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ARTICLE INFO ABSTRACT

Keywords: The issue of poor solubility of active pharmaceutical ingredients (APIs) has been a salient area of
Deep eute‘_“»tic solvents ) investigation and novel drug delivery systems are being developed to improve the solubility of
Therapeutic deep eutectic system drugs, enhance their permeability and thereby their efficacy. Several techniques for solubilization
Solubility . .
Permeabili enhancement of poorly soluble drugs are often employed at various stages of pharmaceutical drug
Bioavailabitlsil ty product development. One such delivery system is the therapeutic deep eutectic system
Ionic liquids (THEDES), which showed great potential in the enhancement of solubility and permeability of

drugs and ultimately augmenting their bioavailability. THEDES are made by mixing drugs with
deep eutectic solvents (DESs) in a definite molar ratio by the hit and trial method. The DESs are a
new class of green solvents which are non-toxic, cheap, easy to prepare, biodegradable and have
multiple applications in the pharmaceutical industry. The terminologies such as ionic liquids
(ILs), DES, THEDES, and therapeutic liquid eutectic systems (THELES) have been very much in
use recently, and it is important to highlight the pharmaceutical applications of these unexplored
reservoirs in drug solubilization enhancement, drug delivery routes, and in the management of
various diseases. This review is aimed at discussing the components, formulation strategies, and
routes of administration of THEDES that are used in developing the formulation. Also, the major
pharmaceutical applications of THEDES in the treatment of various metabolic and non-metabolic
diseases are reviewed.

1. Introduction

Solubility of pharmaceutical drugs and phytochemicals is a major concern in research and development, and it imposes challenges
during drug delivery, permeability, and ultimately their bioavailability. It is warranted to develop advanced novel technologies to
overcome these challenges in a cost-effective manner for ease of commercialization and high therapeutic outcomes [1,2]. The
development of proper drug delivery systems to enhance drug applicability is considered crucial in the pharmaceutical field. The
conventional drug development stages require different strategies to promote its solubilization during formulation development. It
often requires the use of organic solvents, which are considered a serious threat to the environment as they can generate toxic and
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unstable products [3,4]. Often used in various steps of drug development and in complex chemical processes, these traditional organic
solvents carry the risk of toxicity and pose serious threats to the environment as well as to living systems [5]. The growing awareness of
a healthy environment has gained momentum, and researchers now prefer non-toxic, environment-friendly solvents such as deep
eutectic solvents (DESs) as non-aqueous liquid vehicles for better acceptability and ease of use in various drug delivery systems.

The DESs act as solvents for various APIs to increase their solubility and permeability and ultimately enhance their bioavailability
upon delivery [6,7]. Eutectic systems are defined classically as mixtures of two or more substances that interact via hydrogen bonds to
lower the melting temperature of the mixture than of the components alone. A THEDES is one in which the API is dissolved, or one in
which at least one of the constituents is an API. Owing to their intrinsic tunability and ability to transport large molecules over the skin,
ionic liquids (ILs) and DESs have been attracting much attention for the transdermal delivery of APIs [8,9]. Additionally, with the
advent of green chemistry concepts in the pharmaceutical sciences, several green solvents emerged and garnered the attention of
scientists worldwide owing to their low cost, non-toxic nature, and environment-friendly properties. These solvents find numerous
applications in drug delivery, solubility enhancement, and as drug stability carriers [10].

There are several examples of conventional drug delivery methods that can be enhanced by incorporating THEDES. Intravenous
(IV) infusion is a common method of drug delivery that involves the direct injection of drugs into the bloodstream [11]. It allows for
rapid and precise delivery of drugs and is often used for critical care, chemotherapy, or fluid replacement therapy. THEDES formu-
lations can be explored as an alternative carrier system for IV infusion, enhancing the stability, solubility, and bioavailability of drugs.
Implantable drug delivery systems are devices that are surgically implanted in the body to deliver drugs over an extended time [12,13].
They can provide sustained release of drugs and are often used for conditions requiring long-term treatment, such as contraception or
pain management. THEDES can be incorporated into implantable systems to improve drug release characteristics and enhance
therapeutic efficacy. Intramuscular (IM) injections involve the delivery of drugs into the muscle tissue. This method allows for the slow
and sustained release of drugs into the bloodstream, providing a prolonged therapeutic effect. THEDES can be utilized to develop
injectable formulations that improve drug stability, solubility, and controlled release characteristics [14]. Subcutaneous (SC) in-
jections involve the delivery of drugs into the subcutaneous tissue, just below the skin [6,9].

This method provides a slower absorption rate compared to intravenous injections and is commonly used for insulin delivery and
the administration of certain biologics. THEDES can be explored as a potential vehicle for subcutaneous drug delivery, enhancing the
solubility, stability, and prolonged release of drugs [15]. Ocular drug delivery involves the administration of drugs to the eye for the
treatment of various ocular diseases. Conventional methods include eye drops, ointments, and intraocular injections. THEDES can be
investigated as an innovative approach for ocular drug delivery, improving drug retention, penetration, and sustained release within
the ocular tissues [16-18]. Targeted drug delivery aims to deliver drugs specifically to the intended site of action, minimizing systemic
side effects. Conventional targeted delivery systems include liposomes, nanoparticles, and micelles. THEDES can be explored as a
potential carrier system for targeted drug delivery, offering advantages such as improved stability, enhanced drug loading capacity,
and prolonged release profiles [9,10].

Basically, THEDES are prepared by hit and trial method, which is time-consuming and expensive. Therefore, a mechanistic idea of
THEDES formation, including the possible intermolecular interactions between API and the excipient is necessary for delivery systems
[19]. Being a recent concept of drug delivery, THEDES needs a thorough understanding of their fundamental aspects and all other
important details concerning THEDES and eutecticity, aiming for improved drug dissolution, enhanced drug solubility, and improved
drug penetration using DES having unique properties such as high tunability and high thermal and chemical stability [20]. This review
highlights the applications of THEDES and NADES as promising alternatives to toxic organic liquids to achieve enhanced drug solu-
bility and improved drug bioavailability in various formulations. This review summarizes the key findings and implications of
THEDES-based pharmaceutical applications, emphasizing their potential to revolutionize drug delivery and improve patient outcomes.
It highlights the significance of continued research and innovation in harnessing the full potential of THEDES in pharmaceutical
sciences. By focusing on these aspects, this review contributes significantly to the existing literature on THEDES and provides valuable
insights into their pharmaceutical applications.

