
Deep Eutectic Solvents as Active
Pharmaceutical Ingredient Delivery
Systems in the Treatment of Metabolic
Related Diseases
Cixin Huang1,2,3, Xiunian Chen1,2,3, Chao Wei1,4, Hongwei Wang1,4* and Hua Gao1,2,4*

1State Key Laboratory Cultivation Base, Shandong Provincial Key Laboratory of Ophthalmology, Eye Institute of Shandong First
Medical University, Qingdao, China, 2Eye Hospital of Shandong First Medical University (Shandong Eye Hospital), Jinan, China,
3Medical College, Qingdao University, Qingdao, China, 4School of Ophthalmology, Shandong First Medical University, Jinan,
China

Metabolic related diseases such as cancer, diabetesmellitus and atherosclerosis are major
challenges for human health and safety worldwide due to their associations with high
morbidity and mortality. It is of great significance to develop the effective active
pharmaceutical ingredient (API) delivery systems for treatment of metabolic diseases.
With their unique merits like easy preparation, high adjustability, low toxicity, low cost,
satisfactory stability and biodegradation, deep eutectic solvents (DESs) are unarguably
green and sustainable API delivery systems that have been developed to improve drug
solubility and treat metabolic related diseases including cancer, diabetes mellitus and
atherosclerosis. Many reports about DESs as API delivery systems in the therapy of
cancer, diabetes mellitus and atherosclerosis exist but no systematic overview of these
results is available, which motivated the current work.
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atherosclerosis

INTRODUCTION

Metabolic related diseases are diseases caused by obstacles in the process of anabolism and
catabolism in human body (Hoffman et al., 2021). Cancer, diabetes mellitus and atherosclerosis
are the common types of metabolic diseases (Boroughs & DeBerardinis, 2015; Taylor et al., 2018;
Poznyak et al., 2020), which impair metabolic homeostasis and are accompanied by a cluster of
metabolic syndromes (Taylor et al., 2018). However, the traditional chemotherapy approaches were
bounded in the treatment of metabolic diseases owing to the disadvantages of non-selectivity, low
bioavailability and drug resistance (Xin et al., 2017; Pearson, 2019; Shi et al., 2019). Thus, it is
becoming a new therapeutic strategy by combined use of traditional drugs with vigorous drug
delivery systems for therapy of metabolic related diseases.

Drug delivery systems, such as liposomes, hydrogels, nanomaterials and ionic liquids, are
significant alternatives to improve the solubility of poorly water-soluble active pharmaceutical
ingredients (APIs) (De Jong & Borm, 2008; Edupuganti et al., 2012; Tian et al., 2020). Notably, ionic
liquids (ILs) are widely used as green solvents in the pharmaceutical field because of their high
polarity, non-reactivity to water, low vapor pressure, chemical and thermal stabilities (Sangtarashani
et al., 2020). As a special kind of ILs, deep eutectic solvent (DES) is a mixture constituted with a
certain proportion of hydrogen-bonded receptors (quaternary ammonium salt) and hydrogen-
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bonded donors (amides, amino acids, carboxylic acids and
polyols) which has drawn increasing attention from
researchers (Pena-Pereira & Namieśnik, 2014). Owing to their
unique advantages, such as easy preparation, high adjustability,
low toxicity, low cost, satisfactory stability and biodegradation,
DESs have gradually become indispensable participants in the
field of biomedicines (Gurkan et al., 2019; Liu et al., 2019).

Sekiguchi and Obi introduced the earliest eutectic mixture
(sulfathiazole:urea based DES) into biomedical field in 1964
(Sekiguchi et al., 1964). The DES distinctly improved the
solubility and oral absorption rate of sulfathiazole. Following
this, lidocaine:procaine, ibuprofen:terpene and some other DESs
have been developed as therapeutic DESs in the treatment of
diseases (Stott et al., 1998; Wojnarowska et al., 2018). Besides,
choline chloride:malic acid and choline bicarbonate:vanillic acid,
were also synthesized and applied as excellent carriers to increase
the solubility of unstable drugs (Zakrewsky et al., 2016; Shekaari
et al., 2017), which is beneficial to drug storage and delivery.
Carboxylic compounds, including benzoic acid, phenylacetic
acid, lauric acid, myristic acid, acetylsalicylic acid, stearic acid,
mandelic acid and maleic acid were commonly selected as DES
components due to their low toxicity and stable hydrogen
bonding capacity (Makoś et al., 2018; Pereira et al., 2019; Saha
et al., 2020) (Figure 1).

