUN and CUR while also protecting cells from cytotoxicity.
When limonene and IBU are combined as a eutectic mixture,
the anti-inammatory effect of IBU is enhanced.13 A DES con-
taining choline and geranate demonstrated a broad-spectrum
antibacterial efficacy against a variety of drug-resistant
bacteria, fungi, and viruses.50

Furthermore, the solvent-removal step can be omitted as the
solvent is bioactive and improves solubility, enabling its
© 2022 The Author(s). Published by the Royal Society of Chemistry
immediate application in formulation manufacturing. There-
fore, owing to the bioactivity and biodegradability of the
menthol/OLA-based HDESs, CUR and CUN can be chemically
extracted in a sustainable manner and used as therapeutics.

Conclusions

This study is the rst to demonstrate that HDESs composed of
fatty acids and menthol can enhance the therapeutic effect of
CUN and CUR as THEDES. Among the fatty acids analyzed in
this study, the THEDESs prepared from the HDESs containing
CPA and menthol with molar ratios of 1 : 2, 1 : 1, or 2 : 1 were
the most successful in dissolving CUN and CUR. However, the
anti-inammatory activities of the OLA : menthol-HDESs were
superior to those of CPA : menthol and CA : menthol, with low
cytotoxicity. Notably, OLA : menthol can enhance the anti-
inammatory properties of CUN and CUR and minimize their
cytotoxicity. At a 1 : 1 mM ratio of OLA : menthol, NO secretion
can be entirely suppressed by CUR without causing signicant
cell death, as compared to the LPS-treated control group. These
results provide a foundation for further research and develop-
ment of safe solvents with pharmacological activity. Further-
more, these ndings suggest that HDESs are a potentially viable
biodegradable alternative to conventional organic solvents for
producing more effective therapeutics and safe CL products for
consumption.
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