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Despite relevant advances, the pharmaceutical industry continues to strive with the limited adaptability, moisture
management, and discomfort caused by existing wound dressings. Adding to these challenges are the bioavail-
ability and pharmacokinetics of common (bio)therapeutics, overall leading to unmet clinical demands, safety
concerns, and poor patient compliance. Ionogels, a versatile class of materials comprising ionic liquids (ILs)
confined in an organic or inorganic solid network, have been proposed to overcome these drawbacks. They have
demonstrated the ability to enhance the antimicrobial and mechanical properties of the resulting materials while
allowing remarkable improvements in drug solubility and their delivery to targeted sites. Nowadays, safety in-
vestigations and clinical trials are still required to fully leverage the potential of ionogels for human applications.
However, the recent FDA approval of the New Drug Application MRX-5LBT®, a transdermal drug delivery system,
opens promising perspectives toward the clinical translation of ionogels. This review focuses on recent advances
achieved in the design of ionogels for pharmaceutical applications, viz. in topical formulations to promote wound
healing with antimicrobial activity, and as platforms to improve drug pharmacokinetics (solubility and
bioavailability), and their delivery at targeted specific sites with controlled release behaviour.
1. Current challenges in wound healing management and drug
delivery

Nowadays, the incidence and burden caused by acute and chronic
wounds account for significant healthcare concerns in which inadequate
treatment can lead to ulceration, local physiological disfunction, or even
death [1–3]. In chronic wounds, the presence of persistent inflammatory
stimuli causes the continuous attraction of macrophages and neutrophils
to the wound bed with the secretion of inflammatory cytokines, ulti-
mately interrupting physiological healing mechanisms. Moreover,
wounds can become contaminated by complex populations of many
different bacteria arising from distinct sources, including the external
environment, the surrounding skin, or endogenous sources [4]. To
counteract these actions, current wound management approaches
encompass debridement, mitigation of conditions resulting in wounds
(e.g., employment of off-loading devices, or use of negative pressure
wound therapy), and the application of dressings [1]. A broad variety of
dressings tailored to the requirements of the wound (dry or exuding,
clean or infected, superficial or deep) as well as more advanced devices
able to reduce the bacterial load in the wound bed by releasing
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antimicrobial agents (e.g., iodine or silver) have been developed [4].
Although these dressings have significantly improved wound manage-
ment, a device capable of effectively healing chronic wounds while
tackling infection does not exist [4]. In fact, issues related to inadequate
mechanical properties and weakness in terms of adhesion, extensibility,
and elasticity, and the limited efficiency of the topical delivery of ther-
apeutics such as growth factors and antibiotics remain to be solved [1].
Adding to these challenges is the low bioavailability, non-controlled
pharmacokinetics, and tolerance acquired by the host organism to
existing pharmaceutical drugs, resulting in unmet clinical demands and
drug safety concerns [5,6]. In recent years, novel drug delivery systems
(DDS) have proven their importance at delivering therapeutic molecules
with site-specific and localized effects. Additionally, these systems have
facilitated drug release at desired rates and simultaneously reduced un-
desired side effects [7].

Another important aspect in the pharmaceutical field is the admin-
istration route that can limit the therapeutic effect of a given drug, being
generally divided between enteral (oral and rectal), parenteral (intra-
venous, intramuscular, intranasal, intradermal, among others), and
transdermal modes of administration [8,9]. Overcoming biological
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barriers, including skin, mucosal membranes, blood-brain barrier, as well
as cell and nuclear membrane, is a key obstacle, limiting the efficient
delivery of drugs into the body [10]. Since each route poses its own
obstacles to drug delivery, the designed DDS must consider a series of
factors such as the amount of drug, the distribution and location of
particulates, the molecular weight, the physicochemical characteristics,
the presence of enzymes and electric fields, the physiological environ-
ment, the type and concentration of polymers and excipients, and the
surface morphology (shape, charge, size, and density) of the carrier
system [8,9]. Overall, fundamental issues associated with drug admin-
istration remain to be surpassed, particularly those related to the solu-
bility of a particular therapeutic in aqueous solutions, drug permeability,
low absorption in the gastrointestinal tract, and high degradation rates of
the target drugs [11,12].
1.1. Opportunities brought by ionogels as dressings and drug delivery
systems

The use of gels, whereby polymers (e.g., cellulose, chitosan, poly-
ethylene glycol) or inorganic matrices (e.g., silica, metal oxides or metal
organic frameworks – MOFs) are swollen with solvents, have been pro-
posed to overcome some of these issues regarding wound dressings and
pharmacological delivery [13–15]. Unlike liquid substances or oint-
ments, gels have the advantage of remaining stable in the area to be
treated with the primary goal of maximizing efficacy while improving
patient compliance. Despite the progress achieved up to date, some
limitations prevail in gel-related applications for wound healing and drug
delivery, such as inadequate circulation, unresolved inflammation and
infections, and lack of angiogenesis [16], as well as poor aqueous solu-
bility, low drug selectivity, non-controlled drug release, and low
bioavailability [17]. Over the years, due to the intense research on
gel-type materials, it became essential to organize and classify gel types
according to widely accepted and adopted terminologies [18]. In this
review article, depending on the solvents applied, gels are classified into
hydrogels and ionogels, respectively, if water or ionic liquids (ILs) are
applied as solvents [13]. Among ionogels, these are further classified
according to the nature of the solid network and the type of molecular
interactions established between the solid matrix and the IL, as addressed
in more detail in the next section.

ILs are a class of organic salts, usually composed of a large
Fig. 1. Examples of applications of ionogels in the pharmaceutical field and rep
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unsymmetrical organic cation and a small inorganic or organic anion. As
a result, they end up having many advantages over traditional organic
solvents, including negligible vapor pressure at room temperature, as
well as high thermal and chemical stability [19]. In aqueous solutions, ILs
also afford an improved and unique solvation performance for a wide
range of compounds, achieved by their hydrotropic nature or as
surface-active ingredients. Due to the large number of ion combinations,
ILs are generally recognized as tunable designer solvents and
task-specific fluids [20]. If ILs are confined in a solid polymeric or inor-
ganic network, designable structures termed as ionogels can be obtained
[21]. Ionogels combine the properties of the IL and of the solid confining
network, having high ionic conductivity, high permeation and adsorp-
tion capabilities, anti-freezing performance, a wide range of biological
activities (including antimicrobial, antioxidant, and anti-inflammatory
properties), and may be stimuli-responsive and self-healable. These
properties allow them to stand out as promising candidates for different
applications in the pharmaceutical field, as sketched in Fig. 1.

Over the years, ILs have been investigated for application in phar-
maceutical sciences due to their flexible properties, e.g., as solvents and
catalysts for active pharmaceutical ingredient synthesis [22], as solubi-
lization agents for hydrophilic and hydrophobic drug molecules [23],
and being themselves drugs comprising active pharmaceutical in-
gredients (API-ILs) [24]. Due to their remarkable structural diversity, ILs
have been engineered to promote the dissolution, stability, and
bioavailability of pharmaceuticals [25]. Furthermore, biologically active
ILs were synthesized, displaying antimicrobial, antimalarial,
anti-inflammatory, and antitumour therapeutic activities [26], among
which some of these features have already been reported to be trans-
ferred to the corresponding ionogels [27–30]. They can also have a
positive impact on the formulation and delivery of products since ILs can
disrupt the physiological skin barriers to deliver drugs to targeted sites
[31]. However, some ILs may display some cytotoxicity, and therefore, a
judicious choice of their cationic and anionic constituents is important to
obtain biocompatible compounds [24,32].