Previously, DESs have been successfully used in the therapy of
metabolic related diseases. However, there was no systematic
review on these studies. Herein, we summarized the applications
of DESs as API delivery systems in the treatment of metabolic
diseases including cancer, diabetes mellitus and atherosclerosis.

CLASSIFICATION OF DESS IN API
DELIVERY SYSTEMS

API-based DESs
APIs, such as menthol, ibuprofen, lidocaine, itraconazole,
cannabidiol and testosterone, were involved in the formation
of API-based DESs, which maintained in the therapeutic

effect of the APIs (Aroso et al., 2015; Aroso et al., 2016;
Cordeiro et al., 2017; Duarte et al., 2017; Gala et al., 2015;
Kaplun-Frischoff & Touitou, 1997; Lodzki et al., 2003;
Morimoto et al., 2000; Park et al., 2012; Silva et al., 2019;
Stott et al., 1998; Wang et al., 2017; Woolfson et al., 2000)
(Figure 1, Table 1). Silva et al. constructed hydrophobic
DESs based on menthol and saturated fatty acids with
different chain lengths, including stearic acid, myristic
acid and lauric acid, and evaluated the toxicity and
antibacterial activity of these DESs to human immortal
keratinocyte line (HaCaT) cells (Silva et al., 2019). The
results revealed that the synergistic effect of menthol and
stearic acid on enhancing antibacterial activity and
promoting wound healing, whereas the whole mixture
exhibited no cytotoxicity, demonstrating the promising
application of menthol:stearic acid based DESs in wound
healing. Three DESs, prepared by complexation of APIs
(i.e., ibuprofen, benzoic acid and phenylacetic acid) with
menthol, possessed the characteristics of high solubility
and high permeability, improving the bioavailability of the
APIs (Duarte et al., 2017). In another study, seven terpenoids,
including L-menthol, LD-menthol, D-limonene, L-menthone,
1,8-cineole, thymol and cymene were selected to be mixed
with ibuprofen to prepare the DES system (Stott et al., 1998).
Among them, the combination of ibuprofen and thymol
maximizes permeability and produces a synergistic effect
in penetration experiment.

Saturated fatty acid, menthol or ibuprofen was gently mixed
with limonene to prepare dual-drug participating DESs by
Pereira and his colleagues (Pereira et al., 2019). After a series of
characterizations, it was found that the liquid DES could be
formed using the ibuprofen:limonene mixture (molar ratio, 1:
4) at room temperature or close to physiological temperature.
Moreover, DESs can reduce the cytotoxicity of limonene,
increase the solubility of ibuprofen, and exhibit anticancer
and anti-inflammatory activities. Flurbiprofen:menthol based
and ibuprofen:menthol based DESs could be included in
mesoporous silica matrixes and 3D porous biopolymers,
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respectively, to obtain amorphous composites as API delivery
systems with enhanced solubility of menthol (Morimoto et al.,
2000; Cordeiro et al., 2017).

DESs as New Solvents for APIs
Choline Chloride Based DESs
Choline chloride was widely used as a component in the synthesis
of DESs (Alizadeh et al., 2020; Jeliński et al., 2019; Li & Lee, 2016;
Mano et al., 2017; Morrison et al., 2009; Saha et al., 2020; Silva
et al., 2019; Wikene et al., 2015; Zainal-Abidin et al., 2020)
(Figure 1, Table 2). Choline chloride:glycolic acid, choline
chloride:glycolic acid:oxalic acid, choline chloride:urea and
choline chloride:malonic acid based DESs have been
synthesized to increase solubility of low-soluble compounds
including piroxicam, lidocaine, posaconazole, benzoic acid,
danazol, griseofulvin, AMG517 and itraconazole (Morrison
et al., 2009; Li & Lee, 2016). In 2016, Aroso and his colleagues
synthesized DESs using choline chloride coupled with

acetylsalicylate, benzoic acid and phenylacetic acid (Aroso
et al., 2016). This indicates that organic acids can participate
in the synthesis of DESs with choline chloride.

