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lonic liquids (ILs), due to their inherent structural tunability, outstanding miscibility behavior, and
excellent electrochemical properties, have attracted significant research attention in the biomedical field.
As the application of ILs in biomedicine is a rapidly emerging field, there is still a need for systematic
analyses and summaries to further advance their development. This review presents a comprehensive
survey on the utilization of ILs in the biomedical field. It specifically emphasizes the diverse structures
and properties of ILs with their relevance in various biomedical applications. Subsequently, we
summarize the mechanisms of ILs as potential drug candidates, exploring their effects on various
organisms ranging from cell membranes to organelles, proteins, and nucleic acids. Furthermore, the
Received 2nd July 2023 application of ILs as extractants and catalysts in pharmaceutical engineering is introduced. In addition,
DOI: 10.1039/d3cs00510k we thoroughly review and analyze the applications of ILs in disease diagnosis and delivery systems.
By offering an extensive analysis of recent research, our objective is to inspire new ideas and pathways
rsc.li/chem-soc-rev for the design of innovative biomedical technologies based on ILs.
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research of ILs has progressed rapidly. After 2000, ILs can be
functionally designed according to their physicochemical prop-
erties; so ILs have rapidly entered into the third-generation.*
Compared with the previous two generations, the third-
generation ILs have been developing quickly. They are bio-
degradable and biocompatible (such as natural alkalis like
choline, amino acids, and carboxylic acids). Throughout the
development history of ILs, from unstable to stable states, and
then to the designability of structures, ILs have gradually
played an important role in many fields such as chemistry,
energy, and machinery.

As early as 2001, ILs were researched as antibacterial
agents.”> Since then, the third-generation ILs have gradually
been explored in multiple fields of biomedicine. ILs’ diverse
ranges of structures allow for the customization of their
physiochemical properties, making ILs highly advantageous
in pharmaceutical applications. Specifically, ILs demonstrate
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potential in the development of drugs with antibacterial and
anticancer properties by virtue of their ability to disrupt patho-
gen cell membranes and organelles.®” Another notable advan-
tage is their miscibility, which can significantly improve the
solubility of drugs and enhance the bioavailability of poorly
soluble drugs. Furthermore, the tunability of ILs allows for the
customization of their properties, including acidity, alkalinity,
and H-bonds, which makes ILs highly versatile in pharmaceu-
tical engineering, particularly as drug extractants and catalysts.
Moreover, the modular nature of ILs enables the design of
targeted drugs with responsive release capabilities. By tailoring
the properties of ILs, drugs can be precisely released on-
demand, enhancing their therapeutic efficacy. ILs can also
form clusters, allowing for efficient loading and delivery of
drugs, which can encapsulate drug molecules, protect drugs
from degradation, and facilitate their controlled release at the
desired site of action. Additionally, the high conductivity of ILs

Yanyan Diao received her PhD
from CAS Key Laboratory of
Green Process and Engineering,
IPE, CAS, in 2009 and then
stayed there to work as an
assistant professor. In 2012, She
was promoted to an associate
professor. Her research is focused
on the properties of ionic liquids
and the applications of ionic
liquids in green process engi-
neering. She has won the second
prize of Technology Progress of
China Petroleum and Chemical
Association.

Yanyan Diao

Prof. Suojiang Zhang is currently
the Director General of IPE, CAS,
Dean of College of Chemical Engi-
neering, University of Chinese
Academy of Sciences (UCAS),
and a Fellow of Royal Society of
Chemistry (RSC). He was elected
as a Member of CAS in 2015.
Prof. Zhang’s research interests
focus on green chemistry and pro-
cess engineering. He is dedicated
to promoting innovation and
application of ionic liquids in
green process engineering and
has achieved groundbreaking results. He has published over 600
peer-reviewed articles, authored 11 monographs and has been
granted more than 290 patents.

Suojiang Zhang

Chem. Soc. Rev,, 2023, 52, 7262-7293 | 7263


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00510k

Open Access Article. Published on 26 september 2023. Downloaded on 5. 11. 2025 20:55:20.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chem Soc Rev

opens up exciting possibilities for their application in disease
diagnosis. Overall, by selecting appropriate cations and anions,
ILs can act as drug candidates, drug assistants,® vaccine
adjuvants,® drug carriers,'*!" tissue engineering (TE)'* materi-
als or biosensors."™ The extensive research conducted on ILs in
the biological field reveals their immense potential for further
development.

Compared with review papers on ILs in chemical engineer-
ing, there are far fewer review papers available on the applica-
tions of ILs in biomedicine. Nevertheless, the pilot summaries
of the bio-application offer important insights into related
designs of ILs. In 2017, Ananikov’s group summarized the
biological activities of ILs and their applications in pharma-
ceutics and medicine, focusing on the bioactivity of ILs and
applications of ILs in drug synthesis and drug components.
Subsequently, they further summarized the properties of ILs
that could be employed as solvents and their auxiliary effects on
drug bioavailability or delivery in 2018.* In 2019, Gomes et al.
summarized the ecotoxicology of biocompatible ILs, especially
choline ILs, and their designs in pharmaceutical delivery
and TE." Since then, there has been a rapid development of
ILs in biomedicine with hundreds of papers published invol-
ving different types of ILs. However, there is a scarcity of
systematic analyses and summaries, which are urgently needed
to provide ideas for the designing and applying the next
generation of ILs.
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To tackle this gap, we conducted a comprehensive survey of
over 190 papers published in the past five years on ILs in bio-
related fields, focusing on the ILs’ tertiary structures (from
molecular structures, to H-bonding networks, and to clusters)
or other tunable physiochemical properties. Additionally, we
concluded the experimental and simulation mechanisms of
ILs as drug candidates from the level of cell membranes-
organelles-protein-molecules, to provide ideas for the design
of efficient and low-toxicity drugs. In particular, the application
of ILs in new carrier/assistant systems, including drug delivery,
imaging, and vaccine delivery, has been comprehensively
reviewed and analyzed. By providing a comprehensive analysis
of recent research in this area, we aim to inspire new ideas and
avenues for the design of innovative IL-based biomedical
technologies.

2 Structures and properties
2.1 Molecular composition of ILs

The widespread application of ILs, provided by the ability to
easily tune anions and cations, has resulted in an overwhelm-
ing variety of ILs."® Although there are many classifications for
ILs according to the cation, proton or non-proton, or acid-base
or neutral content, typical ILs consist of three parts: cations,
anions, and substituent groups. Fig. 1 shows common ILS’
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Fig. 1 Chemical structures of the typical IL cations, anions, and substituent groups.
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structures. In terms of cations, they are organic in nature and
can be classified into imidazole, pyridine, piperidine, amine,
pyrrole, morpholine, and phosphine. For anions, they can be
organic (amino acid salt, benzene sulfonate, etc.) or inorganic
(halide, tetrafluoroborate, hexafluorophosphate, etc.). Func-
tional groups, such as cyano, hydroxyl, ether, amino, sulfonic,
ester, and carboxyl, introduced into the structure can realize
functionalized ILs with different properties.’” > In general, the
selection of anions and substituents can affect the acidity and
alkalinity of ILs.

A full understanding of the microstructures of ILs provides a
research basis for the cognizance of the properties and possible
applications. The diverse structures of ILs provide the ability to
control the quantitative structure-activity relationship in terms
of biological and chemical properties by precise changes in
chemical structures, thereby increasing the range of applica-
tions and trials in the pharmaceutical industry. For example,
the design and synthesis of targeted groups with pH (e.g., imine
bond, carboxyl group), optical (e.g., azobenzene and cinnamic
acid group), and magnetic (e.g., combined with magnetic nano)
responses are based on the characteristics of ILs with many
kinds and strong designability. By selecting the appropriate
combination of cations and anions, scientists can construct
different biomedical ILs.

2.2 Interaction forces in ILs

The unique properties of ILs are closely related to their struc-
ture and the interactions between ions. The structural para-
meters of ILs also have a significant impact on drug loading
and release behavior.>* The properties of ILs are governed by
various forces, including Coulombic, dispersion, H-bonding
forces, van der Waals interactions (dipole-induced dipole, dis-
persion), and possible n-t or n-m stacking, which can be
adjusted by changing the type of cation or anion and the length
or the number of attached organic chains.?*** H-bonds, which
are electrostatic attractions between protons in one molecule
and negatively charged atoms in another, are crucial for the
structure and interaction modes of ILs.**

H-bonds play a crucial role in the stability and miscibility of
miscible systems,>>?® as well as determining the hydrophilic
and hydrophobic properties of ILs.>” In general, ILs interact
with water primarily through the anions in the aqueous
solution.”® For example, the strength of H-bonds between water
and anions follows the order [PF¢]” < [SbF¢]” < [BF,]” <
[(CF380,),N]” < [ClO,]” < [CF3S0;]” < [NO;]~ < [CF3CO,] .*°
The existence of a small amount of water would also have a great
impact on the H-bonding network of ILs.** Water and ILs’ anions
form new H-bonds, which could destroy the H-bond interaction
between ion pairs in the original ILs. It should be noted that the
cations of ILs also have a significant influence on the hydrophi-
licity and hydrophobicity of ILs.>" Given that hydrophilicity is a
critical factor in the application of ILs in water-based systems and
that water is the predominant substance in physiological environ-
ments, modular and interactive methods can be used to design
ILs by understanding and predicting the impact of H-bonds.
Specifically, the disadvantages of given anions with low water

This journal is © The Royal Society of Chemistry 2023
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solubility can be mitigated by changing the counter cation with
the ability to strengthen the H-bonds with water.**

H-bonding networks can be present in pure ILs. The strong
interactions between anions and cations, as well as the large
molecular volume and H-bond directions, allow ILs to self-
assemble into various heterogeneous structures in a medium,
such as vesicles, micelles, and microemulsions (Fig. 2A).*>
These IL clusters are crucial for interpreting many physical
phenomena of ILs, such as heterogeneous self-diffusion, sur-
face layering, and surfactant-like micelles formed in IL-water
mixtures.*® Vesicles are membrane-like self-assembled hollow
structures formed by amphiphilic substances in solvents.**
Wang et al. first observed that 1-alkyl-3-methylimidazolium
bromides [C,MIM][Br] (n = 10, 12, and 14) could be self-
assembled to unilamellar vesicles in aqueous solutions without
any additives.>® In this study, it was found that the clusters
formed by ILs in water were larger than 200 nm. Micelles are
amphiphilic structures, typically consisting of a hydrophilic
periphery and a hydrophobic core, which can be used
for encapsulating hydrophobic drugs. Goto et al. synthesized
IL-based micelles, which incorporated a large number of drugs
into the hydrophobic core through H-bonding interactions
between ILs and the drug molecules.>® Microemulsion is
usually defined as a stable, isotropic mixed solution composed
of water, oil, a cosurfactant, and a surfactant, with three types:
oil-in-water, water-in-oil, and bicontinuous.*’’*® For example,
the encapsulation of rifampicin was achieved through the use
of a microemulsion system, which comprised the hydrophobic IL
1-butyl-3-methylimidazolium hexafluorophosphate ((BMIM][PF]),
along with non-ionic surfactants (Brij35, TX100) and water. In this
system, [BMIM][PF,] acted as the oil phase. The rifampicin was
loaded into the microemulsion near the palisade layer/apolar side
or towards the core of the microstructures.>® This method offers
an enhanced approach for drug loading, stability, and controlled
release properties.

The types of clusters formed by ILs could be transformed
under different conditions (Fig. 2B). For instance, the vesicular
and micellar structure of ILs could be altered by adjusting the
pH.*® In another example, reversible transformations between
micelles and vesicles of ILs (4-butylazobenzene-4'-hexyloxytri-
methyl-ammoniumtrifluoro-acetate) were achieved through UV
and visible-light irradiation, which could be exploited for light-
responsive drug delivery.*' Similarly, 1-tetradecyl-3-methyl-
imidazolium 1,2,3-benztriazole ([C;;MIM][1, 2, 3-Ben]) exhib-
ited a reversible conversion structure from vesicles to micelles
in the presence of alternating CO, and N, bubbling.**> Chan-
drakar and Bhargava investigated the aggregation of a hydroxy
functionalized IL (1-(n-hydroxyalkyl)-3-(n-hydroxyalkyl) imida-
zolium bromide ([HOC,C,,OHL,][Br]) (n = 2, 6, 10, or 14) in
aqueous solutions using atomistic molecular dynamics (MD)
simulations.”” They found that the length of the hydroxyalkyl
chains played a key role in determining the structures of the
formed clusters. Specifically, the length of the substituent
determined the ILs’ morphology. Small clusters could be
formed when one of the substituents was a hydroxydecyl chain.
However, when the substituent was hydroxyldecyl or hydroxyl

Chem. Soc. Rev,, 2023, 52, 7262-7293 | 7265
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Structure and formation of clusters
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Fig. 2 The structures and morphologies of ILs. (A) The categories of IL-based clusters. Vesicle (left), micelle (right), microemulsion (bottom).
Reproduced with permission from ref. 34 and 38. Copyright 2015 Royal Society of Chemistry and 2017 Elsevier. (B) The transformations of IL clusters
under different environmental conditions. pH-induced reversible transition of [C14MIM][H,COOKCOQ] clusters in aqueous solution (left). UV/light-
induced reversible transition of 4-butylazobenzene-4’-hexyloxytrimethyl-ammoniumtrifluoro-acetate clusters in aqueous solution (bottom).
[C14MIM][1,2,3-Ben] cluster transition by bubbling CO, (right). Reproduced with permission from ref. 40-42. Copyright 2014 American Chemical
Society, 2015 Royal Society of Chemistry and 2022 Elsevier. (C) The clusters of [C1,MIMI[Br] in water. Green: [C;oMIM]*, magenta: H,0.43 Reproduced
with permission from ref. 43. Copyright 2015 American Chemical Society. (D) The cluster structure of [C,,mim][DC] changed with the length of the carbon

chain.** Reproduced with permission from ref. 44. Copyright 2018 American Chemical Society.

tetradecyl chains, the solution structure was arranged as a thin
film. Additionally, the concentration of ILs affected the types of
clusters, with spherical micelles transitioning to rod-like
micelles and then to vesicles with increasing concentration®
The morphology of ILs in water was typically spherical, with
imidazole rings being mainly located near the interface
between vesicles and water and dodecyl groups buried in two
layers composed of imidazole rings (Fig. 2C).** Besides being
spherical, IL clusters can also take on other shapes, such as
thin nanosheets, nanospindles, and rod shaped clusters
(Fig. 2D).** In addition to the diversity of morphology, for size,
simulations and TEM studies have revealed that IL clusters, which
were primarily focused on IL complexes could range in size from a
few nanometers to several hundred nanometers.*®*7*%4
Currently, research on IL clusters has been widespread,
focusing on their formation principles and compositional
structures. IL clusters are highly influenced by cationic side
chain lengths and anion types, which can lead to a diverse
range of possible spatially organized structures. For example,
Wang and Voth explored the effect of various cationic side
chain lengths on ILs by a multiscale coarse graining. The
simulation results showed that neutral tail groups of cations
aggregated to form spatially heterogeneous domains of the tails
with sufficient side chain length, while the charged head

7266 | Chem. Soc. Rev,, 2023, 52, 7262-7293

groups and anions distributed homogeneously due to the
strong electrostatic interactions.*® Wang’s team discovered that
the hydrophobicity and aromaticity of IL anions played a
crucial role in the formation of clusters. The influence of
anions on the formation of IL clusters was attributed to the
synergistic effect of hydrophobic and - interactions.*”

A comprehensive understanding of the self-assembly
mechanism of ILs can provide valuable theoretical guidance
and assistance for designing IL clusters with various sizes,
types, shapes, and properties for different applications. In
particular, when combined with biomedical research, such as
the mechanism of drug delivery and interaction with various
organisms, ILs’ aggregations hold great potential and merit
further attention and in-depth investigation. Notably, the occur-
rence of experimental phenomena cannot be fully explained when
ILs are completely composed of ions in the industrial field.?
Currently, molecular simulation is the primary method of pre-
dicting the formation process and structural characteristics of IL
clusters. The behavior and morphology of IL clusters as biological
carriers need to be further validated by experiments to fully
uncover the true IL cluster characteristics. In addition, despite
significant progress in the use of ILs in biomedicine, their under-
lying mechanisms remain unclear. Many structural factors related
to ILs require investigation, e.g., their states in vivo and in vitro,

This journal is © The Royal Society of Chemistry 2023
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their impacts on cells, and whether cluster formations affect
metabolic processes in vivo.

