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Abstract: Natural Deep Eutectic Solvents (NADES) are an environmentally acceptable and promising
green alternative to traditional organic solvents in the pharmaceutical industry. Composed of naturally
derived, biodegradable components such as sugars, amino acids, and organic acids, NADES offer
significant advantages in terms of safety, sustainability, and tunable properties. These solvents exhibit
low volatility, high thermal stability, and excellent solubilization capabilities for both polar and non-
polar compounds, making them ideal for drug extraction, formulation, and delivery. Unlike traditional
solvents, NADES can enhance the solubility and bioavailability of poorly water-soluble drugs, reduce
the need for harmful excipients, and support eco-friendly manufacturing processes. Recent studies have
also highlighted their potential in improving the stability and therapeutic efficacy of active
pharmaceutical ingredients (APIs). Furthermore, their biocompatibility and minimal toxicity expand
their applicability in areas such as topical formulations and nanocarriers. Despite their growing promise,
challenges such as standardization, regulatory acceptance, and large-scale production need to be
addressed. This review discusses the composition, preparation, and pharmaceutical applications of
NADES, emphasizing their role in advancing green chemistry principles. Overall, NADES represent a
transformative approach for sustainable pharmaceutical development, aligning with environmental
goals while maintaining high-performance standards in drug design and delivery.
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1. Introduction

Solvents are essential constituents in the pharmaceutical industry, principally
functioning as media for dissolving or suspending active pharmaceutical ingredients (APIs)
and excipients to support medication formulation, extraction, purification, analysis, and
distribution [1]. Based on their properties solvents can be classified into, aqueous solvents (e.g.,
water, saline [sodium chloride solution], phosphate-buffered saline [PBS], ringer's solution),
non-aqueous solvents (e.g., acetonitrile, dimethyl sulfoxide (DMSOQ), dimethylformamide
(DMF), glycerol (GLO), propylene glycol (PPG), tetrahydrofuran (THF), etc) and organic
solvents (e.g., acetone, benzene, chloroform, dichloromethane. diethyl ether, ethanol, hexane,
methanol, pentane, toluene, etc). The solvent chosen is generally decided by the drug's unique

https://biointerfaceresearch.com/ 10f30


https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC156.077
mailto:rajasekharant2k@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5453-5102
https://orcid.org/0000-0001-7338-3207
https://orcid.org/0009-0003-4496-0660

https://doi.org/10.33263/BRIAC156.077

qualities and the desired formulation. Solvents are utilized in various processes, including
crystal formation, medication creation, and formulation development. To ensure the safety,
efficacy, and quality of pharmaceutical goods, it is critical to select an appropriate solvent. The
solvent should be non-toxic, inert, non-flammable, odorless, colorless, compatible with the API
and excipients, and in compliance with regulatory standards [2].

Water is the most commonly utilized solvent in pharmaceutical applications because it
is inexpensive, readily available, biocompatible, and nontoxic. It is a polar solvent that can
dissolve and suspend a variety of molecules, including several APIs and excipients. Water is
widely used in the pharmaceutical industry for a multitude of processes, including cleaning,
synthesis, extraction, purification, analysis, condensation, and formulation. Water is often
combined with other solvents to improve solubility and stability. Water plays an important role
in oral, topical, and injectable dosage forms by dissolving and suspending APIs and excipients,
providing uniform distribution and bioavailability [3].

Volatile organic solvents (VOCs) are frequently used in the pharmaceutical sector for
various applications, including cleaning, dissolving, synthesis, extraction, purification,
analysis, and formulation [4]. Common VOCs include ethanol, methanol, acetone, and
dichloromethane, among others. VOCs are organic molecules that easily evaporate into the
atmosphere at normal room temperatures [5]. Their rapid evaporation is extremely
advantageous in processes such as film coating, crystallization, and spray drying, where solvent
removal is crucial. However, its volatile nature may increase environmental and health
problems [6]. Due to their potential toxicity and environmental implications, the use of VOCs
should be closely monitored [7]. Strict regulatory restrictions assure that residual solvent levels
in pharmaceutical goods remain within acceptable limits, as defined in the ICH Q3C
recommendations [8]. As a result, there is an increasing need to reduce the usage of VOCs in
pharmaceutical production [9]. Green solvents are being investigated as an alternative to VOCs
to reduce environmental effects while maintaining solvent qualities suitable for pharmaceutical
uses [10,11].

The 2010-2050 environmental policy and laws of the European Union place a high
priority on reducing the use of VOCs and petrochemical solvents due to their harmful
properties. Due to their volatility and flammability, these substances pose significant dangers
in addition to being extremely toxic. With its emphasis on minimizing environmental damage,
reducing air pollution, and promoting the use of safer, more environmentally friendly
alternatives in industrial operations, the policy aligns with broader sustainability objectives.
This change demonstrates a commitment to a more sustainable and greener future in line with
international environmental objectives [12].

Green technology is currently one of the most pressing concerns in science, as it aims
to protect our environment by mitigating the adverse effects of human activities. Green
technology encourages the use of safe, non-toxic media, produces eco-friendly solubilization
methods by managing temperature and pressure, and generates novel ‘GREEN’ solvents (GSs).
With the various forms of green technology, discovering new GSs could be the most important
[13].

Since the 1990s, a significant thrust of green chemistry has given birth to the concept
of the GS. The GSs align with the concepts of green chemistry [14]. GSs are a class of
environmentally friendly alternatives to traditional VOCs [15]. They are designed to reduce
pollution and toxicity, thereby minimizing adverse impacts on human health and the ecosystem
[16]. These GSs are typically derived from recyclable sources, are biodegradable, and have a
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low environmental impact. In pharmaceutical applications, GSs are being increasingly used to
enhance the sustainability of drug manufacturing processes. These GSs offer benefits such as
reduced toxicity, biodegradability, lower volatility, and improved selectivity in drug extraction,
purification, and formulation without the harmful effects associated with VOCs.

The pharmaceutical sector is actively focusing on the introduction of 'NEOTERIC'
solvents, which are nonconventional or unconventional. Neoteric solvents will be more
environmentally friendly, possess attractive and adjustable characteristics such as low vapor
pressure at essentially ambient temperatures and high thermal, chemical, and electrochemical
stability [17]. Adopting GSs allows the pharmaceutical industry to contribute to a more secure
and ecologically friendly future. Examples of GSs include water, supercritical fluids, ionic
liquids (ILs), deep eutectic solvents (DESs), and natural solvents (like essential oils) [18].

For the past 20 years, ILs have garnered considerable attention from scientists, and the
number of studies about them has increased rapidly. ILs are salts that remain liquid at room
temperature, and their attraction arises from the ability to modify their properties by combining
various cations and anions [19].

ILs gained popularity as a greener alternative to VOCs due to their strong thermal
resistance, non-flammability, greater solubility, chemical stability, minimal volatile content,
and tunability. They were utilized in processes such as biotransformations, biodiesel
production, and pharmaceutical applications. High synthesis costs, purifying challenges, and
hazard concerns limited their widespread use. Their "green™ or environmentally friendly status
is also often questioned due to their low biodegradability, biocompatibility, and sustainability.
These issues have led to the rise of DESs [20]. Due to their advantageous characteristics, DESs
have been reported for numerous industrial applications as potential replacements for ILs [21].
DESs have emerged as a more sustainable, cost-effective replacement for both ILs and organic
solvents, offering similar tunable properties without the associated environmental and safety
issues [20]. Table 1 shows the comparison between NADES, IL, and VOCs.

Table 1. Comparison between NADES, IL, and VOCs.
Volatile organic solvents

Attribute NADES lonic Liquids (ILs) (VOCs)
Composed of a eutectic mixture of a Oraanic compounds with
Solvent type hydrogen bond donor (HBD) and a Composed entirely of ions g P

hydrogen bond acceptor (HBA)

low boiling points

Physical state

Liquid at room temperature

Liquid at room temperature

Liquid at room
temperature

Viscosity

Generally higher viscosity compared

Lower viscosity compared to

Generally low viscosity

to ILs DES
Melting point | Lower melting point compared to ILs Higher melt;ggDpé)ént compared Low melting point

Preparation

Formed by mixing an HBD and an
HBA in a specific ratio

Prepared by combining
appropriate cations and anions

Derived from organic
compounds

Applications

Used to solubilize active molecules
with low aqueous solubility and/or
low permeability, increasing
bioavailability and therapeutic
efficacy

Used as solvents, co-solvents,
emulsifiers, and in drug
delivery systems to improve
solubility, stability, and
bioavailability of drugs

Widely used as solvents in
drug synthesis, extraction,
and purification processes

Environmental

Considered more environmentally
friendly due to the use of natural

Can have varying
environmental impacts

Often toxic and

Impact components depending on the specific IL environmentally hazardous
Generally described as biodegradable Can have varying toxicity . .
Toxicity and nontoxic, but safety must be levels depending on the Often toxic and require

carefully studied during development

specific IL and its components

careful handling

Pharmaceutical
formulations

Used to solubilize active molecules
with low aqueous solubility and/or
low permeability, increasing
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Volatile organic solvents

Attribute NADES lonic Liquids (ILs) (VOCs)
bioavailability and therapeutic solubility, stability, and solvents in the final
efficacy bioavailability of drugs product
Environmentally friendly, High solubility, stability, and Effective solvents for a
biodegradable, non-toxic, can bioavailability can be tailored wide range of compounds,
Advantages - S o L '
enhance bioavailability and for specific applications, and low cost, and widely
therapeutic efficacy reusable available
Higher viscosity, limited research on Potential toxicity, Toxicity, epwronmental
. : . - . hazards, residual solvents
Disadvantages long-term safety, potential for environmental impact, high e
T - - in final products, and
variability in composition cost, complex synthesis o
regulatory restrictions
Examples Choline chloride and urea, lactic acid, 1-Butyl-3-methylimidazolium Acetone, benzene, toluene,
P and glucose chloride, choline-based IL xylene, formaldehyde, etc.

