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lonic liquids (ILs) have become versatile biomaterials due to their ability to overcome significant drawbacks
of traditional pharmaceutical materials, including limited solubility, stability, and bioavailability, as they can
have their polarity tuned, with low volatility and high thermal stability. Having evolved to become
bioresponsive and self-assembly solvents, ILs are currently used as catalysts, stabilizers, surfactants, and
active carriers of pharmaceutical ingredients, which places them as sustainable competitors to overcome
important drug delivery and biomedical engineering barriers. This review discusses their synthesis,
classification, and incorporation into nanocarriers, hydrogels, and polymeric matrices, with multifunctional
applications in improving permeability, controlled release, and biocatalytic activity in a wide range of
therapeutic applications, including oncology, diabetes, infectious diseases, and neurological disorders. The
major issues such as cytotoxicity, viscosity, low biodegradability, and scalability are discussed and newer
strategies of designing biocompatible and task-specific ILs by green chemistry and computational methods
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are considered. Overall, ILs will transform biomedical innovation by providing personalized and

environmentally friendly platforms to deliver precision therapeutics, but further translation will need to be
enhanced with safety verification measures, life-cycle analysis, and nanotechnology and smart biosensing.

DOI: 10.1039/d51f00393h
As rational molecular design and regulatory alignment continue to advance, ILs have high potential to
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1 Introduction

Ionic liquids (ILs) represent a broad class of salts composed
entirely of ions that remain liquid below 100 °C, typically under
ambient or near ambient conditions. First discovered over a
century ago with Walden's synthesis of ethyl-ammonium nitrate
in 1914, ILs have undergone transformative development from
early molten salt systems into highly tunable materials with vast
structural diversity and functional potential (e.g:, imidazolium,
phosphonium, ammonium, and amino acid derived ILs)."* This
history reflects a progression from simple first-generation ILs
with limited stability, through more robust second-generation
systems featuring weak-coordination anions, to modern task-
specific and biologically oriented third and fourth-generation
ILs designed for targeted applications across disciplines. The

“ Department of Bioengineering, King Fahd University of Petroleum & Minerals,
31261, Dhahran, Saudi Arabia. E-mail: shihab.uddin@kfupm.edu.sa

? Department of Chemistry, King Fahd University of Petroleum & Minerals,
Dhahran 31261, Saudi Arabia

¢ Interdisciplinary Research Center for Refining and Advanced Chemicals, King
Fahd University of Petroleum & Minerals, Dhahran 31261, Saudi Arabia
 Interdisciplinary Research Center for Bio Systems and Machines, King Fahd
University of Petroleum & Minerals, 31261, Dhahran, Saudi Arabia

© 2026 The Author(s). Published by the Royal Society of Chemistry

transform the following generation of drug delivery and sustainable biomedicine.

unique physicochemical properties of ILs such as negligible
vapor pressure, high thermal and chemical stability, wide
liquidus range, strong ionic interactions, and broad solvent
polarity, originate from the inherent flexibility of ionic design.
By varying cation and anion combinations, properties such as
solvation ability, hydrogen-bonding capacity, viscosity, and
polarity can be systematically tuned, enabling the creation of
task-specific ILs tailored to defined functions in chemical
processes and material applications.> This molecular design
flexibility distinguishes ILs from conventional organic solvents
and has been leveraged extensively in green chemistry, catalysis,
electrochemistry, and separation technologies.

There has been an increasing recognition of the potential of
ILs in biomedical and pharmaceutical contexts. Initially explored
as alternative low-volatility solvents in synthesis and formulation,
ILs have emerged as active agents in enhancing drug solubility,
stabilizing labile biological molecules, modulating membrane
permeability, and serving as functional excipients or active
pharmaceutical ingredient ionic liquids (API-ILs).* Their innate
tunability enables engineered interactions with hydrophobic
drugs, proteins, and cell membranes, addressing long-standing
formulation challenges such as poor aqueous solubility,
instability, and limited bioavailability that constrain
conventional drug delivery strategies.
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More recently, the intersection of IL chemistry with
nanotechnology has expanded their applications in drug
delivery systems (DDS). ILs have been integrated into
nanocarrier platforms including micelles, nanoemulsions,
gels, and vesicles to enhance drug loading, control release
kinetics, and enable responsive or targeted delivery, as
highlighted in several recent analyses focusing on IL-based
nanocarriers and stimuli-responsive systems.> These hybrid
materials exploit ILs" ionic nature to facilitate self-assembly,
improve colloidal stability, and tailor interaction with
biological environments. Despite this progress, the
translation of ILs into clinical and regulatory frameworks
remains constrained by concerns over toxicity, synthesis
complexity, and the influence of trace impurities on
biological outcomes. Such limitations are particularly
significant for imidazolium-based and long-alkyl-chain ILs,
which can exhibit enhanced membrane activity and
cytotoxicity if not carefully designed. Thus, ongoing research
continues to emphasize the development of biocompatible
ILs with favorable safety profiles and scalable synthetic
routes.® While existing reviews have provided valuable
surveys of ILs in specific biomedical domains such as
solubility enhancement and membrane permeability for oral
and transdermal delivery, there remains a need for an
integrative and multidisciplinary perspective that treats ILs
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as adaptive biomaterials rather than solely as solvents or
excipients. Most reviews focus on solubility and permeability
enhancement in selected delivery contexts, but broader
analyses incorporating IL-mediated stabilization of biologics,
API-IL design, and nanocarrier formulation strategies are
comparatively limited.®

In this review, we aim to address these gaps by presenting
a comprehensive analysis of ILs across their historical
development, core physicochemical principles, and evolving
roles in advanced drug delivery and biopharmaceutical
innovation. We discuss fundamental design strategies for
biocompatible ILs, their emerging roles in nanocarrier
engineering, and considerations for toxicity,
pharmacokinetics, and clinical translation. By framing ILs as
versatile biomaterials with multifunctional potential, this
work highlights their transformative impact and future
prospects in sustainable biomedical technologies.

2 Revolution of ILs as biomaterials

According to their traits and functions, ILs can be divided
into four generations. MacFarlane and associates mentioned
a new generation of ILs, ie., fourth generation.” The
fundamental characteristics of ILs over generations are
summarized in Fig. 1.

First Generation
(1970s-1980s)

Low volatility

High thermal stability
Wide liquid
temperature range
Air/water unstable

* Toxicity

Example:
e Dialkyl-imidazolium
based ILs
o Alkylpyridinium
chloroaluminate
¢ Ethylammonium
nitrate

Second Generation
(1990s)

o Improved stability
against air and
moisture

e The first room
temperature ILs

e Toxicity

Example:
e Sulfonic acid IL
e Hydroxyalkyl
ammonium IL
e [Bmim][BF4] with
functional side chains
(—OH, —COOH, —S0sH)

v
Fourth Generation
(2010s-present)

e Mixed with molecular
solvents

e Self-assembled,
structured liquids

e Highly customizable &
scalable

e Apps: Smart
materials, responsive
systems, drug
delivery, catalysis,
designer solvents

Example:

e lonic Liquid Crystals
(ILCs) & Deep Eutectic
Solvents (DES)

Fig. 1 The evolution of ILs across generations.
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Third Generation
(2000s-present)

e Biocompatible
o Low toxicity
e API-ILs

Example:
e Choline bicarbonate
e Amino acid based ILs
e Sugar based ILs
e Lipid based ILs
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2.1 1st generation ILs

The discovery of chemicals with remarkable qualities,
including minimal or extremely low volatility, thermal
stability, and wide liquid temperature ranges, led to a
significant expansion in the field of ILs in the 1970s and
1980s. These substances created the so-called first generation
of ILs which is defined by easy-to-identify physical
characteristics, such as excellent thermal stability and low
vapor pressure. Anions like chloroaluminate and other metal
halides, as well as cations such as alkyl pyridinium and
dialkyl imidazolium derivatives, are the main constituents of
these ILs.®

2.2 2nd generation ILs

The second generation of ILs was created in the 1990s to
overcome the drawbacks of the first generation, mainly its
susceptibility to moisture and air. Weakly coordinating
anions like BF, and PFs were used in this new generation
because they offered more stability when air and water were
present. The second generation of ILs was developed to
address molecules requiring specific and adjustable physical
and chemical characteristics. The primary objective of this
initial effort was to lessen the inert nature of ILs so that
working with them under ambient circumstances was
possible. The first IL of this generation was introduced in
1992.° These substances' cations are made with one or more
functional groups that allow them to participate in specific
chemical interactions and activities. They can behave like
complex ligands or as efficient lubricants, for instance.

2.3 3rd generation ILs

Third-generation ILs incorporate biologically active
pharmaceutical compounds with ionic structures, resulting
in ILs that retain low toxicity and typical IL physical
properties. These innovative ILs combine therapeutic
functionality with biocompatibility.'"® The third generation
comprises easily accessible and biodegradable ions,
including naturally occurring carboxylic acids, amino acids,
and natural bases like choline.'" The third generation of ILs
produces task-specific ILs (TSILs) with biological properties
suited to targeted applications. Because of their distinct
physicochemical characteristics, ILs can provide slow-release
and innovative delivery methods that increase the bioactivity
of APIs.”"™ TSILs improved the usage of ILs in the
pharmaceutical and biomedical industries by enabling
researchers to create compounds with antifungal and
antibacterial properties and employ ILs with physiologically
active ions."*

2.4 4th generation ILs

A fourth generation of ILs has been postulated by MacFarlane
and associates, who have concentrated on the new behaviors
that arise when ILs are mixed with molecular liquids. These
IL mixes, in contrast to conventional salt-in-solvent solutions,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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have characteristics that defy straightforward mixing laws
because of intricate connections between ions and solvent
particles. This equilibrium of interactions results in unique
physicochemical characteristics that greatly expand the range
and possible uses of ILs in domains such as materials
research, biomedical engineering, and -catalysis.” Fourth-
generation ionic liquids are distinguished by their ability to
self-assemble, blend with molecular solvents, and form
highly customizable structured liquids, making them well-
suited for advanced applications such as smart materials,
targeted drug delivery, and designer solvents. Often
represented by deep eutectic solvents (DESs), they are also
valued for their simple synthesis, low toxicity, and
biodegradability, offering a greener and safer alternative for
pharmaceutical and biotechnological innovations."”

3 Fundamental properties of ILs as
biomaterials

The melting point, viscosity, density, thermal stability, and
polarity of ILs are all influenced by the ions' nature, which
includes ion size, charge distribution, and steric hindrance.
As a result, their characteristics are incredibly adjustable.
The fundamental qualities of ILs are examined in this
section, along with how their unique qualities add to their
growing potential as biomaterials. The unique properties of
ILs are shown in Fig. 2. Generally, ILs are stable and heat-
resistant up to about 300 °C. They have high electrical
conductivity and remain liquid over a broad temperature
range, usually up to 200 °C. Nevertheless, they typically don't

mix well with many common organic solvents."'®"”

4 Synthesis, purifications, and
characterization process of |IL-
biomaterials (IL-BMs)

To optimize IL-based biomaterials to biomedical
applications, it is necessary that the synthesis process is
precise, the purification process is effective, and the
characterization process is detailed. Synthetic strategies such
as the use of old-fashioned alkylation to the latest technology
such as the use of microwaves and ultrasound enable the
introduction of 1ILs into hydrogels, polymers and
nanomaterials ~ with  desirable  physicochemical and
therapeutic characteristics. Purification is used to guarantee
biocompatibility by eliminating impurities whereas
characterization tools are used to determine the structure
and performance, which are all used to help them support
the application of advanced drug delivery systems.

4.1 Synthetic pathways

Traditional IL synthesis techniques are modified to produce
IL-based biomaterials that improve stability, functionality,
and biocompatibility for use in biomedicine. ILs can also be
included in hydrogels, polymers, and other biomaterials to
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Physical Properties

« Wide electrochemical windows

* Low melting points

« Wide liquids range

« Tunable viscosity

- High density

« Low surface tension

» Low vapor pressure

« Low flammability or nonflammability
« Wide range solubility
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Chemical & Structural Properties
« Adjustable properties

« Structural flexibility

« Modifiable with chromophore

«  Tunability

= High ionic conductivity

« High chemical stability

« Autocatalytic activity

« High ionic conductivity

« Solvation ability

« Highly polar yet noncoordinating solvents Supramolecular polymeric network
« Non volatile lon mobility and ion diffusion

- l lonic

/ Liquids

Performance Related Properties

« Gas solubility

» High thermal stability

« High ionic conductivity

» High electrochemical stability

* Low glass transition temperature

* Modify or Modify poly polymer materials
* Wettability ‘
« ILs designing properties

« Addictive manufacturing
« Shape memory

N\

Fig. 2 The distinct characteristics of ILs.

improve their mechanical stability, ionic conductivity, and
antibacterial qualities. Furthermore, by integrating ILs
directly into polymer networks through procedures like in situ
polymerization, flexible and conductive materials perfect for
tissue engineering and wound healing can be produced.
Table 1 lists common types of cations and anions used in the
synthesis of biocompatible ILs.

In 1914, the first room-temperature ionic liquid, [EtNH;]
[NO;], was found. Its melting point was 12 °C. However, it
wasn't until the creation of binary ionic liquids—which are
created by combining aluminum(u) chloride with
1,3-dialkylimidazolium chloride or N-alkylpyridinium—that
there was noticeable interest in ionic liquids.*®> As shown in
Fig. 3, various ways exist to create ILs. The precise technique
selected will rely on the functional groups and cation-anion
pairing that are sought, and these are discussed in the
following sections.