2. DEEP eutectic systems (DES)

A DES is typically a mixture of two components, a hydrogen bond donor (HBD) and a hydrogen bond acceptor (HBA), which form
strong intermolecular interactions, lowering the melting point of the mixture. A hydrogen bond is a type of intermolecular interaction
that occurs when a hydrogen atom (H) is shared between two electronegative atoms, such as nitrogen, oxygen, or fluorine [21]. The
hydrogen atom becomes partially positive charged, while the electronegative atom becomes partially negative charged, creating a
dipole-dipole attraction. Hydrogen bonds are weaker bonds as compared to the covalent bonds; however, they can have a significant
impact on the physical and chemical properties of a substance [22]. In a DES, the HBD and HBA components can form multiple
hydrogen bonds with each other, creating a network of intermolecular interactions [23]. This network can stabilize the liquid phase of
the mixture at a temperature lower than the melting points of the individual components. A common example of a DES is choline
chloride-urea, which is made by combining choline chloride (HBD) and urea (HBA) in a 1:2 M ratio, forming strong hydrogen bonds.

Choline chloride is a quaternary ammonium salt that has a positively charged nitrogen atom, which can act as an HBD. Urea is a
diamide that has two nitrogen atoms and a carbonyl group, which can act as HBA. When choline chloride and urea are mixed, the
ammonium group of choline chloride forms hydrogen bonds with the carbonyl groups (C=0) of urea, creating a stable liquid phase at a
temperature as low as 12 °C. The HBD/HBA concept can be applied to other types of DES as well. For example, a DES made from lactic
acid (HBA) and choline chloride (HBD) could have a different ratio of components and different physical properties than choline
chloride-urea. The HBD/HBA concept is a useful way to design and understand the properties of DESs, and it has implications in a wide
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range of fields, including chemistry, materials science, and biotechnology [19,20]. Fig. 1 depicts a pictorial representation of various
components of THEDES with examples.

The term DES refers to a family of ILs that is typically made up of a mixture of different quaternary ammonium salts and HBDs such
as alcohols, amides, and carboxylic acids. The charge delocalization that occurs during the creation of hydrogen bonds between the
HBA and the HBD is what causes the constituents’ melting points to fall. This can be regarded as one of the primary factors increasing
DESs’ solubility and absorption. Most APIs contain quaternary ammonium, amide, carboxylic acid, or alcohol polar functional groups.
Although they can be utilized to form eutectic mixes, these tend to raise the melting points of the compounds. While this idea has been
utilized previously, mixing quaternary ammonium salts with amides, carboxylic acids, and alcohols can lead to significant reductions
in freezing points and the formation of so-called DES. These DESs quickly combine with water, which might improve API uptake [24].
Poised with remarkable properties of inherent tunability, biocompatibility, and good chemical and thermal stability, the DES has
become a much-investigated topic of research in the pharmaceutical industry. The DESs are reported to be able to segregate bioactive
compounds from natural sources as well as enhance the solubility and permeability of poorly soluble drugs, both of which are
important for drug absorption and drug efficacy [25]. The ILs and DESs both possess unique properties of tunability and stability;
however, DESs are now being considered as newer and cheaper alternatives to the expensive ILs. They can increase the drug’s sol-
ubility and hence, its bioavailability inside the human body [26].

The ILs and DESs have potential pharmaceutical and biomedical applications such as in the solubilization of drugs, API delivery
through complex biological barriers, protein and nucleic acid stabilization, and delivery of antimicrobial, antibacterial, and anticancer
agents [27]. One of the promising IL/DES systems is choline geranate (CAGE), which is widely being used due to its biocompatibility
and has garnered significant attention from researchers nowadays. CAGE has been used in the development of oral, transdermal, and
subcutaneous drug delivery systems. It can solubilize both hydrophobic and hydrophilic drugs and can be used in the delivery of
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proteins and nucleic acids [28]. CAGE has numerous therapeutic applications as it facilitates drug delivery owing to its unique
properties, making it an interesting therapeutic drug delivery system [29]. Numerous IL/DES and API/DES combinations and their
applications in the pharmaceutical sciences are highlighted in Table 1.

3. Fabrication approaches for THEDES
3.1. Electrospinning technique

The electrospinning process is mainly used to fabricate nanostructures and core-shell structures by coaxial electrospinning. It is a
multicomponent technique that can produce Janus fibers and three-layer fibers, depending on the electrospinning setup. Although the
main application of this technique is in biopolymer manipulation, it has also been used in the production of thin gelatin fibers with
smooth surfaces [31]. In lieu of developing a new drug delivery system, these gelatin fibers were used to encapsulate THEDES, which
was prepared by mixing choline chloride and mandelic acid in a 1:2 M ratio. The THEDES was mixed with gelatin solution, and
electrospun fibers were produced by the electrospinning technique and statistically optimized. Electrospun fast-dissolving gelatin
fibers were found to be non-cytotoxic and showed a fast-dissolving release profile [31].

3.2. Self-emulsification technique

A deep eutectic-based system of a dopamine agonist, apomorphine, was formed by the self-emulsification technique. A homoge-
nous mixture comprising choline-geranate, n-methyl-pyrrolidone, polyethylene glycol (PEG), and water was emulsified spontaneously
into a microemulsion when administered via subcutaneous injection. Apomorphine was entrapped in the THEDES, thereby retarding
its release and extending its pharmacokinetics. As a result, the three-injection per day dose of apomorphine could be reduced to every
other day in patients with Parkinsonism [30].

3.3. Supercritical fluid technique

A controlled drug delivery system using the polymeric blends, starch: poly-e-caprolactone (30:70) and menthol: ibuprofen-THEDES
in different molar ratios was developed by employing the supercritical fluid technique at 20 MPa and 50 °C. Differential scanning
calorimetry (DSC), scanning electron microscopy (SEM), and micro-computed tomography (MCT) were used as characterization
techniques in this study [33]. Additionally, in a recent study, THEDES of celecoxib (CEL) were produced by a novel supercritical CO5
technique for oral delivery and enhanced bioavailability. Different preparation methods, such as spray dying, evaporation crystalli-
zation, and supercritical fluid method were employed, and an enhanced dissolution profile was observed for supercritically processed
CEL-THEDES [40]. The use of supercritical CO; technique in combination with THEDES is a newer green approach to drug delivery
systems. Recently, for the treatment of tuberculosis, 1-arginine-based THEDES were encapsulated in a lipidic matrix through super-
critical CO, technology by two different processes with different principles, i.e., Particle from Gas Saturated Solution (PGSS) and Rapid
Expansion of Supercritical Solutions (RESS). The work involved a phase equilibrium study of THEDES and CO; mixtures visually for
the observation of physical state of isothermal mixture at certain compositions upon varying the pressure by mixture compression for
transition of two-to-one phase corresponding to solubility measurements. No significant solubilization of THEDES in CO, was
observed, ruling out the possibility of using RESS method for encapsulation. However, phase equilibria studies allowed the selection of
PGSS as a suitable technique for citric acid: L-arginine: H,O THEDES encapsulation in glycerol monostearate particles. Particles with
mean size between 14 and 23 pm, an encapsulation efficiency of 75 %, and fast THEDES release, were obtained [40].