2.3 Physicochemical properties of ILs

In addition to the IL cluster structure, other inherent properties
of ILs, such as the melting point, electrochemical character-
istics, and solubility, are closely related to their wide range of
applications in various fields. ILs usually have a melting point
below 100 °C and are liquid at room temperature, making them
beneficial for use in medicine at physiological temperatures.
The main reason for the low melting point of ILs is that the ion
asymmetry forms a loose structure, which cannot be closely
stacked. The melting point of ILs is also related to ionic
size, delocalization of charge, and H-bonds.*’™*° Deep eutectic
solvents (DESs) are mixtures based on ILs that have a lower
melting point than any of their individual components (e.g.,
choline chloride and urea).’® Generally, DESs can alter the
physicochemical properties of ILs, such as the melting point,
density, viscosity, and surface tension.’® Third-generation ILs
and DESs have been gradually developed with continuously
improved formulae in the fields of drug synthesis and drug
delivery because of their liquidity at room temperature and
good biocompatibility.

ILs possess excellent conductivity, due to the wide electro-
chemical potential window and medium conductivity, typically
between 10 and 20 mS cm ™ '.°* And, their liquid state allows for
the free movement of anions and cations, which contributes to
their inherent conductivity. The wide electrochemical potential
window represents the stable electrochemical properties and
mainly depends on the reduction resistance of cations and the
oxidation resistance of anions.’® Conductivity is a measured
value indicating the ability of a material to transmit electrons.
Generally, high conductivity is accompanied by high liquid
density, low viscosity, small ionic size, high mobility, etc.*>*
These factors are usually related to both external (environment)
and internal (the structure of ILs) factors. For example, the
viscosity of ILs is positively correlated with temperature. Thus,
temperature is also a factor to be considered for conductivity.
For internal factors, the types of cation and anion can affect
the conductivity of ILs.>*">” The wide electrochemical window
and superior electrochemical performance of ILs lead to their
application in diagnostic medicine, such as using as an elec-
trolyte and a modified electrode in the production and
improvement of the performance of sensors.

Solubility is a crucial property to be considered in the
process of drug development because it can directly affect the
bioavailability of drugs in vivo. Inorganic and organic com-
pounds have shown remarkable solubility in various ILs. The
primary distinguishing characteristic between ILs and tradi-
tional organic solvents is solvent miscibility behavior, particu-
larly with water. Generally, ILs that contain hydrophilic groups
like hydroxyl or carboxyl groups can form a uniform mixed
phase with water; while ILs with highly fluorinated and charged
delocalized anions, such as bis(trifluoromethanesulfonyl)imide
(INTf,]) and [PF¢] undergo liquid/liquid two-phase separation
with water.”® This behavior can be attributed to the weak

This journal is © The Royal Society of Chemistry 2023
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interaction between ILs and water.”® Moreover, the hydrophili-
city of ILs continues to decrease with the length of the cation
alkyl chain.®® The hydrophilicity and hydrophobicity of ILs can
be regulated by adjusting anions, cations and substituents. For
example, the hydrophobicity of [NTf,] can be mitigated by
incorporating compensating cationic hydrophilic groups that
enhance the IL’s ability to accept and donate H-bonds to
water.”® Therefore, most ILs have amphiphilic properties ser-
ving as a bridge between water and insoluble drugs and
providing excellent solubility for many active pharmaceutical
ingredients.

As neoteric solvents, ILs offer the potential to predict, adjust,
and design properties, such as polarity, hydrophobicity, and
solvent compatibility by imparting the different substituents,
cations, and anions.®" Biocompatible ILs are often derived from
natural or human metabolites, such as choline and phospho-
lipid derivatives as cations and long-chain fatty acids, amino
acids, and carboxylic acids as anions.®*™®* In contrast, some
research on toxicity of ILs suggests that it is possible for them to
be used as active drug ingredients.®® Given the advantages of ILs,
such as a low melting point, morphological diversity, and excel-
lent miscibility, we should expand our horizons and make use of
their toxicity and biocompatibility in biomedical applications.

3 Therapeutic components and
mechanism

3.1 ILs as drug candidates

ILs have shown potential in the treatment of various diseases,
including bacterial and fungal infections, inflammation, can-
cer, and other illnesses. The wide range of possible cation and
anion combinations in ILs allows for the design of molecules
with inherent resistance to specific diseases. Additionally,
existing drugs can be modified into ILs to improve their
therapeutic properties, such as solubility and absorption rates.
In this section, we will discuss and summarize the application
potential of ILs in antibacterial, antifungal, anti-inflammatory,
anticancer and other diseases in recent years. Fig. 3 shows
some examples of the application of ILs as drug candidates
including as antibacterial, antifungal, anti-inflammatory, anti-
cancer, and anti-oxidative agents.

3.1.1 1ILs as antibacterial agents. It is crucial to explore
alternative antibacterial agents because of the misuse and
overuse of antibiotics that have led to the development of
bacterial resistance to antibacterial agents. ILs offer a promis-
ing strategy to address this issue.”® Due to the negative electro-
static charge present on bacterial cell surfaces,**®' the cations
of ILs can easily affect the bacterial surface.*>** Meanwhile, the
combination of different cations and anions produces a wide
range of ILs with tunable structures, enabling the customiza-
tion of their properties against bacteria, such as Gram-positive
Staphylococcus aureus (S. aureus), Gram-negative Pseudomonas
aeruginosa (P. aeruginosa), and Escherichia coli (E. coli). The
tunability of ILs makes it possible for them to meet different
antibacterial demands. This section provides a detailed description
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of the relationship between the ILs’ structure and antibacterial Cations with an increasing number of alkyl side chains
activity. exhibit significant antimicrobial activity.** This phenomenon,

7268 | Chem. Soc. Rev.,, 2023, 52, 7262-7293 This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00510k

Open Access Article. Published on 26 september 2023. Downloaded on 5. 11. 2025 20:55:20.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review Article

120 S. aureus ILs with long
3 cation side chain
920 ﬂ ;%§‘f~¢ °
— I LS
= 60 bk = Adsorb
£ —— .- and
;30 —_ . . insert
] sk Kok
o ]
w3 ~ i )Oxidative .
d — kkk ) stress
0.00 = 5 ok,
0.001 b & R?)S
oooolL—1 1114 2 e 8 5
O OO OO cytoplasm . j@s@ cell membrance ., =
@‘\é @‘\\‘\ \t}@ é\\& @‘\é N i‘\é cytoplasm desturbed
oY O OF ° B I (8 flowing out
Cations—“ side chain effect ” “ cut off ” + head groups
ILs
Anions—chaotropicity
Anti-bacteria

v’ Easy preparation for large-area coating

S - T

v Multibinding sites
for excellent antibacteria
performance

pray

v Strong binding for
long-term usage

. E  VETHOTREXATE

+ ™ Aluminium shell sclera and
- tungsten film contact

" w Aperture

" u Lens

Rl o |

View Article Online

Chem Soc Rev

Fungus

=
AT :
1
A ey 1
i
S Gx !
Remove biofilm Inhibite Damage to Detachment

filamentation the cell plasma

and cell wall
" METHOTREXATE IONIC LIQUIDS

Low Solubility High Solubility
&

Enhanced Toxicity
EPBS OSGF BSIF

=
I
5
Tz O
f"
I
(=]
o

£§88

N
S
3

Solubility
(mg active/mL) T

SIS PP«
e N
ST ¥ 8 o6 SV ¥
T L et

5
Y, Vet ¢

A
[MTX][AAE]¢

F Liquid-metal
lonic-liquid _adhesion layer g nerve fibres
humour

\\_Nanowire array retina

Fig. 4 Application of ILs in the treatment of diseases. (A) The toxicity of ILs to S. aureus increasing with cation side chain (left) and the antibacterial
mechanism of ILs with long cation side chain against S. aureus (right). Reproduced with permission from ref. 82. Copyright 2023 by the authors, licensee
Frontiers Media S.A. (B) Summary diagram of antibacterial activity of ILs. (C) Schematic diagram of universal PIL-based antiseptic spray. Reproduced with
permission from ref. 91. Copyright 2021 American Chemical Society. (D) Summary of the antifungal mechanism of ILs. (E) Structure (left) and anticancer
activity of several ILs (right). Reproduced with permission from ref. 70. Copyright 2019 Elsevier. (F) Detailed structure of spherical biomimetic
electrochemical eye. Reproduced with permission from ref. 92. Copyright 2020 Springer Nature.

known as the ‘side-chain effect,’ refers to the heightened
toxicity observed in longer alkyl side chains due to their
increased lipophilicity.”***®” This higher lipophilicity contri-
butes to the enhanced antimicrobial properties of the ILs.
Recently, we found that the antibacterial activity of ILs
increased with the increase of the cation side chain. Driven
by hydrophobicity, the long cation side chain of ILs could
penetrate the cell membrane of S. aureus and cause complete
disruption (Fig. 4A).*> Chao et al. demonstrated that ILs with
longer alkyl chains exhibited enhanced antibacterial effects
against S. aureus and E. coli. These effects were attributed to
the interplay of hydrophobic and electrostatic interactions
between the ILs and bacterial membranes.®®> However, there
is a cut-off point beyond which the toxicity does not indefinitely
increase.®® This phenomenon may be caused by the insufficient
solubility of ILs, a decrease in perturbation, kinetic aspects,
or an increase in spatial hindrance.’**°

Moreover, the antibacterial effect of ILs can be tuned by
changing the type of cation, or modifying the cation head
group. When the alkyl chain length was fixed to 12, the
antibacterial activities of the following cations decreased in

This journal is © The Royal Society of Chemistry 2023

the order: 1-methyl-imidazolium > piperidinium > pyrrolidi-
nium > morpholinium for S. aureus, S. epidermidis, E. coli, and
E. faecalis. When substituents such as alcohol, glucose, ether
and terpene were introduced, the antibacterial activity of ILs
decreased.”® When the tris(pentafluoroethyl)trifluorophosphate
anion ILs encountered hydrophobic or bulky cations, they could
form a highly correlated ion pair, leading to a significant reduction
in ion-mediated toxicity. A possible explanation was that the ion
pair was no longer permeable into the bacterial membrane.*®

Compared with the cationic ILs, the influence of the anionic
ILs has been less investigated. However, the antibacterial
behavior of anions has been an important factor, especially
for ILs with less toxic cations.’*®® When paired with chaotropic
anions, ILs with cations exhibit enhanced antibacterial activity
compared to ILs with non-chaotropic anions. The stronger
chaotropic anions promote destabilization and disruption
of bacterial cell membranes, increasing the susceptibility of
bacteria to the ILs’ antimicrobial effects.’” Based on the above,
the antibacterial mechanism of ILs could be modulated and
controlled through the mediation of side chains, head groups,
and chaotropicity (Fig. 4B).
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In addition, monomers with antimicrobial properties are
often synthesized into IL polymers (PILs) with antibacterial
effects. These PILs can be fabricated into various formulations,
such as membranes and sprays, with unique advantages, such
as long-term stability and effectiveness or ease of carrying, to
fulfill different roles in different situations. Zhang et al. devel-
oped PIL-based microneedle (PIL-MN) patches loaded with
salicylic acid to treat acne infections. The PIL-MN patches were
synthesized by linking the 3-heptyl-1-vinylimidazolium IL,
which exhibited high antimicrobial activity against Gram-
positive S. aureus, Propionibacterium acnes, as well as Gram-
negative E. coli.”® He et al. constructed a PIL brush-grafted
biomimetic sharklet surface to prevent biofouling. The PIL
brushes demonstrated good antibacterial properties against
both S. aureus and E. coli and anti-bovine serum protein
adhesion activity, resulting from the synergistic effect of the
cationic imidazole and benzotriazole groups.’® Guo et al. found
that tryptophan ions showed a synergistic effect with cations,
leading to enhanced antibacterial activity compared to proline
and bromine ions. They observed morphological changes in
S. aureus and E. coli strains exposed to the surface of the
intrinsically antibacterial poly IL membrane.'® As shown in
Fig. 4C, Liu et al. prepared an efficient and robust antiseptic
spray based on nonvolatile PILs, which indicated long-term
antibacterial activity against both Gram-negative and Gram-
positive bacteria on diverse materials, such as glass, PE, and
cotton. The PIL with a longer side alkyl chain showed better
antibacterial properties because of the stronger hydrophobic
interactions with bacterial membranes caused by longer side
chains, leading to membrane destruction.”*