This review focuses on recent advances achieved on the design of
ionogels for pharmaceutical applications, especially those aimed to
obtain high-performance antimicrobial materials as improved dressings
for wound healing, and to design formulations with the ability to
enhance drug solubility and bioavailability. The aptitude of ionogels to
allow targeted delivery in specific sites in the human body, with
resentative chemical structures of ILs frequently used in their preparation.
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controlled release behaviour, is also discussed. Throughout the reviewed
and discussed works, issues related to the biocompatibility of the pre-
pared ionogels are also addressed. Resorting to a SWOT analysis, future
perspectives on the application of ionogels in the field are finally
discussed.

2. Ionogels: preparation and main properties

2.1. Synthetic routes

The main event in the preparation of ionogels is the formation of
crosslinked networks that will disperse the IL inside the ionogel and
determine the topological configuration of the polymer network while
having an effect on the properties of the resulting materials [33].
Depending on the nature of interactions between the solid network and
the dispersed IL, ionogels can be divided into physically and chemically
cross-linked networks. Physically cross-linked networks usually include
hydrogen bonding, van der Waals, and π-π interactions established be-
tween the IL and the solid support. On the other hand, chemically
cross-linked networks resort to the establishment of covalent bonds and
therefore present good mechanical strength [34]. ILs assist ionogel for-
mation in a variety of ways and regulate their structure and properties by
providing hydrogen bonds, electrostatic, host-guest interactions, and
IL-philic and IL-phobic interactions [35]. As proposed by Bideau et al.
(2011) [14], and according to the nature of the solid network (elucidated
in Fig. 2), ionogels can be classified into inorganic, organic, and hybrid
(inorganic-organic).

In general, synthetic routes (Fig. 2) commonly used for ionogels
preparation include direct mixing, in situ polymerization/gelation, and
solvent exchange [33], as represented in Fig. 3. These methods can
generally be applied to ionogels composed of solid networks of an inor-
ganic or organic nature. Furthermore, inorganic networks typically
employ oxide nanoparticles, carbon nanotubes, or oxide networks arising
from sol-gel processing while organic networks make use of low molec-
ular weight gelators (LMWG) or resort to polymers/poly ionic liquids
(PILs) obtained from monomer polymerization. Finally, hybrid
organic-inorganic networks are generally composed of polymers rein-
forced with inorganic fillers [14,36,37].

According to the works reviewed in the next sub-sections, a summary
of the main advantages and limitations of the methods commonly used
for ionogels preparation is presented in Table 1.

2.1.1. Direct mixing
The direct mixing of ILs and the solid network constitutes the simplest

approach to prepare inorganic or organic ionogels, being however this
last option restricted to the cases in which the IL and polymer are
compatible [33]. Herein, the morphology of the ionogel is determined by
the polymer [37]. Moreover, this method is limited by the choice of the
Fig. 2. Classification of ionogels based on the nature of the solid network and
the most common methods used for their preparation.
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polymer and the IL used, being the composition of the ionogel deter-
mined by the maximum swelling capacity of the polymer [47]. In the
cases where the reactants are not compatible, a secondary solvent will
help in mixing the polymer networks and ILs [48]. As an example, Yu
et al. [48] prepared multifunctional ionogels as candidates for joint skin
wound healing by directly mixing polyvinyl alcohol (5 wt% in water)
with bromide-based ILs (0.5 M) at a volume ratio of 2:1 under stirring,
from which water was remover by freeze-drying.

Inorganic ionogels are usually prepared by dispersion of inorganic
nanoparticles or silica in ILs, or using the sol-gel technique to confine ILs
in conducting or oxide matrices [41]. By taking advantage of the stability
of nanoparticles in IL media, Shimano et al. [49] prepared hybrid ma-
terials by a simple mechanical milling process involving silica particles in
the IL 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide.

The sol-gel strategy usually uses alkoxide precursors, such as tetra-
methoxysilane (TMOS), that can undergo hydrolysis and condensation in
the presence of the IL, thus forming a porous gel matrix with the IL filling
the porous phase [50]. Vioux and co-workers [38] used the API-IL
1-butyl-3-methylimidazolium ibuprofenate in sol-gel synthesis
(sketched in Fig. 3A) using pure tetramethoxysilane (TMOS) or
TMOS/methyltrimethoxysilane (MTMOS) at different molar ratios and
diluted hydrochloric acid. Gelation took place for 1h and after an ageing
period of 14 days, transparent monolithic ionogels were obtained as
efficient drug releasing systems with kinetics controlled by the silica wall
[38]. Wu et al. [51] synthesized an ionogel by modifying its
silica-supported ionogel organically, leading to the fabrication of a me-
chanically and ionic conductive compliant ionogel. Silica-aerogel-based
ionogels were prepared using tetraethylorthosilicate (TEOS) and phos-
phoric acid, after which different concentrations of cholinium dihy-
drogen phosphate IL were added and left for gelation during one week
[52]. The authors found that the addition of IL to the sol-gel system
favored the formation of a more interconnected silica network structure,
and highlight the potential application of these materials for encapsu-
lating biological molecules so that they can retain their conformation for
a longer duration [52].

In addition to silica, distinct inorganic matrices can also be used for
ionogels preparation. The preparation of “bucky” gels is accomplished by
mechanically mixing ILs and carbon nanotubes, namely single-walled
carbon nanotubes or multiple-walled carbon nanotubes [53]. Carbon
nanotubes are dispersed in ILs due to intermolecular ionic interactions,
with physical cross-links being established between the ILs and CNTs,
thus leading to the formation of physical gels [36].

2.1.2. In situ polymerization/gelation
Organic ionogels result from gelation using LMWG or the in situ

polymerization of monomers in ILs [14,36]. The addition of LMWG to ILs
at high temperatures induces physical gelation upon cooling [37]. This
self-assembly process in solution occurs through supramolecular
bonding, including hydrogen bonding, π-π interactions or electrostatic
interactions [14]. Gelation of ILs by LMWGs has been achieved using
derivatives of acids [54], benzenetricarboxamides [55], amino acids
[56], and carbohydrates and polysaccharides [57,58]. Kimizuka and
Nakashima [59] investigated the gelation of ether-containing ILs using
L-glutamic acids or carbohydrates and observed the formation of fibrous
nanostructures due to the establishment of strong interactions between
carbohydrates and ether groups. Overall, and for ionogels prepared with
LMWG, the high IL content and low cross-linking density of ionogels
allow them to exhibit excellent ionic conductivity, but poor mechanical
strength. Due to these properties, ionogels are often applicable for flex-
ible electronics and as stimuli-responsive materials [60]. Moreover, the
natural origin of LMWG make them environmentally-friendly and
biodegradable [45].

Polymer-based ionogels rely on the use of polymeric materials, being
prepared by different routes: i) doping of polymers (either by solvent
blending – solution casting methods –, or impregnation – soaking
method); ii) in situ polymerization induced by temperature or light of



Fig. 3. Schematic representation of different syn-
thetic routes of ionogels with application in the
pharmaceutical field: A) Direct mixing (Sol-Gel
approach); B) In situ polymerization; C) Solvent ex-
change procedure. Adapted, respectively, from Vioux
and co-workers [38], Zhou and co-workers [39], and
Macfarlane and co-workers [40]. Created with BioR
ender.com. Abbreviations and ILs nomenclature:
AIBN – Azobisisobutyronitrile; [BMIm][Ibu] –

1-methyl-3-butylimidazolium ibuprofenate; HEMA -
Hydroxyethyl methacrylate; IL – Ionic liquid; TMOS -
Tetramethoxysilane.
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monomers in ILs; and iii) polymeric ionic liquids, also referred as pol-
y(ionic liquids) (PILs) [37]. Polymers are extensively used in the for-
mation of ionogels due to their versatile skeleton design and high IL
encapsulation ability, further allowing them to combine the mechanical
flexibility of a polymer and the high conductivity of ILs [14]. In the
approach involving the doping of a polymer, the ionogel is obtained by
swelling a polymer in an IL or blending the polymer and the IL to form a
homogeneous solution. Afterward, drying is required to remove the
solvent, leaving the IL-polymer mixture. The IL content and type of
polymer material in composite membranes can be controlled using this
method, further allowing to tailor the ionic conductivity of the ionogel
[37].