Table 1
- Various IL/DES and API/DES combinations and their applications in drug delivery.
System Molar Ratio Application Ref.
Choline-geranate (CAGE) - Oral, transdermal, and percutaneous delivery systems [28,
29]
Choline-geranate (CAGE), n-methyl-pyrrolidone, CAGE (1:2) Self-emulsifying subcutaneous depot system for [30]
polyethylene glycol, and water apomorphine
Choline chloride-mandelic acid 1:2 THEDES (Fast-dissolving delivery system) [31]
Proline-glycerol - NADES (Cryoprotectant) [32]
Ibuprofen-menthol (10 and 20 wt %) THEDES (Effective delivery) [33]
Choline chloride and L-(+)-tartaric acid diethyl ester 1:4 Transdermal delivery of drugs [34]
Choline chloride and urea ChClL:Gly acid (1:1 and 1:4) Solubilization of drugs [35]
Choline chloride and carboxylic acids ChCl:Gly acid: Oxa acid
Choline chloride and glycolic acid (1:1.6:0.4)
Choline chloride, glycolic acid, and oxalic acid
Choline chloride-geranate - Transdermal delivery of proteins in diabetics [36]
Choline chloride-geranic acid 1:2 Transdermal delivery of ruxolitinib [37]
Betaine — mandelic acid 1:1 Solubilization and permeability enhancement of [38]
natural products
Menthol — camphor 1:1, 2:1, 3:1 and 4:1 Enhanced percutaneous delivery of tacrolimus for [39]

atopic dermatitis
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3.4. Nanoprecipitation technique

Lignin nanoparticles (LNPs) were prepared by dissolving lignin in DES with water as an anti-solvent through a self-assembling
process through the nanoprecipitation technique. The lignin/DES nanotechnique was found to be simple and environment-friendly
and resulted in the preparation of LNPs with sizes in the range of 20-200 nm. The prepared LNPs were characterized using various
techniques, such as TEM, SEM, FTIR, and DLS. They also showed excellent dispersibility and prolonged stability [41].

3.5. Miscellaneous techniques

The production of single-walled carbon nanotubes (SWCNTs)-doping molecularly imprinted polymer nanocomposites-based sys-
tems with ILs and DES (choline chloride/ethylene glycol) for fenbufen delivery is reported as a controlled-release device [42]. In a
recent study, a DES-based polymer monolith integrated with titanium dioxide nanotubes (TNTs) for specific protein recognition was
reported to be an efficient material for the isolation of protein species [43].

4. Routes of THEDES delivery

THEDES can be administered to the patient via various routes of administration, such as oral, transdermal, intravenous, vaginal,
and buccal routes. The potential of DESs and ILs to carry larger molecules over the skin has drawn the most attention of any delivery
method, including THEDES-assisted transdermal delivery of medications. It has also been reported that the physicochemical properties
of these DESs, such as viscosity and miscibility, can be fine-tuned and controlled through the selection of ions used in DES and their
corresponding molar ratio.

4.1. Transdermal delivery

Transdermal drug delivery is a much safer and easier alternative to oral drug administration. But the biopharmaceutical issues of
drugs, such as poor water solubility, make their inclusion into hydrophilic biopolymer systems very complicated for the formulator.
Amongst various alternative formulation approaches, one approach is the formation of THEDES of that drug for transdermal drug
delivery. Several ILs and DESs displayed promising results in enhancing the transdermal delivery of several small and large molecules.
The most interesting of all are choline-based systems, such as the choline and geranic acid (CAGE) system being extensively used in
THEDES transdermal delivery.

In lieu of this, THEDES of ibuprofen were prepared, and a solubility increase of up to 7917-fold was observed in DESs as compared
to pure water. The formed THEDES were found to have enhanced solubility, improved permeability, were non-cytotoxic and no change
in the anti-inflammatory activity of ibuprofen was observed [44]. The DESs are suitable solvents for anesthetic drug delivery in the
liquid phase. An increase in the solubilization of prilocaine, procaine and bupivacaine in arginine-based DES was confirmed by
quantum chemistry and classical molecular dynamics owing to the formation of hydrogen bonding [45]. Similarly, another study
reported the incorporation of eutectic mixture of lidocaine and thymol into a microemulsion (ME) as an attractive and promising
transdermal delivery for topical anesthetic therapy. Initially, a high dosage of lidocaine (10 %) was kneaded with thymol to form a
lipophilic solution, and then it was readily incorporated into a ME using surfactants and co-surfactants. The THEDES in ME exhibited
extended anesthetic activity and non-irritating effects on the skin [46]. Another interesting study revealed the use of skin needling
combined with eutectic mixture of lidocaine and prilocaine (THEDES) to enhance the transdermal penetration of the local anesthetics.
Improvised results in the level of pain sensation were observed in skin needling in conjunction with THEDES as compared to THEDES
alone [47].

The DESs comprising the combination of ChCl and L-(+)-tartaric acid diethyl ester (L) in the molar ratio 1:4 were reported for
transdermal delivery of diclofenac diethylamine. The formation of hydrogen bonds between the drug and the conformers was char-
acterized using attenuated total reflectance-Fourier transform infrared (ATR-FTIR) and 'H nuclear magnetic resonance (*HNMR)
spectroscopes. High solubility, percutaneous permeability, low cytotoxicity, and non-irritancy parameters were observed for this novel
THEDES-TDDS [34]. THEDES of menthol and flurbiprofen were also reported previously, wherein the pure menthol is placed into silica
hosts and sits as a fully amorphous substance within the pores of silica matrices. By incorporation into mesoporous silica hosts, this
composite stabilizes the unstable amorphous menthol, which in turn regulates the drug’s release profile [48].

A microemulsion-based THEDES of ionic liquid (imidazolium) and DES consisting of lidocaine and ibuprofen (oil phase) was
recently prepared for the transdermal delivery of artemisinin. The prepared ME-THEDES showed a particle size of 41.95 + 0.85 nm
and a viscosity of 26.65 + 0.13 mPa s, and in vitro transdermal assays using these particles through skin showed improved artemisinin
transport. This enhancement in TDDS of artemisinin could be attributed to the disruption of the regular arrangement of keratin in the
stratum corneum layer of skin. The findings from this study supported the fact that THEDES could be a promising vehicle for the
transdermal delivery of other hydrophobic natural drugs [49]. The enhancement of skin permeation was also reported for the Chinese
herb medicines in a DES-extract complex, which was prepared by co-heating the herb extracts with amino acids as the HBA and citric
acid as the HBD. The DES extract incorporated into a hydrogel system proved to be a synergistic combination for the local treatment of
rheumatoid arthritis [50]. The delivery of large biomolecules such as proteins, including bovine serum albumin (BSA), ovalbumin, and
insulin, often imposes challenges due to their inherent low permeability across the skin. Their TDD was made easy using DESs, ChCl
and geranate (CAGE). CAGE enhanced the permeation of these proteins into porcine skin ex vivo, making this delivery an alternative,
noninvasive, and promising alternative to injectable insulin delivery in the treatment of diabetes [36].
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In an innovative study on TDD of mesoporous silica nanoparticles (MSNPs), DES-MSNPs were prepared for noninvasive TDD using
amino acid and citric acid as DESs for enhanced skin penetrability and sustained delivery of MSNPs [51]. Skin permeability of a model
drug, ruxolitinib, was found to be enhanced by CAGE at a molar ratio of 1:2. As determined by 2D-NMR spectroscopy, mechanistic
investigations revealed that the potency of ILs in the enhancement of TDD inversely correlates with the inter-ionic interactions [37].
Pharmaceutical DESs were prepared for imipramine HCI, catechol, and ascorbic acid for the controlled release of these pharmaceu-
ticals using eutectic-modified gelatin. It was reported that the PDEs were able to increase the uptake of APIs, both oral and transdermal
[52].