This review begins with a brief overview of DESs, focusing on their preparation and
classification methods. It then focuses on recent advancements in the application of NADESs
within the pharmaceutical field, highlighting their role in drug solubility, stability, and
formulation. It also includes their use in extracting and isolating plant metabolites, improving
the solubility and stability of active pharmaceutical ingredients, and incorporating them into
various pharmaceutical formulations.

2. Deep Eutectic Solvents (DESS)

Deep Eutectic Solvents (DESs) come under the category of Neoteric GS [22]. It is
created by mixing two or more ingredients, often an HBD and an HBA, in a specific ratio,
creating a new, often liquid phase at room temperature. When combined, these components
exhibit a substantially lower melting point than either individual ingredient, resulting in a liquid
mixture at a temperature far below the expected melting point of the individual ingredients
[22].

The term "Deep" refers to a significant depression of the melting point of the solvent
mixture compared to that of the individual components at room temperature. The term "deep”
indicates the fact that this solvent has a large solubilizing capacity, which frequently allows it
to dissolve substances that are often not soluble in conventional solvents. Due to this
characteristic, DES is particularly beneficial in fields where non-toxic, biodegradable solvents
are essential, such as medicine delivery, extraction of bioactive substances, and green
chemistry [23].

The term "Eutectic" is derived from the Greek, meaning "easily melted". It refers to a
mixture of two or more components that has a melting point lower than any of the individual
components [24]. DESs are affordable "designer” solvents with a variety of adjustable
physicochemical characteristics. This property makes DESs useful in various applications,
including as solvents, particularly for dissolving or extracting bioactive compounds in green
chemistry [25].

HBD: These molecules contain functional groups like NH2, OH, or COOH that can
donate hydrogen atoms to form hydrogen bonds with acceptors. Few examples are amides
(urea, acetamide (ACT), polyols [xylitol (XYL), mannitol, sorbitol (SOR), etc.], carboxylic
acids (lactic acid (LA), malic acid (MA), oxalic acid (OA), succinic acid (SA), etc.), alcohols
(1,2-propanediol, 1,3-propanediol, triethylene glycol, etc.), and sugars (fructose (FRU),
glucose (GLU), etc.)

HBA: These molecules often contain OH groups or negative ions (like CI") that can
accept hydrogen bonds from donors. Few examples are quaternary ammonium salts (choline
chloride (CC), tetramethylammonium chloride, tetraethylammonium bromide, etc.), metal
https://biointerfaceresearch.com/ 40f30
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halides (zinc chloride (ZnCl.), iron (I11) chloride (FeCls), aluminum chloride (AICls), etc.),

ammonium salts (ammonium nitrate,

ammonium acetate,

etc.), phosphonium salts

(tetrabutylphosphonium chloride, tetrabutylphosphonium bromide, etc.). A few examples of
individual and combined (DES) melting points are shown in Table 2, and their functional roles
are listed in Table 3.

Table 2. Individual and combined (DES) melting points of different HBD and HBA.

Melting point Melting Molar ratio of Melting
HBD of HBD HBA temperature of HBA | HBD and HBA | point of DES References
ACT 82°C cC 302°C 1:2 51°C [26]
Ethylene -12°C Choline 80°C - 85°C 21 20°C [27]
glycol (EG) acetate )
FRU 103°C CcC 302°C 1:2 ~40°C
GLO 18°C CcC 302°C 2:1 23°C
o Choline o .
GLO 18°C acetate 80-85°C 1:1 20
GLO 18°C Choline 80-85°C 1:1.25 14
acetate [27]
o Choline o .
GLO 18°C 80-85°C 1:15 13
acetate
o Choline o .
GLO 18°C acetate 80-85°C 1:2 23
GLO 18°C Choline 80-85°C 1:3 20
acetate
LA 53°C CC 302°C 1:2 -77.73°C
LA 53°C CC 302° 1.3:1 -76.75
LA 53°C CC 302° 2:1 -77.73
LA 53°C CC 302° 5:1 -69.23
LA 53°C CC 302° 10:1 -66.3 28]
LA 53°C Alanine (AL) 300°C 9:1 -59.31
LA 53°C Betaine (BE) 301-305°C 2:1 -46.86
LA 53°C Glycine 233°C 9:1 -54.51
LA 53°C Histidine 287°C 9:1 -39.22
LA 53°C Proline (PRO) 221°C 2:1 -36.69
MA 130°C AL 300°C 1:1 -42.64
MA 130°C BE 301-305°C 11 -20.01
MA 130°C CcC 302°C 11 -56.48
MA 130°C Glycine 233°C 1:1 -34.08 [28]
MA 130°C PRO 221°C 1:1 -13.64
MA 130°C PRO 221°C 1:2 -15.51
MA 130°C PRO 221°C 1:3 -44.38
OA- o o .
Dihydrate 101-106°C BE 301-305°C 1:1 -17.19
OA- o o )
Dihydrate 101-106°C PRO 221°C 11 -42.91
OA- o o .
Dihydrate 101-106°C CcC 302°C 1:1 -40.17 [28]
OA- 189-191°C CcC 302°C 1:1 -46.06
Anhydrous
OA- 189-191°C PRO 221°C 11 -14.45
Anhydrous
o Choline o . o
Urea 133°C acetate 80-85°C 2:1 18°C [27]
Urea 133°C CcC 302°C 2:1 13°C
Urea 133°C CC 302°C 2:1 12°C
Urea 133°C Choline 21 1°C
fluoride
Urea 133°C Choline 2:1 4°C
nitrate [26]
N-ethyl-2-
hydroxy-N,
Urea 133°C N-dimethyl 75-78°C 1:2 -38°C
ethanaminium
chloride

https://biointerfaceresearch.com/
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HBD

Melting point
of HBD

HBA

Melting

temperature of HBA

Molar ratio of
HBD and HBA

Melting
point of DES

References

Urea

N-benzyl-2-
hydroxy-N,
N-
dimethylethan
aminium
chloride

133°C

75-78°C

1:2 -33°C

Urea

N,N,N-
trimethyl(phe
nyl)methanam

inium
chloride

133°C

145-150°C

1:2 26°C

Urea

2-(acetyloxy)-
N, N, N-
trimethyletha
naminium
chloride

133°C

146-152°C

1:2 -14°C

Urea

2-chloro-N,
N, N-
trimethyletha
naminium
chloride

133°C

239-243°C

1:2 15°C

Urea

N-benzyl-2-
hydroxy-N-
2-

hydroxyethyl)
-N-
methylethana
minium
chloride

133°C

75-78°C

1:2 -6°C

Urea

2-fluoro-N,
N, N-
trimethyletha
naminium
bromide

133°C

103°C

1:2 55°C

Urea

Ethylammoni

133°C um chloride

107-108°C

29°C

Tin (11)
Chloride

2-acetyloxy-
N, N, N-
trimethyletha
naminium
chloride

247°C

149-152 °C

2:1 20

Tin (11)
Chloride

247°C CcC

302°C

2:1 37°C

Tin (11)
Chloride

N-(2-
hydroxyethyl)
-N, N-
dimethylanili
nium chloride

247°C

2:1 17

zZinc
Bromide

394°C CcC

302°C

[29]
211 38

zZinc
Bromide

2-acetyloxy-
N, N, N-
trimethyletha
naminium
chloride

394°C

146-150°C

1:2 48

Iron (111)
Chloride

N-(2-
hydroxyethyl)
-N, N-
dimethylanili
nium chloride

306°C

21 21

Table 3. Functional roles of HBD and HBA in DES formation: Mechanistic insights.

HBD

Reason for HBD behavior

HBA

Reason for HBA behavior

ACT

The NH: group donates hydrogen
bonds.

cC

OH group accepts hydrogen bonds, with CI- also
contributing to hydrogen bonding.