Compared with other antimicrobials, ILs exhibit multiple
modes of action on bacterial cells. They can interact with and
destroy bacterial membranes,®*>'®" disrupt proteins and
enzymes,'*>'% dysregulate bacterial metabolism,'***** induce
oxidative stress response,'®®'®” and cause DNA damage.'%%*%°
The tunability of ILs, which stems from the free combination of
ions, allows for the adjustment of alkyl chain length and the
selection of different ions to regulate the strength of anti-
bacterial properties. This flexibility and operability enable
targeted inhibition of bacterial colony growth, pathogen killing,
and biological compatibility. However, there is a lack of a
comprehensive understanding of the principles that underlie
the antibacterial properties of ILs. For example, more systematic
research is needed on the effects of functional groups, the length of
anion chain, and the atomic number of heterocycles on the
antibacterial activity of ILs is lacking. The mechanisms involved
also need further investigation, e.g., the different mechanisms of
Gram-positive and Gram-negative bacteria with distinct structures.
Moreover, existing solid antimicrobials, especially coated anti-
microbials, have a short service life because of environmental
factors, such as wear and wind. Innovative design, such as anti-
bacterial spray, may overcome this limitation and has advantages
in portability and ease of use, presenting a new avenue for the
development of antimicrobial agents. Nevertheless, the long-term
effectiveness, robustness, volatility, and biocompatibility of anti-
bacterial agents require further exploration and design.
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3.1.2 1Ls as antifungal agents. Fungi are a significant cause
of infections in humans and ILs have shown promising results
in combating fungal infections. The mechanism of action of
ILs against fungi has been a subject of significant interest.
Suchodolski et al. showed that 25 uM hydrophilic ILs removed
30-70% of the Candida biofilm, while 10 pM ILs completely
inhibited filamentation."'® Then they used (1R,2S,5R)-
(—)-menthol with three asymmetric carbon atoms and ILs,
whose cations had optically active alcohol substituents belong-
ing to chiral ILs (CILs), to form menthol-CILs. Menthol-CILs
followed the ‘side chain effect,” which indicated that the
longer alkyl chain displayed increasing antimicrobial ability.
It was observed that the menthol-CILs caused damage to the
cell plasma membrane and cell wall of C. albicans and detach-
ment of the fungal cells after two-hour adhesion, which could
be viewed as disinfectants, due to their compatibility and
antifungal activity.”” Reddy et al found that 1-hexadecyl-3-
methylimidazolium chloride ([C;,MIM][CI]) exhibited antifun-
gal activity by inducing membrane permeabilization, causing
leakage of intracellular material, generating ROS, and impair-
ing mitochondrial function.'**

ILs can remove the biofilm of fungi, inhibit their filamenta-
tion, dissolve chitin (component of fungal cell walls),"*>""?
cause damage to the cell plasma and cell wall, and trigger
detachment. For example, ILs have the capacity of damaging
the A. nidulans’ cell wall of both filaments''* and fungal
conidia."™® Diego et al. investigated through reverse transcrip-
tion PCR at a molecular level the expression of A. nidulans genes
after exposure to IL alkyl-tributyl phosphonium chlorides (TP-
IL) in vivo. They found that TP-ILs were involved in the synth-
esis of saturated fatty acids and ergosterol (upregulation of fasA
and HMGRI1 genes), respectively. A. nidulans changed plasma
membrane fluidity responsible for the membrane permeabili-
zation evoked by TP-ILs. As an interrelationship between the
cell membrane and the cell wall occurs, damage to the cell wall
can also affect the organization of the plasma membrane
(Fig. 4D)."™

Various types of ILs have been found to have inhibitory
effects on the growth of fungal colonies and biofilms. However,
there were few research studies on the mechanism of ILs
inhibiting the growth of fungi, and most lack a systematic
and comparative approach. Most of the existing studies showed
that a certain type of IL had resistance to the proliferation of
certain bacteria or fungi; hence the resistance of ILs to bacteria
and fungi varied with the species, yet the reasons had not been
fully explained. Fungi are known to have more organelles than
bacteria; therefore, is it better for them to overcome the
inhibitory effects of ILs or does it increase the number of
targets for ILs to attack and thus be susceptible to inhibition?
In contrast, the main component of the bacterial cell wall is
peptidoglycan, while the main component of fungal cell wall is
chitin. Whether the ILs can be designed to target a structure
(cell wall or organelle) to kill bacteria or fungi in a targeted way
may be a research direction.

3.1.3 ILs as anti-inflammatory agents. Anti-inflammatory
agents have been transformed into ILs, given ILs’ diverse and
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customizable nature. For instance, choline-based ILs paired
with anions derived from phenolic acids have been discovered
to exhibit anti-inflammatory and antioxidant properties.
These ILs can be integrated into bacterial nanocellulose (BC)
membranes to treat cutaneous diseases, demonstrating a sus-
tained release on skin.”® The low solubility of non-steroidal
anti-inflammatory drugs (NSAIDs) limits their bioavailability,
requiring high dosages to achieve therapeutic effects. However,
this approach can lead to complications, involving gastroin-
testinal damage and acute renal dysfunction."*®*"” The ioniza-
tion of approved drugs into ILs may substantially expand the
formulation preparation method to meet the demand for
medicines that address the above limitations. For instance,
lidocaine was transformed into an IL to improve the transder-
mal penetration of etodolac, resulting in a dual-function
active pharmaceutical ingredient (API)-IL.”” Compared with
uncharged NSAIDs (lidocaine-diclofenac vs. diclofenac), the
water solubility of API-ILs increased up to 470-fold. To optimize
the skin permeability of API-ILs, a bilayer wound dressing
material was developed that induced an anti-inflammatory
effect and showed biocompatibility.”® In 2013, the only API-IL
that reached the clinical trial stage was an IL consisting of the
NSAID etodolac and lidocaine, which had an analgesic effect."*®
Unfortunately, the unsatisfactory results led to the termination
of the trials in 2016." Despite this setback, the groundbreaking
clinical trials of ILs as drugs represent a significant step
towards the biomedical application of these compounds.

The use of ILs in anti-inflammatory applications has several
implications, such as the significant improvement of water
solubility, dual-function drugs, and multi-layer drug dressings,
all providing opportunities for progress. As the drug effects of
API-ILs have developed, their properties and cost-effectiveness
have improved. However, the results of clinical trials have
prompted researchers to be more cautious in selecting and
designing IL-based drugs to ensure their effectiveness and
safety. In addition, the mechanisms underlying the anti-
inflammatory effects of ILs have been scarcely explored. It is
unclear whether ILs cause ROS production or stimulate stress
responses. There are few studies on the direct effect of ILs on
internal anti-inflammation in the body. Several important
questions must be addressed before implementing the use of
anti-inflammatory ILs in clinical practice. One of the primary
concerns is the potential damage to healthy tissues and the
consequent side effects. In addition, it is essential to deter-
mine, which inflammatory ILs are effective and which require
modification. While the ionization of approved drugs is a
promising approach, the anti-inflammatory activity of ILs
remains poorly understood and the potential for adverse reac-
tions is unknown. Significant challenges require further inves-
tigation to fully realize the medical and economic potential of
ILs in anti-inflammatory applications.

3.1.4 ILs as anticancer agents. The treatment of cancer is a
significant global challenge with drugs’ low water solubility for
anti-cancer applications being major concerns. ILs have unique
advantages, such as high-water solubility, stability, and anti-
cancer activity. By appropriately selecting cations and anions,

This journal is © The Royal Society of Chemistry 2023
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ILs can be tailored and customized for specific anticancer
applications.”® This section provides a detailed overview of
how ILs derived from insoluble anticancer drugs can improve
druggability and thus anti-cancer effects. In addition to improv-
ing the druggability of poorly soluble anticancer drugs, certain
common ILs also have anti-cancer effects (see the top human
body shown in Fig. 3).

Some common ILs, such as imidazole-based ILs, also have
antitumor activity. [C;,MIM][CI] can inhibit the growth of HeLa
and human hepatocellular carcinoma (HepG2) cells, and
reduce cell viability, damage to DNA, cause apoptosis, as well
as alter the cell cycle.®>®® From a molecular point of view,
[C16MIM][C]] induced changes in the transcription of p53, Bax
and Bcl-2, and genotoxicity, inhibited superoxide dismutase,
imparted oxidative stress, decreased the glutathione content,
and increased cellular malondialdehyde levels.®>® Pyridinium,
ammonium, and other ILs have also been reported to have
anticancer activity."*"?*> Aljuhani et al. showed anticancer
activities of a series of pyridinium ILs on two lung cancer cell
lines (A549 and H-1229), and the maximum rate of proliferation
inhibition was 99.69%.">* Bourakadi et al. evaluated the anti-
tumor activity of a series of 3-methyl-1-alkyl-2-(thiazol-4-yl)
benzimidazol-3-ium ILs against four human tumor cell lines:
HT29 (colon), K652 (Leukemia), MDA-MB231, and SKBR3
(breast) and established the antitumor prospect of ILs based
on thiabendazole. Furthermore, the alkyl chain length of
cationic substitution played an important role on the cytotoxi-
city of these ILs.”®> Developing an IL-API that is non-toxic to
normal cells remains a challenge. These results showed the
broadly promising future for the application of ILs as possible
anticancer agents in cancer treatment.

To achieve maximum efficacy with minimal side effects, one
approach is to convert insoluble drugs that have already been
approved into ILs. For example, methotrexate, choline, and
amino acid ester have been transformed into ILs, namely
tetrabutylphosphoniun methotrexate ([TBP][MTX]), t-phenylal-
anine ethyl ester methotrexate ([PheEt][MTX]), and 1-ethyl-3-
methylimidazolium methotrexate ([EMIM][MTX]), as potential
anticancer prodrugs. These ILs demonstrated more effective
anticancer activity than free methotrexate against the human
cervical carcinoma cell line (HeLa) cells (Fig. 4E).”° Matrinium-
based ILs, composed of cations derived from the Chinese
herbal medicine matrine and a series of fatty acid anions with
long chains rooted in vegetable oils, have demonstrated
improved anticancer activities compared with free matrine.
They also exhibited lower cytotoxicity on normal cells (L929)
compared with tumor cells (HeLa and A549). Additionally, ICs,
of matrinium-based ILs to HeLa and lung cancer cells A549
decreased quickly with elongation of the anionic alkyl chain
length. This suggests that long alkyl chains with a polar head
could alter cell integrity, rapidly disturb the lipid layer, cause
membrane rupture, and ultimately lead to cell death.®®

Functionalized ILs could also have antitumor effects.
Ferrocene has sparked great research for cancer therapeutics
due to the remarkable properties, such as exceptional
cylindrical structure, fascinating redox properties, favorable
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electrochemical behavior, and high stability.
ILs comprising ferrocene (Fe-ILs) by quaternization of 1-N-
(ferrocenylmethyl) imidazole, 1-N-(ferrocenylmethyl) benzimi-
dazole, and 1-N-(ferrocenylmethyl)-1,2,4-triazole with long alkyl
chain bromides demonstrated significant anticancer activity.*®
In particular, Fe-IL with the longest chain was found to be the
most active with GIs, = 0.016 pM, which was less than that of
the standard drug doxorubicin (GIs, = 0.018 pM) against
human breast cancer cells MCF-7. Fe-ILs displayed moderate
to good selectivity (against MCF-7 cells over normal Vero cells)
and pharmacological parameters, including oral activity,
effortless absorption or translocation.®® Hydrazones, existing
in chemotherapeutic agents and many other drugs, attached to
organic molecules could be applied to drug design relevant to
anticancer activities."”” "> Al-Sodies et al. designed and synthesized
novel dicationic ILs (Di-ILs), which contained hydrazone as a spacer
linking double pyridines with alkyl functionalized esters to form
cations. In their experiment, the two most active Di-ILs showed
99.99% and 99.86% compromised cell ability against human lung
cancer cells (A549 and H1299, respectively).”>

ILs with anticancer activity seem to be a viable treatment
option in the context of other anticancer therapies with many
side effects and poor drug availability. ILs ‘modified’ by existing
drugs may be readily accepted for use but their properties, such
as metabolism, may also differ from those of the original drug,
necessitating further research. Common and functionalized ILs
with anticancer activity themselves are also very competitive in
future anticancer applications, because of advantages such as
tunability, favorable combination abilities, and good solubility.
In addition to using the inherent anticancer activity of ILs,
the introduction of functional groups with targeted ligands,
prodrug activators, enzyme inhibitors, etc., may allow for the
integration of multiple therapeutic mechanisms to create a
synergistic effect to enhance the overall treatment outcome.

3.1.5 Other therapeutic components. ILs have also been
used in innovative technologies such as TE and organ pros-
theses, where they can serve as scaffolds for the growth and
regeneration of tissues. TE is an emerging discipline to con-
struct tissues or organs in vitro or in vivo. The first condition of
materials used for TE is their biocompatibility. Certain ILs have
biocompatibility and potential for the development of TE. For
instance, Meira et al. took advantage of ILs and polyvinylidene
fluoride (PVDF) to form electroactive scaffolds for muscle
regeneration, which provided electrical stimuli and a biomi-
metic microenvironment. 1-Butyl-3-methylimidazolium chloride
and choline dihydrogen phosphate ((BMIM][Cl] and [Ch][DHP])
were both able to induce PVDF to produce a B-phase suitable
for TE. Moreover, IL-PVDF composite films had non-cytotoxicity
capacity and myoblast cell line C,C;, cell proliferation, accordingly
allowing them to work in muscle TE."> Murugesan et al. utilized
imidazolium ILs, such as [BMIM]PFs] and 1-butyl-3-methyl-
imidazolium tetrafluoroborate ([BMIM][BF,]), to act as a templating
agent and a doping source with N, F, and P or N, F, and B,
and functionalized reduced graphene oxide (GO) using a simple
hydrothermal method."® To our interest, IL-tri-doped GO was
capable of stimulating human osteosarcoma cell attachment and
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proliferation, which was a promising platform for bone TE.'*°
Gu et al designed and fabricated a bionic eye and utilized
[BMIM][NTf,] and [BMIM]T] to fill the cavity, which acted as an
electrolyte between the electrodes and mimicked the vitreous body
of the human eye. This structure has potential for the treatment of
blindness (Fig. 4F).”>

In addition to good biocompatibility, ILs can also have anti-
amyloidosis properties. Amyloidosis refers to the disease
caused by the deposition of the abnormal protein amyloid in
tissues or organs. The uniform and unstructured deposition
of this protein leads to different degrees of dysfunction."***3?
1-Butyl-3-methylimidazolium bromide ([BMIM][Br]) has been
proved to have anti-amyloidogenic activity. Atomic force micro-
scopy (AFM) imaging unequivocally showed that the IL signifi-
cantly attenuated fibrillogenesis in lysozymes."** These results
facilitated the development of more efficient therapeutics for
amyloidosis.