In a study conducted by Saha et al., the atomic-level interaction
of choline chloride and acetylsalicylic acid inDESs was investigated
by combining molecular dynamics, density functional theory,
Raman spectroscopy and IR spectroscopy (Saha et al., 2020).
Their results show that the electrostatic attraction of cations-
anions was destroyed, while highly interconnected hydrogen
bonds were formed between choline chloride and acetylsalicylic
acid in DESs, which is similar to the characteristics of choline
chloride:urea, choline chloride:ethylene glycol and choline
chloride:glycerol (Figure 1). The non-bonding interaction
between choline chloride and acetylsalicylic acid plays an
important role in the formation of DES at room temperature.
In addition, choline chloride:glycerol exhibit 12,000-fold higher
solubility toward curcumin than aqueous solution at room
temperature (Jeliński et al., 2019), demonstrating the potential

FIGURE 1 | Chemical structures of the general components in synthesis of DESs.
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of the choline chloride:glycerol-based DES as an effective delivery
system for the dissolution of curcumin.

In another study, a fast-dissolving delivery system was
designed by encapsulation of the gelatin fiber with choline
chloride:mandelic acid based DES. Maintaining the
antibacterial activity of mandelic acid, the system has no
cytotoxicity effect in mouse lung fibroblasts cell line L929 and
exhibits a strong resistance in Gram-positive bacteria and Gram-
negative bacteria (Mano et al., 2017). Furthermore, a kind of
molecularly imprinted polymer using choline chloride:caffeic
acid:ethylene glycol (molar ratio, 1:0.4:1) was prepared and
used for the molecular recognition of polyphenols (Silva et al.,
2019), indicating the potential of ternary DESs based molecularly
imprinted polymers in the separation, purification and delivery of
the drug (Figure 1). Furthermore, ternary DESs, choline chloride:
sucrose:water (molar ratio, 4:1:4) and choline chloride:glycerol:
water (molar ratio, 1:2:1), can be used as functionalized agents for
modification of graphene (Zainal-Abidin et al., 2020). DES-
functionalized graphene possesses distinct electrical,
mechanical and optical properties from the pristine graphene.
Afterwards, adriamycin was loaded onto DES functionalized
graphene, suggesting that choline chloride based DESs could
act as promising green functionalized agents for the
modification of nano-drug carriers.

Amino Acid Based DESs
The amino acid based DESs have good solubility to some specific
compounds (Chen et al., 2015; Faggian et al., 2016; Liu et al., 2018;
Sut et al., 2017) (Figure 1, Table 2). As non-toxic green natural

DESs, amino acid based DESs are mainly food grade, and the
solubility of the compounds in the DESs can be changed by
adjusting the water content (Liu et al., 2018). The in vivo
administration of berberibe was investigated using amino acid
based DESs, including proline:malic acid (molar ratio, 2:1),
proline:urea (molar ratio, 2:1) and proline:malic acid:lactic
acid:water (molar ratio, 1:0.2:0.3:0.5) (Sut et al., 2017). The
results indicated that proline:malic acid and lactic:proline:
malic acid:water possessed better solubility to berberibe than
ethanol and water. Meanwhile, in vivo experiments have
demonstrated that proline based DESs can significantly
increase the bioavailability of berberibe. In addition, proline:
glutamic acid (molar ratio, 2:1) was used to explore the
potential of DES as a solubilizing agent for polyphenol
administration (Chen et al., 2015; Faggian et al., 2016). Take
rutin, one of the most famous flavonoids, for example, the
solubility of rutin in amino acid based DESs is 20-fold higher
than that in water, which greatly expands its pharmacological
applications. Furthermore, citric acid:L-arginine:water (molar
ratio, 1:1:7) can be used to increase the solubility of ethambutol.