Citric acid (CA)

Multiple COOH groups donate
hydrogen bonds.

https://biointerfaceresearch.com/
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HBD Reason for HBD behavior HBA Reason for HBA behavior
OH groups can donate hydrogen OH group accepts hydrogen bonds; CI- provides
EG cC s . .
bonds. additional sites for H-bonding.
OH groups donate hydrogen OH group accepts hydrogen bonds, with C1~
FRU cC o~ P L
bonds. providing additional bonding sites.
OH groups donate hydrogen OH group accepts hydrogen bonds, with CI-
GLU cc - L
bonds. serving as an additional acceptor.
GLO OH groups donate hydrogen cC OH group can accept hydrogen bonds, and C1-
bonds. contributes to HBA.
OH and COOH groups can donate OH group accepts hydrogen bonds, with C1~
LA - cC LI .
hydrogen bonds easily. enhancing interaction.
Levulinic acid COOH and OH groups serve as cc OH group accepts hydrogen bonds, with CI~ aiding
(LVA) HBD. the acceptance process.
Malonic acid COOH groups can donate cC OH group accepts hydrogen bonds; CI~ enhances
(MoA) hydrogen honds. the ability to accept hydrogen bonds.
Menthol OH group donates hydrogen Camphor Ketone group (C=0) accepts hydrogen bonds from
bonds. HBDs.
COOH groups donate hydrogen OH group accepts hydrogen bonds; CI~ enhances
OA CcC
bonds. hydrogen bond acceptance.
PPG OH groups donate hydrogen cc OH group accepts hydrogen bonds, with C1~ aiding
bonds. in H-bond acceptance.
Resorcinol OH groups on aromatic rings cc OH group accepts hydrogen bonds; CI- further
donate hydrogen bonds. enhances hydrogen bond acceptance.
Multiple OH groups donate OH group accepts hydrogen bonds, supported by
SOR cc A
hydrogen bonds. the CI” anion.
SA COOH groups donate hydrogen cc OH group accepts hydrogen bonds, and C1-
bonds. enhances H-bond acceptance.
Tartaric acid OH and COOH groups donate cc OH group accepts hydrogen bonds, and CI-
(TA) hydrogen bonds. enhances this property.
Thiourea NH: groups donate hydrogen cC OH group accepts hydr9gen bonds enhanced by the
bonds. CI” anion.
NH: groups donate hydrogen OH group in choline can accept hydrogen bonds;
Urea CcC U 4
bonds. CI anion also enhances H-bonding.
XYL Multiple OH groups serve as HBD. cc OH group acicepts hydr_ogen bonds, supported by
CI" as an additional acceptor.

Many research studies suggest that DES is harmless because the majority of its

ingredients are natural substances. However, the toxicity of the resulting blend must be
carefully examined, as significant differences between the individual ingredients can be

observed [30].

2.1. Preparation method of DES.

DES is simple to develop in its pure form [31]. Several commonly reported methods
for preparing DESs include trituration, mixing without and with heat, freeze-drying, vacuum
evaporation, microwave irradiation, and ultrasonication. Among these, the most frequently
used methods are trituration (grinding) and mixing, mainly due to their simplicity and
effectiveness. Trituration involves using a mortar and pestle to grind the DES components at
room temperature until a clear solution is formed. In the mixing method, the components are
stirred continuously at a controlled temperature, typically between 50°C and 100°C [32].
Figure 1 shows DES prepared with various methods. Table 4 summarizes the different
approaches and experimental conditions employed in the preparation of DES.

Table 4. Methods and conditions for preparing DES.

Method Equipment Procedure Condition End point Ref
Trituration Mortar and pestle Mix HBD and HBA Without heat Formatlpn 9f a clear [33-36]
components liquid
Mixing Magn_etlc ar_1d Mix HBD and HBA Without heat Formatlgn Qf a clear [37]
mechanical stirrer components liquid
. Magnetic and Mix HBD and HBA With slight or Formation of a clear
Mixing - - more heat A [38]
mechanical stirrer components liquid
(ranges between

https://biointerfaceresearch.com/
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50 and 100°C)
. Refrigerator/Deep Mix HBD and HBA . Formation of a clear
Freezing Freezing A [39]
freezer components liquid
Sugar-based DESs with high Evaporate the
Vacuum viscosity are difficult to mix water at Formation of a clear
. Rotatory flash This difficulty can be solved 323K/49.85°C A [39]
evaporating . - liquid
by adding extra water to the using rotary
mixture. flash
Microwave . Mix HBD and HBA Mlcrowavgd for Formation of a clear
S Microwave oven . - a certain N [40-42]
irradiation components in a vial durati liquid
uration.
Exposed to
L ultrasonication .
Ultrasonicati Ultrasonicator The I_—lBA and HBD are for 1.5 hours, Formatlpn pf a clear [43,44]
on mixed in a sealed glass vial. . liquid
ranging from
medium to 60°C.
—  Trituration method
g — Mixing without heat
—
o
% —  Mixing with heat
& 1  Freezing method
5 .
“ | L Vacuum evaporating
= method
2
% | | | Microwave irradiation
>, method
— Ultrasonication method
Figure 1. Various methods of preparation of DES.
Table 5. Suitability of various methods for DES preparation.
Method Suitable for Not suitable for
More suitable for thermally unstable . .
Trituration components [39]. Small-scale lab Hazy blends [3] highly viscous components and

preparations large-scale production.

Ideal for heat-sensitive or thermally labile
ingredients.

Liquid acids [39].

No clear DES formation even after prolonged
mixing [3].

Carboxylic acids based ingredients, which are
susceptible to ester formation [45].
Large-scale production in terms of energy cost,
time-consuming, and financial viability [39].
Thermally sensitive components that could
degrade during water evaporation at elevated
temperatures
Thermally sensitive components; risk of
localized overheating and degradation.
Less effective for very high-viscosity systems;
limited scalability without industrial
equipment.

Mixing without heat

Mixing with heat

More suitable for thermally unstable
components [39].

When both HBA and HBD are water soluble
[39].

Rapid DES synthesis; effective for poorly
soluble or viscous systems; energy-efficient.

Freezing

Vacuum evaporating

Microwave
irradiation

Enhances mass transfer; good for difficult-to-

Ultrasonication . . 2
mix or viscous systems; mild temperatures.

2.2. Classification of DES.

Based on the nature of the components, DESs are classified into five main types (Table
6); types I to IV are ionic, and type V is nonionic.

Type | DESs: These DESs are typically formed by combining a metal halide with an
HBD, where the HBD stabilizes the metal salt by disrupting its crystal lattice and lowering the
melting point. They are often used in metal processing and electrochemical applications. Metal

https://biointerfaceresearch.com/ 8 of 30
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halide (usually cadmium chloride, copper (1) chloride, copper (I1) chloride, lanthanum chloride,
lithium chloride, silver chloride, tin (1) chloride, tin (IV) chloride, yttrium chloride, and zinc
chloride) mixed with HBD (such as urea, GLO, or EG) [46].

Type Il DESs: These DESs utilize the hydration water from metal halide and CC to
assist in lowering the overall melting point. It is known that metal halide hydrates have lower
melting points than their anhydrous substitutes. This phenomenon can be linked to the presence
of water molecules, which effectively reduce the lattice energy of the metal salt, thereby
lowering its melting temperature. They are used in electroplating and other electrochemical
applications where water plays a significant role. They are made from hydrated metal salts
(e.g., zinc chloride hydrate and iron(l11) chloride hexahydrate) and HBDs, such as urea or GLO
[46].

Type 111 DESs: This is the most widely studied and utilized class of DESs. Type IlI
DESs can be obtained by mixing quaternary ammonium salts, such as CC, with HBDs like
urea, GLO, or carboxylic acids. These DESs have drawn interest due to their ability to dissolve
a variety of transition metal compounds, including oxides and chlorides. Type Il eutectics
frequently utilize amides and polyols, including urea, glycerol, ethylene glycol, fructose, and
erythritol, which are generally low in toxicity [46].

Type IV DESs: Type IV DESs are formed by combining quaternary ammonium salts
with metal salts, resulting in clear liquids with numerous applications, including
electrochemistry, materials science, and metal recovery processes. Quaternary ammonium salts
(e.g., choline chloride) mixed with metal salts (e.g., ZnCl) [47] ZnCl; + Urea, AlICIz+ urea,
and CrCls-6H20 + Urea result in the formation of type IV DES [48].

Type V DESs: Type V is a non-ionic DES [49] formed by combining solid, non-ionic
ingredients. These DESs exhibit significant deviations from ideal thermodynamic behavior.
Type V DESs formed by metal chloride hydrate and amides with HBD (urea, EG, GLO, and
LA) [50-52]. Also includes thymol/menthol, [49] thymol/hexadecanoic acid, and
thymol/camphor [51].

Table 6. Classification of DES based on components.

Type Components Examples Applications
| Metal Salt + HBD ZnCls + Urea; FeCls + EG Metal processing, electrochemical
applications
I Hydrated Metal Salt + ZnClxFLO + Urea Electroplatlng_, ele_:ctrochemlcal
HBD applications
Quaternary Ammonium . Biocatalysis, pharmaceuticals, chemical
I Salt + HBD CC + Ureg; CC+ GLO synthesis
Quaternary Ammonium CC + ZnClL Electrochemistry, material science, metal
v Salt + I)(/Ietal Salt ZnCl2 + Urea, AlCIs+ urea and recovery, and extractive desulfurization of
CrCl3:6H20 + Urea fuels
Thymol/Menthol,
\% Non-ionic compounds Thymol/Hexadecanoic Acid, Solvents for dissolving hydrophobic drugs
Thymol/Camphor

3. Natural Deep Eutectic Solvent (NADES)

The name NADES was introduced by Choi et al. in 2011. In recent years, NADES have
grown as a novel type of absolutely green solvent that has received a lot of attention for their
likely use in natural product research [53]. NADES are a unique type of liquid, different from
water and fats found in all living cells [54]. Like DESs, they form by mixing an HBD and an
HBA [55]. NADES are made from two or more natural solid substances, such as amino acids,
organic acids, bases, polyalcohols, sugars, and sugar alcohols. These substances interact
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through hydrogen bonding and turn into a liquid at specific molar ratios [56,57]. If the ratio is
incorrect, either no eutectic solvent forms or a solid precipitate forms quickly [54].