The versatility of ILs has made them valuable in disease
treatment by enhancing drug solubility and serving as active
ingredients. ILs have been utilized in many therapeutic fields
(e.g., antibacterial, antifungal, anti-inflammatory, and anti-
cancer); yet there are still challenges to be addressed, such as
ILs’ stability, safety, and efficacy in vivo. As aforementioned, the
ionization of approved drugs (e.g., lidocaine-diclofenac) can
improve the solubility and bioavailability, which retain the
potential for multiple therapeutic effects but avoid the de novo
design. In this sense, a considerable amount of IL-based drugs
is under developed. Given the ILs’ vast diversity structures with
nearly 10'®, it is also a complex and huge labor-intensive task to
investigate the therapeutic potential of each IL via practical
experiments. In order to rapidly and rationally design these ILs,
the assistance of artificial intelligence (AI) is highly awaited.
By machine learning and data mining of the existing experi-
mental evidence, especially on the therapeutic effect and ILs’
components/physiochemical properties (anions, cations, side
chains, functional groups, structures, etc.), the key parameters
can be predicted and incorporated into IL-based drug formula-
tions to achieve a desirable therapeutic effect.

3.2 Therapeutic mechanisms

To further advance the potential of ILs as promising drug
candidates for disease treatment, a better understanding of
the interaction mechanism between cells and ILs is essential.
Due to the strong interaction among anions, cations, and other
molecules, ILs have impacts on different degrees of life sub-
stances, from single proteins to intricate multicellular
organisms.”**>713 The interaction of ILs with biological sys-
tems has opened up a broad prospect for their application in
biomedicine. In this section, we summarize the effects of ILs on
cell membranes, organelles, nucleic acids and proteins.'®'394>
Simultaneously, a detailed analysis will be conducted on the
relationship between the structure of ILs and their interaction with
organisms.

3.2.1 Interactions between ILs and cell membranes. The
initial interaction of ILs with cell membranes at the molecular
level is crucial. As the interface between the inner and outer

This journal is © The Royal Society of Chemistry 2023
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environment of the cell, cell membranes are vital for the cell’s
independent existence and serve as the first protective barrier
against foreign substances. The affinity and permeability of cell
membranes and ILs are pre-requisites for ILs’ important effects
on cells. If ILs are developed as drugs, it is necessary to fully
comprehend the relationship between the different ionic struc-
tures of ILs and cell membranes to provide reliable design
guidelines. In this section, we introduce the mechanisms and
influencing conditions of ILs acting on cell membranes.

At the forefront of the interaction between ILs and cell
membranes is the interaction between ILs and lipid bilayers.
This is because lipid bilayers are the primary components and
structures of cell membranes. The lipid membrane is com-
prised of phosphatidylcholine, which features a zwitterionic
head group (net charge of zero) that facilitates electrostatic
interactions and fatty acid tails in the inner region of the bilayer
that provide hydrophobic interactions.'** ILs can control
hydrophilic and hydrophobic characters by selecting the radius
of their ionic moieties and size of their neutral parts to interact
with bio-molecules. In fact, most ILs and cationic surfactants
(in terms of structure, inherent charge, and function) have
similar properties and can be adsorbed onto the surface
of organisms, thereby increasing the permeability of the cell
membrane.***'*

Previous studies have suggested that the interaction
between ILs and cell membranes is influenced by the alkyl
chain length of the ILs. The lipid bilayer is usually made of
biomimetic membranes according to experiments, such as
dioleoyl phosphatidylcholine (DOPC), which typically under-
goes dissolution, drying, rehydration, vortex formation, and
ultrasound treatment. Galluzzi et al. demonstrated that the
length of the alkyl chain of the IL cation dominated the
strength of the IL and lipid bilayer interaction and observed
the interaction between lipid bilayers deposited on mica sur-
faces and ILs through atomic force microscopy.'*® An experi-
ment revealed that 1-hexyl-3-methylimidazolium acetate
([HMIM][OAc]) could be inserted into the lipid bilayer in the
gel state, causing a more marked influence on the lipid bilayer
than 1-butyl-3-methylimidazolium acetate ([BMIM][OAc])."*’
The permeation of the IL cation into the lipid membrane led
to the reorganization and softening of the bilayer, ultimately
forming an IL/lipid complex. Furthermore, MD simulations
revealed that the hydrophobicity of the IL cation, associated
with its chain length, was the primary driver of its insertion
into the lipid bilayer."*

Moreover, the interaction between ILs and lipid bilayers is
also influenced by the ILs’ cationic head groups, number of
substituents, and anions. ILs’ head-group structures have a
strong dependence on the permeability of the lipid bilayer
(Fig. 5A).™*® Kaur et al. investigated the impact of six cationic
head groups on lipid bilayers using solid-state NMR spectro-
scopy. Size, hydrophobicity, and delocalized and unshielded
charges of the positively charged head-groups affected
the degree of influence on lipid bilayers."*® In another study,
they used double-chained 1-alkyl-3-octylimidazolium cations
([C.CsIM]', 1 = 2, 4, 6, 8, 10, and 12) to evaluate membrane
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permeability through fluorescence-based dye leakage assays,
which increased with the growth of the alkyl chain on N1
atoms, whereas double-chained ILs had lower permeability
compared to single chain ILs with a similar carbon atomic
number (Fig. 5B).'*° Kumari et al. determined that anions were
the main components causing the observed structural distur-
bances of lipid bilayer using MD simulations."*° A recent report
discussed the relationship and mechanism between IL’s mole-
cular size and membrane damage. Xu’s team found that ILs
mainly interacted with negatively charged phosphate heads in
lipid bilayers using antibacterial tests, fluorescent tracing,
morphology observations, molecular biology, and MD simula-
tions."” The ability to insert into the bilayer membrane
depended on the molecular size and disturbance of the mem-
brane of ILs. Specifically, ILs with relatively short carbon chains
could pass through the cell membrane causing membrane
thinning, while ILs with long carbon chains remained in the
cell membrane to disturb it. However, the medium-length carbon
chain ILs were similar to the length of the bilayer membrane and
had little impact on the cell membrane (Fig. 5C).">*

While many simulations have provided insights into the
mechanism of cell membrane destruction by ILs, detailed
experimental data are still lacking. Currently, the mainstream
approach is to study how ILs’ alkyl chain insertion, intercala-
tion of the anionic rings, or disturbance of cationic head
groups change the phospholipid bilayer structure and mechan-
ical elastic properties. Currently, most of the studies on cell
membrane toxicity of ILs focus on imidazole-ILs, limiting the
study of cytotoxicity on cell membranes. In addition, biomi-
metic membranes are the main model structure for the study
of IL’s action on cell membranes. Although biomimetic mem-
branes can partially mimic the structure of phospholipid
bilayers, they fall short in replicating the full complexity and
functionality of natural cell membranes. We speculate whether
ILs as ionic compounds can also affect proteins and ion
channels or the motion track of ions on cell membranes given
the interaction between charged ions. Overall, studying the
interactions between ILs and cell membranes in living cells is
a complex area of research that requires careful consideration
of experimental design and safety measures to ensure reliable
and meaningful results.

3.2.2 Interactions between ILs and cell organelles. ILs have
the effect of killing cancer cells. Thus, the interaction mode
between ILs and organelles and the impact on organelles are
crucial for the research and development of ILs as targeted
anticancer agents. In particular, understanding the mode of
interaction between ILs and organelles such as lysosomes and
mitochondria is important for the development of ILs as
targeted anticancer agents. Studies have found that ILs can
alter and damage the structure of lysosomes. For instance,
Bansode et al. found that ferrocene-tethered ILs could inhibit
the breast cancer cell MCF-7 via inhibition of lysosomal pepti-
dase cathepsin B. During this process, aromatic rings and side
chains were found to play a regulatory role in the anticancer
activity of these ILs.°® By comparing [BMIM][BF,] and 1-octyl-3-
methylimidazolium tetrafluoroborate ([OMIM][BF,]) in cells,

Chem. Soc. Rev,, 2023, 52, 7262-7293 | 7273


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cs00510k

Open Access Article. Published on 26 september 2023. Downloaded on 5. 11. 2025 20:55:20.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chem Soc Rev Review Article

A

'3- D NADI

ﬁm s }éjé /3 ﬁ\;%} /& ) QU o — i \, ) Methylimidazolium ionic liquids
. > ,ﬁ%%w

Piperidinium (PIP), Morpholinium (MPH), Ammonium (AMM) . i,
B & eqebinn o0 Ebrp st \ PaVaVaa @'

E : [C12CalM]* o /\/\/\ﬁ/\N/Me
E K0 \_/
t 3 ANANAANAN A% /\/\ﬁ/\N/Me
§ "\;4/3,,3/\/\/\/\
2 s/ B
[}
= n=2,4,6,8,10,12

[C.CoIM]*  [C,ColM]

C E

L n

m i, = O 'y
g, TV RE
)
s ®  Intercala®™
= J
ILD-n
n=3,6,8,10,12
Membrane damage
mechanism
n=3 n=6 n=8 n=10,12
Treated
H IL Induced Partial IL Mediated

Unfoldmg Self-assembly %m\ Growth of Fibrils
\ whie) )¢

Weds
Il (2 IOv/v%) I =20 min
BSA (Aq.) Electrostatic & -1
Interactions

224 hrs.

PN
Tl
fo
with PO, ks 2
@ [C,mim]* Electrostatic, Hydrophobic Hierarchical Self-Assembly
3 & H-Bonding Interactions pH~2.7
e
[BF.] pH~3.5
G Dodine  Dodine+TMG-AC Dodine+TMG-OC |
@ kL
N
J\ n=40r8 /:\ o )8 TBAP IL WS
Y A Y'Y v fr— i
HSA R TBAP
1,1,3,3-Tetramethyl o™ A N / )
guanidinium (TMG) /\ = £
/ 832 Tertiary structure
s ® 5
/R K] perturbed
Dodinium-OC cluster i&.g_ ! Y VYR L
(] == Cation § Native state n
e - HPOux.
5 - 4
) Acctte(o . EAP
/I]\ N iy 8 TEAPIL .
NN NN N % Native state retained
o
| | Collagen
H H

Dodinium Octanoate (OC)

Fig. 5 ILs acting on living organisms: (A) schematic models of different ILs head-group size, hydrophobicity, and charge delocalization impacting the structure of
2-oleoyl-1-pamlitoyl-sn-glycero-3-phosphocholine (POPC) bilayer. Black wavy lines: alkyl chains in lipids and cations, grey filled circles: glycerol moieties in the
lipid head-groups, blue and red filled circles connected with black lines: phosphocholine dipoles, and red circles: head-groups of cations intercalated in lipid
molecules. Reproduced with permission from ref. 148. Copyright 2020 Elsevier. (B) The leakage kinetics of calcein dye from POPC and 2-oleoyl-1-pamlitoyl-sn-
glycero-3-phosphoglycerol (POPG) large unilamellar vesicles and the regular model of membrane permeability associated with ILs" cations. Reproduced with
permission from ref. 149. Copyright 2021 American Chemical Society. (C) The membrane damage mechanism of ILs with different chain lengths on Gram-
negative bacteria. Reproduced with permission from ref. 151. Copyright 2020 American Chemical Society. (D) Methylimidazolium ILs affecting the mitochondrial
electron transport chain in mammalian cells. Reproduced with permission from ref. 152. Copyright 2020 Elsevier. (E) The effects of [C;oMIM][Cl on mitochondria
of Hela cells with the original TEM images (top) and zoomed TEM images (bottom). Reproduced with permission from ref. 141. Copyright 2021 Elsevier.
(F) Distribution map of the IL interaction with DNA. Cyan: DNA, red: DNA phosphates, white: IL cations, and blue: ring nitrogen of IL cations. Reproduced with
permission from ref. 153. Copyright 2012 American Chemical Society. (G) The mechanism for ILs' long hydrocarbon chains of anions preventing a fungicide from
destroying structural DNA. Reproduced with permission from ref. 154. Copyright 2020 American Chemical Society. (H) The formation mechanism for bovine
serum albumin (BSA) amyloid fiber in the presence of [EMIMI[BF,] (2-10 v/v%). Reproduced with permission from ref. 155. Copyright 2021 American Chemical
Society. (I) The effect and relationship between the length of alkyl chain of anion (left) and cation (right) on proteins. Reproduced with permission from ref. 156 and
157. Copyright 2018 Royal Society of Chemistry and 2020 American Chemical Society.
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Tsarpali et al. found that ILs had the ability to cause lysosomal
membrane damage.'** The magnitude of toxicity was found to be
dependent on the length of the alkyl chain and lipophilicity of
ILs.'*

At present, most studies on the toxicity of ILs to organelles
focus on mitochondria.'”® Methylimidazolium ILs can act as mit-
ochondrial electron acceptors and longer chain ILs may act on the
inner mitochondrial membrane affecting mitochondrial endome-
trial electron transmission and producing excess ROS (Fig. 5D)."*>
Research suggested that longer chain methylimidazolium liquids
were toxic to sensitive liver progenitor cells because they both
readily integrated within the inner mitochondrial membrane,
accepting electrons from the electron chain and leading to oxidative
stress. 1-Decyl-3-methylimidazolium chloride ([C;,MIM][CI]) caused
mitochondrial swelling, vacuolation and cristae rupture, resulting in
excessive ROS levels that ultimately damaged the mitochondrial
membrane potential and induced cell apoptosis (Fig. 5E).**!

Although our understanding only involves a few organelles
like mitochondria and lysosomes, it shows the mode of action
of ILs on cytotoxicity and highlights the lack of cytotoxic
mechanism of ILs at this stage. Understanding ILs’ current
mechanism of action on organelles is valuable for the develop-
ment of targeted ILs that are tailored to a specific organelle. For
example, lysosomes are known to have an acidic environment,
making them attractive targets for drug delivery. In this regard,
ILs can be designed into specific structures to neutralize the
acidity of the lysosome and disrupt its membrane, thereby
enabling the drug to escape and reach its target site.