Others
It has been reported that a borneol:menthol (molar ratio, 1:3)
based DES delivery system can promote the intestinal absorption
of daidzein (Shen et al., 2011) (Table 2). Both of the D-
(+)-glucose:sucrose (molar ratio, 1:1) and maleic acid:choline
chloride (molar ratio, 1:3) based DESs could increase the
solubility and potentiate the phototoxic effect of the
photosensitize (Wikene et al., 2015). In addition, camphor:

TABLE 1 | The composition, molar ratio and application of API-based DESs.

DESs composition Molar ratio API Application References

Menthol: Stearic acid 8:1 Menthol Anti-microbial Silva et al. (2019)
Wound healing

Menthol: Myristic acid 8:1 Menthol Anti-microbial Silva et al. (2019)
Wound healing

Menthol: Lauric acid 4:1 Menthol Anti-microbial Silva et al. (2019)
Wound healing

Menthol: Acetylsalicylic acid 1:1 Menthol Anti-microbial Aroso et al. (2016)
Dissolution enhancer

Menthol: Benzoic acid 3:1 Menthol Anti-microbial Duarte et al. (2017)
Dissolution enhancer

Menthol: Phenylacetic acid 2:1; 3:1 Menthol Anti-microbial Duarte et al. (2017)
Dissolution enhancer

Ibuprofen: L-Menthol 1:1 Ibuprofen Anti-inflammatory; Penetration enhancer Stott et al. (1998)
Ibuprofen: LD-Menthol 1:1; 7:13; 1:4 Ibuprofen Anti-inflammatory; Penetration enhancer Stott et al. (1998)
Ibuprofen: Thymol 2:3 Ibuprofen Anti-inflammatory; Penetration enhancer Stott et al. (1998)
Ibuprofen: 1,8-Cineole 2:3 Ibuprofen Anti-inflammatory; Penetration enhancer Stott et al. (1998)
lidocaine: Camphor 1:1 Lidocaine Topical anesthesia Gala et al. (2015)

Penetration enhancer
lidocaine: Tetracaine 1:1 Lidocaine Topical anesthesia Gala et al. (2015)

Penetration enhancer
Itraconazole: Phenol 1:1 Itraconazole Anti-microbial Park et al. (2012)

Penetration enhancer
Cannabidiol: Phosphatidylcholine -- Cannabidiol Anti-inflammation; Penetration enhancer Lodzki et al. (2003)
Ibuprofen: Methyl nicotinate 1:1 Ibuprofen; Methyl nicotinate Anti-inflammatory; Penetration enhancer Woolfson et al. (2000)
Ibuprofen: Menthol 1:3 Ibuprofen; Menthol Anti-inflammatory; Anti-microbial Aroso et al. (2015)
Ibuprofen: Limonene 1:4 Ibuprofen; Limonene Anti-inflammatory; Anti-cancer Pereira et al. (2019)
Paeonol: Menthol 5:5 Paeonol; Menthol Anti-microbial; Penetration enhancer Wang et al. (2017)
Testosterone: Menthol 1:4 Testosterone; Menthol Anti-microbial; Penetration enhancer Kaplun et al. (1997)
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menthol based DES is considered to be an effective delivery
system for the release of ibuprofen more than 7 days
(Phaechamud et al., 2016) (Table 2).

DESS IN API DEILIVERY SYSTEM FOR
TREATMENT OF METABOLIC DISEASES

Cancer
Considering the great mass and energy exchange for cell survival,
cancer cells exhibit discernible differences in metabolic level
compared to normal cells. They autonomously reprogram
their metabolism level and adapt to the tumor
microenvironment to meet the vigorous bioenergetic and
biosynthetic demand (Martínez-Reyes & Chandel, 2021). At
the glucose metabolism level, cancer cells were characterized
by high glucose uptake rate, enhanced glycolysis and increased
lactic acid production. Even in the nutrient-deprived conditions,
cancer cells consume more glucose through glycolysis, but
produce less adenosine triphosphate, which is known as the
Warburg effect (Xu et al., 2021). Moreover, AKT, mTOR and
hypoxia-inducible factor pathways can individually increase
glycolysis through transcriptional upregulation and

phosphorylation of glucose transporters and glycolytic
enzymes, which promote the proliferation of cancer cells
(Weng et al., 2020). Therefore, metabolic pathways are
attractive therapeutic targets for cancer therapy. For instance,
it has been found that limonene induces apoptosis via
mitochondrial pathway and affects cell survival/apoptosis via
PI3K/Akt signaling pathway in colorectal cancer (Bishnupuri
et al., 2019; Araújo-Filho et al., 2021).