4.1.1 Direct alkylation (quaternization). This process
entails using an alkyl halide or other alkylating chemicals to
directly alkylate a nitrogen or phosphorus base (such as
imidazole, pyridine, or phosphine). The required anion can
then be coupled with the cation that is created in this phase.
The availability of an extensive range of reasonably priced
haloalkanes and the fact that substitution reactions usually
operate smoothly at low temperatures are two benefits of the
alkylation process. Furthermore, it is simple to transform the
halide salts created into salts with various anions. In theory,
quaternization reactions are rather straightforward: the
desired haloalkane is combined with the amine (or
phosphine), stirred, and heated.> Many ionic liquids, such
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Environmental or Health Impact

« Biodegradability

« Biocompatibility

« Eco-friendly

« Green chemistry

« Circular economy

« Aggregation & sorption

« Bioaccumulation

« Sustainability

« Biologically activity or biologics

as those based on ammonium, imidazole, pyridinium, and
phosphonium, contain alkyl cations that are usually created
by combining an alkylating agent, like haloalkanes or dialkyl
sulfates, with a suitable precursor, such as a nucleophile. For
example, imidazole can be easily alkylated to produce alkyl
imidazoles, which are essential ingredients in imidazole-
based ionic liquids. Alkyl salts of pyridinium are produced by
alkylating  pyridine  with  haloalkanes. = Phosphorus
tetrachloride derivatives and other asymmetric halides are
frequently created by making tertiary phosphines more
nucleophilic, which makes it easier for them to react with
haloalkanes.>® For example, 1-butyl-3-methylimidazolium
bromide ([BMIM]Br) can be synthesized by quaternization of
1-methylimidazole with 1-bromobutane under heating:
1-methylimidazole + 1-bromobutane — [BMIM Br.

4.1.2 Anion exchange. Anion exchange is used to swap out
the halide anion for other anions following quaternization.
In the anion exchange reaction between metal halides and
halides, Lewis acidic ILs are produced.*® Anion exchange
processes also create ILs based on Brensted acidic and ion-
exchange resin compounds.*® Ionic liquid anion-exchange
processes can be broadly classified into two types: direct
treatment of halide salts with Lewis acids and anion
metathesis.**

4.1.2.1 Lewis acid-based ionic liquids. Ionic liquids based
on Lewis acids are created by mixing a Lewis acid, like boron
trifluoride or aluminum chloride, with a halide salt or
another source of counterions. This is a reaction that often
requires stoichiometric care and the absence of moisture to
form stable molten salts with unusual acidic properties. The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 List of different cations and anions for bio-IL synthesis
Cation Anion Properties Applications Ref.
Ammonium Br, Tf,N°, NO;~ Biocompatibility, low toxicity Pharmaceuticals, solvents 18
Imidazolium based cations HSO,, ethyl sulfate, High antimicrobial activity, low Antibacterial agent, polymeric 19
(1-ethyl-3-methylimidazolium, Dbis(trifluoromethylsulfonyl) cytotoxicity, suitable for antimicrobial coatings
1-hexyl-3-methylimidazolium) imide biomedical use
Tetramethylguanidinium Benzoate, salicylate, lactate, Non-toxicity and biodegradability 20
dihydrogen phosphate, nitrate,  in studies with cell cultures and
formate, acetate, propanoate, bacterial tests
butanoate and valerate
Tetrabutylphosphonium Biological buffers such as TAPS, Excellent biocompatibility, Enzymatic research 21
MOPS, EPPS, CAPS, and BICINE maintaining optimum pH range
and extraction
Pyrrolidinium BF,, Tf,N, Cl', NO3~ Good surface activity and Antimicrobial agents, micellar 22
aggregation behavior, enhanced catalysis, drug delivery
micelle stability
Thiazolium BF, , Tf,N, NO; ", CI” High polarity and thermal Biocatalysis, electrolytes, drug 23
stability, potential for strong solubilization and delivery systems
hydrogen bonding and n-n
interactions
Cholinium CI', acetate, bicarbonate Low toxicity, biocompatibility Biochemistry, drug delivery 24
Choline Citrate Skin permeation enhancer Dermal delivery of hyaluronic acid 25
without irritation
Cholinium Caffeate Antioxidant, anti-inflammatory, Drug delivery for osteoarthritis, 26
water soluble, biocompatible inhibition of TNF-a and IL-6
cytokines, promotes chondrocyte
growth and ECM formation
Choline Geranic acid (CAGE IL) Penetrates biological membranes, Oral and transdermal delivery of 25
facilitates drug solubility and insulin, siRNA, and
transport macromolecules
Choline Trans-2-hexenoic acid Biocompatible, electrostatically Drug delivery, RBC-hitchhiking, 27
coats nanoparticles, reduces enhanced stability of
cytotoxicity linear-dendritic block copolymer
nanoparticles
Choline Carboxylic acids (general) Forms stable IL-nanoassemblies, = Nanoformulation of linear and 25,
alters surface charge, enhances dendritic polymers 27
shelf-life, biocompatible,
biodegradable, surface-active
Choline Methotrexate, sulfasalazine, Strong ionic interactions, API-ILs for oral and transdermal 25
ketoprofen improved solubility drug delivery, reduced systemic
toxicity
Amino acid NO;, Br~ or CI” Biodegradable, tunable Biomaterials, enzymatic reactions, 28
(glycine, alanine, lysine) hydrophilicity drug delivery
Amino acid ethyl esters Fatty acids Amphiphilic, form micelles, Skin permeation enhancers, 25
(e.g., proline ethyl ester) (e.g., laurate and oleate) biocompatible solubilization of luteolin and
ibuprofen
Proline ethyl ester Salicylate, ibuprofen, favipiravir ~Enhanced water solubility, API-ILs for oral delivery, increased 25
reduced polymorphism bioavailability of crystalline drugs
Glycine betaine ester Natural carboxylic acids Green, biodegradable solvents Used in formulation of API-ILs for 25
(e.g., citric and tartaric acids) enhanced solubility and
permeability
Cholinium Amino acids (alanine, proline, Biocompatibility, low toxicity, high Catalysis, biomedical applications, 25
and methionine) solubilizing ability solubilization of acyclovir,
paclitaxel, and other poorly soluble
drugs
Ethanolamine Acetate Low toxicity, biocompatible, One-pot bioethanol production, 29
moderate lignin dissolution sugar yield enhancement
N-Methyl-2-pyrrolidone Methotrexate (API) Good tissue penetration, Topical drug delivery of anti-cancer 25
enhanced drug accumulation drugs
Lipid Fatty acid anions Amphiphilic, compatible with Drug carriers, antimicrobial agents 30
(e.g., oleate and palmitate) membranes
Sugar Glucose, fructose Renewable, hydrophilic, Green solvents, pharmaceutical 31
(e.g., with acetate or Cl") biocompatible formulations
GMIM" (glucosyl- I Biocompatible, moderate Antimicrobial agents, bio-material 32
methylimidazolium) antimicrobial effect research
GOIM' (glucosyl- I Strong antimicrobial activity but ~ Potential antifungal applications 32
octylimidazolium) higher cytotoxicity
GMIM" (glucosyl- Tf,N” Strong antimicrobial effect against Antifungal treatment research 32
methylimidazolium) Candida auris, higher lipophilicity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (continued)
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Cation Anion

Properties

Applications Ref.

GMIM" (glucosyl- OMs~ (methanesulfonate)

Improved biocompatibility

Safer IL formulation 32

methylimidazolium) compared to the iodide
counterpart
(A) Direct Alkylation (Quaternization)
i | Example:
Se!sct blase (e_.dg_., Add atlkylatlng » Stir & heat (low » Form halide salt » Anion exchange to | [BMIM[PFe],
pICaz0 SIRYICIE: agent (.9, temp) (e.g., [BMIMICI) get desired IL imidazole +
phosphine) bromoethane) ’ bromoethane +

(B) Lewis Acid-Based ILs

Mix in correct
stoichiometric
ratio

Choose halide salt
& Lewis acid (e.g.,
AlCls)

Control heat

»

(C) Anion Metathesis

Mix with salt

SHETLTIL A » ‘ containing desired »

(e.g., [BMIM]CI)

Swap halide for

anion (e.g., LINTf2) [SIgetenion

(D) Neutralization Reaction

Select acid (e.g.,

acetic acid) & base Mix to form IL salt ‘ Remoyely
: : products
(e.g., triethylamine)
(E) Functionalization
Add functional :
Crr:eocouf':c:lr_ » group (-OH, -NHz, - » g:ggglyties
P COOH, etc.)
(F) Microwave-Assisted Synthesis
Select Apply microwave Rapid
precursors ‘ heating » synthesis
(G) Ultrasound-Assisted Synthesis
Accelerate
Choose IL Apply ultrasound S
precursors » waves » reaction via
cavitation

Fig. 3 Common ways for the synthesis of ILs.

flexibility, thermal stability, and catalytic properties of these
ILs are of high value in terms of their use in material
production, electrochemistry, and catalysis. The simplest
method of making such liquids is by pure mixing of the

RSC Appl. Interfaces

metathesis with KPFs

Example:
. FormIL (e.g., [EMIMICI-2AICIs,
[EMIM]CI-AICI3) used in

electrochemistry

Example:
[BMIM][NTf2],
used for
hydrophobic
applications

Example:
Triethylammonium
acetate — used in
protein
solubilization

Example:
[HOEMIM][BF4] —
hydroxyl-
functionalized for
CO:2 capture

Example:
[BMIM][Br]
synthesized in 2
mins via
microwave

Example:

N-methyl-2-
pyrrolidinium
hydrogen sulfate —
solvent-free synthesis

Lewis acid and the halide salt; this forms the ionic liquid
instantly upon contact. One must take care when adding one
reagent to another as this reaction is usually very exothermic.
Even though the salts are usually stable at high temperatures,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Modification of functional groups of ILs to improve their properties

Modification Functional group added/altered Purpose/improved properties Ref.

Alkyl chain shortening Reduced alkyl chain length Improves biocompatibility by reducing cytotoxicity 40

Introduction of hydroxyl groups Addition of an ~OH group to the cation/anion Enhances solubility and hydrogen bonding with drugs 41

Carboxylic acid Addition of ~-COOH to the cation structure Increases drug-loading capacity and biocompatibility 42

functionalization

Amino group incorporation Addition of -NH, groups Improves biocompatibility and facilitates drug 24
conjugation

Aromatic substitution Substitution with benzyl or phenyl groups Enhances stability and drug interactions 43

Phosphate functionalization Integration of phosphate groups Boosts biocompatibility and compatibility with nucleic 44
acids

Sulfonic acid groups Addition of -SO;H to the cation Enhances ionic conductivity and compatibility 45

Introduction of hydrophobic Attachment of long alkyl chains to the IL's Increases viscosity and melting point due to stronger 46

alkyl chains cation or anion

the ionic liquid may break down and change color if there is
too much-localized heat. Chilling the mixing container
(which can be difficult in a dry box) or adding one
component at a time while letting the heat spread will
prevent this.>® For example, a typical Lewis acidic ionic liquid
is formed by mixing 1-ethyl-3-methylimidazolium chloride
((EMIM]C]) with AICl;, producing [EMIM]|ALCl,] depending
on stoichiometry: [EMIM]CI + AICl; — [EMIM][AL,CL,].

4.1.2.2 Anion metathesis. Anion metathesis is a popular
technique for creating ILs that involves a straightforward ion
exchange process to swap the anion of a precursor ionic
liquid with a desired anion. A halide or alkyl sulfate-based
ionic liquid frequently reacts with a salt containing the target
anion in this procedure. The reaction produces high-purity
ionic liquids usually carried out in an appropriate solvent or
directly in the liquid phase. A variety of anions can be added
without changing the cation structure thanks to anion
metathesis, which is very useful for customizing ionic liquids
with unique characteristics. Several commercially available
alkylammonium halides are suitable for direct use in
metathesis processes.’”” For example, anion metathesis is
commonly illustrated by the conversion of [BMIM]|CI to
[BMIM][PF] using potassium hexafluorophosphate: [BMIM]
Cl + KPFg — [BMIM][PF,] + KCI.

4.1.3 Neutralization reaction. ILs can be created easily and
efficiently using neutralization processes. The required cation
and anion are produced when an acid and a base, such as an
amine or imidazole derivative, react to form a salt. The
contamination issue is avoided by using the acid-base
neutralization procedure. This approach works incredibly
well when using tertiary amines with halide acids or certain
organic acids. The only issue is that the acids are weaker
than hydrohalic acids. In this instance, hydroxide quaternary
cations must be used for neutralization.®® An example of
ionic liquid formation via neutralization is the reaction of
1-ethyl-3-methylimidazolium hydroxide ([EMIM]OH) with
acetic acid, yielding [EMIM][OAc]: [EMIM]|OH + CH3;COOH —
[EMIM][OAc] + H,O.

4.1.4 Functionalization. Cation or anion functional groups
can be added to ILs to improve their physicochemical
characteristics, such as conductivity, hydrophobicity, or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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catalytic activity. For instance, hydroxyl, alkoxy, or amino
groups can be added to imidazolium-based ILs for different
uses, such as CO, capture. Table 2 summarizes various
functional group modifications in ILs. This method makes
TSILs possible, broadening the variety of ILs and frequently
accomplishing this by straightforward synthetic pathways.
However, variables like anion/cation pairing, alkyl chain
length, and the functional group type affect these alterations’
effectiveness. Even though functionalized ILs appear
promising, further study is required to fully understand their
potential, especially when combined with molecular solvents
like water.*® Functionalized ionic liquids can be synthesized
by introducing hydroxyl groups into the cation structure,
such as the preparation of 1-(2-hydroxyethyl)-3-
methylimidazolium chloride via alkylation of
1-methylimidazole with 2-chloroethanol: 1-methylimidazole +
2-chloroethanol — [HO-EMIM]CI.