4.2. Oral delivery

The development of a novel amorphous solid dispersion based on NADES for the enhancement of anti-tumor RA-XII delivery, a
unique natural cyclopeptide, by oral administration in rats was reported. It showed numerous advantages in oral cancer therapy being
highly patient-compliant as it is non-invasive in usage. Ra-XII exhibited poor bioavailability in rats because of poor solubility and low
permeability. A NADES comprising mandelic acid and betaine in a 1:1 M ratio was developed to deliver RA-XII efficiently by oral route.
Approximately 17.54-fold increase in solubility and 10.35-fold improvement in permeability were observed for NADES solutions. The
prepared NADES was converted to a solid dispersion formulation by the addition of a polymer (PVP K30). This strategy seemed to be
novel and appropriate for improving the solubility, permeability, and ultimately the bioavailability of a natural product [38]. THEDES
of celecoxib were prepared by the supercritical CO, technique for oral delivery to enhance its bioavailability. The evaporation
crystallization method, spray drying, and supercritical fluid techniques were the techniques employed. Enhanced dissolution was
observed for samples processed with the supercritical technique as compared to others [40].

4.3. Buccal delivery

Buccal drug delivery is another non-invasive approach to administer therapeutics to the patients. Nonetheless, delivering proteins
and peptides into the systemic circulation through the buccal route is still challenging. Chitosan was used as a mucoadhesive polymer,
and DESs were used as transport facilitators to prepare a biodegradable polymeric patch containing insulin for its buccal delivery. The
CAGE-insulin viscoelastic gel with two layers of biodegradable polymer sandwiched between them showed a 7-fold improvement in
the total amount of insulin transported across the porcine buccal mucosa in an ex vivo setting [53].

4.4. Intravenous delivery

A DES-based formulation for intravenous delivery of verteporfin is reported, where the lipoidal DES comprising choline and oleate
was used to enhance the solvation of verteporfin in stable nanocomplexes. The formulation showed improved cellular uptake of the
drug as well as better retention, penetration, and tumor accumulation in vivo. This novel formulation could have great potential for
intravenous delivery of chemotherapeutics [54].

4.5. Percutaneous delivery

A menthol/camphor-based eutectic system of tacrolimus for the treatment of atopic dermatitis aimed for percutaneous delivery was
developed in a study. This promising nanoscale system enhanced the percutaneous delivery and treatment efficiency of the drug to
effectively treat atopic dermatitis with reduced irritation [39].

4.6. Vaginal delivery

THEDES containing metronidazole has been prepared for the treatment of bacterial vaginosis by intravaginal application. A simple
polycaprolactone (PCL) matrix was used to achieve an extended release of THEDES, and this was carried out using a bench scale twin-
screw hot melt extruder. THEDES-PCL matrix system exhibited improved onset of action and a controlled release of drug over a period
of 7 days, proving to be superior over oral therapy [55].

5. PHARMACEUTICAL applications of THEDES

The development of novel drug delivery systems is an ever-evolving field where new ideas and concepts emerge to overcome
various biopharmaceutical issues of existing and new drugs, such as solubility, permeability, and bioavailability. THEDES can be used
as carriers for drug delivery by encapsulating drug molecules within nanoparticles made of THEDES. These nanoparticles can protect
the drug molecules from degradation, improve their solubility, and enhance their bioavailability, making them more effective as
pharmaceutical agents. The process of encapsulating drug molecules within THEDES-based nanoparticles typically involves mixing the
drugs with components of THEDES (HBD and HBA), followed by the addition of a surfactant or stabilizer to form stable nanoparticles
[14]. The resulting nanoparticles can then be administered to the patients through different routes of administration, such as oral,
intravenous, and topical. Components in a deep eutectic solvent (THEDES) can improve the solubility of drugs that are poorly soluble
by forming strong intermolecular interactions with the drug molecules. For instance, if a drug molecule has polar functional groups
that can form hydrogen bonds, the HBD component of THEDES can form hydrogen bonds with these groups, stabilizing the drug
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molecule and preventing it from precipitating out of solution. Similarly, if a drug molecule has non-polar functional groups, the HBA
component of a THEDES can form van der Waals interactions with these groups, solubilizing the drug molecule and preventing it from

aggregating [56]. Various pharmaceutical applications of THEDES are summarized in Fig. 2.

5.1. Dissolution enhancement of APIs

The DESs are reported to show high solvation capability for drugs based on strong solvent-solute intermolecular interactions. These
highly tunable, non-toxic, and null-volatile solvents could be imagined as suitable solubilizing media and effective delivery vehicles for
various APIs. This section summarizes the recent investigations performed on THEDES as solubilizing agents of various pharmaceutical
drugs. The preparation of THEDES having menthol complexed with various APIs such as ibuprofen, benzoic acid, and phenylacetic acid
is reported in the literature [57]. Eutectic mixture (EM) was prepared by the formation of H-bonds between menthol and the APIs, and
these interactions were determined by NMR spectroscopy. The solubility and permeability of THEDES were compared with those of
pure APIs. The solubility improvement up to 12-folds and increase in permeability up to 3-fold were observed with menthol-ibuprofen
system in comparison to pure ibuprofen. This work provided enough evidence that by modifying the physical state of molecules from
solid to liquid, THEDES had the efficiency to enhance the solubility, permeability, and ultimately the bioavailability of APIs [57]. Two
distinct DESs based on choline chloride (HBA) and ascorbic acid, or polyethylene glycol (HBD), were used to improve the solubility and
delivery of dapsone, a class IV drug. DSC, FT-IR, and NMR analyses were used to analyze the H-bond formation between the drug and
DES components, indicating the development of eutectic systems between the two components [58].