Zhou and co-workers [39] prepared lignin/PILs ionogel dressings by a
process (Fig. 3B) involving initially the modification of lignin with
methacryloyl chloride, followed by the addition of hydroxyethyl meth-
acrylate (HEMA), the IL 3-butyl-1-isopropyl-1H-imidazole-3-ium bro-
mide and the polymerization initiator azobisisobutyronitrile (AIBN). This
4

mixture was incubated at 75 �C for 12h until the resulting gelatinous
solid was placed in water to remove the organic solvent, allowing to
obtain the ionogel dressing [39]. The prepared ionogel displayed
improved mechanical properties due to the presence of lignin, as well as
antibacterial properties, and effectively promoted wound healing [39].

Physically crosslinked polyacrylamide ionogels were obtained via the
photopolymerization of the acrylamide monomer in several
imidazolium-based ILs combined with the bromide anion [42]. In addi-
tion to improved mechanical properties (tensile strength of 31.1 MPa,
tensile modulus of 319.8 MPa, compressive yield strength of 112.2 MPa),
the authors highlighted the simplicity of this process (two steps), the
rapid preparation times (<30 min), low cost (bromide-based ILs), high
transparency (90–96 %), easy shaping (3D printing), and good stability
(vacuum and heat) of the resulting materials [42].

Another approach for ionogel formation encompasses mixing ILs and
all reactants before the crosslinking or the polymerization reaction. This
process allows high amounts of monomers to be confined in the IL [37].

http://BioRender.com
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Table 1
Advantages and limitations of common preparation methods of ionogels.

Ionogel
preparation
method

Advantages Limitations

Direct mixing - Simplicity [33]. - In the case of polymeric
ionogels, is restricted to ILs
and polymers that are
compatible. Secondary
solvents may be used to
increase miscibility between
polymers and ILs [33].

In situ
polymerization/
gelation

- Light-induced
polymerization is rapid
(seconds to minutes), carried
out at room temperature, and
fully controlled by switching
on/off the light [41–43]. Can
additionally allow the
preparation of materials with
high transparency and good
stability (vacuum and heat)
[42].
- Solution casting allows film
formation at low
temperatures, easy
incorporation of additives,
and single-step
manufacturing of multi-layer
films [44].
- Direct polymerization of
monomers dissolved in ILs
avoids the use of additional
solvents, and the use of
monomers with different
structures for the precise
design of the properties of the
gel [43].
- Low molecular weight
gelators of natural origin
makes them neutral to the
environment and
biodegradable [45].

- Thermal-induced
polymerization need
relatively high temperatures
(70–80 �C) and long reaction
times (2–24h) [41].
- Solution casting leaves
residual compounds on the
cast [44].

Solvent exchange - Can be used for complex
gelation reactions that cannot
occur in ionic liquids and in
the cases where monomers
and not adequately dissolved
in ILs and hence no control
over phase behaviour is
achieved [33,46].

More laborious process [46].
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By studying the polymerization of methyl methacrylate in the IL
1-butyl-3-methylimidazolium hexafluorophosphate, Jiang et al. [61]
found a compatible binary system with decreased IL loading and
increased transition temperature. Marcinkowska et al. [62] polymer-
ized trimethylolpropane tris(3-mercaptopropoinate) in ILs using
photo-induced polymerization. The resulting ionogel exhibited a
"colloidal gel" structure with interconnected microspheres, high ionic
conductivity, and anti-plasticization effect due to phase separation and
ILs' anti-plasticization effect [62]. Usually, these chemically
cross-linked ionogels exhibit high mechanical strength and high ther-
mal stability. As for polymeric ILs such as those derived from 1-vinyl-3--
butylimidazolium bromide, they can generally be obtained by
free-radical polymerization [63]. In this approach, the IL forms the
continuous phase of the gel, and initiators like ammonium persulfate or
benzoyl peroxide are required to promote the formation of free radicals
while allowing the polymerizable functional groups of monomers to
participate in the polymerization reaction to form gels [63]. Walsh and
co-workers [64] described a class of gel–polymer electrolytes (GPEs)
formed by polymerizing 1-butyl-3-(4-vinylbenzyl)imidazolium bis(tri-
fluromethanesulfonyl)imide. GPEs are formed by polymerizing the
ionic monomers in the presence of the ILs diethylmethylammonium
5

trifluoromethanesulfonate, diethylmethylammonium trifluoroacetate,
and diethylmethylammonium bis[trifluoromethanesulfonyl]imide. In
comparison with materials based on the neutral host, GPEs are more
electrochemically and thermally stable, and up to six times more
conductive [64].

Hybrid (organic-inorganic) ionogels result from ILs, nanofillers, and
polymer matrices, which are prepared by mixing the polymer solution in
ILs in an inorganic oxide nanofiller. This can be attained through in situ
formation of the inorganic filler in IL/polymer solutions in the non-
aqueous sol-gel route [37]. In contrast, the incorporation of inorganic
nanoparticles is widely used because of their ability to improve me-
chanical properties. This method also allows for reducing the plasticizing
effect of high IL loadings while maintaining the ionogels’ flexibility and
tractability [37]. Based onmultifunctional cross-linkable and ionic-group
functionalized ladder-like polysisesquioxane, hybrid ionogels were
created [65]. The use of a ladder-like crosslinker endowed the ionogel
with increased thermal stability and lithium mobility for lithium-ion
batteries [65]. Yang et al. [66] created a functional ionogel with a
hybrid host composed of silicon dioxide (SiO2) and methyl methacrylate.
The resulting composite is a uniform and homogenous monolith that
blends the rigidity of the silica network with the softness of polymethyl
methacrylate, making it appropriate for use in optical data storage
technologies [66].

The combination of an IL and a solid matrix, and their physico-
chemical and electronic/ionic interactions with the material, results in
unique and controlled properties of the resulting material. Ionogels have
various qualities that set them apart from regular gels. They have better
viscoelastic and mechanical characteristics, superior electrochemical
characteristics, high thermal and chemical stability, and high wear and
corrosion resistance [63]. The chemical structure and viscosity of ILs
have a high impact on the conductivity of the prepared ionogels. Longer
alkyl side chains in the IL cation increase the viscosity and reduce the
cation mobility, thus lowering the conductivity of ionogels. Liu et al. [67]
reported ionogels prepared with imidazolium-based ILs and exhibiting
differences in conductivity, which depend on the viscosity and ion size of
the IL. Ionogels prepared with 1-ethyl-3-methylimidazolium tetra-
fluoroborate present higher ionic conductivity in comparison with those
resorting to 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide [67]. Considering that ILs are also known for having high thermal
stabilities, poly(2-hydroxyethyl acrylate) ionogels synthesized via poly-
merizing 2-hydroxyethyl acrylate monomers in the IL 1-ethyl-3-methyli-
midazolium ethylsulfate possesses excellent thermal stability as it started
to decompose only at 250 �C [68].