4.1.5 Microwave assisted synthesis. The process of
microwave-assisted synthesis uses microwave radiation to
quickly and evenly heat processes, which frequently speeds
up chemical reactions and increases yields. By delivering
energy directly to the molecules, microwaves speed up the
reaction rate in comparison with traditional heating.
Compared to conventional synthesis techniques, microwave
irradiation procedures have several benefits, such as quicker
reaction times, more selectivity, and environmentally
favorable features.”® This method has been used to
synthesize different ILs over the years. Microwave irradiation
was used to create solvent-free 1-alkyl-3-methylimidazolium
halide  (chloride = and  bromide) and  dialkyl-3-
methylimidazolium dihalide ILs with yields exceeding 70% in
less than two minutes.”” Similarly, a variety of ILs based on
imidazolium and pyridinium cations were made using
solvent-free microwave irradiation.*® Additionally, ILs based
on chiral and amino acids were produced in a microwave
and used for a variety of purposes.”” For example, under
microwave irradiation, 1-butyl-3-methylimidazolium bromide
((BMIM]Br) can be synthesized solvent-free by reacting
1-methylimidazole with 1-bromobutane, achieving yields
above 70% within minutes as follows: 1-methylimidazole +
1-bromobutane — [BMIM]Br.
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4.1.6 Ultrasound assisted synthesis. ILs are synthesized
via ultrasound-assisted synthesis, which uses high-frequency
sound waves to speed up chemical reactions. The ultrasonic
vibrations increase reaction rates by producing localized high
temperatures and pressures by acoustic cavitation, which
produces and collapses bubbles. This method is an
environmentally friendly synthesis technique that produces
large quantities of products without the need for solvents.
Some ionic liquids synthesized using this method include
1-alkyl-3-methylimidazolium-based cations paired with
various anions such as halides (Cl, Br, and I), BF,, PF¢, CF;-
SO;, and BPh,.”° Additionally, an N-methyl-2-pyrrolidinium
hydrogen sulfate-based ionic liquid was produced with
favorable yields using the ultrasound-assisted technique
without the use of a solvent.”’ An ultrasound-assisted
approach has been wused to synthesize 1-alkyl-3-
methylimidazolium tetrafluoroborate  ([AMIM][BF,]) by
reacting the corresponding halide IL with NaBF, under
ultrasonic irradiation: [AMIM]CI + NaBF, — [AMIM][BF,] +
NaCl. Table 3 lists several IL synthesis techniques and how
each affects the improvement of important properties.

4.2 Purification of IL-BMs

ILs must be purified to guarantee their high purity and
appropriateness for a range of uses, particularly in areas like
electrochemistry and catalysis. Impurities like water, leftover
solvents, or synthesis by-products are frequently present in ILs
and substantially impact their characteristics and functionality.
Various ways can be used to purify ILs as illustrated in Fig. 4.
These methods usually include molecular sieves, vacuum
drying, solvent washing, distillation, recrystallization, nitrogen
gas sweeping, and ion exchange. Water and volatile
contaminants are eliminated by vacuum drying, whereas
molecular sieves efficiently adsorb moisture and tiny organic

Table 3 The synthesis of ILs for improved properties
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pollutants. Soluble impurities can be removed by solvent
washing, and undesired anions or cations can be replaced by
ion-exchange methods to improve purity. Distillation and
recrystallization are used to separate or purify the IL by
eliminating undesirable substances or leftover solvents.
Frequently used with modest heating, nitrogen gas sweeping
quickly eliminates volatile contaminants such as solvents and
water. The types of impurities and the purity standards for the
IL's intended use are considered when selecting these methods.
Ionic liquids cannot be purified by distillation because of their
low vapor pressure. This is countered by the fact that distillation
can theoretically remove any volatile contaminant from an ionic
liquid.>®

4.3 Characterization techniques

Understanding the versatile qualities of ILs, such as their ionic
conductivity, viscosity, and thermal stability, which make them
appropriate for use in energy storage, green chemistry, and drug
administration, requires characterization. A range of analytical
techniques are employed to measure their molecular
interactions, structure, and purity (e.g. spectroscopic (e.g. NMR,
IR, and Raman), thermal (e.g. DSC and TGA), electrochemical,
and microscopic (e.g. SEM, TEM, and AFM)). Even though NMR
spectroscopy and X-ray crystallography can confirm the IL
structure, they do not ensure purity since most impurities are
non-measurable. The features of ILs are further investigated by
mass spectrometry (MS), FTIR to identify functional groups,
and XRD and XPS to study the surface and structure of ILs.
With these methods, scientists can adjust ILs to suit certain
purposes, which makes them more effective in the fields of
science and industry.

A representative example of how FTIR and NMR are used to
confirm ionic liquid formation is provided by Mobin et al.,*®
who reported the synthesis and characterization of cholinium

Synthesis method Description Impact on IL properties Ref.
Neutralization of Mixing tertiary amines with organic acids or acid esters Easy synthesis, allows for control over ion 49
amines pairing and low melting point

Quaternization of Reacting tertiary amines with alkyl halides followed by anion = Enables preparation of hydrophobic or 49
amines exchange hydrophilic ILs

Functional group Adding functional groups to IL structures, such as carboxyl or =~ Changes the melting temperature, viscosity, 52
modification hydroxyl and polarity

Solvent-free synthesis Direct alkylation without solvents to minimize impurities like ~ Produces high-purity ILs with less adverse 10

halides and enhance product purity

Chiral ionic liquid
synthesis

Magnetic ionic
liquid-nanoparticle
integration
Microwave irradiation

creating enantiomerically enriched ILs

RTILs

solvents and uses microwave energy

Ultrasound-assisted

RSC Appl. Interfaces

Employs chiral precursors (e.g., amino acids and sugars) for

Disperses magnetic nanoparticles (e.g., Fe;0,) in non-magnetic

A quick synthesis technique that frequently doesn't use

Increases reaction rates by using high-frequency sound waves,
especially at the interface between immiscible liquid layers

effect on the environment and enhanced

catalytic activity

Facilitates asymmetric catalysis and green 10
chemistry applications

Stabilizes nanoparticles for enhanced magnetic 53
fluid and catalytic applications

Produces high atom efficiency, improved 47
selectivity, and maximum yields within short
reaction times

Increases the efficiency of material 54
transformation, improves reaction rates, and
shortens response times

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Vacuum Drying:

* Applying a vacuum reduces
the pressure, lowering the
boiling points of volatile
impurities such as water and
residual solvents, facilitating
their removal from the IL.

Solvent Washing:

* Mixing the IL with an
appropriate solvent
dissolves soluble
impurities, which can
then be separated, leaving
behind a purer IL.

Recrystallization:

* Dissolvingthe ILin a
solvent and then inducing
crystallization allows
pure IL crystals to form,
separating them from
soluble impurities.

Nitrogen Gas
Sweeping:

*Passing dry nitrogen
gas over or through the
IL helps to remove
volatile impurities,

View Article Online
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Molecular Sieves:

* Porous materials with specific
pore sizes adsorb moisture and
small organic impurities from
the IL, effectively reducing
contamination.

lon Exchange:
* Passing the IL through an

i ion-exchange resin replaces
undesirable anions or

cations with desired ones,
enhancing the IL's purity.

Purification
methods for ILs

Distillation:

* Although ILs have low vapor
pressures, distillation can be
employed to remove volatile
contaminants by heating the
mixture; the contaminants
vaporize and are separated,
leaving behind the purified IL.

such as solvents and
water, by evaporation.

Fig. 4 General ways used in the purification of ILs.

acetate (ChA) and cholinium formate (ChF). In their FTIR (KBr)
spectra, both ILs showed bands consistent with ionic pairing
between the cholinium cation and the carboxylate anion. For
cholinium acetate, characteristic absorption bands were
observed at 3436 cm ™" (assigned to the N-H/O-H region), 1086
em™' (C-O/C=O-related vibration as reported by the authors),
and a prominent carboxylate band at 1558 c¢cm ™" (COO).
Similarly, cholinium formate exhibited FTIR bands at 3416
em™, 1096 cm ™, and 1597 cm™* (COO7), supporting formation
of a carboxylate-containing ionic liquid rather than a simple
physical mixture.

The same work illustrates how NMR provides
complementary structural confirmation. In **C NMR (400 MHz,
DMSO-d;), both ILs displayed a carbonyl resonance at ¢ 176.5
ppm, consistent with a carboxylate/carbonyl environment,
alongside signals attributable to the cholinium framework. For
cholinium acetate, resonances were reported at ¢ 72.6, 65.3,
55.7 (3x CHj), and 24.4 ppm (CH3). For cholinium formate,
peaks were reported at § 67.7, 65.3, and 55.7 ppm (3x CH3) in
addition to the carbonyl signal. In "H NMR (400 MHz, DMSO-
de), cholinium acetate showed signals at J 4.18 (OH), 3.81, 3.40,
3.09 (9H, CH;) and 2.48 ppm, while cholinium formate showed
signals at J 8.43, 4.06 (OH), 3.82, 3.40, and 3.09 ppm (9H, CH3).
Taken together, the presence of the COO™ FTIR bands and the
expected "H/"*C NMR chemical shifts provides a clear example
of how FTIR confirms functional group conversion/ionic pairing
and NMR verifies structural integrity and composition, which
are essential for validating IL synthesis in both materials and
biomedical applications.*®

© 2026 The Author(s). Published by the Royal Society of Chemistry

5 Role of ILs in drug delivery systems
(DDS)

Due to the enormous number of possible cation-anion
interactions, ILs provide numerous opportunities towards
effective drug formulations. Since ILs have different
physicochemical properties, e.g. low level of volatility,
biocompatibility, and adjustable solubility, they are nowadays
very promising and versatile products in drug delivery
processes. The solubility, stability, and bioavailability of
various medicinal compounds that can be useful in drug
delivery can be enhanced by IL engineering, unlike
traditional solvents. Biocompatible ILs have also shown
potential in solving the issues of poor water-solubility of
medications and controlled drug delivery. These ILs are also
designed to reduce toxicity and maximize the therapeutic
performance. Also, ILs may be adapted to make contact with
biological membranes, which would help reduce adverse
effects and allow the delivery of medication in a targeted
manner. Fig. 5 illustrates the numerous functions ILs
perform in DDS that overcome such challenges as solubility,
targeted delivery, and sustainability.

5.1 Mechanistic role of ionic liquids in nano drug delivery
systems

Beyond their conventional role as alternative solvents or
formulation stabilizers, ionic liquids (ILs) exert fundamental
mechanistic control over the formation, stability, and
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Fig. 5 The role of ILs in drug delivery systems.

biological fate of nano drug delivery systems (nano-DDS).
These effects arise from a unique combination of ionic
interactions, nanostructuring behavior, and interfacial
activity, which distinguish ILs from traditional molecular
excipients.

Ionic interactions and nanostructure formation. At the
molecular level, ILs engage in strong and tunable
electrostatic interactions, hydrogen bonding, and n-w
stacking, enabling them to organize into nanoscale domains
even in the absence of conventional surfactants. Many ILs
exhibit intrinsic nanosegregation, forming polar and
nonpolar domains whose size and dynamics depend on the
cation-anion  structure, alkyl chain length, and
functionalization. This intrinsic nanostructuring directly
influences drug encapsulation by stabilizing hydrophobic
drugs within nonpolar domains while maintaining overall
colloidal stability in aqueous environments.'” In nanocarrier
systems, ILs can therefore act as structural directors,
governing particle size, internal organization, and drug

RSC Appl. Interfaces

nanoparticles

detection (e.g., IL-6,
Cortisol) in sweat

distribution. For example, surface-active ionic liquids (SAILs)
self-assemble into micelles or vesicle-like architectures that
encapsulate therapeutics through cooperative electrostatic
and hydrophobic forces, often reducing critical micelle
concentration and enhancing loading efficiency compared to
classical surfactants.*"*

Interfacial stabilization and colloidal integrity. ILs also
exert strong control at interfaces, a critical determinant of
nano-DDS stability. When incorporated into nanoparticles,
emulsions, or lipid-based carriers, ILs modulate interfacial
tension, surface charge, and hydration layers, leading to
enhanced resistance against aggregation, Ostwald ripening,
and premature drug leakage. Unlike neutral stabilizers, ILs
generate persistent electrostatic repulsion and structured

solvation shells that remain effective even under
physiological ionic strength and temperature
variations.***”*®  Furthermore, 1ILs can replace or

complement traditional surfactants, enabling lower excipient
loadings and reduced toxicity while preserving nano-DDS

© 2026 The Author(s). Published by the Royal Society of Chemistry
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integrity. This mechanism is particularly relevant in long-
circulating systems, where IL-mediated surface stabilization
prolongs  systemic residence time and improves
biodistribution.

Membrane interactions and biological fate. A defining
mechanistic feature of ILs in nano-DDS is their ability to
modulate  biological interfaces, especially cellular
membranes. Amphiphilic and hydrogen-bond-rich ILs
transiently interact with lipid bilayers, altering membrane
fluidity, tight-junction permeability, and endocytic pathways
without permanent membrane disruption when rationally
designed. This property underlies the enhanced -cellular
uptake and transmucosal transport observed in IL-
functionalized nanocarriers, including improved penetration
across skin, mucosa, and the blood-brain barrier.>®*°
Importantly, the IL structure dictates biological fate: short-
chain, cholinium- or amino-acid-based ILs favor reversible
interactions and rapid clearance, whereas long-chain
imidazolium ILs may induce membrane stress and
cytotoxicity. Thus, structure-activity relationships (SARs) at
the ionic and interfacial levels are central to determining
circulation time, intracellular trafficking, and
biocompatibility of IL-enabled nano-DDS.®*

Beyond solvents: ILs as functional nano-engineering
elements. Collectively, these mechanisms position ILs as active
nano-engineering elements rather than passive formulation

View Article Online

Review

components. By simultaneously controlling nanostructure
formation, interfacial stability, and biological interactions, ILs
enable the rational design of multifunctional nano-DDS with
enhanced drug loading, controlled release, and programmable
biological responses. This mechanistic versatility explains why
IL-based systems outperform traditional solvent- or polymer-
based nanocarriers in complex biomedical environments and
highlights their emerging role as foundational materials in
next-generation drug delivery platforms.®*®® Fig. 6 illustrates
the mechanistic contributions of ionic liquids to nano drug
delivery systems, including nanostructuring, interfacial
stabilization, and membrane-mediated uptake.