NADES may replace VOCs in various applications. So far, numerous researchers have
developed over 150 NADES mixtures [56,57]. NADESs possess numerous beneficial
characteristics, including low cost, long-term viability, biocompatibility, environmental
friendliness, exceptional dissolving power, excellent designability [57], and reduced volatility
due to their low vapor pressure [58]. Less volatile compounds are more stable due to stronger
molecular interaction forces (hydrogen bonds) and dipole—dipole interactions, respectively
[59]. NADES have potential benefits for formulation and effectiveness of therapy in
pharmaceutical formulations by stabilizing biomolecules in solution, improving drug delivery
systems, and making poorly soluble medications more soluble [54]. The effectiveness of these
NADES in terms of extracting ability, analyte stabilizing capacity, and detecting compatibility
has been demonstrated by an increasing number of publications over the past few years [60].

NADES have found diverse applications across several fields, including extraction,
synthesis, isolation, electrochemistry, and bioavailability improvement. NADES are excellent
in extracting and isolating biologically active substances from natural origins such as plants,
algae, and fungi, while preserving their structural integrity and biological functions [53]. A
solvent filtration phase is not necessary after the extraction process, and the extract can be
utilized immediately in food-grade applications, which reduces the overall cost compared to
the conventional extraction method that uses VOCs [58]. NADES can also function as solvents
and catalysts in chemical reactions, such as esterification, transesterification, and aldol
condensation. NADES form complexes or micelles with poorly water-soluble drugs, thus
increasing their solubility, stability, permeability, absorption, and bioavailability in biological
systems. They also serve as carriers or enhancers in various drug delivery systems, including
nanoparticles, liposomes, and hydrogels. Furthermore, NADES have potential applications as
antibacterial and antifungal agents [53].

3.1. Applications of NADES.

Figure 2 illustrates the pharmaceutical applications of NADES, highlighting their roles
in the efficient extraction and isolation of phytoconstituents from natural sources, as well as
significantly enhancing the solubility, oral bioavailability, and stability of APIs, and serving as
functional ingredients in pharmaceutical formulations.

Extraction of
phytoconstituents

To improve Isolation of

stability phytoconstituents
Applications
of NADES
To prepare Solubility
pharmaceutical ~—————( improvement of
formulations APIs

Bioavailability
improvement

Figure 2. Multifunctional roles of NADES in pharmaceutical applications.
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3.1.1. Extraction and isolation of phytoconstituents.

Choosing the right solvent is crucial for creating effective and selective methods for
extracting target chemical substances from plant material [55]. Ideal solvents should have
excellent specificity, matching the polarities of the target molecule, and promote safety by
being nontoxic, nonexplosive, and non-flammable [61]. The solvent must be chemically
neutral, efficiently separated from the plant material, and have a low viscosity to enable
efficient mass transfer. Additionally, a low boiling point is necessary to prevent damage to
heat-sensitive substances during extraction. Furthermore, the solvent should be affordable,
providing economic viability while retaining extraction efficiency [62].

Traditional VOCs are widely used for plant extraction, listed in order of increasing
polarity, including petroleum ether, n-hexane, toluene, diethyl ether, chloroform,
dichloromethane, ethyl acetate, acetone, n-butanol, ethanol, and methanol [63]. VOCs have
been frequently used in large volumes, particularly in the maceration or percolation process,
for centuries, which significantly increases extraction costs [64]. VOCs are extremely effective
but have several drawbacks, including high flammability, toxic effects, and non-
biodegradability [65]. Furthermore, the use of VOCs poses health risks and environmental
hazards due to residual solvents in the extraction process and inadequate extraction methods
[66]. Their volatility results in the release of air pollutants that contribute to global warming
[67].

Green solvents can overcome these constraints by providing a more secure and
environmentally friendly alternative. When compared to traditional VOCs, NADES have
demonstrated exceptional promise as extraction solvents, significantly increasing the solubility
and bioactivity of various chemicals. Their application enhances the stability and shelf life of
bioactive substances, while also increasing their solubility. Additionally, substances dissolved
in NADES have demonstrated increased bioavailability, thereby enhancing their efficacy in
nutraceutical and medicinal applications. Due to these special qualities, NADES offer a viable
alternative to conventional VOCs, enabling more effective and environmentally friendly
extraction procedures [62]. Table 7 summarizes the extraction of bioactive compounds using
NADES, highlighting their components, sources, and the extraction methods employed.

Table 7. Extraction of bioactive compounds using NADES: Components, sources, and methods.

Extracted Extracting HBD HBA | BestNADES | Other NADES Method Ref
compound from
Black Ultrasound-
Anthocyanin CA cC CC:CA - assisted [68]
carrots :
extraction
GLU, CC, GLO
Luma . Lo ’ Ultrasound-
Anthocyanins chequen GLU LA LA: _GLU CA, T'_A‘ and LAS assisted [69]
; (8:1) [LAs:GLU (8: X
(Molina) 1)] extraction
1,2-Propanediol—
CC; LA-GLU;
1,2- ' ' Ultrasound-
. Catharanth oL CC; . MA-PRO; MA— :
Anthocyanins US 10SeUs Péolf)ar_]e'\cjllgl, LA: PRO LA: GLU CC: GLU-CC eii?;:tt?gn [70]
' and GLU-FRU-
SUC
GLU, XYL, CC: CA: CC, LA, TA, High-speed
. : o CA, GLO, XYL, P
Anthocyanins manitol, GLU (1:1:1) . homogenization,
Mulberry . CC, BE . mannitol, S [71]
(6.05 mg/gm) maltoselactic with 30% and cavitation-
. maltose, and .
acid, TA, CA water content GLU burst extraction
Anthraquinones Rheum GLU, CC, MA, LA, LA:GLU: MA, CC, GLO, Ultrasound-
(Aloe-emodin, palmatum FRU, SUC, GLO, 1,2- water.(5'1'1.0) B-AL, PRO, assisted [72]
Rhein, Emodin, L xylose, SOR, | propanediol - FRU, xylose, extraction
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Extracted Extracting HBD HBA | BestNADES | Other NADES Method Ref
compound from
Chrysophanol, and XYL, and B- GLU, SUC, 1,2-
Physcion) AL propanediol, LA,
SOR, and XYL
L-carnitine
_ Artemisia . . and L-Carnitine and Ultrasound-
Artemisinin 1-carnitine Isosorbide . . - - assisted [73]
annua isosorbide isosorbide .
. technique
(1:2)
CC: GLO (1:2),
_ Shrimp GLO, OA, gg Eﬁ: ((ig)) UItra_sound-
Astaxanthin CcC LA, TA, CC: LA (1:2) ) e assisted [74]
waste shell mallic acid CC: TA (1:2), technique
CC: Mallic acid
(1:2)
GLU:FRU:SUC:
water (1:1:1:11),
GLU:FRU:
water (1:1:11),
GLU:SUC:
water (1:1:11),
FRU:SUC: water
Bioactive (1:1:12), Ultrasound-
compounds Olive leaf cc FRU CC:FRU: | CC:GLU: water assisted [75]
(oleuropein and Water (5:2:5) (5:2:5), extraction
caffeic acid) CC:FRU: water
(5:2:5),
CC:SUC: water
(4:1:4), CC: LA
(1:2), CC: MoA
(1:1), CC: EG
(1:2), and CC:
GLO (1:2)
Four bioactive EG, GLO, DL-
. ; MA, LA,
steroidal saponins
U MoA, 1-
(protodioscin, Dioscoreae methylurea
protogracillin, . . ' CC, BE, L- CC:MoA Ultrasonic
pseudoprotodiosci Nlpponlcae ACT, urea, PRO (1:1) ) extraction [76]
N and Rhizoma XYL, GLO, D- ’
pseudor;rotogracill SOR, DL-MA,
in) MoA, CA, and
OA
Phenolic Helichrysu Ultrasound-
compound m CcC LA CC: LA (1:4) - assisted [77]
arenarium -
(Chalcones) L extraction
MA:CC (1:1),
FRU:GLU:SUC
Chlorogenic acid | Artemisiae CC, GLU, MA, LA, PRO-MA (%511§)GLLACJGCLCU Extraction using 78]
[3.77 mg/gm] scopariae PRO, SUC SOR, FRU (1:1) (1:1), PRO:MA a water bath
(1:1), SOR:CC
(1:3).
ACT,
Triethylene CC (HBD),
Flavonoids glycol, 1,2- combination
(orientin, Fagopyrum Propanedio CC: with ACT,
isoorientin, esculentum 1, 1,4- Triethylene Triethylene Ultrasound-
vitexin, isovitexin, Mdench CcC Butanediol, glycol (1:4) glycaol, 1,2- assisted [79]
quercetin-3-0O- (Buckwhea urea, EG, containing Propanediol, 1,4- extraction
robinobioside, and | t sprouts) GLO, OA, 20% water Butanediol, urea,
rutin) and EG, GLO, OA,
melonic and melonic acid
acid
Flavonoids (rutin,
quercetin-3-O- .
glucoside, 6 Sea 14- 1,4-_ Mlcrc_)wave-
Y buckthorn CcC L butanediol:C - assisted [80]
quercetin, leaves butanediol C(3:1) extraction