An inorganic-organic double network consisting of a silica particle
network and a poly-2-hydroxyethyl methacrylate network in which the
IL 1-butyl-3-methylimidazolium tetrafluoroborate was confined, was
prepared to be applied a gel electrolyte [69]. These materials exhibited
high ion conductivity of 3.8–12.8 mS cm�1 over a wide temperature
range of 30–150 �C and mechanical integrity with a maximum toughness
of 1.8 MJ m at 30 �C [69]. Another report by Matsuura and co-workers
[70] disclosed the utilization of a one-pot synthesis sol-gel method to
prepare novel organic/inorganic hybrid ionogels fabricated from [3-(2,
3-Epoxypropoxy)propyl]-trimethoxysilane, 1-butyl-3-methylimidazo-
lium tetrafluoroborate IL, AgBF4, and catalysts. According to the envis-
aged application, the results indicate that the presence of epoxy and
silanol groups on the solid framework could enhance the ionic dissoci-
ation of silver salt and IL, providing more free silver ions to form a
complex via propylene molecules and hence confirming the promising
potential for propylene/propane separation [70].

2.1.3. Solvent exchange procedure
The solvent exchange procedure is useful for preparing ionogels in

which monomer molecules cannot be dissolved in ILs and hence no
control over phase behaviour is achieved, as well to carry out complex
gelation reactions that cannot occur in ILs [33]. For instance,
poly(2-acrylamido-2-methyl-1-propanesulfonic acid) double-networks



Table 2
Ionogel properties according to the nature of the solid network.

Property Nature of the solid network

Inorganic Organic Hybrid (Organic-
inorganic)

Mechanical Carbon nanotubes are
recognized by
excellent mechanical
properties [44].

PILs can
improve the
mechanical
properties [81].

Double networks
improve
mechanical
properties [46,
82].

Temperature-
resistance (Low
and High)

The addition of
inorganic
nanoparticles can
increase the thermal

– –
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hydrogels were prepared using a three-step method, in which after the
formation of the hydrogel, it was soaked into the IL to exchange from
water [46,71]. Macfarlane and co-workers [40] prepared
poly(2-hydroxyethyl methacrylate) (PHEMA) nanoparticles for curcumin
encapsulation and delivery. The preparation process (Fig. 3C) involved
an initial step of curcumin dissolution in the cholinium formate IL,
mixture with 2-hydroxyethyl methacrylate, followed by washing with
methanol and drying the polymer. Thereafter, it was dissolved in an
organic phase (acetone and ethanol 4:1) and added dropwise to an
aqueous phase for nanoparticle formation. In addition to avoid radical
initiators to initiate HEMA polymerization, the authors highlight the
biocompatibility and anti-therapeutic potential of encapsulated curcu-
min [40].
stability of ionogels
[33].

Conductivity Mostly determined by ILs but the migration of ILs inside ionogels
is influenced by the cross-coupled polymer networks [33].

Stimuli-
responsiveness

– Along with ILs, the use of responsive
polymers (e.g., to temperature) is
responsible for providing stimuli-
responsiveness [78].

Self-healing – Mostly arise from hydrogen bonding
and coulombic interactions between
gelators and ILs [60].

Biological
activity

Mostly determined by the type of IL. The solid network can
influence the biological activity, as in the case of the antioxidant
activity of lignin [39].
2.2. Properties: ILs as customizing agents of ionogels

The increasing attention drawn to ionogels in the pharmaceutical
field over the last decade follows the well-described aptitude of ILs and
their aqueous solutions to dissolve and stabilize a wide range of relevant
(bio)molecules and macromolecules (synthetic drugs, therapeutic pro-
teins, nucleic acids, among others), combined with the evolving concept
of biologically active ILs [20,26,72]. Ionogels emerged then as a versatile
class of materials with promising potential in the pharmaceutical field,
retaining the favourable properties of ILs (Fig. 4).

Generally, the confined ILs retain or display enhanced functional
properties, with ILs being able to play both a structural and functional
role [73]. If properly designed, ionogels can display good compatibility
profiles [74,75] and relevant biological activities, acting for instance as
antibacterial [76] or anti-inflammatory agents [27]. Smart ionogels hold
promising potential for drug delivery, which can be achieved by
including solid networks, ILs that exhibit stimuli-responsiveness (e.g., to
temperature, pH, magnetic fields), and thus be applied for the controlled
and targeted release of (bio)pharmaceuticals [77,78]. Ionogels can also
promote an increase in the solubility of therapeutic drugs [79] and
enhance the stability of biopharmaceuticals (Fig. 4) [80]. These prop-
erties are crucial in pharmaceutical applications, and are further dis-
cussed in the next sub-sections while delving into the role of ILs as
customizing agents of ionogels characteristics. A summary of different
ionogels properties according to the nature of the solid network is pre-
sented in Table 2.

2.2.1. Conventional features
Ionogels and hydrogels share similar structures, but the presence of

ILs instead of water as the dispersed phase ascribes interesting properties
to ionogels (Fig. 5): i) more stable over time due to the non-volatility of
ILs preventing mass changes; ii) ionogels can operate over a much
broader range of temperatures (-70 to 350 �C) than hydrogels; iii) water
in hydrogels can undergo hydrolysis for voltages above 1.3 V, contrasting
with ionogels that are electrochemically stable over a much wider po-
tential range, up to 4 V; iv) water is a poor conductor relative to many ILs;
and v) the remarkable structural diversity exhibited of ILs [82].
Fig. 4. Properties and features displayed by ionogels. Emerging properties favouring
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As a result of the negligible volatility at ambient conditions displayed
by most aprotic ILs [20], ionogels are inherently nonvolatile, i. e., they do
not “dry out” over time [82]. Moreover, ionogels exhibit superior thermal
stability over hydrogels so that they can be used in open environments
without encapsulation [83]. Yiming et al. [83] prepared ionogels con-
taining the IL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide and a polymeric network formed by ethylene glycol methyl ether
acrylate and isobornyl acrylate with a wide working temperature range
of – 60 to 250 �C. By combining the monomers hexafluorobutyl meth-
acrylate and butyl acrylate (or ethyl acrylate, pentyl acrylate) and the IL
1-butyl-3-methylimidazolium bis(trifuoromethylsulfonyl) imide, effec-
tive ionogels able to be used within a temperature range from – 60 to 350
�C were obtained [84]. A physically cross-linked ionogel based on the IL
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide and a
copolymer resulting from the polymerization of methyl methacrylate and
acrylic acid monomers with the ability to maintain the gel state at high
temperatures (up to 200 �C) was reported by Lyu et al. [85] Resorting to a
PIL based on poly(1-butyl-3-vinyl imidazolium tetrafluoroborate) and
polyethylene glycol diacrylate and several cross-linkers and catalysts,
IL-based click-ionogels using thiol-ene click chemistry with stable me-
chanical properties from - 70 �C to 200 �C have been reported [86].
Anti-freezing and non-drying ionogels with application as wound dress-
ings based on polyvinylpyrrolidone and a PIL resulting from the mono-
mer 1-vinyl-3-butylimidazolium were prepared by Wang et al. [15] and
were shown to keep their properties after freezing at – 20 �C or heating at
the application of ionogels in the pharmaceutical field are shown in light blue.



Fig. 5. Comparison of ionogels and hydrogels in terms of volatility, thermal and electrochemical stability, conductivity, and structural diversity of the solvent (IL –

ionic liquid). Information retrieved from Wang et al. [82]. Created with Biorender.com.
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70 �C. This ensures that they can be reused (sterilized at high tempera-
tures) and adapted to cold weather conditions [15]. The nonvolatility
and high-temperature resistance of ionogels enable their application on
harsh environments, including high vacuum and low/high temperature,
also allowing their sterilization. Moreover, ionogels often display good
water and swelling properties, which are important parameters in the
context of wound repair since the wound exudate is likely to cause to
secondary infections [87].