5.2 ILs as APIs/bioactivity

Active pharmaceutical ingredient ionic liquids (API-ILs) have
become a flexible platform through which the long-standing
drug development challenges could be overcome. This approach
could be useful in addressing polymorphism, enhancing
solubility, increasing permeability, and controlling thermal
stability, which are especially important with poorly soluble
drugs, and has been demonstrated to enable synergistic effects,
allowing multi-functional pharmacological responses to be
achieved with API-ILs. Such changes are especially beneficial in
poorly soluble drugs, in which APIIL conversion has been
demonstrated to change solubility by several thousand-fold and

Mechanistic Roles of lonic Liquids in Nano Drug Delivery Systems

v ‘

Nanostructuring & Encapsulation

Interfacial Stabilization

v

Membrane Interaction & Cellular Uptake

Q-

lonic Liquid

lonic Interactions
(Electrostatic, H-bonding)

« Surface Charge Modulation
« Reduced Aggregation

« Lower Interfacial Tension

} « Enhanced Stability

IL-Functionalized
Nanocarrier

~

»’)

Enhanced
Permeability

Intracellular
Delivery

Improved Drug Loading « Prolonged Stability  Targeted Delivery

Fig. 6 Mechanistic roles of ionic liquids in nanocarrier design, interfacial stabilization, and membrane interactions for drug delivery.
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enhance bioavailability and reduce systemic toxicity. Moreover,
API-ILs offer opportunities for controlled release, targeted
delivery, and improved tissue penetration, making them
valuable for personalized and precision medicine
applications.®* Innovative designs such as dual API-ILs, where
both the cation and anion exhibit therapeutic activity, allow for
synergistic effects, enabling multi-functional pharmacological
responses. Oligomeric API-ILs have also been utilized to remove
crystalline phases to enable stable, liquid-state formulations
suitable as a topical or transdermal drug delivery system with
minimal irritation and increased patient adherence. Recent
developments have shown the use of API-ILs in a wide variety of
formulations: emulsions, patches, nanoparticles, and gels.
These systems not only increase drug performance but also
support other administration routes, such as non-invasive
transdermal or buccal delivery, with less irritation and better
patient compliance.®®

This technology has entered clinical development
translations by pharmaceutical companies. One example is
the MEDRx system which has produced API-IL-based
transdermal patches to treat pain and spasticity that
demonstrate  better bioavailability than conventional
mixtures. The IL based on lidocaine had superior skin
absorption and sustained release and better pharmacokinetic
properties in comparison with the standard form. However,
there are still obstacles in the form of complexity of
synthesis, toxicity, and stringent purification procedures.
Even minute impurities can be of great consequence to
bioactivity, and it is the soundness of analytical control along
with biocompatibility studies that will make API-ILs a key
pillar in future drug formulation.®® With continued
refinement, API-ILs stand poised to become a cornerstone in
next-generation drug formulation.

5.3 ILs in nanocarrier developments

Among the most important benefits of ILs in the formation
of nanocarriers is the fact that they enhance the
bioavailability and solubility of the drug. Many insoluble
drugs can be dissolved in IL-based systems, thus improving
their therapeutic efficacy. An example is the successful
adoption of ILs into polymeric and lipid-based nanoparticles
to enable the entrapment and targeted release of
hydrophobic drugs. This is especially useful in anticancer
and antiviral drugs which are typically poorly soluble and
have poor absorption into the systemic circulation. Also, ILs
are important in stabilizing nanocarriers to avoid aggregation
and degradation. The high electrostatic forces contribute to
the structural integrity of nanocarriers, which results in
longer circulation and enhanced drug retention of the
therapeutic payload to the desired site of action with
minimal off-target effects.”” The targeted drug delivery
systems require this stability so that the therapeutic payload
can be delivered to the desired site of action with little off-
target effects.
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The other possible application of ILs in development of
nanocarriers is that they enhance cell uptake. ILs can
enhance the drug movement across biological barriers, such
as the blood-brain barrier (BBB), since they can adjust the
membrane  permeability. They are applicable to
neuropharmaceutical delivery and IL-based nanocarriers have
been demonstrated to be more penetrative and be retained in
brain tissues.” In addition, ILs have also been used to design
responsive nanocarriers, which can release their cargo in
response to a certain stimulus, e.g., pH, temperature or
enzymatic activity. Such intelligent drug delivery systems
enable accurate regulation of the drug release kinetics, which
decreases systemic toxicity and improves therapeutic
outcomes.®®

Moreover, ILs, especially surface-active and magnetic ILs,
have also become promising nanocarrier systems in drug
delivery because of their peculiar physicochemical
characteristics and high design flexibility. SAILs are surface-
active ionic liquids which have long hydrophobic alkyl chains
and are amphiphilic, meaning that they are capable of self-
assembly to form nanoscale structures, including micelles,
vesicles, and microemulsions. These assemblies enable easy
encapsulation and release of a large variety of therapeutic
agents such as hydrophilic, hydrophobic, and amphipathic
drugs. As an example, magnetic SAILs based on valine, such
as [ValCy¢][FeCyy], embedded in gelatin hydrogels showed
high drug loading efficiencies to 5-fluorouracil and
ornidazole, and allowed the magnetic control of release and
the stable interaction with biomolecules such as DNA.*’
Rational design of SAILs to meet the individual drug
characteristics is also supported by computational methods
such as molecular dynamics simulation and COSMO-RS,
which makes IL-based nanocarriers a powerful and efficient
system to be used as a drug delivery system in practice.”® The
biocompatibility of building blocks, including choline, amino
acids, and fatty acids, also eliminates the issue of toxicity,
which makes IL-based nanocarriers a universal and efficient
technology to be used as a drug delivery system. To
graphically sum up the incorporation of ILs in various
nanocarrier systems, Fig. 7 shows a conceptual map which
highlights the major uses and the benefits they will have in
drug delivery.

With these benefits, there are still difficulties in the
extensive use of ILs in the development of nanocarriers. The
problem of cytotoxicity, biodegradability, and regulatory
approval should be resolved to make them safe and efficient
in terms of their use in medicine. Further studies are to be
performed on the rational design of biocompatible ILs and
their interactions with biological systems to utilize them to
the maximum in drug delivery technologies.”®

5.4 ILs in bio-sensing

ILs have become revolutionary elements in biosensor
technology because of their extraordinary electrochemical
stability, adjustability and biocompatibility. Their ability to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic representation of various nanocarrier systems enhanced by ionic liquids.

act as solvent media, immobilization matrices and structure
enhancers allow them to be used as high-performance
detection platforms with a broad repertoire of biological
targets. ILs also enable the direct electron transfer of redox-
active biomolecules including hemoglobin and horseradish
peroxidase, which make third-generation biosensors have
higher sensitivity, selectivity and stability of operation. As an
illustration, enzymes have been immobilized on composites
such as ILpolypyrrole-gold (ILPpyAu) to detect hydrogen
peroxide and cholesterol electrochemically with low detection
limits and improved electrocatalytic performance.”"

In addition to enzymatic detection, ILs have made it possible
to develop molecularly imprinted sensors and aptamer-based
devices, leading to the use of ILs in nonenzymatic detection of
proteins, neurotransmitters, and environmental toxins. ILs have

© 2026 The Author(s). Published by the Royal Society of Chemistry

also been incorporated in carbon nanotubes and graphene
electrodes to create sensors with high sensitivity to dopamine,
glucose, and trichloroacetic acid by providing a superior
microenvironment in which the biomolecules can interact with
the electrodes and transfer electrons. The application of ILs in
flexible and wearable biosensors has further enhanced their use
as they enable continuous, non-invasive health monitoring on
sweat-based sensors. As an example, wearable CRP biosensors
with IL-enhanced graphene and gold nanoparticle composites
have demonstrated real-time monitoring of inflammation in the
context of chronic disease.”> IL-based electrochemical
impedance spectroscopy (EIS) biosensors represent an effective
format of point-of-care diagnostics. These platforms take
advantage of the capability of ILs to create stable, conductive
layers on electrodes, which allow the immobilization of
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biomolecules and amplification of signals. These configurations
have particularly been useful in cytokine detection where trace
sensitivity is required. IL-enabled biosensors are being
developed to be integrated with microfluidic systems, optical
transducers, and smartphone interfaces, which is why they are
selected as important in early disease diagnosis, environmental
monitoring, and food safety evaluation.”

5.5 ILs as catalysts

Unlike conventional solvents, ILs can facilitate waste-free
reactions with minimal by-product formation, aligning with
green chemistry principles. They are also perfect catalysts to
stabilize transition states and modify reaction environments,
which is why they are the best to catalyze sensitive reactions
during the production of pharmaceutical compounds. An
example is the use of ILs in the production of bioactive
heterocycles, such as quinazolines and quinazolinones, by
multicomponent and tandem reactions. These molecules are
important scaffolds in a range of anticancer and antibacterial
drugs.”*”* In addition, IL-based catalysts have facilitated high-
purity bioactive product formation under mild conditions
through a range of Mannich-type and aza-Friedel Crafts
reactions, which are critical in therapeutic development.””®

ILs also play a crucial role in improving drug formulation
through their use in synthesizing functional polymeric drug
carriers. For example, amphiphilic ILs were used to catalyze the
green synthesis of isosorbide-based optical polymers with
enhanced biocompatibility, mechanical flexibility, and
transparency, properties essential for biomedical devices like
intraocular lenses.”” Additionally, tetrabutyl methyl carbonate
ILs have shown superior catalytic efficiency compared to
traditional ~ catalysts in  synthesizing  non-isocyanate
polyurethanes via ring-opening polymerization, with potential
biomedical coating applications due to their safety and
reusability.”® Other than in the synthesis of polymers, ILs have
been shown to catalyze the conversion of bio-derived feedstocks
into useful pharmaceutical intermediates. Recently, Brgnsted
acidic ILs have been used as catalysts in esterification and
transesterification reactions in the production of lipid-based
drugs and prodrugs.”® Moreover, dual-functional ILs combining
acidic and nucleophilic sites have enabled regioselective
glycosylation and sulfonation reactions, which are pivotal for
the construction of antiviral and anti-inflammatory drug
candidates. These advances highlight ILs not only as green
alternatives to conventional catalysts but also as essential tools
for precision synthesis in modern pharmaceutical innovation.

5.6 ILs as drug delivery (DD)-enhancers

ILs are increasingly recognized for their role in enhancing drug
delivery by improving drug permeability, stability, and
bioavailability. It is possible to design ILs rationally to be
tunable with respect to their physicochemical properties due to
which they can be used as effective chemical permeation
enhancers across biological barriers like skin and mucosa.
Choline-based ILs, especially choline geranate (CAGE), have
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been shown to have an impressive capacity to increase the
solubility and permeation of various therapeutics into cells as
well as the extracellular space, with transcellular and
paracellular transport being greatly enhanced.®® These are small
molecules, such as diltiazem and cefadroxil, and
macromolecules, such as insulin and ovalbumin, whose delivery
was significantly enhanced through IL-mediated skin and
mucosal delivery.*>*" The amphiphilic properties and high
potential hydrogen bonding of ILs enable them to be
partitioned in lipid layers and to regulate drug-membrane
interactions, which leads to high drug absorption and release.
Also, ILs prepared using biocompatible compounds like amino
acids and fatty acids can be utilized to both improve drug
retention and mechanical properties of delivery systems.®" Their
synergistic interaction with other chemical penetration
enhancers has been demonstrated to increase dermal transport
of insoluble drugs such as acyclovir and celecoxib by up to five-
fold.®> These results justify the growing application of ILs as
multipurpose drug enhancers that can allow effective and non-
invasive methods of delivering drugs such as small molecule
drugs and biologics. Fig. 8 shows how ILs have been
incorporated at different points of drug delivery using
nanocarriers with a particular focus on the use of ILs to
enhance drug solubility, biological permeability, targeting of
cells, and controlled release into the cell.

5.7 ILs as solvents

ILs have emerged as transformative solvents for enhancing
the solubility and delivery of poorly water-soluble drugs,
particularly those in BCS class II. Among the ILs, dicationic
ionic liquids (DcILs) have shown superior performance over
their monocationic counterparts (McILs), achieving 30-35-
fold improvements in the solubility of drugs like ibuprofen
and ketoprofen. DcILs, especially those with ammonium
cations and carboxylic or N-acetyl amino acid-derived anions,
exhibit high biocompatibility and low cytotoxicity toward
L929 fibroblast cells, particularly when short or ether-based
linkers are wused between the cationic heads. These
enhancements are driven by strong hydrogen bonding and
electrostatic interactions between ILs and drugs, as
confirmed by 2D NOESY NMR studies.** Mechanistic
information is further given by computational methods, such
as molecular dynamics simulations and density functional
theory (DFT). These studies indicate that the ability of drugs
to be solubilized in ILs is a combination of the acidity and
basicity of the elements of ILs. In the case of aspirin, which
has strong hydrogen-bond donating groups, ILs with basic
anions such as acetate ([OAc]) provide covalent-like
hydrogen bonding to cause solubilization. Conversely, such
drugs as etomidate that do not contain any hydrogen-bond
donors depend more on electrostatic interactions with
cations and are better supported by ILs with weakly
interacting anions such as Tf,N. n-m stacking between
aromatic cations and etomidate contributes to its solubility,
albeit to a lesser extent.®*
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Fig. 8 Role of ILs in enhancing nanocarrier-based drug delivery.