kaempferol, and
isorhamnetin)
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Extracted Extracting HBD HBA | BestNADES | Other NADES Method Ref
compound from
Glycyrrhizic acid . .
[53.72+0.57 G'y‘fggrg'za cc LA CC-LA (1:1) - E’r;t;’ﬁgg” 81]
mg/gm] 9
- Pinus LA:TA: CC DES assisted
Lignin pinaster cc LA and TA (4:1:1) ) extraction [82]
Edible
Mycotoxin insects
(furr)llonisin B (cricket ultra-high
fumonisin B 'Il'l-z flour, performance
toxin, HT-2 toxin, silkworm ccC Urea CC: Urea C.C: Urea (1:2) liquid [83]
. pupae with 15 % water | chromatography
ochratoxin A and d Itand
mycophenolic powder, tandem mass
acid) and black spectrometry
cricket
powder)
Natural pigments
[bis-
demethoxycurcum
h CA: GLU -
in at 16.54 mg/gm, Curcuma CA GLU (1:1) and 15% . Solid phase 84]
demethoxycurcum longa L extraction
h water
inat 15.12 mg/gm,
and curcumin at
21.18 mg/gm]
. ) . Mixing with
O-acylated chitin |  SMimP cc pLmA | CC:PLMA 1 CCIDL-MA o 030 °C for | [85]
shells (1:2) different ratios 3 hrs)
. . Ultrasonic
Oxyresveratrol MoFggzta; Iba Glycerin Urea Ureaas.lsygcerm é:;fe:r';lty;m; Assisted [86]
: Extraction
Phenolic
compounds Microwave,
(oleuropein, . L . . homogenization,
hydroxytyrosol, gr:\ége Cag]ﬂcﬁ:\'d CcC C;é'i dC(alffg)lc CC: LA (1:2) ultrasound, and [87]
caffeic acid, P ' high hydrostatic
vanillin, rutin, and pressure
luteolin)
Lavandula GLO: CA (2:1)
C;?]e';%'r']fjs pzdé’u”tfsu'at PRO:LA (1:1) | GLO: Urea (1:1) Ultrasonic
(56 0% 077 sitanies CC, PRO LA, urea | and CC:Urea | GLU:CA (1:1) Assisted [88]
BT (1:2) GLU: Urea (1:2) Extraction
MyGAE/Gaw] (Chaytor) GLU: LA (1:5)
Franco ) )
Phenolic
CC: Urea (1:1)
C_omp_ounds Chokebgrry . ) CC:LA(2:1and Ultrasound-
Gallic acid (36.15 (Aronia CC:FRU: . :
CcC FRU . 1:2) assisted [89]
+3.39 mg/gmaw), | melanocarp Water (2:1:1) CC:GLU- Water extraction
Rutin 4.71 + 0.33 a) ) (2,1_'1)
mg/gMmaw) o
Salidroside, (11.90
+ 0.02), tyrosol
(0.36 £ 0.02),
rosavin (12.23 +
0.21), rosin (1.41
i . ) LA, GLU, FRU,
*0.01), cinnamyl Rhodiola L-LAFRUS | ond water 5:1:11 Solvent
alcohol (0.20 = LA GLU, FRU Water, . ; . [90]
rosea L. . (L-LA:FRU: extraction
0.01), and total (5:1:11) water, mol/mol)
markers (sum of !
phenyletanes and
phenylpropanoids
26.10 £0.27
mg/gm)
LA: CC (3:1),
Dittany, LA: sodium
. Fennel, . . acetate (3:1), Ultrasonic
P:J%pgel?:(;'sc Marjoram, Glycine LA bvﬁte(r;gqn??) LA: ammonium Assisted [91]
P Mint, and o acetate (3:1), and Extraction
Sage LA:glycine:
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;’;ﬁﬁf&% Fxiracting HBD HBA | BestNADES | Other NADES Method Ref
Polyphenolic CC_:'XYL
compounds Virgin cc XYlLZand (é'é,)lagd Solvent 9
(oleacein and olive oil . e ) extraction [92]
oleacanthal) propanediol | propanediol
(1:1)
Polyphenolic Orange CCCCEIGELGO Solid-liquid
compounds | EG; GLO CcC CC: EG (1:4) d'f.ferent extraction [93]
[3.6] mg/gm] pee Irerent xtracti
concentration
Thyme _ LTLA:_ LA_ with CC,
Polyphenolic Oreganc; Nicotinamide nicotinamide Sodium ac_etate, UItra_sound-
compounds Greek sagle and L-AL LA (7:1) and L- Ammonlur_n assmtgd [94]
and Sage ! LA:L-AL acetate, Glycine, extraction
(7:1) and L-AL
Derris
species
Rotenone roots cCi, 4- Response
[0.49 + (D_erns CcC 1,4- . bUtaHEd.'OI - surface [95]
0.07 ﬁlg/;qL] elliptica butanediol (1:5) with methodology
’ and Derris acetonitrile
malaccensi
s)
CC:
Rutin - Triethylene CC: Triethylene . -
[194.17 + 2.31 Jsef’ppohn‘:f:z cc T“gelt;‘g’c')f”e glycol (1:4) | glycol,various | FX1ANON UG | fqg)
mg/gm] containing proportions
20% water
CC or BE with
three
Trans- combinations of
cinnamaldehyde . . sugar molecules
[9.24 + 0.01 Cinnamon A cc fﬁ‘l (01/'2) (GLO, XYL, and Ugra.s"“gd ,
mg/gmaw] and bark cc C with 40% SOR) and three SS'SI? [97]
- water A Extraction
coumarin [11.6 £ combinations of
0.11 mg/gm] organic acids
(LA, CA, and
MA)
CC-MA, CC-
CA, CC-GLO,
MA-FRU-GLU,
LA: 1,2- CA-FRU-
propanediol GLU, FRU-
. (1:1) (620 GLU, MA-GLU,
Vanillin Vanite o LA mg/mL)and | BE-SUC, BE- Solvent [98]
pods propanedio LA: FRU MA-GLU, BE- extraction
(320 mg/ CA, B-AL-CA,
mL) L-serine-MA,
LA-1,2-
propanediol and
LA-FRU

3.1.2. Solubility of APIs in NADES.

NADES have shown great promise in enhancing the solubility and bioavailability of
compounds that are insoluble in water. Research on the solubility profiles of various
medications in a wide range of NADES compositions has demonstrated that they can
significantly enhance dissolving rates compared to traditional solvents. The special molecular
interactions of NADES, specifically hydrogen bonds and VVan der Waals forces, are responsible

for this increase, as they enhance the solubility of drugs [99].
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3.1.3. Curcumin solubility in different NADES.

For generations, traditional herbal therapy has relied on curcumin, the vivid yellow
pigment found in turmeric, to treat inflammatory illnesses and infections. Curcumin's low
bioavailability, limited permeability, and poor water solubility have all hindered its therapeutic
utility, despite its considerable pharmacological potential. Sekharan et al. [37] utilized natural
hydrophobic DESs composed of camphor, menthol, and thymol to enhance curcumin
solubility, thereby overcoming these difficulties. In contrast to 48 hours of stirring at ambient
temperature, their findings showed that curcumin solubility in the DES system virtually
doubled after just one hour at 35-40°C. The camphor-menthol (1:1) combination demonstrated
the highest solubilization effectiveness for curcumin among the other DESs that were
evaluated.

Curcumin's clinical use is hindered by its poor water solubility, low bioavailability, and
exposure to degradation, particularly under light exposure and alkaline pH conditions. To
overcome these challenges, Jelinski et al. [100] investigated the solubility of curcumin in
various NADES. Their study focused on the solubility of curcumin in NADES composed of
CC and various sugars, including GLO, FRU, GLU, SOR, XYL, SUC, and maltose, with
varying molar ratios. Their results, shown in Table 8, revealed that in a CC: GLO (1:1),
approximately 7.3 mg/gm of Curcumin was dissolved at 20°C.

Table 8. Curcumin solubility (mg/gm) in different NADES at 20°C.