3.2.3 Interactions between ILs and nucleic acids. Nucleic
acid, the most crucial substance among biological molecules,
possesses a significant charge per unit length on its chain due
to anionic polyelectrolytes. This inherent charge enables posi-
tive cations in ILs to interact with nucleic acids, forming ion
pairs or complexes. However, it is important to note that the
effects of ILs on nucleic acids can vary depending on their
composition, structure, and properties. For instance, Li et al.
investigated the toxicity of three ILs on zebrafish, namely,
1-aminoethyl-3-methylimidazolium tetrafluoroborate ([C,NH,-
MIm|[BF,]), 1-methoxyethyl-3-methylimidazolium tetrafluoro-
borate ([MOEMIm]|[BF,4]), and 1-hydroxyethyl-3-methylimid-
azolium tetrafluoroborate ([HOEMIm]|[BF,]). The results
revealed that as the length of the cationic side chains increased,
the toxicity of the ILs gradually intensified.">®

Simulation methods are mainly used to study the interaction
mechanism between ILs and nucleic acids. According to cur-
rent reports, ILs mainly combine with nucleic acid grooves
through H-bonds and hydrophobic interaction, giving origin to
the groove binding mechanism. Although RNA and DNA are
similar in structure, DNA is known for its greater stability,
which has led to its prominence in investigations involving IL
interactions. Rezki et al. demonstrated the interactions of
imidazole ILs containing fluorine with DNA via H-bonds
through modeling studies.'®® Choline ions were stably com-
bined with DNA atoms through multiple H-bonding networks
from a microscopic viewpoint using MD simulations.'®"
Al-Sodies et al. found that ILs and DNA had good binding

This journal is © The Royal Society of Chemistry 2023

View Article Online

Chem Soc Rev

tendencies in the outer groove.”” The rod-like structure of
imidazolium-based ILs exhibited a higher propensity to bind
to the minor groove of calf thymus DNA, while the interaction
of individual nucleic acid bases and imidazolium-based ILs
confirmed the increasing tendency to bind to different bases in
the following order: guanine, cytosine, thymine, uracil, and
adenine.'® Nakano et al. demonstrated that multiple H-bonds
played a significant role in the interaction between choline ions
and DNA."®* Wang et al. found that the electrostatic interaction
between the cationic head group of ILs and DNA and the
hydrophobic interaction between the hydrocarbon chain of
ILs and DNA predominated.'®® Fig. 5F shows the distribution
map of IL’s cations in DNA molecules."**

The interaction between ILs and nucleic acids has garnered
significant attention in current research. Studies have demon-
strated that while certain ILs can cause damage to nucleic
acids, they also possess the capability to counteract the irrever-
sible damage inflicted by toxic substances. For example, Sarkar
and Singh prevented DNA damage from fungicide by adding ILs
possessing anions with long hydrophobic chains (Fig. 5G)."**
Long hydrophobic chain anions ILs combined with DNA
through micelle-like structures prevented the combination of
fungicide with DNA, and reversed the damage of DNA at the
same time. Meanwhile, the application of ILs in nucleic acid
delivery has developed rapidly, providing infinite possibilities
for the application of ILs in biomedicine.

3.2.4 Interactions between ILs and proteins. ILs have been
reported as novel and promising amphiphilic compounds that
can replace water and volatile organic compounds such as
solvents or additives to affect protein stability or activity.*>®
As the basic organic matter of cells, the activity and state of
proteins are closely related to life activities. Many active sites of
proteins can combine with biological molecules, such as lipids
and sugars and interact with water to diversify the behavior and
realize the foundation of life. They are usually charged, depend-
ing on the varying chemical or physical conditions, such as pH,
temperature, and pressure. Many ILs are similar to cationic
surfactants,'°'®* which can destroy proteins.

The interactions between ILs and proteins depend on H-bonds,
van der Waals force, hydrophobic interactions, etc.'>>"%>168
For instance, anions of choline-based ILs choline iodide, cho-
line bitartrate, and choline dihydrogen citrate ([Ch][I], [Ch][Bit]
and [Ch][Dhc]) could spontaneously combine with the residues
of bovine serum albumin (BSA) by H-bonds and van der Waals
force, changing the natural structure of BSA significantly.'®®
Choline geranic acid ILs (CAGE) could inhibit human neutro-
phil elastase at low concentrations by disrupting the hydro-
phobic effect.'®® Besides, the addition of ILs can change the
pH of the environment and denature proteins. [EMIM][BF,]
could cause conformational changes of BSA, resulting in the
formation of amyloid fibers. The time-dependent hydrolysis of
[EMIM][BF,] changes the pH of the solution. The synergism
of pH and the electrostatic interaction of IL with BSA led to
amyloid fibrils (Fig. 5H).">

The interactions between ILs and proteins depend on the
structure of ILs. The ILs’ anionic hydrophobic structure can
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interact with proteins and lead to complex behaviors between
ILs and proteins."”'”*'”* For example, the interaction between
choline-based ILs and BSA varied greatly due to different
anions.'®® Briefly, choline chloride ([Ch][CI]) had no obvious
effect on the conformation of BSA, while choline bromide
[Ch][Br] changed its conformation slightly. In the presence of
[Ch][1], [Ch][Bit] and [Ch][Dhc], the conformation of BSA chan-
ged significantly. The quenching mechanism of [Ch][Bit] and
[Ch][Dhc] was a static quenching process, while [Ch][I] had a
combined mechanism of charge transfer quenching and static
quenching. Singh et al. demonstrated that the interaction of
lysozyme (LYZ) with ILs was dependent on the molecular
structure of the anionic counterpart of the ILs, with choline
deoxycholate ([Ch][Doc]) showing greater involvement in bulk
complexation compared with choline lauryl sarcosinate
([ch][sar])."””* [Ch][Doc] stabilized the secondary structure of
LYZ via hydrophobic-hydrophilic interactions, while [Doc]
adsorption onto LYZ provided stability through polar interac-
tions. Conversely, [Sar] induced greater unfolding of LYZ,
especially at higher concentrations, because of its flexibility
and single-chain system with an amide moiety. What is more,
the overall binding affinity between ILs and proteins increased
with the length of the alkyl chain of the anion and cation of ILs.
Fig. 51 shows the effect and relationship between the length of
the alkyl chain of the anion and cation on proteins.'*®*%”
Pabbathi and Samanta researched the effects of two ILs with
different alkyl chain lengths on protein stability."”® The long
chain ILs interacted with the protein hydrophobic region and
destroyed the tertiary structure of Cyt-c. Conversely, the short
chain ILs had a weaker effect on the Cyt-c structure because of
reduced hydrophobicity compared with that of long chain ILs.

The inhibitory and disturbing effects of ILs on proteins
make them promising antibacterial agents. Bacterial cell walls
and membranes contain important proteins that can be dena-
tured or deleted through reasonable design and addition of ILs.
The current models and experimental conditions for investigat-
ing the interaction between ILs and proteins are often con-
strained and may not comprehensively capture the complexity
of the system. Therefore, it is necessary to develop a research
methodology that integrates both experimental and computa-
tional approaches, along with high-throughput screening
methods.

Notably, although ILs have made substantial progress in
exploration of ILs in biomedicine applications, further research
is still needed to elucidate their underlying mechanisms.
Firstly, investigations into the therapeutic mechanisms of ILs
primarily concentrate on the alky side chains (e.g., long side
chain-derived antibacterial effect). The exploration of other
structures of ILs on therapeutic mechanisms, such as anions
and cations, remains limited. It is crucial to broaden the scope
of research to encompass the effects of various ILs’ structures
on therapeutic mechanisms. Secondly, the absence of standar-
dized protocols for assessing the relationship between the drug
efficacy and the mechanisms might also hinder the compar-
ability of different studies and limit the generalizability of their
findings. Thirdly, in vivo research experiments mostly depend
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on the model organism or rodent animals, which could be
expanded (to big animal beagles, pigs, etc.) to establish a multi-
level and full chain biological evaluation system for the safety
of ILs.

4 Biomedical aids
4.1 Application of ILs in pharmaceutical engineering

ILs are called ‘designer solvents’ in synthetic strategies because
of their adjustable structure and ability to dissolve a wide range
of compounds.'”” ILs have ideal properties through rational
design, such as broad solubility, unique H-bond system, neg-
ligible vapor pressure, and stable chemical properties, making
them attractive alternatives to traditional extractants and cata-
lysts in drug separation and synthesis. ILs also have high
selectivity, making them an attractive option for separation
and purification processes. In addition, they can be used as
reaction catalysts in drug synthesis, offering advantages such as
increased reaction rates, improved selectivity, and improved
product purity. This section provides an overview of the use of
ILs in drug separation as extractants and drug synthesis as
catalysts.

4.1.1 ILs as extractants in drug separation. ILs are emer-
ging as excellent extractive solvents for the separation and
purification of drug components because of their excellent
solubility, negligible volatility, and stability. Many volatile,
flammable, or even toxic organic solvents are often consumed
in traditional drug extraction processes. However, these typi-
cally create pollution in the environment, demonstrate unsa-
tisfactory extraction efficiency, and complicate the post-
treatment of the extracted drugs.'”>'’? ILs have been exten-
sively investigated in the extraction of natural products from
plants given their ability to optimize the extraction of bioactive
compounds such as alkaloids, terpenoids, flavonoids, phenolic
acids, aromatic compounds, and lipids.'”>*%° Compared
with traditional solvent-based methods, IL-based extraction
approaches have exhibited superior extraction yields and selec-
tivity. Moreover, the recoverability and reusability of ILs con-
tribute to their reduced environmental impact and cost-
effectiveness. ILs are now investigated as alternative com-
pounds to conventional solvent extraction, supercritical fluid
extraction, and cloud point and to solve energy consumption
and environmental impact problems. This section will intro-
duce three common extraction methods: IL extraction, ILs with
microwave-assisted or ultrasound irradiation-assisted extraction.

ILs can be used as direct extractants to extract active
pharmaceutical components because of interactions between
ILs and other substances. Compared with commonly used
organic extractants, ILs offer clear advantages in terms of
extraction efficiency, sample pretreatment, and environmental
impact. For example, using ILs to extract and recover lipids
from microalgae and yeast after fermentation could result in
higher extraction efficiency, shorter processing time, lower
energy consumption, and the ability to reuse the ILs, which
could lead to significant improvements in economic efficiency.'®

This journal is © The Royal Society of Chemistry 2023
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Gokdemir et al. used [BMIM][NTS,] as an alternative green solvent
to extract curcumin from turmeric, with a maximum yield extrac-
tion of 2.94% under optimal conditions.’®! Ji et al showed
how pure ILs could act as an efficient and selective extracting
agent for minor anticancer prenylated flavonoids from a herbal
medicine."®” Considering the H-bond interactions between
[OMIM][BF,] and prenylated flavonoids, the extraction yield of
prenylated flavonoids was as high as 78.92% using reversed-phase
solid phase extraction from [OMIM][BF,]."**

The interaction between ILs and substrates is a key con-
sideration for extraction.'® Considering the ILs’ anion and
cation tunability, specific properties of fluids can be designed
to ensure that the target-active molecules are highly solvated to
improve the extraction efficiency. In an IL-based aqueous two-
phase system of separation of acteoside from Cistanche tubu-
losa, [BMIM]|[BF,] and (NH,4),SO, had collaborative extraction
roles. Specifically, the high polarity of [BMIM][BF,] provided
multi-H-bond receptors for acteoside, whereas (NH,),SO, made
acteoside stable by creating a weak acidic microenvironment
and reducing solubility of acteoside in the salt phase.'®* In
another report, the IL-based surfactant-free microemulsion
system consisting of [HMIM][BF,], 1,2-propanediol, and H,O
was used to extract and separate hydrophilic (phenolic acids)
and lipophilic compounds (alkaloids) from Camptotheca
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acuminata."”® van der Waals forces and H-bonds were supposed
to be the main force between IL-based microemulsion and
targeted compounds.

ILs are more environment friendly, with greater extraction
efficiency and recycling advantages compared with traditional
extractants. However, there are still many problems in the
process of IL extraction. A key challenge in the extraction of
bioactive compounds using ILs is their high viscosity, which
can lead to lower extraction efficiency and slower mass transfer
rates. To solve this issue, microwave-assisted extraction (MAE)
and ultrasound-assisted extraction (UAE) have been developed.
These methods employ high-frequency electromagnetic waves
or sound waves to improve the mass transfer rate and extrac-
tion efficiency of IL-based extraction processes. Fig. 6A illus-
trates the extraction process for bioactive compounds using ILs
assisted by either microwave or ultrasound.

ILs have emerged as a promising microextraction technology
because of their unique ability to absorb microwave energy and
convert it into heat. Additionally, because ILs are composed of
cations and anions, high polar ILs can be reasonably designed
to absorb and transfer microwave energy effectively.'®” MAE
can break the cytoderm and heat cells to accelerate the
dissolution of intracellular effective components.'** Therefore,
IL-MAE can depend on cell penetration and selective heating to
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help ILs in extracting drug components from plant raw materi-
als. For example, Komaty et al. used ILs with MAE to extract
atranorin, methyl-B-orcinol carboxylate, fumarprotocetraric
acid and physodic acid from lichens more rapidly than
when using conventional heating.'®® Chen et al. successfully
used magnetic 1-butyl-3-methylimidazolium tetrachloroferrate
([OMIM][FeCl,])-microwave to extract essential oil from
lavender.® Shi et al. employed ILs and MAE-assisted extraction
to extract essential oil from Foeniculi fructus, which significantly
improved the extraction efficiency. MAE had been shown to
enhance the diffusion of essential oils from plants into ILs. The
process of interaction between ILs and cellulose had also been
emphasized, wherein non-covalent interactions (H-bonds and
van der Waals forces) between the ILs and cellulose lead to the
breakdown of the H-bonds’ cellulose structure.'®®

IL-based UAE extraction has been identified as an efficient
technique to facilitate natural product extraction and increased
yield. Compared with traditional extraction, UAE-assisted
extraction has less solvent consumption and shorter extraction
time.?° Ultrasound can damage the plant tissue and accelerate
the penetration of solvents. Sui et al utilized IL-based ultra-
sonic extraction of psoralen and isopsoralen from Psoralea
corylifolia seeds through infiltration, dissolution, and defoam-
ing; long alkyl-chain ILs such as [C;oMIM][Br] had better
extraction efficiency.'®® UAE played three promoting roles in
the system (vibration, thermal, and cavitation effects), improv-
ing the mass transfer efficiency, increasing the contact area,
and enhancing the solubility of psoralen and isopsoralen.
Sukor et al. found that the extraction efficiency of the UAE
system was greatly improved after the addition of ILs.'** They
believed that the cavitation effect after ultrasound and the
special properties of 1-butyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide ([BMIM][NTf,]) synergistically improved
the extraction efficiency. Sun et al. established a simple, rapid,
and green system consisting of ultrasound-[BMIM][Br] solid-
liquid extraction coupled with aqueous two-phase extraction
high-performance liquid chromatography to extract naphtho-
quinone pigments in Arnebia euchroma (Royle) Johnst.'®>
Furthermore, Li et al. used an IL-based ultrasonic-assisted
method to extract ganoderic acid A and D from Ganoderma
lucidum, with an extraction yield of 3.31 mg g ', which was
much higher than that obtained using methanol as solvent."*
They also found that the extraction efficiency was related to the
structure of the IL based on the comparison of five ILs,
including [BMIM][Br], [BMIM][BF,], [BMIM][PF,], 1-hexyl-3-
methylimidazolium bromide ([HMIM][Br]), and 1-octyl-3-
methylimidazolium bromide ((OMIM][Br]). The extraction rate
related to the alkyl chain length impacted the hydrophobicity,
van der Waals force, and viscosity, while the anions interacted
with the hydroxyl groups of the target compounds through the
H-bonds, n-n conjugation, and ion/charge forces.'*?