Due to their low water solubility, sulfonamides were studied in a variety of natural deep eutectic solvents that included choline
chloride and multi-hydroxyl-containing compounds to increase their solubility. When compared to water at 37 °C, the unimolar ratio
of choline and glycerol exhibited maximum solubility up to 43 times. Quantum chemistry calculations based on the COSMO-RS
procedure revealed that the interactions between the drug molecules sulfonamide and choline chloride were responsible for the in-
crease in solubility [59]. THEDES were prepared with choline chloride (ChCl) or menthol in complexation with benzoic acid (BA),
acetylsalicylic acid (AA), and phenylacetic acid (PA) in the following molar ratio: menthol: PA (2:1), menthol: PA (3:1), menthol: AA
(3:1), menthol: BA (3:1), ChCl: AA (1:1), and ChCl: PA (1:1). THEDES were prepared and characterized extensively for structural
features, thermal behavior, and dissolution rates. As compared to pure API alone, THEDES exhibited increased dissolution rates,
highlighting the potential of THEDES as novel delivery systems [60].

A newly designed arginine-based THEDES for the solvation of lidocaine was also reported. The type and strength of intra- and inter-
molecular bonding were examined in the intermolecular forces between lidocaine and the DES-HBDs and -HBAs [45]. In a study,
curcumin was found to be dissolved most readily in NADES, made of glycerol and ChCl, which were identified as effective drug
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carriers. With the aid of quantum chemistry calculations, the reason for the increased solubility of curcumin in NADES in presence of
intestinal fluids was attributed to direct inter-molecular interactions resulting in hetero-molecular pairings with glycerol and choline
chloride [61]. The DESs, including ChCl (HBA) and urea or carboxylic acids (HBD), at their eutectic compositions were developed.
Similarly, another DES based on glycolic acid and ChCl was reported, which was found effective in improving the solubility of
numerous weakly basic, poorly water-soluble drugs in molar ratios of 1:1 to 1:4 at room temperature. It was able to enhance the
solubility of itraconazole (6700-fold), piroxicam (430-fold), lidocaine (28-fold), and posaconazole (6400-fold) as compared to their
aqueous solutions. Another novel ternary DES based on ChCl, glycolic acid, and oxalic acid at molar ratio 1:1.6:0.4 produced a striking
and intriguing increase in the itraconazole solubility (53,600-fold) [35]. Another study aiming for the solubility improvement of
tolbutamide and chlorpropamide by preparing THELES is reported. These two sulfonylurea compounds are poorly soluble in water.
Drug-THELES were prepared by combining conformers in the molar ratios of 1:1 and 1:2, including 1-tryptophan, tromethamine, citric
acid, L(+)-arginine, malic acid, ascorbic acid, and f-aminobenzoic acid. An increase in the drug solubility without a decrease in their
permeability was observed as compared to the pure APIs [62].

5.2. Maximizing drug delivery in disease treatment

Metabolic diseases are often associated with a high morbidity and mortality rate, making their treatment challenging for healthcare
practitioners. Diseases including tuberculosis, cancer, diabetes mellitus, liver disorders, and atherosclerosis need effective and targeted
delivery systems of their respective drugs to be treated properly. THEDES as a novel delivery system for APIs are easy to prepare, low
production cost, high biodegradability, and high adjustability, making them a unique and interesting approach in the management of
metabolic and non-metabolic disorders [63].

5.2.1. Tuberculosis

Tuberculosis disease generally requires a prolonged treatment schedule using various anti-tuberculosis drugs, which often leads to
drug resistance issues. Successful THEDES-based delivery methods of anti-tuberculosis drugs have been reported in the literature. This
could be a new breakthrough in the treatment of tuberculosis, which is one of the most socially burdened diseases [64]. A
THEDES-based 1-arginine and ethambutol system was prepared and characterized extensively by suitable techniques. Solubility studies
revealed an improvement in the solubility of ethambutol upon incorporation into the THEDES system [65]. Similarly, using
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supercritical CO5 technology, the r-arginine-based THEDES was developed in a lipidic matrix for tuberculosis therapy, and the results
revealed that the prepared lipid particles were non-cytotoxic in nature when studied using L929 fibroblasts [66].

5.2.2. Cancer

Cancer is a huge problem mankind is dealing with in this present time. It requires alternative therapies with fewer side effects and
improved efficacy for its management and treatment. THEDES of anticancer drugs are unique, attractive, and portentous in terms of
ease of preparation, stability profile, and cost-effectiveness. In support of this statement, a few studies from the literature were
reviewed wherein anticancer drugs were delivered by incorporating them into THEDES. Temperature-responsive tunable entities with
remarkable drug release potential were developed recently for doxorubicin using eutectic mixtures prepared from fatty acids (stearic
and myristic acid) and liquid lipids such as oleic acid using hot melt encapsulation followed by sonication methods, which were further
characterized for enhancement in permeability. The developed nanoformulation was found to be non-toxic as assessed using acute
toxicity studies and hemolysis assays when compared to the free drug [67]. A new type of solid-lipid nanoparticle (SLN) of NADES and
biotin-conjugated lysine-polyethylene glycol copolymer were prepared for paclitaxel (PTX) and 7-hydroxycoumarin (7-HC) and
characterized for particle size, surface morphology, functional groups, and thermal stability. Both the drug-loaded novel SLN systems
exhibited strong anticancer properties of drug molecules in cancer treatment [68].

In another study aiming to treat cancer using THEDES, natural terpenes possessing anticancer properties, such as safranal, menthol,
and linalool, were combined with non-steroidal anti-inflammatory drugs (NSAIDs), such as flurbiprofen, ibuprofen, and ketoprofen, as
a promising treatment approach for cancer cells. The menthol-ibuprofen (3:1) combination was reported to improve the drug’s sol-
ubility and bioavailability [69]. The THEDES of ibuprofen and perillyl alcohol were tested for their antimicrobial potential against
various microorganisms, and the combination showed improved antimicrobial activities against most of the tested strains except
P. aeruginosa. Also, the cytotoxicity of prepared THEDES was tested on in vitro colorectal cancer cell models, and it was found that the
THEDES based on ibuprofen and perillyl alcohol could be a promising alternative to conventional therapies for colorectal cancer [70].
A THEDES-based on limonene (LIM), a portentous phytochemical compound reported to have anticancer potential, was also developed
as a new possibility for cancer treatment. However, being non-selective towards cancer cells, it is considered as a highly toxic com-
pound. The THEDES was prepared by gently mixing the saturated fatty acids and ibuprofen (IBU) or menthol with LIM to measure the
anticancer potential of these systems. Various combinations, such as IBU: LIM (1:4), IBU: LIM (1:8), and menthol: LIM (1:1), were
prepared and tested for antiproliferative properties against HT29 cell lines. The LIM: IBU (1:4) combination exhibited synergistic
effects of DES, which can be useful in anticancer therapies [71]. Fig. 3 is a mechanistic representation of cancer prevention by THEDES.