Over hydrogels, ionogels are generally much more electrochemically
stable with higher ionic conductivity. The conductivity of ionogels is
mostly determined by the chemical structure of ILs and increases with a
higher content of ILs, being however necessary to find an ideal balance as
too much IL leads to IL exudation and low mechanical strength [33]. A
way to improve the ion migration capacity and electrolyte stability is by
the use of covalent organic frameworks (COF) which confine IL anions
through strong interactions [88]. Cationic ethidium bromide-COF and
neutral diaminoanthraquinone-COF were, respectively, physically mixed
with diethylmethyl(2-methoxyethyl)ammonium bis(trifluoromethyl
sulfonyl)imide IL and lithium bis(trifluoromethylsulfonyl)imide (the
anion as Liþ carrier) to increase their conductivity, being observed that the
hydrogen bonding between the COFs and ILs facilitate the release of Liþ
7

promoting their transfer [88]. Ionogel's conductivity and electrochemical
stability are generally critical for electronics and sensing technologies,
including health monitoring and human motion detection [60,89,90].
Nevertheless, semi-interpenetrating copolymer networks formed by chi-
tosan and electro-responsive imidazolium-based PILs have proven to be
useful for iontophoretic applications, in which under an external electrical
stimulus, faster permeation and release rates of lidocaine hydrochloride
were observed [76].

Mechanical and rheological properties of ionogels are crucial pa-
rameters depending on the application. Among them, the fracture strain
and strength are the strain and stress at break, representing, respectively,
the deformability and strength of the material. On the other hand, the
Young's modulus describes the material stiffness [33]. Since the poor
mechanical properties (e.g., fracture strength <1 MPa, modulus <0.1
MPa, and thoughness <1000 J m�2) hinder the application of ionogels in
several domains, efforts have been made to overcome these issues. Ion-
ogels' thoughening can be achieved by the introduction of energy dissi-
pation mechanisms within the network during deformation, namely by
the introduction of double polymer networks, phase-separated domains,
sacrificial bonds (e.g., hydrogen and ionic bonds) between polymer
chains, entanglements, and fillers [46,82]. Soft tissues such as skin, blood

http://Biorender.com


A.Q. Pedro et al. Nano Materials Science xxx (xxxx) xxx
vessels, and nerves possess high mechanical toughness and extensibility,
exhibiting as well strain-induced viscoelastic behaviour. In this regard,
wound dressings must be able to change shape as the soft tissue expands
and contracts [39]. Stereocomplex nanocrystallites polyurethane scaf-
folds (scPLA-PEG) prepared from poly/L-lactide), poly (D-lactide), and
polyethylene glycol and the IL 1-butyl-3-methylimidazolium tetra-
fluoroborate exhibited great stretchability (elongation at break near
1500 %). Moreover, the authors showed that the Young's modulus,
elongation and stress at break of the ionogels gradually decreases with
the increase in the IL content from 0 % to 40 % [91]. Zhang et al. [39]
found that the tensile strength and elastic modulus of lignin-PIL ionogel
composites increases up to 7 times (60 wt% lignin) as the content of
lignin increases and that the prepared materials are not break during
loading-unloading cyclic extension. These improved mechanical prop-
erties are attributed to two factors: i) three-dimensional network struc-
ture of lignin which can absorb the most of the external force through its
own deformation, resulting in improved tensile strength, beaking elon-
gation, and elastic modulus; ii) the negative ions of lignin reflect the
positive ions of PILs to form the dynamic bonds, effectively improving
the fatigue resistance and self-healing properties of the designed dress-
ings [39]. Photoelectric-driven composite ionogel patches obtained using
1-ethyl-3-methylimidazole and Ti3C2Tx (MXene) with break strength and
strain, respectively, of 6.1 MPa and 686 % were prepared by Jin and
co-workers [92]. Herein, the doping with MXene allows the formation of
hydrogen bonds in ionogels by functional groups of MXene, which can
promote energy conduction, dissipation and effective recombination of
polymer chains under external stimulation, allowing the patches to
exhibit alterable mechanical properties in the context of wound healing
applications [92]. Multifunctional gels comprising MXene, the IL
1-Hydroxyethyl-2-methylimidazolium chloride, acrylamide, anthocya-
nidin, and different pectin contents presented high stretchability and low
stress, in comparison with hydrogels (without IL) [87]. The behaviour
shown by ionogels could be ascribed to hydrogen bonding and electro-
static interaction between ILs and polymer backbone, which could
damage the crystallization of the polymer and induce the plasticizing
process [87]. PILs comprised by hydrophilic vinyl ILs based on the
cholinium cation and amino acids (proline, isoleucine, serine and
glycine), acrylamide and the hydrophobic monomer stearyl methacrylate
were used to form ionogels with bacterial cellulose. These materials
exhibit excellent mechanical strength (5.8MPa) and extensive elongation
at break (4250 %), being additionally shown that the molecular structure
and content of cholinium-based vinyl ILs played an important role in
modulating the mechanical properties of the resulting ionogels [81]. The
presence of ILs influence ionogels' mechanical properties, either by the
existence of hydrogen bonds or electrostatic interactions [35]. In
particular, PILs can form hydrogen bonds with other scaffold molecules,
helping in stabilizing the shape while strengthening the mechanical
properties of ionogels [35].

Overall, the presence of ILs and the type of solid network ascribe
different properties to ionogels. Due to the remarkable structural di-
versity exhibited of ILs and by combining different cations and anions,
their properties can be tuned for specific applications, allowing therefore
the design of task-specific fluids [20]. As ionogels retain most of the
properties of ILs, they can also be customized for specific applications by
adequately selecting the optimal chemical structure, including for wound
healing and drug delivery approaches.

2.2.2. Emerging properties
Adding to the conventional properties previously analysed, a number

of emerging properties such as stimuli-responsiveness, self-healing abil-
ity, biocompatibility, ability to stabilize and dissolve (bio)pharmaceuti-
cals and anti-inflammatory/antimicrobial activities can be attributed to
ionogels, enabling their use in pharmaceutical applications.

Stimuli-responsive ionogels to internal (to the human body) and
external stimuli can be achieved by carefully engineering their compo-
sition. Up to date, ionogels responsive to pH [48], temperature [78],
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magnetic [93] and electric fields [76], as well as microwave radiation
[94] have been designed as advanced materials in the field of drug de-
livery. If the use of thermo-responsive polymers such as N-iso-
propylacrylamide (NIPAM) [78] endows ionogels of
temperature-responsive behaviour, the stimuli-responsive behaviour of
ionogels can also be provided by ILs, e.g. by using ILs responsive to
magnetic [93] or electric fields [76].

Current strategies to obtain gels with self-healing properties encom-
pass the application of dynamic physical [95] and chemical interactions
[96]. Gels with physical interactions acquire self-healing properties
through hydrophobic interactions, hydrogen bonding, or crystallization
while chemically cross-linked gels come from dynamic chemical bonds
such as phenylboronic acid complexes, disulfide bonds, imide bonds,
among others [97]. Among ionogels, self-healing behaviour arise from
hydrogen bonding and coulombic interactions between gelators and ILs
[60]. Ionogels prepared based on N- isopropylacrylamide (NIPAM), N,
N-dimethylacrylamide (DMA), and the 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMI][TFSI]) showed fast-healing
ability at ambient conditions for which synergistic hydrogen-bonding
between PNIPAM chains, PDMA chains and the IL largely contributed
[91]. On the other hand, self-healing (self-healed in 30 min at room
temperature) polyurethane ionogels were fabricated by introducing
reversible boronic ester bonds into the polymer as a cross-linking agent
through the click reaction of the double bonds on the dihydroxy ILs
monomers and the sulfhydryl group on the boronic ester [98].
Self-healing and mechanical properties are closely related, being crucial
to ensure that the ionogels retain their original state after an external
perturbation, which in the case of dressings ensures they would perfectly
fit the wound and withstand mechanical forces.