Microwave and ultrasonic assisted-IL extractions improve
the extraction efficiency through a fast and effectively enhanced
process (Fig. 6B). In addition to the two IL-based external field
assisted extraction methods, other IL-assisted extraction meth-
ods exist, such as IL-heating extraction,’®* IL-based pulsed
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9% and IL-based pressurized liquid extraction.™®
However, these methods may have drawbacks, such as increased
energy requirements or the need for expensive and high-security
equipment. What is more, most researchers believe that the
combination of ILs and extracted substances is driven by the H-
bonds, but there is limited detailed mechanisms explaining how
microwave and ultrasound irradiation improve the extraction
efficiency. Therefore, a better understanding of the extraction
mechanisms for targeted biological complexes is needed to be
explored. In addition, when separating the bioactive components
extracted by ILs, organic solvents are often needed for back
extraction to recover the target compounds in the treatment
process, hindering the ‘green’ features of the separation process.
The problems of IL residues in biologically active ingredients, and
safety, also need to be further considered.

4.1.2 1L catalysts in drug synthesis. The adjustment of
anions, cations, and substituents for functional design makes
ILs excellent catalysts in a reaction process. H-bonds with other
substances and properties such as amphipathy and acid-base
make them excellent catalysts in the reaction process.'®”'®
IL-based catalysts provide numerous benefits compared with
traditional catalysts, such as their high adjustability and recycl-
ability, reduced metal and halogen pollution, and enhanced
separation between the catalyst and the product. In addition,
IL-based catalytic systems offer a notable advantage in terms of
reducing neutralization after the reaction, thereby enhancing
their sustainability.

Researchers have reported IL applications in various
chemical processes, e.g., as catalysts related to the production
of drugs. These include antimicrobial, antiviral, antimalarial,
antitumor, and other drug agents over the past few decades,
e.g., [i-prolinium chloride][1-methylimidazolium-3-sulfonate]
as the catalyst to synthesize antibacterial hydrazono-4-
thiazolidinones."®® Sulfonic acid-functionalized ILs were uti-
lized for catalytic synthesis of pyrano[3,2-cJcoumarin deriva-
tives and C3-substituted 4-hydroxycoumarins.?®° IL cations had
a strong influence on the catalytic activity in the synthesis of
quinazoline-2,4(1H,3H)-diones, in which the H-bonds formed
by the cations and the alkalinity of the cations affected the
reaction.””" Wang et al. proposed IL catalytic mechanisms for
the reactions of pyrano[3,2-cJcoumarin derivatives and C3-
substituted 4-hydroxycoumarins. They believed that the pro-
pargylic or allenic carbocation and H-bond effects between the
catalysts and the substrates were the reason for the process of
alkylation and cyclization.?®® Table 1 shows examples of ILs
used as catalysts in drug synthesis.

ILs play an important role in drug synthesis as catalysts and
offer numerous advantages over traditional synthesis techni-
ques (e.g., excellent selectivity). However, several challenges
require attention and resolution, such as the residual problem
of ILs in drugs in the post-treatment process, environmental
fate, and safety issues. Cross disciplinary collaborative research
may be helpful in addressing these issues to elucidate the
mechanisms underlying the interactions between ILs and bio-
logical systems, shedding light on their potential benefits
or risks.

electric fields
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Table 1 lonic liquids (ILs) as catalysts in drug synthesis

ILs Drugs Activities Ref.
Piperidinium acetate Spiro-piperidine derivatives Antileishmanial 202
[DBUJ[AC] Triazole-tetrazole conjugates Anthelmintic 203
[Trps][OTs] Aspirin Anti-inflammatory 204
[BMIM][Br] 2-(1H-Benzimidazol-2-yl) phenol Anticancer 205

2-(Thiophen-2-yl)-1H-benzimidazole

[BMIM][BF,] Pyrazolo quinoline derivatives Anti-inflammatory and antioxidant 206
Hexamethylenetetramine based IL  Tetrazolo[1,5-a] pyrimidine-6-carbonitriles Antiproliferation and antitumor 207
[MerDABCO-SO;H][Cl] Pyrazolopyranopyrimidines Antimicrobial and antioxidant 208
Brgnsted acidic dicationic IL 4,4'(Arylmethylene)bis(3-methyl-1-phenyl-1H-pyrazol-5-0l)  Antiviral, antibacterial, and antifungal 209

The emergence of green chemistry has significantly
increased the interest in ILs within the domain of pharmaceu-
tical engineering. ILs have gained recognition as extractants for
drug separation and catalysts in drug synthesis and for their
potential in synthetic biology. ILs offer unique properties,
including negligible vapor pressure, high thermal stability,
and adjustable solvation capabilities, making them highly
attractive for applications in the field of synthetic biology. For
instance, ILs can be employed as reaction media during the
process of recombinant DNA and modular enzyme assembly.
By deviating from conventional drug production systems, ILs
have the potential to serve as extractants or catalysts for the
design and synthesis of biological molecules, ultimately lead-
ing to the development of novel drugs.

4.2 Application of ILs in disease diagnosis

The unique ion-free composition of ILs consisting only of ions
and their fascinating thermal, electrical, physical, and chemical
properties aroused enormous interest in disease diagnosis.
Thus far, there have been many researchers focusing on the
application of ILs in diagnostics, including biosensing and
imaging. A growing body of research demonstrates that IL

can be used not only as sensors to improve performance
(Fig. 7A), but also as electrodes, hence they are involved in
the diagnosis of the disease and improve the diagnostic
efficiency.

4.2.1 IL-based sensors to diagnose physical diseases. ILs
possess superior properties, including an adjustable structure,
excellent electrochemical performance, and potential biological
compatibility, making them ideal for medical diagnosis via the
development of bio-electrochemical sensors. These sensors
may provide high anti-interference ability, sensitivity, repeat-
ability, and a satisfactory detection range. Chemicals, such as
glucose and proteins, play a crucial role in maintaining normal
body metabolism and their rapid and efficient testing with ILs
can aid in the diagnosis of diseases. ILs have been extensively
studied for the diagnosis of diseases, including kidney dis-
eases, diabetes, gout, cancer, mental illness, depression, and
Alzheimer’s disease.

IL-based sensors have shown potential in diagnosing kidney
diseases by detecting the levels of biomarkers such as human
serum albumin (HSA) and creatinine. Gao et al developed
a fluorescent sensor using a luminogen, decorated with tetra-
phenylethene (TPE) and 1-carboxymethyl-3-methyl-imidazolium
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Fig. 7 Schematic diagram of the application of ILs in disease diagnosis. (A) Schematic diagram of IL-based sensors to test substances. (B) Schematic
diagram of the '°F MRI platform for stimuli-responsive *°F MRI. Reproduced with permission from ref. 210. Copyright 2020 Elsevier.
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bromide ([HOOCMIM][Br]) to detect HSA.>"* TPE-IL molecules
spontaneously docked with the hydrophobic subdomain of
HSA because of the hydrophobic and H-bond interactions
between TPE-IL and the amino acid residues of HAS, inducing
fluorescence intensity enhancement. This sensor showed good
sensitivity, selectivity, anti-interference ability, a linear range of
0.02-10 pg mL ", and a detection limit of 0.007 pg mL ™", whose
practicability was demonstrated by precise detection of HSA
levels in human urine and serum samples.>’’ Boobphahom
et al. developed a paper-based sensor decorated with 1-butyl-
2,3-dimethylimidazolium tetrafluoroborate([BAMIM][BF,]), CuO,
and reduced graphene for the non-enzymatic detection of crea-
tinine. ILs acted as a charge transferring bridge, providing
electro-catalytic ability and high ionic conductivity, resulting in
an increased electron-transfer rate and a fast signal response.
The linear detection range of the sensor was 0.01-2.0 mM with
a limit of detection of 0.22 mM (S/N = 3) for creatinine
detection.”"” Teekayupak et al. fabricated a simple electroche-
mical sensor for non-enzymatic detection of creatinine, based on
3D-printed electrodes decorated by CuO-[BAMIM]BF,]/rGO
(reduced graphene oxide).>* The modified electrodes could
directly couple with a portable smartphone potentiostat con-
trolled by an Android app. The linear detection range of the
sensor was 0.5-35.0 mM with a limit of detection of 37.3 pM.
These IL-based sensors show promise in the early detection and
monitoring of kidney diseases.

IL-based sensors could be used to diagnose diabetes because
ILs have shown specific achievements in the diagnosis of
glucose and acetone, common indicators of diabetes. Graphene
is a topical issue in electrochemical sensor research because of
its unparalleled 2D honeycomb nanostructures, large specific
surface area, as well as strong mechanical properties.”'*">'® The
interaction between graphene and ILs can occur through
electrostatic interaction, m-n stacking, H-bonds, and covalent
bonds. The common ILs used for modifying graphene involve
imidazolium-based ILs, ammonium-based ILs, phosphonium-
based ILs, pyridinium-based ILs, and amine-terminated ILs
(ILs-NH,). For instance, graphene, which contains a large
number of © electrons, can interact with imidazole cations that
are positively charged. Moreover, the aromatic rings present in
imidazole cations can interact with graphene surfaces through
n-m stacking interactions.>'” ILs-NH, can also react with epoxy
groups on GO to form covalent bonds.*'® The introduction of
ILs not only produces IL-functionalized graphene with excellent
conductivity, stability, and dispersibility, but also prevents the
aggregation of graphene.”'®*?° Luan et al constructed an
enzyme-free glucose sensor by mixing Ni3S, nanomaterials with
1-(3-aminopropyl)-3-methylimidazolium bromide (JA-MIM][Br])-
functionalized graphene. This sensor possessed a satisfactory
detection range with a wide linear range of 0-500 uM, strong
anti-interference ability, excellent sensitivity, and good repeat-
ability. The synergistic effect of electrochemical performance
occurred between Ni;S, and IL-functionalized graphene, which
optimized conductivity and made the response more sensi-
tive.”*! Nishan et al. developed a colorimetric sensor for acetone
detection based on the eosin dye, which reacted with acetone in
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the presence of protic IL 1-H-3-methylimidazolium ([H-MIM]-
[Br])-coated TiO, nanoparticles (NPs). The sensor exhibited a
wide linear range from 1.6 x 10 ° to 6.1 x 10> mol L™ %, a low
limit of detection, only 5 min response time, and good selectivity
and sensitivity.

IL-based sensors could be used to diagnose gout as they can
enable more sensitive detection of uric acid (UA) in human
blood and urine, which is highly beneficial for early disease
diagnosis.”?***** Abbas et al. developed an electrochemical
sensor for the real-time monitoring of UA using benzimidazo-
lium-1-acetate to modify the electrode, which increased the
intrinsic conductivity and thermal stability, due to the avail-
ability of high n-electron density from availability of carboxyl
functional groups and aromatic rings. The sensor exhibited a
highly sensitive and selective response, excellent anti-inter-
ference ability, a linear range of 2-1050 uM, as well as a detection
limit of 1.27 pM, and was effective in monitoring UA from blood
of gout patients and healthy individuals.”**

IL-based sensors could be used to diagnose cancer and can
exploit differences to detect cancer-specific biomolecules.
Molecular imprinting is a commonly used technique to create
recognition sites in a polymer matrix that are specific to a target
molecule. In this context, the polymerized IL hydrogel could act
as the matrix and cancer-specific biomolecules could serve as
the template molecule for the molecular imprinting process.
For instance, Wang et al. used polymerized 3-[((4-N,N-bis-
[(carbamoyl)ethylmethacrylate]butyl)((carbamoyl)amino)ethyl
methacrylate)-propyl]-1-ethenyl-1himidazol-3-ium  bromide
([BCCPEim][Br]) hydrogel as a matrix for the molecular
imprinting of the target molecule carcinoembryonic antigen
(CEA).>*® The resulting molecularly imprinted polymer was
then integrated into a photoelectrochemical sensor for CEA
detection. The vinyl, amino and imidazolium cations in the
polymerized [BCCPEim][Br] hydrogel interacted with CEA
through hydrogen bonding and electrostatic attraction, pro-
viding complementary active sites that interact with CEA. The
polymerized [BCCPEim][Br] hydrogel might have had a rigid-
ity that helped maintain the structure of CEA and the inter-
molecular interaction between CEA and the imprinted active
site, improving the sensing performance of CEA with high
selectivity, sensitivity, and stability. The molecularly imprinted
sensor displayed a linear response ranging from 0.05 to
5.0 ng mL ™" and a detection limit of 11.2 pg mL~".>*> Compared
with the clinical application of chemiluminescence immunoas-
say, the polymerized [BCCPEim][Br] hydrogel-based sensor had
excellent accuracy in detection results, with a relative deviation
of less than 5%.

In addition, ILs have been utilized in the determination of
other indicators, such as adrenaline and glutathione in human
urine samples and whole blood.***>*® As shown in Table 2, ILs
have been widely studied in the modification of electrodes as
transfer bridges, functional agents, and linkers to improve
electrochemical properties, so as to enhance the sensitivity,
selectivity, and other properties of sensors and make it possible
to diagnose diseases conveniently and accurately. Accurate
monitoring of biomarkers in human blood or urine is crucial

This journal is © The Royal Society of Chemistry 2023
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Substance to

be tested Related disease ILs The action of ILs Linear range Detection limit Ref.
HSA Kidney diseases [HOOCMIM]|[Br] TPE-IL for fluorescence 0.02-10 pg mL ™" 0.007 pg mL ™" 211
Creatinine Kidney disease =~ [BAMIM][BF,] Modify electrodes 0.01-2.0 mM 0.22 uM 212
Creatinine Kidney diseases [BAMIM|[BF,] Modify electrodes 0.5-35.0 mM 37.3 uM 213
Glucose Diabetes [A-MIM][Br] Functionalize graphene 0-500 uM 0.161 uM 221
Acetone Diabetes [H-MIM][Br] Moderator for improved 1.6 x 107°-6.1 x 10°M  2.7023 x 107> mM 229
sensing properties of TiO,
UA Gout BIL Boost up the intrinsic 2-1050 uM 1.27 uM 224
conductivity and thermal
stability of electrodes
Ascorbic Gout, Parkin- [BMIM][PF¢] Modify electrodes 25-400 M, 0.2-10 uM, and  6.64 puM, 0.06 pM, and 230
acid, DA, son, schizo- 0.5-20 uM for ascorbic 0.03 uM for ascorbic
and UA phrenia, etc. acid, DA, and UA acid, DA, and UA
Guanine and Gout [BMIM][C]] Solvents for cellulose 0.6-620 uM and 0.2-460 0.077 and 0.144 for UA 231
UA puM for UA and guanine and guanine
HPV16 DNA HPVi16-positive  [APHimi][Cl] Functionalize graphene From 8.5 nM to 10.7 pM 1.3 nM 232
head and neck
cancer
CEA Cancer [BMIM][PF¢] Functionalize graphene From 0.001 fg mL ™" to 0.0003 fg mL ™" 233
1 ng mL™!
CEA Cancer [BCCPEim][Br]  Provide a more favorable 0.05-5.0 ng mL™* 11.2 pg mL ™" 225
environment
Glutathione  Diabetes and [BMIM]PF] Modify electrodes 0.1-3.0 pM 0.04 pM 227
alcoholism, etc.
Adrenaline  Parkinson’s [dMIM][BF,] Modify electrodes 0.1-400 pM 0.07 pM 228
disease
DA and UA  Depression, etc. [BMIM][Br] Modify electrodes 0.1 to 300.0 pM for DA 0.04 uM for DA 234
Choline and  AD, Parkinson  [AMIM][NTf,] GO-IL to provide a more 5-1000 nM for choline and 0.885 and 1.352 nM 13
acetylcholine diseases, etc. favorable micro-environment  acetylcholine for choline and
acetylcholine
0,*" AD etc. IL polymer Prevent enzyme leakage 1.0-228.0 pyM 0.42 M 235

not only for early detection, but also for effective treatment of
various diseases. However, it would be impossible for most
people to go daily to the hospital for physical examination.
Therefore, detecting these indicators using a portable and easy
to use sensor based on ILs while maintaining accuracy is also
an important goal for the development and improvement of
Sensors.