. Molar Ratio

NADES constituent 31 11 13
CC: GLO 2.3 7.3 3.2

CC: FRU 1 3.1 0.8

CC: GLU 1 2.9 0.7

CC: SOR 0.4 1.3 0.4

CC: XYL 0.3 1.2 0.4

CC: SuC 0.7 0.3 0.2
Maltose 0.6 0.2 0.2

Table 9. Solubility of Curcumin (mg/gm) in NADES comprising CC: GLO at varying temperatures.
Molar ratio of CC: GLO

T(C) 7:1 5:1 3:1 1:1 1:3 1:5 1:7
20 0.63 1.09 2.32 7.25 3.15 2.56 1.94
30 0.75 1.46 2.51 7.44 3.32 2.72 2.02
40 1.03 1.66 2.97 7.76 3.54 2.91 2.34
50 1.2 1.92 3.15 8.15 4,01 3.06 2.46
60 1.38 211 3.65 8.6 4.15 3.14 2.63

The data in Table 9 show the Curcumin solubility (mg/gm) in NADES made of CC:
GLO varies with temperature and molar ratio. The solubility of Curcumin typically increases
as temperature rises from 20°C to 60°C, regardless of the molar ratio. Higher temperatures and
specific molar ratios (1:1) favor the Curcumin solubility in this NADES.

3.1.4. Solubility of APIs in CC and BE-based NADES.

The effectiveness of many medications is limited by their poor water solubility,
particularly in formulations intended for parenteral delivery or tube feeding. A promising
solution to these problems is the introduction of NADES, which offers a flexible platform for
developing liquid medication formulations. NADES help create stable and effective liquid
formulations by making these weakly water-soluble medications more soluble, thereby
improving drug transport and bioavailability for various therapeutic uses.
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Mustafa et al. [101] investigated the solubility of several APIs at a concentration of 5
mg/mL in CC and BE-based NADES, as shown in Table 10. Griseofulvin (Gri), nitrofurantoin
(Nf), and spironolactone (Spi) showed no solubility (—). Chloral hydrate (Ch), methylphenidate
(Mp), and ranitidine-HCI (Ra) exhibit good solubility (++), particularly with NADES
comprising CC and organic acids such as LA, MA, and CA monohydrate. This is observable
in various molar ratios and the presence of water (W). Certain combinations, such as CC: GO
and CC: MA: XYL, exhibit partial solubility (+/P), indicating intermediate compatibility,
especially with trimethoprim (Tmp). NADES combinations containing sugars or polyols, such
as XYL (XYL), D-GLU, and SUC, have little or no solubility (—) for most medicines. This
suggests that the NADES compositions may not be sufficient for solubilizing these APIs.
Solubility is often good in BE-based systems, particularly when paired with maleic acid, D-
GLU, or PRO. This demonstrates the potential of various NADES combinations to increase
APIs solubility.

Table 10. Solubility of a few APIs in CC and BE based NADES.

. APls
NADES Molar Ratio Ch [ Gri [Mp | Nf [ Ra | Spi | Tmp

CC:. LA 1:1 ++ - ++ — ++ — -

CC: MA:' W 1:1:4 ++ — ++ — ++ - -
CC: MeA: W 1:1:4 ++ — ++ — ++ - -
CC: CA:W 1:1:6 ++ — ++ - ++ - -
CC: PPG: W 1:1:1 ++ — ++ - ++ - -
CC: GO: W 1:1:1 ++ - + /P — + -
CC: SOR: W 3:1:6 ++ — — — + - -
CC:. GLU: W 5:2:5 ++ — — — + - -
CC: FRU:' W 1:1:3 ++ — — - + - —
CC:. SUC: W 4:1:7 ++ — — - - - -
CC: Man: W 5:2:5 ++ — — — + — —
CC: Tre: W 4:1:5 ++ — — — + - -
CC: XYL: W 2:1:2 ++ — — — + - -
CC: MA: XYL: W 1:1:1:4 ++ — + /P — ++ —
CC: MA: PRO: W 1:1:1:4 ++ — + /P — ++ —
CC: AA: PRO: W 1:1:1:5 ++ — + ++ ++ ++ /P
Be: SUC: W 2:1:8 ++ — ++ — ++ - -
Be: MA: W 1:1:7 ++ — ++ — ++ - ++
Be: MA: GLU: W 1:1:1:7 ++ — + /P — ++ -
Be: MA: PRO: W 1:1:1:7 ++ — ++ — ++ - ++
Be: AA: PRO: W 1:1:1:5 + /P + /P + - -

Note: “++ clear solution within 30 min by vortexing and 25 min ultrasonication; “+” clear solution in 24 h
with vortexing, ultrasonication, and magnetic stirring; “+/P” soluble within 30 min and precipitated within 24 h;
“—“no solubility.

3.1.5. Solubility of APIs in organic-acid-based NADES.

The solubility of a few APIs in NADES (Table 11) was determined by combining
organic acids with sugars, alcohols, or amino acids. CA or MA mixed with SOR and water
produced a stable liquid, but not with mannitol. Ch dissolved in most acid-based NADES, with
the exception of CA-PRO-water, which recrystallized. Ranitidine-HCI was soluble in all
NADES except AA-FRU-water, where it recrystallized after several hours. Methylphenidate
and trimethoprim had comparable solubility trends, although both recrystallized in certain
mixes (such as MA-GUL-water) [101].
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Table 11. Solubility of APIs in organic-acid-based NADES.

. APls

NADES Molar Ratio Ch [ Gri | Mp | Nf | Ra | Spi | Tmp
CA:FRU: W 1.15 ++ - ++ - ++ - ++
CA:SUC: W 1:1:6 ++ - + - + - +
CA:GO: W 1:1:2 ++ - + - ++ - +
CA:SOR: W 1:1:7 ++ - ++ - ++ - +
CA: XYL: W 1:1:5 ++ - ++ - ++ - ++
CA: PPG: W 01:3.7 ++ - ++ - ++ | +P ++
CA: Pro: W 1:15 - - +HP | — ++ - ++
MA: FRU: W 1:1:7 ++ - ++ - ++ - ++
MA: GLU: W 1:1:7 ++ - +HP | - ++ - +/P
MA: FRU: GLU: W 1117 ++ - ++ - ++ - ++
MA: SUC: W 117 ++ - + - ++ - +
MA: XYL: W 1:1:4 ++ - ++ - ++ - ++
MA: PPG: W 1:1:3 ++ - ++ - ++ ++ ++
MA: BA:W 113 ++ - + - ++ - ++
MA: PRO: W 1:3.5 ++ - + - ++ ++ ++
LA: FRU 51 ++ - ++ - ++ ++ +
LA: PPG 1:1 ++ — ++ — ++ ++ ++
LA: BA:W 2:1:1 ++ - ++ — ++ — —
AA: FRU: W 5:2:5 ++ +/P ++ - +/P ++ ++
AA: PPG 1:1 ++ + ++ — ++ ++ ++
AA: BA 5:1 ++ + ++ — ++ ++ ++

3.1.6. Solubility of phytoconstituents in NADES.

Bioactive phytochemicals, which possess therapeutic potential for various human
ailments, are abundant in plants. The medicinal efficacy of several of these phytochemicals is
considerably hindered by their poor water solubility and instability in aqueous solutions. Issues
including inadequate bioavailability, the need for higher dosages to have therapeutic effects,
and an increased chance of negative side effects are all brought on by this poor solubility.
Therefore, improving the stability and solubility of these phytochemicals is essential to
maximizing their therapeutic potential in medication formulations.

Cao et al. [102] determined the solubility of four phytoconstituents, Baicalin,
Curcumin, Andrographolide, and Oleanic acid, in different NADES (Table 12). The
phytoconstituent solubility in NADES was much higher than in water, with increases ranging
from 252 to 4453 times. This demonstrates NADES' enhanced solvent capabilities compared
to water for poorly soluble phytoconstituents. Among the combinations studied, NADES
produced with ACT: 1-Propanol (1:2) had the maximum solubility of Oleanic acid (28.74
gm/L) and Andrographolide (18.03 gm/L). Similarly, CC: LVA (1:2) produced the maximum
solubility for Baicalin (37.18 gm/L) and Curcumin (21.21 gm/L), indicating that the HBA and
HBD components, as well as their molar ratios, play critical roles in solubility enhancement.
ACT-based NADES (containing either PPG or 1-propanol) were highly efficient,
demonstrating their ability to dissolve hydrophobic phytochemicals. Their results indicated that
carefully constructed NADES can be an effective method for increasing the solubility of poorly
soluble phytoconstituents, with significant uses in medication formulation and delivery.

Table 12. Solubility of four phytoconstituents in different NADES.