Beyond classical drugs, ILs have gained traction for their
ability to fine-tune drug partitioning behavior and optimize
formulation design. Their tunable ionic architecture and
polarity allow modulation of drug lipophilicity (logP),
enhancing oral bioavailability and improving compatibility
with hydrophilic carriers. ILs such as [C,;mim][OAc] and
CAGE have already been successfully applied in marketed
formulations and biologic delivery platforms, where they
increase permeability, stabilize therapeutics, and eliminate
cold-chain requirements.®® Additionally, ILs offer control over
polymorphism and crystallization, and serve as green
solvents with low volatility and favorable biodegradability,
supporting their use as safe, sustainable alternatives in
pharmaceutical processing.®®*’

5.8 ILs as stabilizers, ligands and adjuvants

ILs have shown exceptional promise as multifunctional
agents in pharmaceutical formulations by acting as
stabilizers and performance enhancers. As stabilizing media,
ILs, particularly those based on imidazolium and amino
acids, significantly improve the stability of metal
nanoparticles (MNPs) like gold nanoparticles (AuNPs), which
are widely used in drug delivery and diagnostics. These ILs
penetrate the solvation layer and increase -electrostatic
repulsion, preventing aggregation and extending shelf life
without requiring additional surfactants or capping agents.
The structural attributes of the ILs, especially the
imidazolium ring and specific anions like leucinate, play a
dominant role in maintaining nanoparticle dispersion and
functionality under physiological conditions.®® In addition to
nanoparticle stabilization, ILs are increasingly recognized for
their ability to maintain the structural fidelity of therapeutic
proteins. Choline-based ILs have shown remarkable potential
in stabilizing proteins like insulin and monoclonal
antibodies (mAbs) by enhancing thermal stability and
inhibiting aggregation. For instance, choline valinate elevated
insulin's melting temperature by 13 °C, while choline
dihydrogen phosphate increased trastuzumab's thermal
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stability by over 21 °C (100). However, these effects are
concentration-dependent, and while colloidal stability often
improves with higher IL concentrations, conformational
integrity can be compromised, underscoring the importance
of optimal IL selection and dosage. ILs also enhance stability
in protein-based formulations through hydration-mediated
non-covalent interactions. Choline-based ILs, particularly
[Cho][OAc], demonstrate superior capability in stabilizing
insulin dimers via strong hydrogen bonding and electrostatic
interactions.®

ILs also function as molecular regulators that modulate

interactions ~ with  metal centers and  biological
macromolecules. Their tunable ionic structure enables
selective binding and stabilization of biomolecules,

optimizing enzymatic activity and preserving drug potency
during formulation and delivery.?® Recent studies have
demonstrated that triazolium-based ILs, such as 1-pentyl and
1-hexyl-1,2,4-triazolium trifluoroacetates, can effectively
stabilize bovine serum albumin (BSA) by forming strong
hydrophobic interactions and inclusion complexes with
B-cyclodextrin. These ILs protect proteins from denaturation,
even in the presence of strong chemical denaturants like
urea, making them ideal candidates for bioformulations that
demand structural integrity of therapeutic proteins.”
IL-based nanocarriers functionalized with therapeutic or
targeting moieties offer improved drug release profiles,
biocompatibility, and intracellular uptake when compared to
conventional delivery systems.” Additionally, their ability to
adapt physicochemical properties makes them ideal for
designing  stimuli-responsive  drug  platforms  and
biosensors.®® Additionally, ILs serve as separation enhancers
in bioprocessing, particularly in aqueous biphasic systems
(ABS), where they influence protein partitioning through
specific hydrophobic and electrostatic interactions. Chloride-
based ILs are useful in polymer-polymer ABS to regulate
phase behavior to selectively isolate proteins including BSA,
IgG and Cyt C based on the IL type and concentration. Their
selectivity against traditional salts results in increased purity
and productivity in the subsequent bioseparation methods,
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which are critical to the development of pharmaceuticals.’*
ILs are collectively an effective toolkit to improve the
physical, chemical, and biological properties of drug
formulations.

5.9 ILs as surfactants and cosurfactants

The special physicochemical characteristics of ILs such as low
volatility, thermal stability, and structural tunability have made
these compounds promising alternatives to traditional
surfactants and cosurfactants in pharmaceutical preparations.
These characteristics enable them to be particularly effective in
stabilizing emulsions and nano systems in the delivery of drugs.
ILs are surfactants that increase interfacial stability and
decrease the critical micelle concentration (CMC), improving
the solubilization and bioavailability of poorly soluble drugs. An
example is the IL-based surfactant [TDMB]Br (1-tetradecyl-3-
methylimidazolium bromide), which, when added in
combination with other surfactants, has been shown to stabilize
nimodipine-loaded polymeric nanoparticles, enhancing greatly
its dissolution rate and stability.”> It has also been
demonstrated that IL-stabilized microemulsions can be used at
temperatures up to 100 °C, which extends their use into higher
temperature extractions and injectable formulations.”® ILs like
[C1,mim][Br] and cholinium-derived ILs have also been shown
to improve the formation and stability of o/w and wj/o
microemulsions, increasing their utility in high-temperature
extractions and inorganic nanoparticles.”*

Another potentially effective use would be surface-active
ILs (SAILs) to enhance the delivery of rifampicin. SAIL-
based micellar systems increased the aqueous solubility of
the drug and provided improved drug loading and release
control and maintained structural integrity under
physiological conditions, including in the formulation of
insulin-loaded nanocarriers where ILs led to decreased
surfactant concentrations and decreased toxicity without
compromising formulation activity.”>°® Importantly, ILs also
exhibit synergistic behavior when combined with traditional
surfactants, allowing for lower surfactant concentrations
and reduced toxicity while maintaining formulation
performance. Their customizable cation-anion
combinations allow targeted manipulation of interfacial
tension and emulsion viscosity, optimizing encapsulation
efficlency and drug release profiles across diverse
therapeutic agents.””® IL-based microemulsions have
successfully been employed to encapsulate rifampicin, a
poorly water-soluble antitubercular drug. The use of ILs
together with non-ionic surfactants, such as Tween-20, led
to microemulsions that are thermostable and able to
sustain continuous structures and enhance drug dispersion.
The multifunctional nature of ILs as surfactants and
cosurfactants provides a sustainable and flexible versatile
system for use in drug delivery in the 21st century,
allowing high-performance formulations with a high degree
of drug solubilization, stability and controlled release.”®
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5.10 ILs across different types of drug formulations and
delivery

The peculiarities of physicochemical characteristics of ILs
have attracted the interest of pharmaceutical scientists as a
means of creating new drug delivery modes. Their integration
in micro and nano scale systems, e.g. emulsions, liposomes,
and nanoparticles, has made it possible to design highly
customizable carriers that are advantageous towards specific
therapeutic applications. In addition to the delivery of small
molecules, ILs can be used as advanced excipients by
stabilizing proteins, peptides, and nucleic acids, thus
facilitating ~ the  formulation and  production  of
biopharmaceuticals. Fig. 9 demonstrates how ionic liquids
can be used as multifaceted agents to improve drug delivery
and biopharmaceutical applications including transdermal
and mucosal transport enhancement and structural
stabilization of biologics, in a wide variety of carrier systems.

5.10.1 ILs in micro/nano drug delivery systems for
biomedical applications. Introduction of ILs into
microemulsions, nanoemulsions, liposomes, niosomes,
ethosomes, nanoparticles, and lipid nanoparticles (LNPs) is
reshaping the field of drug formulation in the biomedical
field. Microemulsions based on ILs provide thermodynamic
stability and better solubility of drugs. Choline and geranic
acid (CAGE) formulations, for instance, have been shown to
enhance the transdermal delivery of methotrexate (MTX), a
poorly soluble drug. In one study, a thermo-responsive IL
microemulsion hydrogel (MTX/ME@Gel) improved MTX
solubility nine-fold and enhanced skin permeation by over
27%, also exhibiting anti-inflammatory and antibacterial
effects, an encouraging platform for psoriasis therapy.'®
Similarly, IL-stabilized microemulsions have been employed
for site-specific delivery of anti-inflammatory and
antiretroviral drugs, ensuring better permeability and
sustained release.'®"'

Nanoemulsions incorporating ILs have demonstrated high
efficacy in vaccine delivery. A choline-niacin ([Cho][Nic])-
based oil-in-IL (o/IL) nanoemulsion enhanced antigen
stability and the immune response to intranasal influenza
vaccine, improving IgA titers and CD4" T-cell activation.'”® A
similar nanoemulsion preserved the structural integrity of
inactivated foot-and-mouth disease virus, outperforming
traditional adjuvants in immune activation.'®® IL-based
nanoemulsions have also enhanced the solubility and
stability of lipophilic drugs such as curcumin, protecting
against photodegradation and boosting bioavailability.'*® ILs

are also highly effective in liposomal and ethosomal
formulations. = Their = amphiphilic  nature  improves
encapsulation efficiency, membrane fluidity, and drug

permeability. In ethosomes, ILs act as stabilizers and
penetration enhancers, enabling efficient transdermal
delivery of peptides and proteins.’®® Likewise, ILs enhance
the loading and release control of liposomes and LNPs,
which is particularly beneficial in vaccine and cancer drug
delivery.”® In niosomal systems, ILs optimize vesicle size,
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Fig. 9 ILs as functional drivers in advanced drug delivery platforms.

stability, and entrapment efficiency. Catanionic niosomes
made from CTAB and SDS surfactants, combined with ILs,
showed improved drug loading and diffusion for anticancer
delivery using cabozantinib.’®” Other studies confirmed that
IL-modified niosomes enhance oral and topical delivery of
various hydrophobic drugs.'*®"%8

ILs are also important in the surface engineering of
nanoparticles. As an illustration, the coating of PLGA
nanoparticles with ILs made of choline carboxylic acid
significantly prolonged the circulation time of the
nanoparticles and improved the targeted delivery after
administration of the nanoparticles to a murine model via
intravenous injection.” Other than drug carriers, ILs have
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also been relevant in biosensor design and diagnostics. The
use of IL-modified carbon paste electrodes has also been
demonstrated to be very sensitive in the detection of
glutathione, which is an important marker in oxidative stress
and neuroinflammatory states, with much Dbetter
electrochemical performance and selectivity.’®® ILs have also
been shown to be very useful in transmucosal delivery to
enhance drug permeability at nasal, oral and gastrointestinal
membranes. Mucoadhesivity increases bioavailability and
targeted release and extends residence time and decreases
enzyme degradation.

5.10.2 ILs as advanced excipients for protein, peptide, and
nucleic acid therapeutics. ILs enhance the formulation and
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downstream processing and transform the biopharmaceutical
industry. They maintain the stability and purity of proteins,
peptides and nucleic acids and improve their recovery and
purity. As excipients, ILs ensure the therapeutic activity of
such biomacromolecules, stabilize them and protect them
against degradation. This dual role has rendered ILs
innovative tools of development of biopharmaceuticals that
will be prepared reliably and produced economically. ILs
improve stability, prevent enzymatic degradation, and
increase transdermal and cellular penetration, all of which
improve the delivery of peptides, proteins, and nucleic acids.
They work well in gene delivery and non-invasive treatments
because they break down skin lipids to facilitate
macromolecule transport and preserve structural integrity.®”
Furthermore, one study confirmed that ILs in protein-
containing nanocarriers (PCNCs) improve transdermal
administration by increasing protein transport and
disrupting skin lipids. PCNCs increased ovalbumin (OVA)
delivery 25-28 times compared to aqueous formulations.
They also demonstrated excellent anticancer effects by
boosting CD8+ T cells and promoting immunological
responses, making them  promising for  tumor
immunotherapy.''® ILs present a possible substitute for water
as nucleic acid solvents with their special electrolyte and
stabilizing qualities maintaining their usefulness. By
promoting nucleic acid stability and regulated nanostructure
creation, ILs open new avenues for nanotechnology and
drug delivery applications beyond aqueous settings. ILs are
also essential for nucleic acid diagnostics. One study
showed that ILs in a platform modified by graphene oxide
improve hybridization sensitivity and efficiency, enhancing
BRCA1 gene detection. As evidence of ILs' contribution to
developing nucleic acid diagnostic tools, the IL-based
biosensor successfully separated complementary sequences
from mismatched or non-complementary ones with a low
detection limit of 1.48 pg mL"' and remarkable
selectivity.""!

5.11 Therapeutic and diagnostic applications of ILs across a
spectrum of diseases

Recent research has highlighted the potential of ionic liquids
(ILs) to address several long-standing challenges in drug
delivery, including poor solubility, limited bioavailability, and
inadequate targeting of therapeutic agents. Due to their
versatile nature regarding physicochemical properties, it is
possible to design systems that can be used to improve the
performance of drugs in a broad spectrum of pathological
conditions. The potential of ILs to enhance the delivery of a
wide range of therapeutics, including enhancing the
solubility of hydrophobic anticancer drugs and promoting
the delivery of drugs across complicated biological barriers
including the blood-brain barrier, is actively being explored.
This increasing concern highlights their new application as
multi-purpose instruments in the development of disease-
specific drug delivery models.
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5.11.1 Implications of ILs for infectious disease diagnosis
and therapy. ILs are now finding their way into infectious
disease research because they possess distinctive
physicochemical characteristics, adjustable structures, and
bioactivity. They can be utilized in diagnostics, drug delivery,
and antimicrobial therapy, and they can be promising in the
fight against bacterial and viral infections. ILs are useful as
functional additives in biosensors to enhance sensitivity and
specificity in the detection of infectious biomarkers. An
example is the IL-modified carbon electrode that has been
used to increase the electrochemical detection of a single
oxidative stress biomarker, glutathione, which is associated
with viral and bacterial infections, by improving the transfer
of electrons and surface conductivity."*>

Also, ILs exhibit good antimicrobial effects as they can
disrupt the membranes of microbes, inhibit formation of
biofilms, and stop crucial enzyme activities. Natural
antimicrobial moieties, including salicylate, menthol or
amino acids, have been found to be effective as ILs against
resistant pathogens. As an example, ILs containing proline
ethyl ester and salicylate have been shown to be highly active
as antibacterial agents with low cytotoxicity, allowing their
application in topical preparations to treat skin infections.'®
ILs functionalized with metal complexes, including silver or
zine, can also be used to treat Gram-positive and Gram-
negative bacteria with reduced cytotoxicity.'** Certain ILs are
promising antiviral carriers or agents against viral infections.
ILs based on cholinium have been found to increase the
transdermal delivery of macromolecules such as siRNA and
interferons, which may provide a mechanism-based approach
to direct viral inhibition with reduced systemic side
effects.'’* ILs based on cholinium can also disrupt the
integrity of the viral envelope, providing a mechanism-based
strategy of direct viral inhibition with reduced systemic side
effects."™

Although these advances have been made, problems still
exist. IL-based antibiotic resistance among bacteria is a
developing problem. Adaptation to ILs by bacteria can occur
due to a change in membrane fluidity, the expression of
efflux pumps, or degradation by enzymes. In particular,
Gram-negative bacteria have been shown to be more
resistant, altering membrane lipid structures decreasing the
permeability and efficacy of ILs."'® These adaptive
mechanisms have shown the necessity of designing ILs
judiciously to prevent microbial resistance and guarantee the
sustainability of antimicrobials.