4.2.2 IL-based sensors to diagnose mental diseases. The
diagnosis of physical diseases based on ILs is convenient and
accurate, while the diagnosis of mental diseases is relatively
difficult, which are mainly evaluated through an interview with
the patient.”**>*®* However, the poor availability of objective
methods hampers both diagnosis and treatment for mental
diseases. Hence, objective and efficient diagnostic approaches
of mental diseases are in great demand. There are substances
that can be detected to aid or directly diagnose mental diseases,
and ILs can be involved in making sensors to detect these
substances.

IL-based sensors have the potential to aid in the diagnosis of
depression. ILs can enhance the sensitivity of electrode detec-
tion by improving the electron transfer between the electrode
surface and target molecules, because of ILs’ high conductivity.
The low sensitivity of dopamine (DA) detection in the brain,
caused by its low concentration, could be effectively improved
by the addition of ILs. Nagles et al. developed a novel sensor
with an electrode modified by chitosan-single walled carbon
nanotubes and [BMIM][BF,]. The sensitivity of the IL-modified
electrodes improved compared with electrodes without IL

This journal is © The Royal Society of Chemistry 2023

modification under the same conditions. Specifically, the ano-
dic peak current of DA detected using [BMIM][BF,]-modified
electrodes increased by 17%.>*° The neurotransmitter seroto-
nin (5-hydroxytryptamine, 5-HT) played a critical role in the
emotional system and the involvement of ILs in 5-HT sensors
could aid in the diagnosis of depression. Li et al. developed a
highly sensitive nanocarbon 1-octylpyridinium hexafluoropho-
sphate paste electrode for the detection of 5-HT. The electrode
exhibited a linear range of 0.2-20 uM and a detection limit of
0.1 pM. The addition of highly conductive ILs was found to
significantly enhance the electron transfer rate and increase the
measured current, leading to improved sensitivity.”*° Yang
et al. also developed an electrochemical biosensor for the
detection of glucocorticoid receptor alpha, a key biomarker of
depression in the hippocampus and blood cells. The biosensor
utilizing amino acid-coated gold NPs and amino-ion rGO
(IL-rGO) markedly magnified the electrochemical signals.”*!
IL-based sensors could be used to diagnose AD. Choline and
acetylcholine play crucial roles in various biological processes,
for example, cognitive processes.>*>*** Since some diseases are
connected with choline and acetylcholine, which were used as
biological media, the quantitative analyses of choline and
acetylcholine are possibly helpful for diagnosis of AD. In the
work of Albishri et al sensitive and selective biosensors,
composed of choline oxidase or acetylcholine esterase on glassy
carbon electrode decorated GO-1-allyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([AMIM][NTf,]), were designed
for the determination of choline and acetylcholine in human
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serum samples. ILs played an excellent role in the sensor, they
could be used as modifiers to improve the performance of
electrodes.>****> Furthermore, the combination of GO and ILs
could provide a more advantageous microenvironment for the
stabilization and enhancement of catalytic performance for
immobilized enzymes."® The quantitative analysis of 0,*” is
important in early diagnosis of AD induced by ROS.>***° pPeng
et al. fabricated a carbon fiber microelectrode for acute and
sensitive monitoring of O,°" in living rat brains. The electrode
was coated by a functionalized polymer carboxyl-rich IL onto
Prussian blue NPs. Biocompatible polymer ILs prevented enzyme
leakage by abundant points with superoxide dismutase, which
was beneficial for the improvement of the sensitivity.”**

ILs show excellent advantages for the production of sensors
to diagnose diseases, which are mostly achieved by modifying
electrodes. Due to the special structure of ILs, they can form
H-bonds with a variety of substances, provide active sites for
reactions, and have good electrochemical properties. These
advantages enable ILs to modify the surface of a variety of
substances to use in disease diagnosis. Currently, the primary
approaches of mental disease diagnosis are through interview
to identify the signs and symptoms. Therefore, it is crucial to
develop IL-based sensors with low detection limits, high accu-
racy, sensitivity, and selectivity in the diagnosis of mental
illnesses.

4.2.3 1ILs in MRI/fluorescence diagnosis. ILs can play
important roles as the element or fluorescence providers in
imaging diagnosis. ILs, with their tunable structure and excel-
lent performance, can also contribute to enhance diagnosis in
the biomedical field, such as through magnetic resonance
imaging (MRI). For example, in comparison with hydrogen
nuclear magnetic resonance with its limitations of strong back-
ground, low contrast, and imaging artifacts, researchers’ atten-
tion has been drawn to '°F MRI, where ILs were recognized
as potential candidates of possible fluorinated ions, ie.,
[BMIM][BF,] and 1-ethyl-3-methylimidazolium trifluoromethyl
sulfonate ([EMIM][OTf]).>****° There is a great demand for the
'9F agents with superior performance. Zhu et al. utilized the
phase transition of ILs to contact hollow mesoporous silica
(HMS) and stimuli-responsive substances to form a core-shell
structure. Fluorinated ILs as cargos were loaded in molten state
into carrier HMS and sealed with bio-responsive copolymers,
resulting in the formation of “'°F off”” (Fig. 7B). When triggered
by bio-stimuli like acid tumor microenvironment or overex-
pressed MMP, “*°F on” was lighted up in vivo. >F MRI was thus
considered as a promising platform to diagnose diseases like
cancer. These fluorinated IL probes hold many advantages,
such as low background value, deep tissue penetration, good
biocompatibility and sensitivity, which are beneficial to in vivo
imaging.>'°

The use of fluorescent ILs probe for real-time monitoring is
a novel approach. A fluorescent IL, N-methyl-6-hydroxyquino-
linium bis(trifluoromethylsulfonyl)imide ([6MQc]|[NTf,]) probe
had advantages of high fluorescence sensitivity to pH in the
range of 6.0-7.5, selectivity, and biocompatibility for the quan-
titative imaging of intracellular pH. These were elucidated by
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Gao et al., who offered a crucial tool responsible for the early
diagnosis of diseases.>®' Dramatic fluctuations in intracellular
pH can induce inappropriate cell growth, division, and func-
tion, and cause serious diseases.>’>"2°> Hence, this real-time
monitoring of intracellular pH was of significance for disease
diagnosis and prevention.

Magnetic ILs composed of imidazolium cations based on
perylene diimide (PDI) and anions of nitrate-chelated Gd(ur)
were established and the Gd(ur) complex was used to enhance
the MRI signals, while the PDI was applied in fluorescence
imaging. The magnetic ILs were dispersed on the membrane in
a formation with excellent luminous properties, making them
valuable for fluorescence imaging of cells and tissues. In the
aqueous environment, the magnetic ILs were aggregated by the
n-n stacking interaction of cations, facilitating the enhance-
ment of MRI signals on tumor tissues. The switching charac-
teristic between the dispersed and aggregated formation,
depending on changes in the physiological environment,
makes this magnetic IL suitable for dual-mode imaging
through fluorescence imaging and MRI.>*¢

The structural tunability of ILs creates many possibilities for
composition. ILs can be used as element donors and lumines-
cence factors in imaging diagnosis, suggesting abundant appli-
cations in the diagnosis of disease influence. Moreover, the
different states of ILs hold promise for imaging diagnosis.
For example, the IL contrast agent is wrapped in the molten
state, sealed in the solid state, and then followed by surface
modification according to the particularity of the micro-
environment or surface protein expression of disease lesions
to achieve the purpose of targeted release for imaging. IL
monomers with aromatic rings can be designed for fluores-
cence imaging by m-n stacking interactions after polymeriza-
tion or aggregation in the micro-environment of disease foci.
Until now, diagnosis and treatment have been mostly sepa-
rated. ILs with dual characteristics of fluorescence/imaging and
treatment can break the routine and combine diagnosis and
treatment by introducing the '°F element into ILs with anti-
cancer activity and then wrapping them in a shell that responds
to the tumor site or attaching folic acid targeting to tumors.
These design tasks can be tedious and complex and can be
simplified by using the learning and prediction abilities of Al

4.3 Application of ILs in delivery systems

Controlled drug release systems with enhanced drug efficacy
and minimized side effects have garnered significant attention
from researchers. To meet this demand, various organic and
inorganic systems, such as hydrogels, micelles, and nano-controlled
drug release delivery systems, have been developed.>*”**® Con-
sidering the tunability of ILs’ structure, different response
sensitive drug release systems could be designed under various
conditions through the selection of compatible cationic and
anionic moieties. In this section, we discuss current progress
in IL drug delivery.

4.3.1 Drug assistants. The amphiphilic nature of ILs, char-
acterized by their ability to dissolve both hydrophilic and
hydrophobic compounds, along with the tunability of their
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anions and cations, offers great potential for optimizing drug
solubility in solution systems. The effectiveness and safety of
medicine formulations are key factors reflecting the drug
level.>*® However, many drugs suffer from low bioavailability
because of insolubility. A solution system based on ILs could
dissolve hydrophobic drugs under mild dissolution conditions
in a short time, greatly increasing the concentration of drugs in
water (Fig. 8A).>*%° For example, a small amount of choline
lysinate ([Ch][Lys]) could significantly increase the solubility of
ferulic acid and puerarin, because [Ch][Lys] would improve the
solubility of hydrophobic substances.>®* CAGE also improved
the bioavailability of sorafenib (a hydrophobic drug) by increas-
ing its solubility though oral delivery. Briefly, CAGE improved
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the solubility, increased the concentration in the blood,
and extended the release time in the body, thereby improving
efficacy.”®?

In addition to increasing solubility, ILs can increase the
permeability of drugs.® They can be used as chemical permea-
tion enhancers to break down physiological barriers and deliver
active ingredients to disease sites.'® Thus, application of ILs as
a delivery system is feasible. Furthermore, combining cations
or cations of biologically active pharmaceutical ingredients
(APIs) with ILs can form IL-API drugs, which can promote
the dissolution of poorly water-soluble drugs as innovative
solutions, enabling reaching target cells through various
barriers.”®® For example, Lu et al. synthesized IL-based taurine
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Fig. 8 Application of ILs in delivery systems. (A) Schematic diagram of ILs increasing drug solubility. (B) Schematic diagram of [Car][Tau] delivering insulin
and dextran to tumor cells, inhibition of tumor growth (top), permeation of drugs across the skin with [Car][Tau] (left), and the content of IL delivery drugs
in different layers of the skin (right). Reproduced with permission from ref. 263. Copyright 2021 American Chemical Society. (C) Topical delivery of siRNA-
ILs through porcine skin in vitro (top) and gene knockdown by siRNA-IL formulation correlated with biological efficacy in vivo (bottom). Reproduced with
permission from ref. 11. Copyright 2020 Elsevier. (D) Preparation of IL-based microemulsion and the proposed oral drug delivery system. Reproduced
with permission from ref. 264. Copyright 2022 American Chemical Society. (E) Poly[P4,4,4,4][SS] as the pH- and thermally responsive receiver coated
with CuCo,S,4 nanoparticles to deliver drugs. Reproduced with permission from ref. 21. Copyright 2020 American Chemical Society.
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with good biocompatibility, non-toxicity, and antitumor activity
to deliver insulin and dextran.”®® The results showed that
taurine-based ILs could improve the drug permeability and
efficacy (Fig. 8B).*** A biocompatible IL choline fatty acid
[Ch][FA] was used as a skin permeation enhancer to mediate
the dissolution of antigen peptides to treat tumor. Compared
with the use of water solvent, the transdermal delivery flux
of peptides increased 28-fold by using the IL. Furthermore,
no skin irritation was caused and tumor growth in vivo was
successfully inhibited.>®®

Mitragotri’s team has been committed to the exploration of
ILs in the field of biomedicine and made great advancements
in using ILs as drug permeation enhancers in recent years. They
presented siRNA robed with IL moiety (benzyl dimethyl octyl
ammonium (BDOA)-siRNA) for the treatment of skin disease.
The system displayed the necessary properties for dermal drug
delivery, including biocompatibility, cell internalization, and
skin permeability irrespective of the siRNA. The experiments
demonstrated that therapeutic BDOA-siRNA could be viewed as
a promising prodrug platform for treating skin diseases such as
psoriasis, atopic dermatitis, and melasma.”®” They developed
complementary and synergistic strategies to deliver siRNA into
the skin for a topical therapeutic administration (Fig. 8C).""
Demonstrating that BDOA-siRNA effectively permeated the
labeled siRNA into the epidermis in vitro using the CAGE
system for topical delivery. Furthermore, the administration
of CAGE-BDOA siRNA to SKH1-E hairless mice resulted in a
significant reduction of 44% in the expression of GAPDH
protein compared with the group treated with CAGE-BDOA
alone. This reduction was also 13-fold greater compared with
the untreated group."

ILs can effectively improve the water solubility of insoluble
drugs and the permeability of drugs. They can promote absorp-
tion, break the physiological barrier, and improve drug bioa-
vailability because of miscibility and ability to disrupt the lipid
bilayer structure of biological membranes. However, the use of
ILs as solution and permeation enhancers can have adverse
effects, such as causing irritation or damage to the mucosal
barriers or skin. Thus, ILs must be reasonably designed, and
careful selection of their concentrations is needed to ensure the
safety and efficacy of IL-based drug delivery systems.

4.3.2 Vaccine adjuvants. Adjuvants, which are non-specific
immunoenhancers, are crucial for enhancing the immuno-
genicity of antigens. Currently, inorganic salt adjuvants, oil
emulsion adjuvants, bacterial lipids, and foreign genomic sub-
stances are the main types of adjuvants used. However, they are
associated with safety concerns, poor stability, and ineffective
immune activation.?®® ILs have emerged as a promising alter-
native to traditional adjuvants because of their biocompatibil-
ity, stability, and controlled release, all of which enhance their
effectiveness as adjuvants. Furthermore, ILs are effective adju-
vants because they can activate immune cells and modulate the
immune response.