. Baicalin Curcumin | Andrographolide | Oleanic acid
HBA: HBD Molar ratio (gm/L) (gm/L) (ggm/E) (gm/L)
CC: LVA 1:2 37.18 21.21 12.04 3.4
EG: LA 1:1 1.01 0.72 5.89 4,52
EG: LVA 1:1 3.55 7.98 14.07 4,72
1,3-Butanediol: LA 1:1 0.7 1.42 8.85 6.84
1,3-Butanediol: LVA 2:1 2.79 7.8 11.18 491
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Baicalin Curcumin | Andrographolide | Oleanic acid

HBA: HBD Molar ratio (gm/L) (gm/L) (gm/L) (gm/L)
ACT: LA 1:2 1.46 0.88 13.22 1.02
ACT: 1-Propanol 1:2 7.56 7.8 18.03 28.74
ACT: PPG 1:1 14.91 4.77 13.78 1.74
PPG: LA 1:1 0.86 0.99 10.69 0.44
1-Propanol: LA 1:1 0.51 2.27 18.73 8.48
Water - 0.03 0.005 0.074 0.017

3.1.7. Metronidazole solubility enhancement.

Metronidazole is the preferred treatment for anaerobic bacterial and parasitic infections.
Despite its moderate water solubility (~10 mg/mL at 298.15 K), it is typically administered in
tablet or capsule form. However, these forms pose challenges for pediatric and dysphagic
patients. Szewczyk et al. [103] used NADESs as co-solvents to improve Metronidazole's
aqueous solubility. They tested Metronidazole solubility at seven different 70% aqueous
NADES mixtures at 298.15 K. They used CC or BE as HBA, whereas 1,2-propanediol (P),
GO, GLU, CA, TA, or MA were used as HBD. They concluded that among the seven proposed
70% aqueous solutions of NADESs, the NADES consisting of CC: CA increased
metronidazole solubility most efficiently, a 27-time more compared to water solubility. The
ability of NADES to greatly increase drug solubility in pharmaceutical applications is
demonstrated by their result.

3.1.8. Acetaminophen solubility improvement.

Co-solvents, a crucial field of research in pharmaceutical formulation, can be used to
increase the solubility of acetaminophen, a medication with inherently low water solubility.
Three different NADESs were used in the Hajebrahimi and Roosta [104] investigation to assess
the solubility of acetaminophen in water: CC: MA, CC: MoA, and CC: urea. The temperature
range used to evaluate solubility was 293.15 K to 323.15 K. Their findings showed that
improved solubility resulted from both elevated temperatures and higher concentrations of
these NADESs. Notably, urea had the least solubilizing effect, whereas CC was the most
efficient cosolvent, increasing acetaminophen's solubility by more than four times when
compared to pure water at a 6.45% molar concentration.

3.1.9. Caffeine and furosemide solubility enhancement.

Due to the absence of a commercially available oral liquid dosage form for either
caffeine or furosemide, Lomba et al. [105] chose these two medications for their investigation.
Using XYL, CA, SOR, and GLU as HBD and CC as the HBA, they created 10 distinct
NADESs. According to their research, the solubility of furosemide increased significantly,
especially with the NADES created using glucose and choline chloride, which showed the
greatest improvement. In contrast, caffeine’s solubility improved as its water concentration
increased, which was the opposite of the tendency seen with furosemide.

3.1.10. Resveratrol solubility enhancement.

Resveratrol is one of the most famous polyphenols. Resveratrol is produced in many
plants, particularly grapes. The first time RSV and polyphenols in general grabbed the scientific
community's attention was in 1992 with the introduction of the “French paradox”. The term
“French paradox” was coined based on epidemiological research showing that French citizens
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had low coronary heart disease (CHD) incidence despite a high dietary fat intake. This
phenomenon led the scientific community to propose that the moderate consumption of red
wine was the reason for the low CHD rate among the French people. Since red wine is rich in
polyphenols. Low bioaccessibility and poor water solubility pose challenges for polyphenols
and most pharmaceuticals currently under development.

Uka et al. [106] investigated experimentally and theoretically by the Conductor-like
Screening Model for Real Solvents (COSMO-RS). Resveratrol solubility was determined in
ten eutectic systems, five of which are based on choline chloride and five of which are based
on menthol. A significant similarity was observed between the experimental and COSMO-RS
results in their study. Their results showed that the CC: 1,2-propanediol system showed the
highest solubility potential at 211.05+£0.12 mg/mL. Even though menthol-based systems
displayed weaker Resveratrol affinity than their hydrophilic substitution, they were still
significantly more effective at solubilizing Resveratrol than water. NADES based on 1,2-
propanediol exhibited the best UV stability. Higher antioxidant properties and stability were
also a result of resveratrol's improved solubility in NADES systems, making these systems
potentially useful for food and nutraceutical applications.

3.1.11. Rutin solubility enhancement.

Rutin is a flavonoid glycoside of quercetin that is found in many natural substances,
notably tea, potatoes, tomatoes, onions, and other plants. Among other health benefits, it has
garnered considerable attention due to its potent antioxidant properties and skin-protective
effects. However, due to its limited water solubility, Rutin is difficult to formulate for medicinal
usage. Even though rutin is more soluble in some organic solvents, such as ethanol,
dichloromethane, and DMSO, these solvents aren't necessarily the best for pharmaceutical
applications, which limits their use in formulation development.

Jelinski and Cysewski [107] evaluated and identified NADES with strong rutin
dissolving capabilities using the COSMO-RS method. They verified the results using
experimental solubility data from 15 NADES, which included 126 NADES made from a
mixture of 21 carboxylic acids and 6 amino acids. The most successful NADES in dissolving
rutin was 2,3-diaminosuccinic acid—PRO (5.25 mg/mL), which had a 130% higher solubility.
The other three are 2,4-diaminoglutaric acid—PRO (4.78 mg/mL), 4-amino-3-hydroxyglutamic
acid—PRO (4.21 mg/mL), and aspartic acid—PRO (4.06 mg/mL). They found that carboxylic
acids containing two methylene groups and amino substituents provided better rutin solubility.
Because rutin is acidic, the presence of basic sites in the NADES ingredients greatly increased
rutin's solubility.

3.1.12. Bioavailability improvement.

Rutin, a glycosylated flavonoid abundant in fruits, vegetables, and plant-based
beverages like tea and wine, is highly valued for its wide range of biological properties. It is
often utilized as a phlebotonic substance in pharmaceutical and nutraceutical formulations.
Faggian et al. [108] assessed rutin solubility in 30 eutectic solvents and linked it with water,
ethanol, and methanol. Among the 30 eutectic solvents are two sugar-based GLU, FRU, SOR,
and water. Three sugars and organic-based CA, FRU, TA, GLU, and water. Three CC based
contain PRO and MA. Four eutectic solvents were prepared with urea, with GLU, FRU, CA,
TA, and CC. Eighteen organic and amino acid-based compounds contain PRO, glutamic acid,

https://biointerfaceresearch.com/ 19 of 30


https://doi.org/10.33263/BRIAC156.077

https://doi.org/10.33263/BRIAC156.077

OA, TA, CA, etc. The most promising eutectic solvent was PRO: Glutamic acid (2:1), which
showed a 20-fold increase in solubility over water and dissolved rutin in proportions equivalent
to ethanol. When rutin (10 mg/kg) was administered orally using this eutectic solvent,
pharmacokinetic investigations in Balb/c mice showed improved absorption and potential as a
drug delivery vehicle.

The bioavailability of berberine, a highly esteemed alkaloid with numerous therapeutic
effects, is severely hampered by its poor absorption and quick metabolism after oral
administration. Sut et al. [109] developed 38 NADES to enhance the absorption of berberine
and evaluated their effectiveness using in vivo pharmacokinetic tests. Combinations such as
sugar-organic (CA and GLU), two urea-based (PRO and urea), two LA-based (LA, CA, ossalic
acid, and water), eleven organic acid and amino acid-based (PRO, MA, CA, TA, LA, glutamic
acid, and water), eleven CC-based (CC, MA, CA, and PRO), and eleven carnitine-based (PRO,
SOR, LA, CA, XYL, and Acetylcarnitine) were among the solvents that were tested. A (PRO-
MA 2:1), B (PRO-urea 2:1) and C (LA-PRO-MA-water) were the three mixes that showed
the best solubility; mixture C even outperformed the reference solvents (ethanol and water).
The bioavailability of berberine increased fourfold with Mixture C, and a significant plasma
peak was observed half an hour after delivery. Their research revealed that there are no
significant variations in the pharmacokinetic profiles of urea-based and acidic eutectics, and
that NADES formulations significantly enhance the solubility and absorption of berberine,
primarily due to their solubilization capability.

3.2. NADES used to prepare pharmaceutical formulation.

3.2.1. Microemulsion.

Curcumin is a phytochemical with a wide range of biological activity; however, its poor
solubility and stability significantly limit its clinical use. In order to overcome this difficulty,
Dhingra et al. [110] created a novel water-in-oil microemulsion formulation, where the bulk
oil phase contains a DES (tetra-n-butylammonium chloride and n-decanoic acid in a 1:2 ratio)
and the non-ionic surfactant Triton X-100. They reported an extraordinarily high curcumin
solubility of 51.3 £ 3.0 mg/mL and greatly improved stability in both long-term storage and
exposure to sunlight. Their innovative method demonstrates that DES-based microemulsions
can be used to solve stability and solubility problems in Curcumin formulations.

Natural carotenoids are commonly used in food, medicine, and cosmetics, but their poor
water solubility reduces their bioactivity. Li et al. [111] improve the solubility, stability, and
antioxidant activity of three carotenoids (astaxanthin, astaxanthin ester, and lutein) by novel
microemulsions (MEs) made from DESs, Tween 80, and water as alternatives to organic
solvents. Compared to traditional solvents like ethanol and acetone, DES-based MEs
significantly increased carotenoid solubility due to stronger hydrogen bonding and Van der
Waals interactions. The highest solubility was observed at 35°C in DES-based MEs, with 0.27
mg/mL for astaxanthin, 473.63 mg/mL for astaxanthin ester, and 12.50 mg/mL for lutein.
Additionally, astaxanthin ester showed excellent stability, lasting over 69 days. The antioxidant
capacity of carotenoids in DES-based MEs was also higher than in organic solvents, making
these MEs promising for use in food, medicine, and biomaterial processing.