5.11.2 ILs in anticancer drug delivery. By enhancing drug
carrier performance, stability, and production, ILs play a
major role in the delivery of anticancer drugs. This enables
more effective cancer treatments through improved loading,
targeted distribution, and controlled release. A study revealed
that the chemotherapy medication imatinib mesylate can be
encapsulated in a temperature-responsive gel made of
cetylpyridinium salicylate (CetPySal), a surface-active ionic
liquid. The prolonged drug release of this ionogel suggests
that it could be used as a low-cost, thermo-responsive
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material to enhance the administration of anticancer
medications."”” In addition, the insoluble anticancer pigment
violacein (Viol) was successfully dissolved by surface-active
ionic liquids (SAILs) based on 1-alkylimidazolium cations.
Because of its low cytotoxicity and capacity to keep violacein
in solution, the [C;sHim]-S SAIL was chosen. To improve
anticancer medication delivery, this combination was utilized
to create a folate-targeted solid lipid nanoparticle (SLN)
carrier that showed a five-fold increase in the incorporation
of Viol nanoparticles in folate receptor-positive cancer
cells.'™ ILs based on noscapine have also been created to
increase the solubility of the drug, which, along with its
derivatives, has the potential to be used as an anti-cancerous
agent.'"”

ILs are also found to increase the efficacy of anticancer
drugs. The anticancer effects of sorafenib (SRF) are improved
by ionic liquid CAGE (choline and geranic acid), which
enhances intracellular retention and penetration without
increasing cellular absorption. Low doses of CAGE increase
the anticancer efficacy of SRF by up to five times by blocking
cell-cycle progression, promoting apoptosis, inhibiting
exocytosis, and increasing SRF penetration across
multicellular structures. This combination shows promise as
a novel approach to successfully stop the growth of
tumors."®® To improve methotrexate's oral bioavailability, a
recent study looks into turning it into ILs. Proline ethyl ester
MTX (IL[ProEt][MTX]) demonstrated a 4.6-fold increase in
bioavailability and a reduction in systemic toxicity across the
various ILs examined when compared to MTX sodium.
IL[ProEt][MTX], which also showed improved absorption,
better pharmacokinetics, and enhanced antitumor activity,
demonstrated the potential of MTX-based ILs as a successful
strategy for improving the oral distribution of poorly soluble
drugs like MTX."*"

In addition to serving as delivery systems for anticancer
drugs, ionic liquids have intrinsic anticancer properties. A
recent study found that ILs are appealing anti-cancer agents
due to their special qualities, which include chemical
stability, selectivity for cancer cells, and tunability. Among
the various ILs that demonstrate significant efficacy against

Table 4 Role of ILs in anticancer drug delivery
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cancer cell lines through oxidative stress induction, DNA
interaction, and cellular membrane disruption are
imidazolium and phosphonium-based compounds. ILs are
positioned as innovative candidates for cancer treatments in
the future due to their structural adaptability, which allows
optimization for enhanced therapeutic potential with fewer
side effects.’*® Table 4 highlights recent research studies
showing the various functions of ILs in anticancer drug
delivery, such as their capacity to improve drug solubility,
offer inherent anticancer qualities, and enable targeted
delivery methods.

5.11.3 ILs in the management of diabetes and diabetic
ulcer. The potential of ILs to improve insulin administration,
especially through non-invasive delivery methods, is one of
their most promising contributions. By using ILs as skin
pretreatment and then applying insulin, choline-based ILs
have demonstrated the ability to increase transdermal insulin
permeability. When compared to traditional insulin delivery,
this method produced noticeably stronger glucose-lowering
effects and prolonged hypoglycemia in diabetic rat models
while maintaining skin integrity. Insulin's structure can be
stabilized by ILs like [Ch][Ge] and [Ch][Ci], which also
improve insulin's solubility and skin permeability and raise
its relative bioavailability."** Oral insulin delivery has also
benefited from IL technology, further expanding this use.
One of the long-standing problems with oral insulin therapy
has been resolved by encasing insulin in IL-functionalized
silica nanoparticles, which protect it against enzymatic
degradation and pH changes within the gastrointestinal tract.
This allows for sustained release and improved absorption.

ILs have demonstrated inherent antidiabetic qualities in
addition to improving delivery systems. When tested in
o-amylase inhibition assays, imidazolium-based ILs showed
significant enzyme inhibition, frequently outperforming well-
known medications like acarbose.'** Similarly, compounds
with strong antioxidant qualities and a-amylase inhibitory
activity were produced by DABCO-based ILs used as catalysts
in the synthesis of indeno-benzofuran derivatives, indicating
a dual therapeutic mechanism against oxidative stress and
postprandial hyperglycemia.'*® These results suggest that ILs

Cancer types/drugs

Role of ILs Key findings ILs used targeted Ref.
ILs enhance the solubility of ILs improve the bioavailability and pharmacokinetics [ProEt][MTX], MTX (oral 121
poorly soluble drugs like of drugs, offering enhanced drug delivery and [Ci6HIm]-S bioavailability),
methotrexate (MTX) and violacein reduced systemic toxicity violacein

(nano-carrier)
ILs with intrinsic anticancer ILs exhibit efficacy against various cancer cell lines, Imidazolium, Breast, lung, colon, 122

properties
interact with DNA
ILs designed to enhance the
solubility of noscapine
efficacy
ILs used to dissolve violacein and
develop targeted delivery systems
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induce oxidative stress, disrupt cell membranes, and

Noscapine-based ILs show increased solubility,
stability, and potential for improved anticancer

ILs improve solubility of violacein and enhance its
delivery via nanoparticles targeting folate receptors,
five-fold higher uptake in cancer cells

and ovarian

cancers
Noscapine-related 119
anticancer activity

thiazolium, ammonium,
phosphonium-based ILs
Noscapinium-based ILs

Folate 118
receptor-positive
cancers

[Ci6HImM]-S
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have the capacity to act as both carriers and bioactive agents
that can directly affect glucose metabolism. By reducing
issues related to protein aggregation, ILs are also helping to
improve protein therapeutics. One of the main obstacles to
stability during storage and delivery,
fibrillation, has been successfully prevented by choline-
amino acid-based ILs. Insulin's native conformation was
preserved under heat and chemical stress by ILs such as
choline glycinate, providing a workable way to extend the
shelf life and therapeutic consistency of insulin.'*®

Another crucial area where ILs have proven useful is
diagnostics. A sensitive, colorimetric detection technique for
acetone, a crucial indicator of diabetic ketoacidosis in urine,
has been made possible by IL-functionalized
nanoparticles. This IL-enhanced sensor demonstrated
promise for point-of-care diagnostics in low-resource settings
by enabling quick, visual detection with excellent sensitivity
and inexpensive hardware.'”” Furthermore, by enhancing
signal responsiveness and stability in glucose-sensitive
electrodes, the electrochemical and conductive characteristics
of ILs have improved biosensor performance for continuous
glucose monitoring.'*®

ILs have become essential instruments in the
management of diabetes-related comorbidities, including
chronic and infected wounds, in addition to systemic glucose
regulation. Advanced wound dressings with multifunctional
therapeutic characteristics have been developed as a result of
the incorporation of ILs into hydrogels. For example, 1-vinyl-
3-butylimidazolium  bromide-infused hydrogel showed
conductive, antibacterial, and anti-inflammatory properties,
especially when combined with electrical stimulation. In
diabetic wound models, this combination increased
angiogenesis, collagen deposition, and tissue healing without
requiring the release of antibiotics."* The inclusion of a
near-infrared fluorescent probe incorporated into a PIL-based
hydrogel was another breakthrough that promoted wound
healing while enabling real-time visualization of
hypochlorous acid, a reactive oxygen species linked to

insulin insulin

silver

inflammation."*®  Researchers created a sericin-based
hydrogel functionalized with phenylboronic acid and
imidazole groups to combat drug-resistant bacterial

infections. This hydrogel was able to capture and eradicate
methicillin-resistant ~ Staphylococcus aureus (MRSA). The
outcome was a significant decrease in inflammation and
quicker healing, confirming ILs' therapeutic potential in the
treatment of complicated diabetic ulcers.”** These clever
wound dressings demonstrate how ILs can be tailored to
address the microbiological and metabolic issues that arise
in chronic wounds.

All things considered, ILs' distinct physicochemical and
biological characteristics—such as their capacity to improve
solubility,  stabilize = proteins, = promote = membrane
permeability, conduct electricity, and display intrinsic
bioactivity—make them extremely useful instruments in the
battle against diabetes. ILs offer a multifaceted approach to
managing diabetes, whether they are used to improve insulin
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administration, function as antidiabetic agents, stabilize
therapeutic proteins, support diagnostics, or promote wound
healing. Unlocking their full potential in clinical settings will
require more investigation of their toxicity profiles, long-term
biocompatibility, and structure-activity connections. ILs have
the potential to have a big impact on diabetes treatment and
personalized medicine in the future, as the existing body of
research shows.

5.11.4 ILs in cardiovascular disease: emerging applications
and cautions. Their catalytic role in drug production is
among the most obvious instances of IL usefulness.
Phytosterol ferulate (PF), a bioactive molecule that combines
the antioxidant advantages of ferulic acid with the lipid-
lowering characteristics of phytosterols, has been produced
using acidic ILs. PF was produced in large quantities through
IL-mediated esterification and showed notable decreases in
plasma cholesterol, triglycerides, and hepatic lipid
accumulation in hyperlipidemic mice. These benefits
outweighed those of either product alone, indicating that ILs
can aid in the synthesis of therapeutically superior
compounds with compounded cardioprotective properties.'*
In order to improve cardiovascular monitoring, ILs have been
included into diagnostic systems concurrently with
therapeutic production. Notably, a choline-based IL was used
to create a wearable organo-ionic gel-based electrode (OIGE),
resulting in an extremely conductive and durable ECG sensor.
This device is a great option for long-term, real-time cardiac
monitoring because it maintained accurate signal capture in
harsh environments like humid, cold, and even underwater
conditions. Both biocompatibility and electrochemical
stability, which are necessary for patient-specific applications
under unpredictable conditions, were made possible by the
IL component.'**

Additionally, ILs are essential to biosensing. To detect
vitamin B6 with remarkable sensitivity, a room-temperature
IL (1-hexyl-3-methylimidazolium hexafluorophosphate) was
added to a platinum/graphene nanocomposite sensor. The
capacity to effectively monitor vitamin B6 trace levels
promotes more comprehensive cardiovascular  risk
assessment methodologies because vitamin B6 has been
associated with lower risks of atherosclerosis and myocardial
infarction. This IL-enhanced sensor showed the potential of
ILs in point-of-care diagnostics with a detection limit in the
nanomolar range and robust performance in real-world food
and environmental samples."** ILs have also been tested as
embolic agents in more sophisticated interventional
techniques. A first-in-human clinical trial evaluated a novel
water-based IL embolic agent designed for vascular blockage.
In patients receiving treatment for renal tumors, portal vein
embolization, and associated disorders, the material—which
solidifies in response to physiological ionic strength—
achieved total vascular closure. Compared to conventional
agents, particularly those needing polymerization or
hazardous solvents, this IL-based embolic agent showed a
safer and more controllable profile with no unexpected side
events and excellent procedural success.'”> ILs have been
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utilized to enable the transdermal administration of
thrombin-sensitive nano sensors, hence increasing the
potential for diagnosis. A choline-geranic acid IL (CAGE)
allowed sensors to passively penetrate the skin in a mouse
model, doing away with the requirement for injections. For
up to three days after application, these sensors were able to
identify thrombosis using urine biomarkers. This non-
invasive method has a lot of potential for tracking clotting
episodes in cardiovascular patients who are at risk,
particularly those who are receiving anticoagulant medication
or surgery."®

ILs are not without cautionary remarks, despite these
encouraging developments. A risk of cardiotoxicity was found
in studies on methylimidazolium-based ILs (MILs),
particularly those with longer alkyl chains. Research
conducted in vitro on rat cardiomyocytes revealed that ILs
affected cell survival and electrical activity in a chain-length-
dependent way. Following exposure, in vivo results verified
structural changes in the heart and increased cardiac injury
indicators.  Furthermore, interspecies variations in
transporter expression make safety evaluations even more
difficult, highlighting the necessity of a comprehensive
toxicological investigation prior to systemic administration of
ILs in humans."?’