5.2.3. Microbial infections

Benzalkonium chloride, a well-known antimicrobial agent with a variety of biomedical and pharmaceutical applications, was
formulated in DES with acrylic acid and methacrylic acid. In this study, it was reported that an enhanced antimicrobial activity of
benzalkonium chloride was observed for DES with acrylic acid towards S. aureus and C. albicans in an agar diffusion test. The DES also
controlled and optimized the drug release profile, offering new insights into antimicrobial drug delivery [72]. A comparative study
between two supersaturating drug delivery systems, eutectic mixture (EM) and amorphous solid dispersion, was performed recently to
improve the release of griseofulvin (GSF) using different sweeteners such as saccharin (SAC), isomalt (ISO), and maltitol (MALT). Out
of all formulations, the SAC-containing eutectic mixture (GSF-SAC-EM) showed maximum drug release in buffer solution as compared
to the amorphous formulations using ISO and MALT sweeteners [73].

5.2.4. Amoebiasis

Recently, the effectiveness of malonic acid and salicylic acid-based DES on Acanthamoeba castellanii was also tested. Also in the
cytotoxicity assays, minimal toxicity to human cells was observed, emphasizing the promising nature of these DES as effective therapy
against A. castellanii [74].

5.2.5. Wound healing

Hydrophobic THEDES based on menthol and saturated fatty acids such as stearic acid, myristic acid, and lauric acid were reported
recently for wound healing potential. The cytotoxicity evaluation of the menthol-stearic acid THEDES formulation was performed on
HACaT cells, and it was found to be non-cytotoxic in nature with a remarkable wound healing potential [75]. Another study
demonstrated the fabrication of green poly (vinyl alcohol) nanofibers using NADES for fast dissolution and delivery of acetylsalicylic
acid (aspirin) and honey. The developed nanofibers were biocompatible and non-cytotoxic. Rapid and targeted drug delivery,
enhanced solubility, and controlled drug concentration were the benefits of these fast-dissolving systems. The in vivo studies showed
that the wound healing process was accelerated using PVA-DES-honey nanofibers and a remarkable improvement (85.2 %) in the
wound healing rate on skin was observed after 6 days post-surgery. On the other hand, control (PVA) showed 68.2 %, whereas the
PVA-DES nanofibers showed 76.3 % healing rate under similar conditions [76].

5.2.6. Hepatotoxicity

Silymarin-loaded eutectic mixtures with various ratios of poly-vinylpyrrolidone K30 were prepared and evaluated for their anti-
inflammatory and hepatoprotective potentials. The solid dispersion of silymarin with PVP K30 was successfully formulated, which
exhibited enhanced solubility (5-fold) in comparison to pure silymarin. Improved hepatoprotective and anti-inflammatory effects were
observed for the developed formulation [77].
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5.3. Drug delivery using natural deep eutectic systems (NADES)

NADES are a class of liquid mixtures formed by combining two or more naturally occurring components at a specific ratio, resulting
in a eutectic point with unique physicochemical properties. Unlike conventional solvents, NADES are composed of natural compounds
such as organic acids, amino acids, sugars, polyols, and their derivatives [16]. NADES are characterized by their ability to form a
eutectic mixture, which exhibits a lower melting point compared to the individual components. This property arises due to the strong
interactions between the components, such as hydrogen bonding and n-r stacking, which disrupt the crystal lattice and facilitate the
formation of a liquid phase. One of the remarkable features of NADES is their versatility and tunability. By selecting different com-
ponents and adjusting their ratios, the physicochemical properties of NADES, including viscosity, polarity, and melting point, can be
tailored to meet specific application requirements [38]. This flexibility allows for the design of NADES with desired characteristics
suitable for various applications, such as drug delivery, extraction processes, chemical synthesis, and biocatalysis.

NADES have gained significant interest in the field of drug delivery due to their biocompatibility, biodegradability, and ability to
solubilize hydrophobic drugs or poorly water-soluble compounds. They can serve as alternative solvents or carriers for drug formu-
lation, offering advantages such as improved drug solubility, enhanced bioavailability, and controlled release profiles. Moreover,
NADES have shown cryoprotective properties, making them useful in preserving biological materials during freezing and thawing
processes. Another advantage of NADES is their natural origin, which aligns with the growing demand for sustainable and environ-
mentally friendly approaches in various industries. NADES can be derived from renewable resources, reducing reliance on synthetic
solvents, and minimizing environmental impact. Cryopreservation is a preservation technique, and two synthetic cryoprotectants,
dimethyl sulfoxide (DMSO) and glycerol, are commonly used for the process. Being toxic in nature, their use in clinical applications is
limited.

NADES also act as natural cryoprotective agents (CPAs) in a way similar to the antifreeze proteins and sugars by protecting cell
physiology in the cryopreservation process [78]. Recently, NADES were tested as cryoprotectants in two mammalian cell lines, L929
and HacaT cells, using the vitrification method, and they showed great potential as CPAs [79,80]. Also, in another study, a DES made
from proline and glycerol emerged as an effective cryoprotectant that was found to be less toxic than its individual components [32].
NADES represent a promising platform for diverse applications, including drug delivery, biocatalysis, and extraction processes. Their
unique properties, tunability, and natural origin make them an attractive alternative to conventional solvents, opening new avenues
for innovative and sustainable solutions in various fields [81-85].

5.4. Fortifying bioactive compounds

The application of THEDES offers valuable opportunities for stabilizing bioactive compounds in various contexts where the
preservation and efficacy of bioactive compounds are essential. THEDES demonstrate remarkable potential in protecting and
enhancing the stability of sensitive bioactive molecules, including drugs, natural extracts, enzymes, and proteins. This stabilization
capability has significant implications for improving the efficacy, shelf life, and delivery of bioactive compounds. One of the key areas
where THEDES excels is drug stabilization. By encapsulating drugs within THEDES formulations, these systems can shield the drug
molecules from degradation factors such as light, heat, oxygen, and pH changes. This protective environment ensures the maintenance
of drug potency and efficacy over an extended period, contributing to enhanced therapeutic outcomes. Furthermore, THEDES can be
instrumental in the preservation of natural extracts, which often contain delicate bioactive compounds prone to degradation. Incor-
porating THEDES as solvents or carriers for natural extracts safeguards the active constituents, prevents oxidation, and extends the
shelf life of these extracts. This stabilization effect ensures the integrity and efficacy of the extracts for various applications, such as in
the development of nutraceuticals or cosmeceuticals.

In addition to drug stabilization and natural extract preservation, THEDES also play a significant role in maintaining the stability of
enzymes and proteins. These sensitive biomolecules require proper stabilization to retain their structure and activity. THEDES provide
a favorable environment that protects enzymes and proteins, preventing denaturation and maintaining their stability during storage or
application. This stabilization effect is particularly valuable in enzymatic reactions, biocatalysis, or the development of enzyme-based
formulations. THEDES can also be integrated into controlled release systems, such as nanoparticles or hydrogels, to stabilize and
control the release of bioactive compounds. The eutectic environment provided by THEDES protects the loaded compounds, pre-
venting premature release or degradation. This controlled release system ensures a sustained and controlled release profile, enhancing
the stability and therapeutic efficacy of the bioactive compounds.