Many anti-cancer drugs that target metabolic pathways have
been synthesized by the researchers but it remains unsettled to
find an economical-friendly and highly soluble solvent for the
anti-cancer drugs administration. DESs were applied to the
treatment of cancer through their anti-cancer activity or the
capacity for dissolving anti-cancer drugs. A limonene based
DES (ibuprofen:limonene, with a molar ratio of 1:4) could also
effectively inhibit the proliferation of human colon cancer cell
line HT29 without affecting the viability of healthy cells,
indicating that therapeutic DESs have extensive anti-cancer
potential (Pereira et al., 2019) (Table 3). The DES system not
only retains the therapeutic effects of limonene and ibuprofen,
but also increases the solubility of the two components and
reduces the side effect of limonene on the viability of normal
cell lines. The specific mechanism may be related to the

TABLE 2 | The composition, molar ratio and API solubility of DESs as new solvents for APIs.

DES composition Molar ratio API Solubility (mg/ml) References

Choline chloride Glycolic acid 1:2 Itraconazole 6.70 Li et al. (2016)
Piroxicam 9.90
lidocaine 100.60
Posaconazole 76.80

Glycolic acid: Oxalic acid 1:1.7:0.3 Itraconazole 46.40 Li et al. (2016)
Piroxicam 3.10
lidocaine 295.40
Posaconazole 88.40
Benzoic acid 23.00
Danazol 0.016

Urea 1:3 Griseofulvin 0.0061 Morrison et al. (2009)
AMG517 0.00022
Itraconazole <0.001
Benzoic acid 18.0

Malonic acid 1:3 Danazol 0.1007 Morrison et al. (2009)
Griseofulvin 0.0044
AMG517 0.014
Itraconazole 6.60

Glycerol 1:1 Curcumin 7.25 Jeliński et al. (2019)
Maleic acid 3:1 Curcumin 0.0667 Wikene et al. (2015)
1,2-Propanediol 1:2 Aspirin 202.00 Lu et al. (2016)

acetaminophen 324.00
Naproxen 45.26

Levulinic acid 1:2 Ketoprofen 329.10 Lu et al. (2016)

Proline Urea 2:1 Berberibe 12.3 Sut et al. (2017)
Malic acid: Lactic acid: Water 1:0.2:0.3:0.5 Berberibe 25.0 Sut et al. (2017)
Glutamic acid 2:1 Rutin 2.9384 Faggian et al. (2016)
Choline chloride 1:3 Rutin 2.7992 Chen et al. (2015)

Others Borneol:Menthol 1:3 Daidzein 0.00031 Shen et al. (2011)
Glucose:Sucrose 1:1 Curcumin 0.05211 Wikene et al. (2015)
Choline bicarbonate: Geranic acid 1:1 Insulin -- Banerjee et al. (2017)
Choline bicarbonate: Geranic acid 1:1 BSA -- Banerjee et al. (2017)
Camphor:Menthol 1:1 Ibuprofen 282.11 Myung et al. (2012)
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synergistic or additive effects caused by the hydrogen-bonded
supramolecular arrangements between the two components in
DESs. α-Chitin nanofibers, prepared from the mixture of
choline chloride:urea, choline bromide:urea, or choline
chloride:thiourea (Mukesh et al., 2014), can be used to
encapsulate calcium alginate into biological nanocomposite
gel beads (Table 3). The biomaterial could release the anti-
cancer drug 5-fluorouracil under pH 7.4, which proved the
ability of DESs as API delivery systems for the treatment of
colon cancer, stomach cancer, breast cancer, and other cancers.
In addition, Tan and his colleagues synthesized a natural DES
on the basis of a binary phase diagram of betaine and mandelic
acid to deliver an oral anti-cancer drug (RA-XII). The solubility
and oral bioavailability of RA-XII (Liu et al., 2021) were raised
up to 17.5 and 11.6 times, respectively, affording an approach
for improving the solubility and bioavailability of poorly water-
soluble APIs (Table 3).