Over the years, ILs have been proposed to overcome the shortcomings
faced in the formulation development stage of (bio)pharmaceuticals [32,
99], namely to improve dissolution and preserve the stability of proteins
[100], antibodies [101], nucleic acids [102], or viruses [103], as well as
synthetic pharmaceuticals [104,105] (including as API-ILs [27,106]) and
natural products [79,107]. Up to date, this feature has been explored to
design ionogels for the targeted delivery of drugs with improved solu-
bility, as analysed in detail in section 3.2.

Generally resulting from ILs with biological activity [26], ionogels
endowed with antimicrobial or anti-inflammatory properties have drawn
attention from the scientific community. ILs’ antimicrobial effect and
toxicity to humans are closely related features in which understanding
the mechanisms of bacterial and mammalian cellular damage is the key
to affording effective and biocompatible antimicrobial ILs [108]. In
general, the antibacterial activity of ILs is attributed to the insertion of
alkyl chains into the bacterial membrane, as well as the electrostatic
interactions between the cationic groups of ILs and bacterial cell walls,
increasing the permeability of cell membrane and even destroying cell
membranes [60,109]. As discussed in more detail in the next section, the
increase of alkyl chains will enhance the surface activity of IL, ultimately
providing a stronger ability to disrupt cell wall and cell membrane to a
certain extent [109]. The mechanism of Gram-positive and
Gram-negative cell wall destruction by ionic liquids include four different
stages, sketched in Fig. 6: i) Adsorption – ILs approach bacterial cell
wall/membrane; ii) Electrostatic interaction – deactivation of membrane
proteins and interaction of the IL with phospholipids; iii) Penetration –

disorganization of cell membrane and release of cytoplasm content; iv)
cell wall destruction and, consequently, cell lysis [110]. ILs endowed of
antimicrobial activity comprise cationic ILs, PILs, and anionic ILs, the
latter composed of anionic antibiotics as API-ILs with potential to in-
crease the solubility and bioavailability of antibiotics, reverse bacterial
drug resistance, and improve antimicrobial activity via synergistic effects
[109].

Similarly to antimicrobial anionic ILs, anti-inflammatory ILs are
usually obtained as API-ILs [24] in which non-steroidal anti-in-
flammatory drugs (NSAIDs) [27,106,111–113], or phenolic acids
[114–117] are introduced as ionic constituents of ILs. NSAID-based



Fig. 6. Mechanism of action of ILs in cell wall destruction of Gram-negative and Gram-positive bacteria. Information retrieved from Nikfarjam et al. [110] Created
with Biorender.com.

A.Q. Pedro et al. Nano Materials Science xxx (xxxx) xxx
API-ILs can be obtained from the combination of the cholinium cation
with ketoprofen, naproxen, ibuprofen, etodolac or lidocaine as anions
[106,111–113], or designed to incorporate simultaneously pharmaco-
logically active compounds in the cations and the anions, e.g. lidocainium
ibuprofenate, lidocainium naproxenum or lidocainium diclofenac [27].
From a different point of view, the combination of the cholinium cation
with anions derived from caffeic, ellagic, and gallic acids [115], caffeic
acid [116], caffeic, vanillic, gallic and salicylic gallic acids [117] allowed
to obtain biocompatible biomaterials with relevant anti-inflammatory
and antioxidant properties. Although the mechanism of action of these
anti-inflammatory API-ILs is not clearly understood, they are able to
significantly decrease the lipopolysaccharide-induced oxide nitric pro-
duction and block the secretion of pro-inflammatory cytokines [115,
116]. Finally, if the ionization of drugs is a promising approach with
benefits in terms of solubility and availability, the potential for adverse
reactions is still unknown, deserving further investigations [118].

2.2.3. Biosafety and biodegradability
The ever-growing interest of ionogels in pharmaceutical applications

justifies the need to accurately evaluate their toxicity and biodegrad-
ability profiles. As the debate whether ILs (and inherently IL-derived
materials) are safe or not for humans continues, it remains clear that a
judicious choice of the IL chemical structure is critical to obtain IL-based
materials with improved safety and biodegradable character, irrespective
of the intended purpose [119].

The toxicity of ILs has been evaluated through inhibition assays using
different microorganisms, enzymes, mammalian cell lines, and mam-
mals. Besides the assessment of their safety to humans, their high solu-
bility in water and persistence in soils highlight the importance of
ecotoxicity evaluations to prevent potential environmental problems
[120]. Under the framework of this review, wewill focus our attention on
mammalian in vitro and in vivo testing. Overall, the effect of the alkyl
chain length exerts a profound influence on the toxicity of ILs. An in-
crease in the alkyl chain length of cations will generally increase the
toxicity of ILs, due to an increase in the lipophilic character ultimately
causing the disintegration of the lipid bilayer [60]. This is also evidenced
for mammals where the oral administration of 3000 mg kg�1 day�1 of
1-ethyl-3-methylimidazolium chloride - [C2mim]Cl –in mice did not
promote morphological defects in the fetus. However, fetal weight and
apparent teratogenic effects were associated with ILs comprising longer
alkyl chain lengths, namely, 1-butyl-3-methylimidazolium chloride -
[C4mim]Cl – and 1-decyl-3-methylimidazolium chloride - [C10mim]Cl
[121]. Landry et al. [122] also investigated the acute oral toxicity of
[C4mim]Cl in female Fischer 344 rats and found that the oral LD50
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(amount of compound that kills 50 percent of the test sample) was 550
mg/kg of body weight. The effect of different head groups of the cationic
counterparts of ILs is less pronounced [60], being however shown that
piperidinium-based ILs are more toxic than those based on the pyrroli-
dinium moiety [123], while dicationic pyridinium-based ILs exhibit less
cytotoxicity than their monocationic counterparts [124].