In the realm of biopharmaceutical formulations, THEDES demonstrate their potential by stabilizing bioactive molecules, such as
protein-based therapeutics, vaccines, or gene delivery systems. By ensuring the stability of these molecules, THEDES contributes to the
integrity of biopharmaceutical formulations during storage and delivery, enhancing their effectiveness and therapeutic outcomes
[86-89]. Bioactive compounds have potential full biological activities and are therefore being used in alternative therapies for ages.
They are widely used in the food, pharmaceutical, and cosmetic industries. Their extraction from natural sources is a very crucial step
in the research and development stages. NADES are thus considered appropriate to extract these bioactive compounds owing to their
high stabilizing abilities, low toxicity, biodegradability, and low environmental impact. Relevant studies conducted on NADES as
extracting solvents for various bioactive compounds were reviewed. In one such study, NADES-curcumin with choline chloride and
glycerol was prepared and utilized as an extraction tool to obtain the curcuminoids from their natural sources. It also served as an
efficient stabilizer, which could prevent the degradation of curcumin from sunlight and offered beneficial properties [60].

The preparation of eutectic-based liposome of paeonol and lauric acid in a molar ratio of 1:1 was reported, and the developed
THEDES exhibited enhanced water solubility in comparison to the pure APIs. The obtained liposomes were 120 nm in size, with an
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encapsulation efficiency of 84 %, proving to be a better strategy for delivering natural bioactives [90]. Similarly, carnosol, rosmarinic
acid, carmosic acid, and caffeic acid were extracted from rosemary by the utilization of NADES using heat, stirring, and
ultrasound-assisted extraction techniques. The extraction of carnosic acid and carnosol was achieved using menthol and lauric acid in a
molar ratio of 2:1, whereas lactic acid and glucose in a molar ratio of 5:1 resulted in the extraction of rosmarinic acid. This work
disclosed that employing two different systems simultaneously could assist in the extraction of different compounds using a single-step
procedure under similar experimental conditions. The extracted bioactives were stable in NADES for a prolonged time, as quantified by
HPLC at different time points [91]. In conclusion, the application of THEDES enables the stabilization of bioactive compounds,
safeguarding them from degradation and enhancing their stability. This capability finds relevance in various fields, including drug
development, natural extract preservation, enzyme stability, controlled release systems, and biopharmaceutical formulations. Har-
nessing the stabilization potential of THEDES contributes to improved efficacy, extended shelf life, and enhanced therapeutic outcomes
in diverse biomedical applications.

5.5. When to consider THEDES technology and why?

While encountering the solubility issues of a poorly soluble drug during the formulation development stage, many modifications
are carried out by the researcher to increase their oral bioavailability, such as the use of different routes of drug administration, use of
new dosage forms, modifications in the drug itself, such as salts, esters, and prodrugs, or required modification in the pH of the
medium. Other than these basic approaches, some more sophisticated techniques, such as the development of lipid nanoparticles
(SLNs, NLCs), polymeric micelles, nanosuspension, and size reduction techniques, are also considered for the problematic drug. In lieu
of this, a new and emerging trend in this discourse of increasing the solubility of a poorly soluble drug is the use of DES. With the use of
DES, the issue of low solubility of certain APIs in aqueous media can be resolved [92].

THEDES can also be utilized as a platform for developing novel drug delivery systems, including nanocarriers and hydrogels, owing
to their ability to solubilize a wide range of compounds and their compatibility with biological systems. Today, the growing global
awareness of sustainability and its impact on the environment we live in drives us towards the use of eco-friendly solvents such as DES
for our research purposes rather than toxic traditional organic solvents. DES are considered as non-toxic, safe, and green new-age
solvents possessing a myriad of pharmaceutical applications [93]. Undoubtedly, novel drug delivery systems such as liposomes,
hydrogels, and lipid nanoparticles are extensively being used to improve the solubility of poorly water soluble drugs, however there are
unique advantages associated with THEDES, such as the ease of preparation, low toxicity profile, low cost of production, high stability,
fine tunability, and biodegradability for the treatment of various metabolic diseases such as cancer and diabetes.

Table 2
Solubility enhancement of APIs by incorporating in THEDES.
APIs DES/conformer composition Solubility enhancement Ref
Weakly basic drugs Glycolic acid & choline chloride Remarkable increase in solubility of these drugs: [35]
Itraconazole (6700-fold)
Piroxicam (430-fold)
Lidocaine (28-fold)
Posaconazole (6400-fold)
Itraconazole Choline chloride, glycolic acid, and Itraconazole (53600-fold) increase in solubility at DES molar ratio of [35]
oxalic acid 1:1.6:0.4.
Ibuprofen Arginine and glycerol (1:4) 7917-fold increase in solubility of IBU [44]
Ibuprofen Menthol 12-fold increase in solubility of IBU [57]
Dapsone Choline chloride/Propylene glycol Enhanced solubility (500 mg/mL) as compared to water (380 mg/L). [58]
Sulfonamides Choline chloride/multi hydroxyl ChCl/glycerol conferred 43 times higher solubility when compared [59]
compounds with water at 37 °C.
Three APIs — acetylsalicylic acid, Choline chloride/Menthol Enhanced dissolution rate profiles for APIs when complexed in [60]
benzoic acid and phenylacetic THEDES form.
acid
Curcumin Choline chloride/glycerol 12,000-fold higher solubility of curcumin than aqueous solution at [61]
RT.
Chlorpropamide and tolbutamide Tromethamine 188 times increase in solubility for chlorpropamide and 120 times for [62]
tolbutamide in THEDES than their respective crystalline APIs.
Ethambutol L-Arginine 27.5-fold increase in solubility [65]
Ibuprofen Perillyl alcohol No marked solubility enhancement was observed using this eutectic ~ [70]
mixture.
Silymarin Polyvinylpyrrolidone K30 5-fold increase in solubility of silymarin THEDES as compared to [771
pure drug.
Caffeine and furosemide Xylitol, citric acid, sorbitol, and glucose Solubility enhancement was observed for caffeine but not for [74]
(HBD) and choline chloride (HBA) furosemide.
Ibuprofen Xylitol, choline chloride, and water Improved solubility of ibuprofen in DES mixture. [95]
Indomethacin L-Carnitine: ethylene glycol (1:4) DES Several thousand folds increase in solubility of indomethacin in [97]
selected DES (175.6 + 3.4 mg/mL) was observed as compared to the
aqueous solubility of drug (0.0011 mg/mL) at 37 °C.
Tadalafil Choline chloride/malonic acid High equilibrium solubility was observed for tadalafil in DES [102]