The cytotoxicity of N,N-diethylammonium chloride
(DAC) based and choline chloride based DES were
evaluated by investigating the interaction of DESs and
cancer cell lines (HelaS3, AGS, MCF-7 and WRL-68) with
the conductor-like screening model for real solvents (Liu
et al., 2020; Mbous et al., 2020; Rezaei Motlagh et al.,
2020). The results revealed that DAC based DESs (IC50
interval, 37–109 mM) were more toxic than choline
chloride based DESs (IC50 interval, 279–1,260 mM),
indicating the potential of DAC based DESs as an anti-
cancer agent. In addition, the interaction between DESs
and cell membrane phospholipids were also investigated
using a conductor-like screening model for real solvents
(Hayyan et al., 2016). It has been proven that the toxicity
mechanism of DESs to the organism or cell is mainly
manifested in continuous damage to the plasma
membrane, promoting the increase of intracellular reactive
oxygen species concentration, causing the oxidative stress
cascade reaction, and finally leading to cell apoptosis.
Therefore, the safety of DESs can be accessed by cell
toxicity assay before application. Besides, choline chloride:
tartaric acid based DESs can be used as the reaction medium
under ultrasound irradiation for the synthesis of anti-cancer
drug (Figure 1, Table 3). Cytotoxic activity of the anti-cancer

drug in DESs were investigated with breast (MCF-7) and lung
(A549) cancer cell lines (Ahmed Arafa et al., 2019). The
results showed that the derivative [3,3’-(sulfonyl (4,1-
phenylene)) (2-methyl-6-nitroquinazolin-4 (3)-one)]
showed strong inhibitory effect on MCF-7 and A549
cancer cells, but low toxicity to normal breast cell line
(MCF-10A).

In general, the cytotoxicity of DESs to normal or cancer cell
lines is affected by the composition of hydrogen-bonded donors
and receptors. Among them, a hydrogen bond donor is
considered the main driving factor of toxicity, while the
hydrogen bond receptor has a relatively weak effect on
toxicity. In addition, water can significantly reduce the toxicity
of ternary natural DESs. Although DES-based polymers and self-
assembly drugs have been explored in the treatment of cancer,
many efforts still need to be made in transdermal delivery of anti-
cancer drugs, synthesis of anti-cancer nanoparticles and safety
evaluation in vivo.

Diabetes Mellitus
Diabetes is a group of endocrine diseases characterized by
elevated blood sugar, which has become a major safety
problem threatening human health. The reduction in
glycolysis, pentose phosphate pathway and tricarboxylic acid
cycle caused by decreased glucose phosphorylation are the
main manifestations of glucose metabolism in diabetes patients
(Wu et al., 2018). These manifestations eventually elevate blood
sugar and decrease energy supply. In addition, a critical feature in
lipid metabolism disorders is the deficiency or insufficiency of
insulin, which resulted in the increased plasma concentrations of
free fatty acids and triglycerides (Xu et al., 2018).

Insulin has been the most common drug for the treatment
of diabetes, especially in type I diabetes and diabetic
complications. At present, insulin is mainly administered
by subcutaneous injection (Gradel et al., 2020). The
invasive operation is not easy to be accepted by the
patients. Both clinicians and researchers have searched for
a non-invasive method to treat diabetes instead of
subcutaneous injection. For instance, DESs have been used
as a green alternative solvent to dissolve insulin for the
treatment of endocrine diseases through transdermal

TABLE 3 | The composition and proportion of DESs in the treatment of metabolic related diseases.