Adding to oral administration, toxicity assessment of ILs in the skin is
equally important, especially considering the application of ionogels as
wound healing dressings. Hwang et al. [125] evaluated the toxicity of a
series of ILs, namely 1-ethyl-3-methylimidazolium bis (tri-
fluoromethanesulfonyl)imide ([EMIM][TFSI]), 1-ethyl-3-methylimidazo-
lium hexafluorophosphate ([EMIM][PF6]), 1-ethyl-3-methylimidazolium
tetrafluoroborate ([EMIM][BF4]), 1-ethyl-3-methylimidazolium dicyana-
mide ([EMIM][DCA]), 1-butyl-1-methylpyrrolidinium bis (trifulor-
omethanesulfonyl)imide ([BMPY][TFSI]), tributylmethylammonium
bis(trifuloromethanesulfonyl) imide ([TBA][TFSI]) using human kerati-
nocyte and fibroblast cell lines. In general, [TFSI]-containing ILs exhibited
significant cytotoxicity, leading to necrotic cell death and an increase in
the levels of reactive oxygen species (ROS) [125]. Even though favourable
toxicity and biodegradability profiles are not always guaranteed, ILs
constituents derived from biological sources have been investigated due to
their reported biocompatibility. In addition to amino acids, artificial
sweeteners, sugars, and organic acids [126], cholinium-based ILs derived
from choline, a precursor of the phospholipids that comprise biological
cell membranes, are the most studied [127]. Due to the potential use of ILs
as preservation media for biopharmaceuticals, Freire and co-workers
investigated the cytotoxicity of cholinium-based ILs (combined with
Good's buffers [102] or amino acids [128] as anions) onto human fibro-
blasts cell lines, prototypical cells of the human epithelium. With excep-
tion of cholinium lysinate, all the ILs in study were found to be harmless at
a concentration of 2 % (w/w) [102,128]. Mixtures of cholinium bicar-
bonate and geranic acid (CAGE) exhibit remarkable abilities to enhance
the permeation of drugs across the skin. In this regard, Jorge et al. [129]
found that the half maximal inhibitory concentration (IC50, a measure of
the effectiveness of a substance in inhibiting a specific biological or
biochemical function, which determines the concentration of product
needed to kill 50 % of the cells) of a mixture of cholinium bicarbonate and
geranic acid (CAGE) 1:1 and 1:2 were, respectively, 2.45 and 2.01 mM
toward HaCaT (immortalized human keratinocytes) cells. Upon oral or
transdermal administration, most ILs are absorbed into the bloodstream
and excreted relatively quickly from the body as feces and urine in pro-
cesses believed to be related to organic cation transporters [130].

Regarding ionogels themselves, their biocompatibility has been
evaluated as well using cell lines or in vivo experiments. Using human
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dermal fibroblasts and blood red cells, polymeric ionic liquids-based
ionogels resulting from imidazolium- and ammonium-based monomers
(vinylbenzyl dimethylbutylammonium chloride, 1-methyl-3-(4-vinylben-
zyl) imidazolium chloride, and 1-butyl-3-(4-vinylbenzyl) imidazolium
chloride) were shown to fulfill the general acceptance criteria for
biocompatibility of medical materials, respectively, a relative growth
rate>75 % and low hemolysis rate [131]. Additional works using human
and mouse fibroblasts further reinforced the low cytotoxic character of
ionogels with different compositions, including PILs comprised by
imidazolium-based monomers and polyvinyl alcohol [48],
vinyl-modified lignin/HEMA [39], or polyethylene glycol [29], as well as
imidazolium-based PILs with ionically- and chemically-bonded amino
acid groups [30]. In vivo studies using mice models generally show that
ionogels composed e.g. by catechol-containing PILs [112], or a mixture of
cholinium bicarbonate and geranic acid and polyvinyl alcohol/chitosan
[132] do not induce obvious lesions at the oral cavity, the application
site.

Being able to be recycled or not, ionogels will at the end of their life
cycle inevitably enter the environment. If considering human applica-
tions, particularly for drug delivery using enteral and parenteral
administration routes, it is also of utmost importance to decrease the
levels of residues in the human body while avoiding persistent inflam-
matory responses due to their extended half-lives [33,127]. These re-
quirements can be met if fully biodegradable ionogels are designed,
which generally depends both on the IL and the solid network applied.

Biodegradation, the 10th Principle of Green Chemistry, is one method
of analysis to determine and predict how a molecule interacts with the
environment and is crucial to avoid the introduction of persistent mol-
ecules [133]. As a result of the quest for ILs of a more biocompatible
nature, the biodegradability of ILs (including comprehensive data on
biodegradation data of hundreds of ILs) [133] and respective standard-
ized tests for their evaluation has been thoroughly reviewed [120,
133–137] Biodegradation tests of ILs must consider the anion and cation
as a pair, and caution should be taken regarding the anionic component
as inorganic anions do not contribute directly as a carbon source for
biodegradation determination [133]. Unlike fluorinated anions, alkyl-
sulfates as well as carboxylate anions like lactate, acetate, propionate,
succinate present good biodegradation rates [135]. Regarding IL cations,
the results from biodegradation studies are mixed and largely depend on
the side chain functional groups, being generally shown that longer alkyl
side chains turn ILs more biodegradable [138]. This raises a challenge for
chemists in the design of biodegradable ILs with low toxicity as an in-
crease in the IL alkyl side chain will, simultaneously, increase its toxicity
[138]. In addition to avoiding the use of imidazolium-based cations,
current trends to obtain ILs with low toxicity and good biodegradability
profiles seek to use side chains comprising ester and anion chains, pref-
erably alkyl sulphates, alkyl sulphonates, and salts of organic acids and
avoiding the use of fluorine [120].

Up to date, many ionogels employ nondegradable materials as
network scaffolds, including silicone or acrylic elastomers, which may
cause secondary environmental pollution at the end of their functional
life [91]. Ionogels formed by a mixture of cholinium bicarbonate and
geranic acid and PVA aimed at the oral delivery of insulin were found to
be completely disintegrated and dissolved in the release medium
(phosphate buffered saline) [132]. Noshadi et al. [127] studied the in vivo
biodegradation of gelatin methacryloyl (GelMA) and cholinium
acrylate-based ionogels. The gels were subcutaneously implanted in vivo
in rats, and explanted samples revealed that the ionogels exhibited sus-
tained biodegradation throughout the 28-day experiment, suggesting
that the gels were efficiently degraded in vivo through enzymatic hy-
drolysis of the matrix [127]. Additional reports demonstrate that
polycarbonate/1-butyl-3-methylimidazolium lactate-based gels are
completely degraded in water at room temperature after 5h [139], and
that the hydrolysis rate of thioimidazolium-based PILs in the presence of
different anions can be described by the Hofmeister series. While hy-
drolysis is inhibited in solutions containing phosphate anions, the
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presence of chloride anions increases the degradation rate [140]. Liu and
co-workers [91] prepared biodegradable ionogels using the IL 1-butyl-3--
methylimidazolium tetrafluoroborate and stereocomplex nano-
crystallites polyurethane scaffolds (scPLA-PEG), prepared from
poly/L-lactide), poly (D-lactide), and polyethylene glycol. According to
the authors, the reversible and biodegradable properties of the “sc”
cross-linking accounts for the recyclability and biodegradable properties
of these ionogels [91].

Overall, further studies to determine the safety and biodegradability
levels of ionogels are still required. These should be based on standard-
ized tests (choice of animal models and exposure conditions) and
broadened to allow an understanding of the environmental fate of ion-
ogels and evaluation of spread, uptake, bioaccumulation, and biotrans-
formation. The tests suggested by the European Union REACH
(Registration, Evaluation, Authorisation and Restriction of Chemicals)
and global OECD (Organization for Economic Co-operation and Devel-
opment) for a comprehensive and systematic approach should be fol-
lowed to assess the toxicity and biodegradability profiles [134,141]. The
use of artificial intelligence and machine learning techniques may play a
role in mining and modeling toxicity data to make meaningful pre-
dictions while aiding in the identification of the most promising chemical
structures to obtain ILs of an enhanced biocompatible nature [142].

3. Ionogels in pharmaceutical applications

In the early days, ionogels were subject of high interest by the sci-
entific community for electronic applications, a result from their high
ionic conductivity and improved mechanical properties. As neat ILs and
their aqueous solutions evolved in the pharmaceutical field, either as
biologically active agents with antimicrobial and anti-inflammatory
properties or as solvents able to improve the pharmacokinetic proper-
ties of several (bio)pharmaceuticals, ionogels started to be investigated in
this field as well. This review considers the application of ionogels in the
pharmaceutical field and is divided into two main sub-sections: the first
addresses the use of ionogels as dressings for wound healing with
emphasis on their antimicrobial character, while the second is focused on
the performance of ionogels as drug delivery systems with controlled-
release behaviour and high drug solubility.