mixtures.
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The DES constituted using xylitol, citric acid, sorbitol, and glucose (HBD) and choline chloride as HBA were prepared, and the
solubility of APIs such as caffeine and furosemide in these DES was studied extensively. In the case of caffeine, an increase in solubility
was observed, but not in the case of furosemide [94]. In another similar study, DES trends as a new approach to solubilize the drug.
Ibuprofen is a poorly water-soluble drug and its solubility was increased using xylitol and choline chloride DES mixed with different
proportions of water. The IBU-THEDES was found to be non-toxic in a cell viability study [95]. It was reported that the solubility and
topical delivery of a class IV drug, dapsone, was enhanced using a DES based on choline chloride (CC, as HBA) and ascorbic acid or
propylene glycol (AA, PG, as HBDs). The system CC:PG was able to dissolve dapsone at a high concentration (500 mg/mL) as compared
to its solubility in water (380 mg/L). This increase in solubility could be attributed to the ability of DES’s components to form hydrogen
bonds with the drug, as confirmed by the FT-IR and 'H NMR techniques [57].

Until this study, it was considered that generally all the poorly soluble APIs dissolve in their respective DES, as we have seen in so
many examples such as curcumin, baicalin, ibuprofen, etc. But a study conducted on six model drugs and thymol-decanoic acid DES
concluded that out of six APIs, only three (ibuprofen, lenvatinib mesylate, and fenofibrate) were found to be fully dissolved in the
thymol-decanoic acid DES system as a solution state, however, other APIs such as lurasidone hydrochloride, olaparib, and baicalein
could not completely dissolve to form a true solution but remained only dispersed in DES as a colloidal system, giving rise to further
queries and studies on the existence of APIs in DES [96]. A novel type of supersaturating drug delivery system was developed to reduce
the risk of drug precipitation following oral administration. A polymer-embedded deep eutectic system with 15 % w/w polyvinyl
pyrrolidone K30 (PVP) in r-carnitine: ethylene glycol (1:4, molar ratio) DES was made for the model drug indomethacin. A marked
increase in the solubility of indomethacin in DES was observed (175.6 mg/mL), making PEDES a viable formulation approach [97].

Deep eutectic-based formulations for protein delivery after subcutaneous injections have been recently reported in the literature.
Proteins as therapeutics are widely being used for the treatment of metabolic diseases, cancers, and diabetes, but large proteins suffer
from poor absorption after subcutaneous injections. Deep eutectic based subcutaneous injection of monoclonal antibodies showed
enhanced absorption by approximately 200 %, opening new vistas in the delivery of therapeutic proteins via the subcutaneous route
[98].

For insights on the toxicity profile, a published review has summarized in detail all the previous studies on THEDES that have
investigated their toxicity profile by various means, such as cell culture methods, animal models, and human trials. They concluded
that THEDES are generally well tolerated and have a low toxicity profile; however, the same cannot be said for THEDES degradation
products. The data is very scarce in support of them being labeled as non-toxic in nature [99]. Recently, published reviews have given
valuable insights on the toxicity and regulatory aspects of THEDES. However, long-term toxicity data, biosafety profile, safety eval-
uations, and clinical trials are still ongoing for this new form of drug delivery [100,101]. Table 2 summarizes a few important examples
present in the literature for solubility enhancement by the THEDES technique.

6. Challenges and limitations of THEDES

Solvents are an important component in any drug delivery system, which can be used as extraction media, reaction media, solu-
bilization media, and as vehicles for the delivery of drugs. The DESs belong to a new category of green solvents with interesting
properties such as high solubilization capacity, non-inflammability, non-reactivity with water, low vapor pressure, and chemically
tailorable characteristics, giving them versatile applications in all fields of science [103]. None of the formulation development
strategies provide 100 % in terms of experimental successes, and they all have their own set of advantages and disadvantages,
challenges, and limitations. The ionic liquids and DESs face challenging issues of biocompatibility, potential impact of the presence of
impurities, and important aspects of understanding the microscopic interactions in ionic liquids, which is a crucial step in designing the
task-specific solvents [27].

There are several limitations associated with the use of THEDES as drug delivery system that beset its use, and further research,
development, and optimization is warranted to fully harness its potential in various applications. These limitations include the limited
solubility of some APIs in the DESs, which can restrict their applications in certain formulations [96]. Also, the THEDES might be
associated with stability issues, including phase separation or degradation of active compounds over time, especially under stressed
environmental conditions. Although THEDES are generally considered safe, there may be concerns regarding the toxicity of certain
ingredients used in their formulation intended for therapeutic applications [98]. The biocompatibility of THEDES also needs to be
thoroughly evaluated for formulations that involve direct contact with biological tissues or are administered systemically [99].
Tedious, complex, and time-consuming regulatory approval processes for THEDES-based formulations, compatibility of the APIs with
the ingredients or excipients, and a higher cost of production of THEDES, are other limitations associated with the use of THEDES in the
drug delivery system.

Tedious experimental efforts are required to confirm the formation of THEDES between various APIs and excipient combinations
using suitable techniques such as differential scanning calorimetry (DSC). These can be replaced with thermodynamic modeling,
resulting in more effective and tailor-made formulations for successful drug delivery [19]. Despite their myriad applications, these ILs
and DES are still not practically being used in commercial and viable formulations. Since this is a newer form of delivery system, more
data related to clinical trials, long-term toxicity upon human administration, and safety evaluations are still warranted. However,
interesting and positive findings obtained after the in vivo studies are encouraging enough to create new possibilities for delivering the
drugs in their ionic forms [103]. Therefore, it is crucial for the formulator to consider these challenges and limitations of DESs in drug
delivery prior to formulation development steps. The ability of THEDES to improve the bioavailability of APIs has significantly
increased their popularity in the pharmaceutical industry; however, their biological performance has not been thoroughly examined
yet [104].
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7. Conclusions

In conclusion, THEDES can be regarded as any mixture of two or more components, where one of them can be an API, and these
components, when mixed at a particular molar composition, become liquid at room temperature. This in turn enhances the solubi-
lization of APIs into the system, even if they are poorly water-soluble, augmenting their bioavailability. THEDES can have a wide range
of applications in drug delivery and are now being investigated as versatile drug delivery systems. THEDES can be administered using
different routes, such as transdermal, oral, intravenous, buccal, and nasal administration, for enhanced drug bioavailability. Promising
and interesting examples of THEDES are available in the medical, pharmaceutical, and biotechnological fields and were reviewed in
this work. The last decade has witnessed several investigations aiming to utilize this novel drug delivery system to successfully deliver
the poorly water-soluble drugs to their target. However, more pre-clinical and clinical studies are nevertheless required to fully
establish their efficacy and toxicity in living systems.
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