DESs composition Molar ratio API Diseases References

Ibuprofen: Limonene 1:4 Limonene Colon cancer Pereira et al. (2019)
Choline chloride: Thiourea 1:2 5-Fluorouracil Multiple cancers Mukesh et al. (2014)
Choline chloride 2:1 Bis-quinazolin-4-ones Breast cancer Ahmed et al. (2019)
L- (+)-tartaric acid Lung cancer
Betaine: Mandelic acid 1:1 RA-XII Multiple cancers Liu et al. (2021)
Choline chloride: Malic acid 2:1 Insulin Diabetes mellitus Li et al. (2019)
Choline chloride: Malic acid 2:1 Insulin Diabetes mellitus Vaidya et al. (2020)
Choline chloride: Geranic acid 1:2 Insulin Diabetes mellitus Tanner et al. (2018)
Choline bicarbonate: Geranic acid 1:1 Insulin Diabetes mellitus Banerjee et al. (2017)
Choline chloride: Glycerol 1:1 Curcumin Atherosclerosis Jeliński et al. (2019)
Glucose:Sucrose 1:1 Curcumin Atherosclerosis Wikene et al. (2015)
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administration (Vaidya & Mitragotri, 2020; Li et al., 2019).
During these treatments, the insulin was mixed with choline:
geranic acid based DESs to form a viscoelastic cage gel, which
allowed the DES to act as a transport enhancer to
continuously release insulin (Vaidya & Mitragotri, 2020)
(Figure 1, Table 3). The viscoelastic cage gel exerts the
pharmacological effects of insulin by oral administration
and reduces blood glucose levels in a dose-dependent
manner, confirming the feasibility of ILs/DESs as drug
carriers in the treatment of diabetes. Furthermore, the
hypoglycemic effect of insulin solution, insulin-hydrogel,
and insulin-DESs (choline chloride:malic acid) was
observed by nasal administration (Li et al., 2019)
(Table 3). Insulin-DESs have been proven to be superior
to insulin-hydrogel and insulin solutions, showing the
potential of DESs as insulin carriers for diabetes therapy.

Transdermal administration of choline:geranic acid based
DESs can also increase API delivery efficiency for insulin and
increase the skin permeability of the drug (Banerjee, et al.,
2017; Tanner, et al., 2018) (Table 3). Topical administration
of insulin dispersed DESs (25 U kg−1 insulin dose)
significantly reduced blood glucose levels within 4 hours in
a time-dependent manner. In brief, DESs can be used as a
promising insulin carrier in the treatment of endocrine
diabetes, which is administered through the skin, nasal
mucosa or oral mucosa.

Atherosclerosis
Atherosclerosis, one of the most common cardiovascular
disorders is highly associated with the disorders of lipid
and lipoprotein metabolism (Flora & Nayak, 2019).
Curcumin could protect against arterial damage by
improving serum lipid levels (Li et al., 2015). In
consideration of low solubility and bioavailability of
curcumin, choline chloride:glycerol based DESs has been
developed as API delivery systems by Jeliński and his
coworkers (Jeliński et al., 2019) (Table 3). Curcumin
solubility in the DES increase to 7.25 mg/g, compared with
0.0006 mg/g in water. In addition, Wikene and his colleagues
prepared D-(+)-glucose:sucrose and maleic acid/choline
chloride based DES and assessed the potential of the DESs

as the solvent for curcumin in antimicrobial photodynamic
therapy (Wikene et al., 2015) (Table 3). They found that the
DESs can lock the photo sensitizer within one specific
molecular conformation and potentiate its phototoxic
effect, demonostrating the unique properties of the DESs
as the solvents.

CONCLUSIONS

As green, economical and biodegradable solvents, DESs are
becoming increasingly important because of their abundant
precursor components, accessible synthesis methodologies
and potential to improve drug solubility and bioavailability.
DESs have been effectively employed as API delivery systems in
the treatment of metabolic related diseases. However, it is
difficult to achieve long-term sustained release using most
DESs carriers. Additional efforts should be done to develop
the sustained DESs delivery systems, assess their safety in vivo,
and explore their effectiveness in metabolic-related diseases.
Moreover, substantial work should be done in the clinical
treatment of metabolic diseases using DES-based API
delivery systems.
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