In food systems, water-in-oil high internal phase emulsions (HIPEwo) are showing
promise as nutrient transporters and fat alternatives. Miao et al. [112] found that substituting
NADES for the water phase in HIPEw/,o emulsions improved the loading and stability of
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nutraceuticals. Curcumin loading and encapsulation efficiency were greatly enhanced by
NADES, which is a mixture of different ratios of D-GLU, SUC, and water. Emulsion stability
was increased via crystal formation in NADES due to a higher SUC concentration.
Additionally, demonstrating improved gastrointestinal and UV stability, these crystal-
containing NADES-HIPEw;o are attractive transporters for bioactive substances found in food,
medicines, and nutraceuticals.

Ibuprofen is a widely used non-steroidal anti-inflammatory drug known for its
analgesic, anti-inflammatory, and antipyretic effects. Raja Sekharan et al. [33] developed an
Ibuprofen-loaded emulsion utilizing a camphor—menthol-based natural DES with eudragit RL
100 as the polymer matrix. The formulated emulsion was subjected to various physicochemical
evaluations, including pH measurement, centrifugation-based stability testing, viscosity
profiling, particle size analysis, quantitative drug estimation, thermodegradation assessment,
and in vitro drug release studies. The resulting emulsion displayed a uniform particle size of
44 nm. Thermodegradation analysis revealed no significant drug decomposition across
different temperature conditions over a defined time period. Furthermore, drug release profiles
remained consistent regardless of variations in Ibuprofen concentration within the formulation.

Candidiasis, also known as thrush or moniliasis, is a common yeast infection affecting
the oral mucosa. Candida albicans is the primary fungal species responsible for candidiasis in
both animals and humans. Quercetin, a major bioactive compound found in coriander, exhibits
antifungal activity by binding to the ergosterol component of fungal cell membranes, thereby
inhibiting fungal permeation into oral mucosal tissues. Tamilvanan et al. [113] prepared a
coriander-based oil-less emulsion through mixing, mechanical and electric stirring, followed
by 10 minutes of ultrasonication. Quercetin content ranged from 299.64+0.52 to
300.02+£0.78 pg, with globule size around 71.227 um. In vitro permeation studies using
cellophane membranes revealed sustained quercetin release over a 30-minute interval. Their
results suggested that upon topical application to the oral cavity, the quercetin released from
the emulsion effectively reaches candidiasis-infected tissues and exerts its antifungal action.

3.3. NADES to improve stability.
3.3.1. Stabilize p-lactam antibiotics.

B-lactam antibiotics are extremely unstable in water-based solutions. This is because an
attack that is either electrophilic or nucleophilic can easily open the B-lactam ring, which results
in the loss of antibacterial action. Olivares et al. [114] developed and described a NADES
consisting of BE and urea. They investigated the antibacterial properties of imipenem (IMP)
and clavulanic acid (CLV) by estimating the lowest inhibitory concentration and analyzing the
stability of these drugs using NADES. After being dissolved for seven days, the stability of the
B-lactam antibiotics IMP and CLV, utilizing this NADES, was shown to be seven times and
2.5 times higher, respectively, compared to water. When antibiotics were dissolved in water,
microbiological testing revealed a significant loss of antibacterial activity by day seven for both
CLV and IMP; however, no change in their antibacterial characteristics was observed when the
antibiotics were dissolved in BE-Urea. The solvent's inert behavior and the higher dynamic
restriction that aids antibiotics in maintaining a more stable conformation may be connected to
the improved stability of IMP and CLV in BE-Urea. Based on these observations, BE-Urea
may be used as a solvent to stop the breakdown of B-lactam antibiotics.
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3.3.2. Carthamin stability improvement.

Carthamin, the primary red pigment in safflower, has strong antioxidant qualities but is
unstable in aqueous solution. According to reports, it is more stable in bases as compared to
acidic or neutral ones. Dai et al. [115] studied the Carthamin stabilizing effect on five typical
NADES: PRO: MA, LA: GLU, GLU: CC, SUC: CC, and XYL: CC. Among these, Carthamin
showed the highest solubility in XYL: CC, leading to its selection for further experimentation.
Carthamin degraded much more slowly in XYL: CC than in water at all tested temperatures.
Additionally, SUC: CC and GLU: CC showed improved stability, surpassing traditional
solvents without exhibiting any discernible impacts from exposure to light. According to their
research, NADES provide better color retention than water and 40% ethanol while also
enhancing Carthamin's stability in various kinds of environments, including high temperatures,
light, and storage.

3.3.3. Caffeine and furosemide stability enhancement.

The stability of furosemide and caffeine in 10 NADES formulations was examined by
Lomba et al. [105]. Their findings revealed a notable increase in the solubility of furosemide,
particularly with the NADES formed by GLU and CC, which showed the most significant
enhancement. Conversely, for caffeine, the solubility improved as the water content increased,
an opposite trend to that observed with furosemide. NADES made of CC and GLU showed
promising results for preserving the drug stability of both medications over a 60-day period.
This demonstrates how NADES may be used as a medium to increase the stability of medicinal
substances.

4. Challenges Associated with NADESs

NADES offer great potential for sustainable and efficient solubilization; however, their
application is hindered by several notable challenges, as shown in Table 13.

Table 13. Challenges and limitations associated with the use of NADES in industrial applications.

Aspect Challenges Limitations
S . .. High viscosity limits applications requiring
Viscosity I;j“.gh viscosity r_nakes processing and mixing fluidity or quick penetration, such as certain
ifficult, especially for extraction purposes. :
extractions.
Low volatility complicates solvent recycling and Inherent low volatility restricts use in
Volatility P yeling applications requiring rapid evaporation or

recovery, increasing costs.

easy separation.

Water absorption
(hygroscopy)

NADES are highly hygroscopic, which leads to
changes in their properties when exposed to air,
complicating storage.

Sensitivity to moisture limits use in humid
environments and may necessitate costly
protective measures.

Industrial
scalability

Sourcing consistent raw materials for NADES
production can be challenging at a large scale.

Certain NADES may not scale well due to raw
material costs and complex production
methods.

Environmental
impact

Lack of long-term environmental impact data
hinders widespread regulatory approval and
industry acceptance.

Some NADES components may not fully
biodegrade, limiting disposal options in
environmentally safe ways.

Biocompatibility

Ensuring NADES are safe for pharmaceutical or
cosmetic use is challenging due to limited
toxicology data.

Biocompatibility is restricted by the chemical
nature of some NADES, which may not be
safe for all uses.

Toxicity

Identifying non-toxic NADES is complex, as
components vary widely and toxicity data is
sparse.

Some NADES components could pose toxicity
risks, limiting their use in food, pharma, and
cosmetics.

Thermal stability

High temperatures may alter NADES stability,
making them challenging for heat-intensive
processes.
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Aspect Challenges Limitations
NADES may interact with certain active The reactivity of some NADES with reactive
Reactivity compounds, impacting the solubility or stability compounds restricts their suitability for those
of target substances. applications.

. Precision is required to create the correct molar Inherent complexity in preparation limits easy,
Preparation . . S - - ) -
complexity ratios and cc_)ndltlor)s, whlc_h is challenging for reproducible formulation for broad industry

industrial consistency. use.
While typically low-cost, some NADES can be Costs related to sourcing and manufacturing
Cost costly depending on raw materials, posing a high-purity NADES restrict use in budget-
challenge for cost-sensitive sectors. limited applications.
The polarity of NADES can be hard to adjust, Fixed polarity range limits their application to
Polarity range making it challenging to tune their properties for certain compounds with matching polarity
specific solutes. requirements.

Reusable or recyclable options are difficult due to
Solvent recovery low volatility, complicating closed-loop systems
in manufacturing.

Reusability limitations may make them less
sustainable compared to conventional solvents.

5. Conclusions

There is growing interest across the pharmaceutical, nutraceutical, food, and cosmetic
industries in adopting environmentally friendly solvent alternatives to VOCs. NADES have
emerged as promising green alternatives to VOCs. NADES, composed of naturally derived
metabolites, offer several advantages, including biodegradability, broad polarity range,
versatility, low cost, high chemical stability, and generally low toxicity. In extraction processes,
NADES can significantly enhance extraction efficiency and enable the selective isolation of
target bioactives due to their strong solubilizing interactions. In pharmaceuticals, NADES
enhance formulation by increasing the API's solubility, bioavailability, skin permeability, and
stability. NADESs toxicity and biodegradability can vary significantly depending on
component ratios and formulation parameters. The NADES toxicity study is still in its early
stages, and its toxicities should not be ignored/neglected. Assessing the cytotoxicity of these
NADES prior to clinical or large-scale application is crucial to ensure safety. Continued
focused research in these areas will be essential to fully realize the potential of NADES as
environmentally sustainable, efficient, and selective solvent systems for next-generation
pharmaceutical, nutraceutical, food, and cosmetic industries.
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