ILs with good biocompatibility (e.g., based on original
human metabolites) have been explored for the development
of vaccine adjuvants. For example, choline dihydrogen
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phosphate IL has been used to enhance the therapeutic
merit of vaccine candidate KMP-11 (a small protein) towards
leishmaniasis under parenteral injection.”®® Pancreatic ductal
adenocarcinoma cells treated with CAGE enhanced immuno-
genicity and permeability of tumor cells.””® Mitragotri’s team
developed a new IL adjuvant synthesized using choline and
lactic acid. It had good biocompatibility and a dispersion effect
on ovalbumin antigen, induced effective antigen-presenting
cell infiltration at the injection site, and generated a strong
immune response to antigen.>”* Zhang and colleagues were the
first to develop an intranasal vaccine adjuvant system for
influenza split virus antigen in the form of an oil-in-{Ch][Nic]
nanoemulsion formulation with uniform size and excellent
stability. This system promoted a robust mucosal immune
response in the body, prolonged the nasal residence time
(24-fold greater than in control participants), and enhanced
the penetration of antigens into the nasal mucosal epithelial
cells.”””

At present, ILs used in research as vaccine adjuvants are
generally limited to human metabolites. The application of
biocompatible ILs in vaccine adjuvants could be expanded. The
use of IL adjuvants through different vaccine delivery methods
could be developed further. For example, oral vaccine adjuvants
must overcome the adverse gastrointestinal tract environment
with its strong acidity and digestive enzymes. Sufficient resi-
dence time in the gastrointestinal tract is needed for vaccine
absorption to ensure that the vaccine can reach the induction
site of mucosa-associated lymphoid tissue and trigger the
immune response.>”® The diversity of IL structures means that
ILs can be designed to have acid resistance and sufficient
retention time in the gastrointestinal tract based on the actual
requirements of oral vaccine adjuvants.

4.3.3 Environmental response therapy. ILs are susceptible
to microwave radiation, because of their ionic characteristics
and high polarizability and are often used to enhance micro-
wave thermal therapy. Su et al loaded [BMIM]PF¢] onto
nanocomposites for enhancing microwave thermal therapy
(MWTT).>”* Chen et al. loaded ILs onto ZrO, with triphenylpho-
sphonium, a mitochondrial-targeting molecule, and the tumor
cell-targeting peptide iRGD to obtain a nano-agent for efficient
cancer therapy by microwave ablation.””> Wu et al. loaded ILs
as an microwave heating sensitizer and a liquid metal onto
mesoporous ZrO, nanoparticles to design the first dual-
functional nanoparticles with microwave dynamic therapy
and microwave thermal therapy by using MW as the sole energy
source,”’® synthesizing highly effective anti-tumor drugs. The
drugs had CT imaging capability to visually monitor the thera-
peutic results in real time. Under combination therapy, the
tumor inhibition rate of subcutaneous tumor model mice could
reach 92.2% =+ 6.8% and 40% of the tumor-bearing orthotopic
HCC mouse models could be completely cured.?”®

ILs can form pH- or temperature-responsive drug delivery
systems with nanoparticles. The hydrophobic alkyl chain and
the hydroxyl group of the choline cation in choline acetate
could establish a 3D network structure with the polymer chain
of P123 through H-bonds and hydrophobic interactions. This
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would serve as a potential temperature-responsive drug carrier,
allowing the drug to be transported in the gel network.>”” The
pH-sensitive microencapsulation, which consists of an IL core
and a metal-phenolic network shell, has been proved to be
effective for oral drug delivery. ILs effectively loaded drugs and
increased the drug transport rate in endothelial cells to
improve drug permeability (Fig. 8D).>** Zhou et al used
poly(lactide-co-glycolide) as the backbone, choline arginine
for protein protection, and vitamin B12-chitosan for mucosal
adhesion and pH responsiveness.”’® Choline arginine proved
effective in maintaining insulin stability throughout delivery
system preparation, transportation, and storage.

ILs can modify nanoparticles to form a multi-stimuli-
responsive delivery system. IL-based hydrogels loaded with
Fe;0,4 nanoparticles could deliver drugs efficiently with corres-
ponding stimulation (pH and temperature), excellent biocom-
patibility, and self-healing properties.>”” Fan et al. proposed a
new drug release, which was composed of CuCo,S, nano-
particles as the core and poly(tetrabutylphosphonium styrene-
sulfonate) (Poly[P,444][SS]) as the pH- and thermally
responsive receiver. The results showed that the combinatorial
dual stimuli-triggered drug release behaviors can efficiently
improve the cytotoxicity of cancer cells (Fig. 8E).>' Zhou et al.
developed prochloraz IL-based microcapsules of pesticides.>”
The prochloraz IL was used as nucleating agent to load CaCO;
onto the surface of micelles and wrap it with pectin. These
IL-based microcapsules were pH/pectinase-responsive with
excellent antibacterial performance and long-term efficacy
against sclerotinia. Yu et al. used core-shell liquid-metal nano-
particles modified with 1-butyl-3-methylimidazolium ()-lactate
to combine chemodynamic therapy (CDT), microwave dynamic
therapy (MDT), and MWTT.>*°

IL complexes, which are a class of ionic polymers can often
bind responsive groups such as photo-, pH-, and thermally
responsive groups. Cui et al. exploited microenvironmental
changes in tumor cells to fabricate self-assembled nano-
particles with thermal and pH responses.*®" Poly(IL-co-N-
isopropylacrylamide) (PILNPM20) combined with deoxycholic
acid was pH and thermal dual-responsive. PILNPM20 based
on IL complexes was the polyelectrolyte backbone. The self-
assembled nanoparticles can be used as drug carriers to
effectively control drug release. An amphiphilic block polymer
containing an IL complex, consisting of three parts: a target
ligand, photo-response block, and pH-response block, could
self-assemble into drug-loaded nanoparticles with a particle
size of 80 nm in aqueous solutions, and the drug loading
capacity of doxorubicin (DOX) was as high as 70%.%*> Nano-
particle based IL complexes had no obvious side effects and
good biocompatibility.

IL-response sensitizers are used as drug release switches and
carriers for specific functions in biomedicine to maximize
the effects. The relationship between nanoparticles and the
environment can be reconciled by selecting appropriate ILs to
modify the surface of nanoparticles. ILs provide new directions
for nanomaterials and as pharmaceutical preparations, to treat
diseases. However, the combination of nanomaterials and ILs
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requires comprehensive evaluation, including internal stability
in vivo, biological distribution, and metabolic pathways, to
assess drug safety and long-term biological behavior in vivo.
At the same time, ILs often modify the surface of nanomater-
ials, which limits drug loading. Therefore, surface modification
and drug activity should be balanced.

4.3.4 Drug carriers. ILs have been demonstrated to
increase the solubility and bioavailability of drugs. Addition-
ally, they can be designed to exhibit controlled release proper-
ties that are advantageous in maintaining drug concentrations
at therapeutic levels for an extended duration. Mitragotri et al.
found that choline-geranate-based IL (LATTE) could be used as
a drug carrier and ablation agent for percutaneous locoregional
therapies of hepatocellular carcinoma.?® A single LATTE injec-
tion led to uniform distribution and retention of drugs in the
ablation area for up to 28 days, helping in prevention of tumor
recurrence. LATTE facilitated the internalization of DOX and
exhibited great potential to kill cancer cells when used in
combination, compared with individual DOX usage. Additionally,
LATTE treatment led to a rapid and substantial reduction of
adenosine triphosphate (ATP), which could prevent cancer cells
from converting glycolytic ATP to induce resistance.”®® LATTE
might promote a microenvironment conducive to immunother-
apy in animal models based on histological analysis.

ILs have the unique ability to self-assemble into nanostruc-
tures in solutions. They can form different structures (introduced
in Section 2.2), such as micelles, vesicles, and microemulsions.
The diversity of IL structures also provides a broader space to
increase drug solvation as drug carriers. IL-based drug carriers
have good stability.>®* They can change their structure by adjust-
ing pH, temperature, light, enzyme and other physical or
chemical stimuli for drug release. After receiving external stimu-
lation, the structures of the carriers are often destroyed and the
hydrophilicity or hydrophobicity changed, resulting in drug
carriers becoming loose or shrinking to achieve the purpose of
drug release. CAGE was combined with Tween 20 to form a
microemulsion in water and loaded with methotrexate (MTX) for
the treatment of psoriasis.”®> The IL-based drug carrier system
was thermo-responsive for release of MTX. When the tempera-
ture changed, the carrier transformed from a hydrophilic state to
a hydrophobic state, leading to the contraction of the hydrogel
network and the release of drugs. Further experiments on mice
have proved excellent ability to deliver MTX through the skin,
which could effectively treat skin inflammation without adverse
side effects.

PILs have also made significant progress as drug carriers.
PILs usually exhibit lower biological toxicity than IL monomers.
Stimulation-responsive PILs have a wide range of applications
and widely researched as drug carriers, suggesting that they are
expected to become candidates for drug delivery. For example,
1-vinyl-3-butylimidazolium bromide ([VBIM][Br]) monomers
were polymerized into hydrogels to coat the hydrophilic anti-
bacterial drug tetracycline, and the ordered hydrogel molecular
chains were disrupted into disordered molecular chains by
temperature induction to release drugs.”®® The drug release
rate and cumulative release amount in this PIL-based hydrogel
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were profoundly biocompatible in vitro and could be precisely
controlled by adjusting the temperature. Mukesh et al. reported
a nanogel system, composed of choline acrylate-based PIL,
which was able to release up to about 80% 5-fluorouracil,
widely used in the treatment of cancer, at pH 1.2 (stomach pH)
for 10 days at physiological human body temperature (37 °C). The
system had a poor performance at pH 5.0 and 7.4.>%

Apart from the aforementioned merits, ILs also can redirect
the biodistribution and prolong their circulation by modifying
the behavior of drug carriers. For example, Hamadani et al.
developed a protein-avoidant IL strategy to modify nano-
particles for increasing bloodstream circulation and driving
biodistribution.***?%° Compared with PEG modification with
the risk of developing anti-PEG antibodies, the introduction of
an IL (choline hexenoate) endowed the nanoparticles with
negative charge and a larger hydrodynamic radius, resulting
in diminished protein adsorption and reduced liver biodistri-
bution.?®® In addition, choline hexenoate could also be used to
electrostatically solvate copolymers by direct dissolution, form
stable drug carriers, reduce hemolysis, and imbue the ability of
hitchhiking onto red blood cells.®* Furthermore, a library of
choline carboxylate ILs assembled on polymeric nanoparticles
was constructed to break biological barriers and prolong drug
circulation for intravenous delivery.’*® These findings and
protocols highlighted the potential of ILs for advanced nano-
particle modification toward the development of more effective
and precisely targeted therapies.

ILs have gained attention in drug delivery systems due to
their ability to dissolve poorly soluble drugs and regulate the
physiological properties of active drug ingredients. Challenges
such as poor drug solubility, systemic toxicity, and short reten-
tion time remain significant hurdles in the field of biomedi-
cine. The design of high drug-loading and stable supports
based on ILs, by combining the diversity of IL cluster forms,
is of great practical significance for the effective treatment of
drugs with low bioavailability. The form of ILs plays a crucial
role in their suitability for drug delivery applications. While
there have been advancements in the investigation of IL
clusters, more powerful and systematic research on their for-
mation, morphology, and properties is needed to be explored.
Additionally, a more thorough understanding of the transport
principles governing the use of IL-based delivery systems in
cellular uptake and tissue delivery is needed to be elucidated.

5 Conclusions and outlook

ILs offer remarkable advantages in biomedical development
owing to their unique structures and biological and physico-
chemical properties. This review provides a detailed overview of
the molecular composition, interaction forces of ILs, and the
unique physicochemical properties, especially the ILs’ tertiary
structures (from molecular structure, to H-bonding networks,
and to clusters). Furthermore, the therapeutic potential of ILs
and their interaction with cell structures are described, along
with the underlying mechanisms. This review also highlights
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the potential applications of ILs in pharmaceutical engineer-
ing, disease diagnosis, and drug delivery systems, taking into
account ILs’ unique tertiary structures or other tunable physio-
chemical properties.

ILs have been used in many biomedical fields, yet there are still
challenges to be addressed. Firstly, safety remains a significant
challenge. Although approved drugs can be ionized into ILs,
effectively improving their solubility and bioavailability, the effi-
cacy and dosage still require further exploration. Second, the
potential mechanism of ILs as biomedicine needs to be further
elucidated in vitro. Several indications (e.g:, side chain effect) have
been identified, but they are insufficient to guide the design of
biomedical ILs. Third, regarding the simple biological evaluation
system of ILs in vivo, it is necessary to expand experimental animal
models (beagles and other large animals) to establish a multi-level
and full chain biological evaluation system for the safety of ILs.
Fourth, the exploration of IL clusters has been insufficient to date.
Their formulation, morphology, and properties should be explored
using more powerful and systematic methodologies, given the
rapid development of IL clusters for the application of drug
delivery. Ultimately, more attention should be directed to addres-
sing the residual ILs in the post-treatment processes of pharma-
ceutical engineering. Meanwhile, it is crucial to emphasize the
impact of residual ILs on drug efficacy.

Based on the above discussions, ILs have potential to signifi-
cantly impact the expansion of multiple drug formulations and
routes of administration. Firstly, ILs can serve as protective additives
and therapeutic drugs. For example, ILs have shown impressive
inhibitory effects on pathogenic bacteria. Therefore, they have the
potential to become protective additives to be added in clothing,
masks, hand sanitizers, etc. Moreover, based on the side chain effect
of ILs to break cell membranes, ILs might be used in antiviral
activity against enveloped viruses, such as human immunodefi-
ciency virus (HIV), Epstein-Barr virus (EBv), and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). By leveraging
the membrane-breaking effect of ILs, they might have the potential
to inhibit the replication or entry of these enveloped viruses,
contributing to the development of effective antiviral strategies.
Secondly, utilizing AI to design IL drugs by incorporating para-
meters such as IL structures and therapeutic effectiveness results in
a new shortened drug development time. Thirdly, ILs are potential
biomedical aids for synthetic biology regarding the improvement of
enzyme stabilization and activity, making them useful for biocata-
Iytic reactions. ILs can also serve as efficient reaction media for
critical processes like recombinant DNA and modular enzyme
assembly. Fourthly, their miscibility, designability, and tertiary
structures, especially clusters, make ILs attractive for drug delivery
applications. Overall, the application of ILs in biomedicine is vast
and seems borderless.

List of abbreviations

Cations
[EMIM] 1-Ethyl-3-methylimidazolium
[BMIM] 1-Butyl-3-methylimidazolium
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