5.11.5 ILs in neurologic disorders: emerging applications,
diagnostic innovations, and neurotoxicity considerations. A
major advance in neurotherapeutics involves the
transformation of existing CNS drugs into ionic liquid
formulations to improve their solubility and bioavailability.
Tetrabutylphosphonium  cations were employed to
reorganize edaravone, an antioxidant medication used for
ALS and ischemic stroke, as an IL, greatly improving its
pharmacokinetics and water solubility. Edaravone-IL is a
better option for managing acute stroke since it not only
increased circulation time but also produced strong
neuroprotective benefits with a lower renal load in mouse
models of cerebral ischaemia.'*® Similarly, surface-active ILs
(SAILs) based on ethanolamine and lauric acid were
investigated in  conjunction with  gabapentin, an
antiepileptic = medication with limited gastrointestinal
absorption. By promoting the creation of stable micelles,
these SAILs enhanced the solubility and membrane
permeability =~ of  gabapentin. = Favorable  drug-SAIL
interactions were validated by thermodynamic and COSMO-
based modelling, suggesting promise for clinical translation
in optimized CNS medication delivery."** In non-invasive
nose-to-brain administration, ILs have also demonstrated
promise. An IL that combined proline ethyl ester and
etodolac improved nasal retention and roughly 200-fold
increased drug solubility. Intranasal delivery resulted in
decreased systemic exposure and a seven-fold increase in
brain delivery. It demonstrated effective central anti-
inflammatory efficacy and highlighted ILs' potential as
brain-targeted carriers via the olfactory pathway by lowering
brain prostaglandin E, by around 40% in a
neuroinflammation paradigm.*°
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In the field of neural healing, ILs have helped create
biocompatible and conductive scaffolds for the treatment of
spinal cord injuries. High neuronal survival and synaptic
gene expression were shown by a chitosan-based hydrogel
containing the ionic liquid VPImBF, (pCM@IL), promoting
neuro-regeneration. The scaffold's in vivo stability,
biodegradability, and pro-angiogenic  qualities were
confirmed by animal experiments, indicating its potential as
a neuro-regenerative platform.’*" IL-based research also
heavily emphasizes advances in diagnosis. IL-enhanced
electrochemical sensors have been created to track
neurotransmitter and neurological medication levels in real
time. For example, a sensor integrating graphitic carbon
nitride and tetrabutylammonium chloride ILs enabled
precise detection of carbamazepine in both pharmaceutical
and biological samples, offering a cost-effective and sensitive
alternative to conventional analytical tools."*> IL-based
biosensors have also enabled multi-analyte neurotransmitter
profiling in both animal and human fluids. Monoamines and
amino acid neurotransmitters have been successfully
measured in rat spinal cords, human plasma, and CSF using
methods such ultrasound-assisted magnetic IL dispersive
liquid-liquid microextraction (UA-MIL-DLLME) in
conjunction with high-resolution mass spectrometry. These
techniques, which employ ILs such as [P6,6,6,14],[CoCl,] and
[BMIM|BF,, have expedited neurochemical diagnoses for
conditions like multiple sclerosis, schizophrenia, and
Parkinson's.’**'**  Concurrently, =~ wearable  IL-based
biosensors are being developed to facilitate monitoring of
mental health. Heart rate variability (HRV) and pulse signals,
which are important markers of emotional and autonomic
states, were tracked using a flexible sensor modified with
[EMIM][TFSI]. The system's ability to classify user emotional
states with over 95% accuracy when combined with machine
learning analysis suggests that it may be used in the future
for individualized neuropsychiatric care.'*

Notwithstanding these advantageous uses, ILs' neurotoxic
potential needs to be carefully considered. In zebrafish,
prolonged exposure to ILs such 1-octyl-3-methylimidazolium
bromide ([Cgmim][Br]) has been linked to notable behavioral
and neurochemical alterations, such as anxiety-like
symptoms, cognitive impairment, neurotransmitter
imbalance, and neuronal death. The downregulation of
important neurotransmitter-related genes was verified by
gene expression analysis.’*® Furthermore, there were complex
interactions between IL exposure and heavy metals like lead
(Pb). In a co-exposure paradigm with common carp, IL
1-methyl-3-octylimidazolium chloride reduced
neuroinflammation and preserved the integrity of the blood-
brain barrier while mitigating some Pb-induced damage.
Although more thorough research is required, these results
imply that certain ILs may have neuroprotective properties
under particular toxicological circumstances.'*’

5.11.6 ILs in inflammatory and autoimmune diseases.
One significant development is the reformulation of
traditional medications, especially non-steroidal anti-
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inflammatory medicines (NSAIDs), into ionic liquid
formulations to improve pharmacokinetics and solubility.
When imidazolium and cholinium cations are added to
ibuprofen, ILs are created that show markedly enhanced
water solubility, increased biological fluid compatibility, and

either ~ maintained or enhanced anti-inflammatory
effectiveness.  Selective =~ COX-2 inhibition, which is
advantageous for lowering inflammation with fewer

gastrointestinal adverse effects, was demonstrated by these
ILs. Crucially, even at doses higher than the maximum
plasma levels of conventional ibuprofen, toxicity evaluations
in HepG2 and Caco-2 cell lines showed appropriate safety
margins and hemocompatibility."*® In addition, ILs have
made effective transdermal administration possible, which is
especially beneficial for autoimmune skin disorders and
chronic inflammatory diseases. Improved skin permeability,

(;-4) enhance
vl glucose
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better drug absorption, and concurrent antibacterial
activities were found in studies employing isopropyl amino
acid ester-based ILs coupled with NSAIDs like ibuprofen.
Particularly for diseases like psoriasis and atopic dermatitis,
these characteristics provide a two-fold benefit in localized
treatment with reduced systemic exposure.'*® Transdermal
distribution of big, poorly soluble biologics like
cyclosporine A (CsA) is an additional application of this
approach. In an imiquimod-induced psoriasis model,
researchers found that adding choline and geranic acid-
based ILs (CAGE) to a Pluronic F127-based organogel
increased CsA skin penetration by more than 100 times
and decreased systemic drug levels while preserving
therapeutic efficacy. Erythema, scaling, and skin thickness
improvements highlight this delivery platform's therapeutic
promise.**°
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Fig. 10 Mechanisms underpinning the biomedical utility of ILs across disease states.
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ILs are contributing creatively to the design of vaccination
adjuvants in addition to medication delivery. It has been
demonstrated that a new IL adjuvant made of sorbic acid
and choline (ChoSorb) improves humoral and cellular
immune responses. ChoSorb promoted Thi-biased isotype
switching and strong T-cell activation when combined with
FluBlok vaccination, which is important for regulating
immune responses to intracellular infections and may be
helpful in autoimmune control. The adjuvant’s stability at
room temperature and ease of production make it ideal for
the development of vaccines worldwide.”" 1ILs have
transformed extraction techniques that preserve and even
increase bioactivity in the field of natural product therapies.
After carotenoids were extracted from peach palm waste
using ILs, a formulation rich in lycopene and B-carotene with
proven anti-inflammatory and antioxidant properties was

Otic

e Facilitate drug
absorption in the otic
region. E.g., CAGE
ILs

Oral
Improve the solubility of
poorly water-soluble
drugs, aiding their oral
administration.

Increase drug stability in
the gastrointestinal (GI)
environment.

Enhance drug
permeability in intestinal
mucus. E.g., CAGE ILs,
Choline Oleate IL, Choline
Germinate IL, Proline
Ethyl Ester-based IL with
Methotrexate, Alanine
Ethyl Ester-based IL with
Favipiravir

Transmucosal

e Enhance transmucosal drug
delivery by improving solubility and
permeability.

biocompatible and effective vaginal
mucosal drug delivery. [
e They can prolong drug retention an¢
control release.
Beneficial ~ for sustained therapeutic
effects. E.g., CAGE ILs, PILs
(polyelectrolyte ILs), Cho:PLA (1:1) ILs

(]

Parenteral

-

e Serve as solvents or co-

solvents in parenteral
formulations.

e Their biocompatibility and lo
toxicity make them suitable for
injectable  formulations.
Potentially  improve the
pharmacokinetic profiles of drug
E.g., CAGE, Choline glycinate,
Choline oleate, [C4AMIM][Tf2N] (1-
butyl-3-methylimidazolium
\_ bis(trifluoromethanesulfonyl)imide)

Fig. 11 Application of ILs across various drug delivery routes.
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produced. Supplementing with an IL-extracted product
decreased renal inflammation, enhanced oxidative stress
indicators, and decreased histopathological damage in rat
models caused by a high-fat diet, indicating its use in

metabolic-inflammatory illnesses."® Similarly, the yield
and potency of Angelica sinensis's primary anti-
inflammatory component, (Z)-ligustilide, were greatly

enhanced by the application of IL-microwave-assisted
hydrodistillation (IL-MAHD). The resultant essential oil
showed significant bioactivity at low doses, indicating that
it may be wused therapeutically to treat conditions
including  chronic  inflammatory  syndromes  and
rheumatoid arthritis.">® The various molecular functions of
ionic liquids in disease-specific therapies are depicted in
Fig. 10. It emphasizes how ILs assist regenerative
approaches, improve therapeutic efficacy, facilitate targeted

Ocular

They can be used to formulate eye drops or h

gels.

Improve drug retention time on the ocular
surface, potentially enhancing therapeutic
outcomes.

Can enhance the solubility and stability of
drugs, which is crucial for ocular applications.
E.g., imidazole ring of pilocarpine as a cation
and the chloride group of 2-[2-(2-
chloroethoxy)ethoxy] ethanol as the anion, L-
carnitine and betaine-based ILs

Nasal

Improve  the permeability of
drugs across the nasal mucosa|
Facilitate  better absorption
and bioavailability.

e They can modulate mucus
properties temporarily, aiding in
the paracellular  transport of
a APls.

‘ » improve nose to brain delivery

| E.g., choline cation (Cho) and

2- hexenoic acid (HE) anion-

based ILs, choline and niacin IL|

Topical/transdermal

« Improve the effectiveness of topical
drug delivery systems.

« Offer permeation enhancers with

enhanced effects, lower toxicity, and

reduced irritation.

Improve the transdermal delivery of

small and large molecules. E.g.,CAGE

ILs, choline malate IL, , choline-fatty

acids, Imidazolium-based ILs,, Nitrogen
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.
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drug administration, and advance diagnostic advancements
in the fields of oncology, diabetes, cardiovascular,
neurological, inflammatory, and autoimmune disorders.

5.12 ILs in different drug administrative routes

ILs have shown promise across various drug delivery routes.
Key routes, including oral delivery, transdermal and dermal
delivery, pulmonary and nasal delivery, and transmucosal,
rectal, and vaginal delivery, are summarized in Fig. 11.

5.13 Designing biodegradable drug systems with ILs

ILs are increasingly being engineered to improve the
biodegradability of pharmaceutical formulations by replacing
persistent organic solvents with environmentally benign
alternatives. Current attempts concentrate on creating ILs
with biocompatible ingredients that break down more easily
in natural settings, like choline, amino acids, and carboxylic
acids. For example, in conventional biodegradability tests,
cholinium-based ILs mixed with organic acid anions such as
acetate or glycolate showed over 60% mineralization, making
them “readily biodegradable” according to OECD 301
criteria.'® Similar to this, the dual functionality of cholinium
alkanoates and cholinium amino acid ILs, improving
solubility while providing safer environmental profiles, has
demonstrated potential in medication administration. These
ILs lower the dangers of long-term accumulation while also
improving the environmental fate of medications. Because
these groups are more vulnerable to enzymatic hydrolysis, ILs
with ester, hydroxyl, or carboxylic acid functional groups on
the side chains are especially potent. For instance, ILs such
as cholinium glycolate and cholinium lactate minimize
ecotoxicity under wastewater treatment conditions while
supporting medicinal uses.">*

Despite increasing interest in ionic liquids (ILs) as
functional components of nanocarrier systems, their
pharmacokinetics and long-term biological fate remain
insufficiently understood, limiting translational confidence.
Unlike conventional excipients, ILs possess highly tunable
physicochemical properties, including polarity, lipophilicity,
and ion pairing, which can substantially influence their
absorption, distribution, metabolism, and excretion (ADME)
once administered in vivo. When incorporated into
nanocarriers, the biodistribution of ILs is primarily governed
by carrier characteristics such as particle size, surface charge,
and surface chemistry; however, IL-carrier interactions may
alter release behavior and tissue exposure relative to free ILs.
Available in vivo evidence suggests that ILs with higher
lipophilicity, particularly those containing long alkyl chains,
may preferentially accumulate in clearance organs such as
the liver and spleen, consistent with uptake by the
mononuclear phagocyte system.'”® Regarding metabolism,
many commonly employed IL cations, including
imidazolium- and pyridinium-based structures, appear to
undergo limited biotransformation through classical
enzymatic pathways, with reported metabolic events largely
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restricted to side-chain oxidation or dealkylation.
Encapsulation within nanocarriers may further reduce

metabolic accessibility, potentially prolonging systemic
residence time. However, systematic studies examining
intracellular metabolism following nanocarrier-mediated

delivery remain scarce, and the identity and biological activity
of potential IL metabolites are poorly characterized.'®*>%*%%

Excretion pathways are similarly dependent on the IL
structure. Hydrophilic ILs and low-molecular-weight
degradation products are thought to undergo renal clearance,
whereas more hydrophobic ILs may be eliminated more
slowly via hepatobiliary routes. In nanocarrier formulations,
overall clearance is additionally influenced by carrier
degradation kinetics, raising the possibility of delayed
elimination and prolonged tissue exposure. Importantly,
repeated dosing studies have reported organ-specific
accumulation for certain IL classes, particularly in the liver,
kidneys, and lungs, highlighting potential long-term safety
concerns.'>%1¢°

There are still issues despite these developments. IL
design is complicated by the trade-off between structural
characteristics that support biodegradability and those that
improve drug solubilization. Longer alkyl chains frequently
increase cytotoxicity and decrease biodegradation, despite
being advantageous for drug penetration. Additionally,
typical anions like Tf,N  and [PF,] are not ideal for
sustainable uses since they are resistant to microbial attack.
Industrial recovery and recycling of ILs are nevertheless
inefficient, even with the addition of biodegradable
components; typically, only 83% of ILs are recovered per
cycle, resulting in cumulative waste over time. In order to
overcome these constraints, the logical design of greener ILs
is being guided by computational methods like life cycle
evaluations and quantitative structure-activity relationship
(QSAR) models. These methods facilitate the development of
safer, biodegradable formulations by enabling researchers to
forecast toxicity and environmental impact without requiring
substantial empirical testing. Furthermore, a possible option
in the creation of green pharmaceuticals is the discovery of
natural deep eutectic solvents (NADESs), which replicate IL
behavior but are made completely of natural, biodegradable
components.'®!

6 Demands and aspirations for ILs

The primary topics of impurity impact, task-specific IL
design, and toxicity concerns are examined in this section.
Because contaminants might affect ILs' functionality and
biocompatibility, they must be thoroughly cleansed. ILs can
be tailored for well-defined biological roles through task-
specific design, which boosts their efficacy. Lastly, toxicity
remains a major problem that requires extensive testing and
modifications to ensure safety for in vivo applications. The
evolution of ILs in medical science is guided by these
reasons. The primary challenges in developing biocompatible
ILs are listed in Table 5.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Key challenges and strategies in developing biocompatible ionic liquids

Aspect Challenges Strategies Tools/methods Ref.

Impurity impact Viscosity, electrochemical stability, and - To reduce impurities, use Karl Fischer titration, HPLC, 162,
biocompatibility are all impacted by non-halide precursors ICP-MS, "H NMR, Volhard 163

impurities (such as water, halides, and
metals)

- Optimize the synthesis process
to minimize and eliminate

titration

contaminants

Task-specific Modifying ILs while preserving functionality

- To add desired qualities

Computer-aided molecular design 164

design for applications, such as drug delivery (such as reactivity or solubility), (CAMD), COSMO-RS, 2D NMR
alter cations or anions
- Use COSMO-RS and CAMD for
logical design
Toxicity Numerous ILs are harmful to living things, - Create less harmful “green” and Toxicological assays, ROS 20,
concerns which limits their potential for use in biocompatible ILs generation studies, protein 165
medicine - Adjust the length of the alkyl interaction studies (e.g.,
chain or other molecular acetylcholinesterase models)
structures to lessen negative
effects
Biocompatibility Confirming the safety of ILs for use in vivo - Extensive experiments on Dynamic light scattering, 166,
testing mammalian cells, bacteria, and antimicrobial testing, mechanistic 167
other species studies
- Examine protein stability and
IL-membrane interactions
Environmental  Preserving performance while making sure - Substitute environmentally Green chemistry principles, 168,
concerns that ILs are eco-friendly friendly materials for potentially lifecycle analysis 169
dangerous ones
- Maximize the environmental
impact of recovery and
degradation processes
Performance Achieving advanced applications by striking a - Minimize the effects of water Electrochemical studies, 170
optimization balance between electrochemical, viscous, (e.g., restricted electrochemical computational modeling

and thermal stability

window, changed viscosity)

- Assess double-layer structures
for specific uses, such as catalysis

6.1 Impact of impurity in ILs

Metals, halides, organics, and water are the four primary
categories of common impurities identified in ILs. To accurately
identify and measure each kind of impurity, certain techniques
are required. Impurities have a significant influence on ILs,
changing their viscosity and possibly their biocompatibility. By
employing non-halide precursors to refine synthesis techniques,
impurity levels can be decreased, resulting in biocompatible ILs
with fewer and easier-to-remove impurities like carbon dioxide
or water. One of the common impurities in the synthesis of ILs
is water. Water is a typical contaminant in ionic liquids that can
alter their physical-chemical characteristics and potential uses.
According to one study, viscosity can drop by 30% with a 10%
rise in molar water concentration. Although the samples can be
dried, water cannot be completely removed, especially in the
case of hydrophilic ionic liquids. In carefully dried hydrophobic
ILs, the presence of water up to a particular amount (50 ppm)
has no discernible effect on density or viscosity; nevertheless,
hydrophilic ILs are more challenging to control in terms of
water content.'”*

6.2 Task-specific ILs

The term “task-specific ionic liquid” (TSIL) refers to an ionic
liquid with a reactive functionality that is covalently bonded.
This function bestows additional qualities (chemical, optical,

© 2026 The Author(s). Published by the Royal Society of Chemistry

magnetic, physical, or biological) upon the assembly, which
can then be utilized to accomplish a particular purpose.'* Ionic
liquids can undergo significant physicochemical property
changes and acquire a specific reactivity pattern when
functional groups are added to their cations and/or anions.
TSILs typically exhibit very little vapor pressure, a physical
characteristic similar to that of non-functionalized ILs. The
type of functional group also has a significant impact on other
physicochemical characteristics, like solubility in molecular
solvents or thermal stability, as well as chemical characteristics,
including reactivity and complexation ability."”>

ILs can be task-specifically designed by modifying their
chemical makeup to suit certain uses, such as drug delivery
or catalysis. This is achieved by selecting appropriate cations
and anions that support the necessary characteristics,
including perfect solubility, thermal stability, or viscosity.
Design models like computer-aided molecular design (CAMD)
are crucial for anticipating properties based on the chemical
structure in order to ensure that the ILs meet industry
criteria and application-specific constraints. This technique
helps create durable, efficient ILs for specific activities. The
adaptability of TSILs is demonstrated in Fig. 12, highlighting
their customized features and wide range of uses in scientific
and industrial fields.

In recent years, TSILs have drawn much interest since they
may be made to have precise IL composition based on the
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Fig. 12 Application of task-specific ILs.

user's requirements for the required physical, chemical, and
biological qualities. These intriguing substances have
demonstrated encouraging outcomes in several fields, including
organic synthesis, catalysis, and, most recently, the use of
functionalized ILs for chiral and nanoparticle synthesis.'”
Comprehending how ILs interact microscopically with solvents
and biological materials is essential since brute-force screening
is insufficient to wunderstand their wider consequences.
According to limited studies, the behavior of drugs or other
solvents after delivery can be influenced by the specific
structures that ILs might form with them. To comprehend how
ILs work in antimicrobial applications and protein stability, a
microscopic-level study employing methods like 2D NMR and
dynamic light scattering is crucial. Research has demonstrated
that ILs can affect cell migration by changing the flexibility of
membranes, underscoring the need for additional mechanistic
studies to develop biomedical technology."”*

6.3 Toxicity and safety concerns

ILs have attracted considerable interest in drug delivery, yet
their toxicity and long-term safety remain critical concerns.
The biocompatibility and cytotoxicity of ILs are closely tied to
their structural features, particularly the nature of the cation,
anion, alkyl chain length, and functional groups. ILs with
longer alkyl chains typically exhibit greater cytotoxicity due to

RSC Appl. Interfaces

enhanced membrane
integrity and

penetration, disrupting cellular
inducing oxidative stress, especially in
imidazolium and pyridinium-based ILs that impair
mitochondrial and lysosomal function.*>'®"  However,
structural modifications can enhance safety without
sacrificing functionality. ILs based on amino acids and
cholinium, such as proline ethyl ester-salicylate and
cholinium-salicylate, have shown little toxicity in HepG2 and
Caco-2 cell lines, indicating their potential in oral and
transdermal formulations.®’ In a similar vein, short or ether-
linked dicationic ILs aid in lowering cytotoxicity while
preserving a high capacity for drug loading. Despite being
lethal, ferrocene-functionalized ILs exhibit selective activity
against cancer cells such as MCF-7 by inhibiting cathepsin B,
suggesting their potential as therapeutic agents."®"

The environmental permanence and toxicity of ILs to
terrestrial and aquatic ecosystems are significant,
notwithstanding their potential. Because of their stability and
solvation capacity, many ILs can concentrate in biological
tissues and withstand decomposition, polluting soil and
groundwater.'”> Despite being more biodegradable and less
ecotoxic, even “green” ILs based on betaine, choline, or
amino acids may still have unanticipated dangers and need
careful confirmation."”® Predictive computational models like
QSAR and life cycle analysis can create safer ILs with less of
an impact on the environment in order to overcome these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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difficulties. However, before ILs are widely used in clinical
and  industrial  pharmaceutical  contexts, thorough
toxicological profiling—including cytotoxicity, genotoxicity,
and immunogenicity—as well as long-term exposure studies
is still necessary. To ensure the safe and efficient use of ILs
in medication administration, rational IL design and
sustainable lifetime management must be integrated.'”®
Toxicity mechanisms of ILs are depicted in Fig. 13.

7 Limitation of ILs in DDS

ILs in DDS have numerous drawbacks despite their positive
traits. One major concern is their potential toxicity. Many

AUTOPHAGY
INHIBITION

MEMBRANE
DISRUPTION

;, ACETYLCHOLINESTERASE
7 INHIBITION

common ILs are known to damage DNA, change cellular
membranes, and produce reactive oxygen species (ROS)
when taken in vivo.'”” Table 6 lists the different
difficulties. Our limited understanding of how ILs function
in complex biological makes it more
challenging to predict how they would interact in DDS. ILs
may interact with biological systems in diverse ways
depending on the kind of tissue, injection techniques, and
local physiological parameters. Further substantial study
into the structure-function relationships of ILs is required,
especially regarding toxicity, in order to overcome these
challenges and enable safer, more effective drug delivery
applications.

environments

Table 6 Challenges and mitigation strategies for the use of ionic liquids in drug delivery systems (DDS)

Limitation Description

Mitigation strategy/approach Ref.

Toxicity concerns
ones that include harmful cations or anions

Biological systems may be at risk from certain ILs, particularly

Before using the formulation, biocompatible ILs 70
are chosen, and their cytotoxicity is assessed

High viscosity The high viscosity of many ILs can make it difficult for them to For the necessary consistency, use low-viscosity 178
mix and flow with other materials in DDS ILs or dilute with solvents
Limited Concerns over long-term safety and environmental effects are Creating biodegradable ILs or adding chemicals 179
biodegradability raised by the restricted or sluggish biodegradability of certain ~ to improve biodegradation
ILs
Chemical stability =~ The efficacy of several ILs as a DDS medium can be diminished Techniques that improve stability, including 180
by their degradation in the presence of light, heat, or moisture  cautious storage conditions or encapsulation in
protective carriers
Cost and scalability It can be expensive to produce high-purity ILs, and it might be  Scaling up technology and optimizing synthetic 181,
difficult to scale up their application for commercial DDS processes to cut expenses 182
Potential for When used in DDS, certain ILs may cause immunological Preclinical testing to evaluate immune responses 110,
immunogenic reactions, which could result in inflammatory reactions or and the creation of immunologically suitable ILs 183
responses other negative effects
Limited Some ILs may limit formulation flexibility by negatively IL-excipient interactions are systematically 184
compatibility with  interacting with common DDS excipients or medicinal screened, and customized DDS are created for

other excipients components

© 2026 The Author(s). Published by the Royal Society of Chemistry
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8 Future directions of ILs in DDS

The development of ILs in drug delivery systems depends on
logical design approaches that put safety, effectiveness, and
environmental sustainability first. Future studies should
concentrate on creating task-specific ILs that are suited to
certain therapeutic requirements, especially those that have
improved biocompatibility and decreased toxicity without
sacrificing functional qualities.'®* Drug loading, release
profiles, and overall therapeutic efficacy can be greatly
enhanced by investigating the molecular-level interactions
between ILs and biological molecules such as nucleic acids,
peptides, and hydrophobic medications.?® IL-functionalized
liposomes, nanoparticles, and hydrogels are examples of
emerging IL-based nanohybrid systems that show
tremendous potential for overcoming biological barriers such
as the blood-brain barrier or tumor microenvironment,
allowing for
targeting. Simultaneously, combining ILs with intelligent
technologies like wearable biosensors, stimuli-responsive
platforms, and 3D bioprinting may open up new avenues for
real-time health monitoring and personalized therapy. Lastly,
the development of green synthesis techniques that use
affordable, renewable, and biodegradable feedstocks to
satisfy environmental and regulatory requirements will be
essential to the future scalability and adoption of ILs. Life
cycle assessments and computational tools, such as QSAR
models, should be used to guide the development of eco-safe
ILs while maintaining their potent biomedical potential.

more accurate and efficient medication

Conclusion

In the realm of drug delivery, ILs have become revolutionary
materials because they provide a versatile platform that
important  shortcomings  of traditional
approaches. Their special physicochemical characteristics,
including low volatility, variable solubility, and structural
adaptability, make it possible to create sophisticated
formulations  that  enhance medication stability,
bioavailability, and targeted delivery. In addition to acting as
solvents and excipients, ILs also act as active pharmaceutical
ingredient transporters and functional nano structuring
agents, improving the solubility of weakly water-soluble
pharmaceuticals, stabilizing  biomacromolecules, and
providing controlled-release profiles. Their versatility in
addressing a broad range of therapeutic difficulties is
highlighted by their incorporation into many delivery
modalities, including nanoparticles, emulsions, gels, and
micelles. Despite their great potential, careful toxicological
evaluations and logical molecular design are necessary for
the safe and long-term use of ILs in pharmaceutical
formulations. Safety issues have been greatly reduced by
ongoing developments in green IL synthesis, computational
modelling for toxicity prediction, and the creation of
biodegradable and biocompatible ILs. Clinical translation,
however, requires thorough in wvivo research, lifecycle

overcomes
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evaluations, and regulatory harmonization. Overall, by
enabling precision treatments, reducing systemic toxicity,
and pushing the boundaries of personalized medicine, the
strategic use of ILs in drug delivery continues to transform
pharmaceutical innovation.
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