3.1. Dressings for wound healing with antimicrobial properties

Over the years, gels have been studied as biomaterials for wound
dressing applications to improve the healing of wounds while preventing
bacterial infections. Since traditional wound dressings, such as bandages
and gauzes, require regular application and may have poor adhesion
properties and wound drainage [143], ionogels have been approached to
overcome these limitations. In general, the traditional dressings can be
loaded with antibiotics or silver ions to help reducing the possibility of
infections, but their overuse can trigger the tolerance of bacteria and
other side effects [74,143]. However, If properly designed, ILs can cross
bacterial membranes, alter cell wall characteristics, lead to membrane
dysfunction, and cause irreversible damage by the creation of pores in
bacterial membranes, thus presenting antimicrobial properties [110]. As
schematized in Fig. 7, the scientific publications herein reviewed focus
on the creation of ionogel dressings for wound healing applications with
relevance to their antimicrobial character, divided across two
sub-sections: the first comprising the works where the influence of ion-
ogels composition on their antimicrobial activity was investigated, while
the second compiles reports where attention was drawn to multifunc-
tional gels with other biological activities than the antimicrobial char-
acter. Topical formulations mainly focused on the transdermal delivery
of bioactive drugs, including for wound dressing applications, are
considered in the next section.

3.1.1. Effect of ionogels composition on their antimicrobial character
Having in mind the current rise in antimicrobial resistance, the



Fig. 7. Schematic representation on the use of ionogels as wound dressings and the benefits brought by their multiple biological activities (e.g., antibacterial and anti-
inflammatory properties), ultimately accelerating the wound healing process. Created with BioRender.com.
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application of ionogels with antimicrobial activity, a property that may
be conferred either by the IL or the solid network applied (building
blocks of ionogels), is a hot topic of research and several manuscripts
have addressed this issue. Table 3 summarizes the analysed works, listing
the IL and solid network used for material preparation, the ionogel's
preparation method, whether they present antimicrobial activity and for
which microorganisms, and if in vivo studies were performed, a crucial
aspect if envisaging their translation onto the clinical setting.

An antibacterial gel using PVA (Poly(vinyl alcohol)-
tetrahydroxyborate anion hydrogel as a vector and pyrrolidinium ILs as
antibacterial drugs was reported by Zheng and co-authors [48]. The
prepared gel exhibited effective antimicrobial activity against E. coli and
S. aureus, which was more pronounced for materials containing ILs with
longer alkyl chains, causing irreversible physical damage to weaken
bacterial resistance. Due to the moisture retention, self-healing, syrin-
geability, and multi-responsive behaviour to pH and concentration of
glucose, the authors highlight these antibacterial gels as ideal candidates
to be applied as dressing materials for joint skin wound healing [48].
Non-releasing PIL/PVA hydrogel dressings with high-strength and
excellent activity against bacteria (B. subtilis, E. coli, and S. aureus), fun-
gus (C. albicans) and mold (Asp. niger, Asp. oryzae and Rhizopus spp.) were
designed to overcome issues associated with uncontrolled release of
antibiotics or silver ions potentially causing drug resistance, argyrism
and other side effects [144]. The authors concluded that the antibacterial
mechanism of cationic compounds is mainly related with two aspects:
electrostatic interaction between phosphate groups in bacteria's cell
membrane and PIL functional groups, and the hydrophobic segment
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insertion into the bacteria's lipid membrane, leading to cell death.
Furthermore, the authors confirmed the good biocompatibility of the
prepared materials using mouse osteoblasts (MC3T3-E1) cells. The
wound healing capability was ascertained using in vivomice models with
wound contraction being significantly enhanced when treated with the
materials at the 10th day [144].

Having in mind the importance of developing antibacterial materials
to treat skin wounds infected by methicillin-resistant S. aureus (MRSA),
Yan and co-workers [30] investigated different synthetic routes for the
preparation of PIL-membranes based on amino acids (proline - Pro and
tryptophan - Trp). To study the effects of chirality (D- or L-enantiomers)
and chemical bonding (ionic or covalent) of the amino acid groups
attached to the PIL on the antibacterial properties of the resulting
membranes, the authors prepared: i) ionically-bonded membranes
(denoted as I-D-Trp, I-D-Pro, I-LTrp and I-L-Pro), synthesized by photo-
polymerization of 3-Hexyl-1-vinylimidazolium bromide ([HVIm]Br),
styrene, acrylonitrile, divinylbenzene and 1-hydroxycyclohexyl phenyl
ketone, after which these PIL membranes were immersed in a solution of
amino acid to convert the anion bromide into the target amino acid; ii)
covalent-bonded monomers (abbreviated as C-D-Trp, C-D-Pro, C-L-Trp,
and C-L-Pro), synthesized by photopolymerization as previously
described and using the IL monomers described in Table 3. The anti-
bacterial effectiveness of PIL bromide-based membranes was lower
compared to covalently and ionically-bonded PIL membranes. This
highlights the role of amino acids in enhancing the antibacterial prop-
erties of the resulting membranes. Furthermore, D-enantiomeric amino
acid groups exhibited superior antimicrobial activity in comparison with
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Table 3
Summary of the works reported on the use of ionogels as dressings for wound healing applications with relevance to the effect of their composition on the resulting
antimicrobial character.

Goal Preparation
method

Ionic Liquid Solid support Antimicrobial
activity

In vivo assays

Preparation of gels with PVA-
tetrahydroxyborate as a vector
and antibacterial pyrrolidinium-
based ILs and properties'
evaluation: syringeability, self-
healing ability, pH-/glucose-
responsiveness and antibacterial
activity [48].

Direct mixing. 1-butyl-1-methylpyrrolidinium bromide -
[C4MP]Br; 1-hexyl-1-methylpyrrolidinium
bromide - [C6MP]Br; 1-octyl-1-methylpyr-
rolidinium bromide - [C8MP]Br; 1-dodecyl-
1-methylpyrrolidinium bromide - [C12MP]
Br.

PVA-
tetrahydroxyborate
anion.

Yes (E. coli;
S. aureus).

No.

Synthesis of non-releasing
antimicrobial PIL/PVA gel
dressings for wound healing
[144].

In situ
polymerization.

PIL based on 1-vinyl-3-butylimidazolium
bromide - [VBIM]Br.

PVA. Yes (A. Niger;
A. Oryza; B. subtilis;
C. albicans; E. coli;
Rhizopus spp.;
S. aureus).

Yes (In vivo wound
healing study using
Kunming female
mice).

Synthesis of amino-acid-based ILs
and PIL membranes as
antibacterial materials to treat
skin wounds infected by MRSA.
Additional assessment of the
effect of chirality (D- or L-
enantiomers) and chemical
bonding (ionic or covalent) on
antibacterial properties [30].

In situ
polymerization.

PILs prepared from: i) 1-vinyl-3-hydroxyl-
heptylimidazolium bromide - [HVIm]Br -
ionically-bonded membranes; ii) L-/D-3-
heptyl-1-vinylimidazolium proline
bromohexyl ester bromide (IL-L-/D-Pro); L-/
D-3-heptyl-1-vinyl-imidazolium tryptophan
bromohexyl ester bromide (IL-L-/D-Trp) -
covalent-bonded membranes.

Co-monomers:
acrylonitrile and
styrene.

Yes (E. coli;
S. aureus).

Yes (Wound healing
assay using mouse
previous spread with a
suspension of MRSA in
dorsal skin wounds).

Synthesis of antibacterial and
antifungal gels with anti-freezing,
non-drying and self-healing
properties, able to be used as a
wound healing dressing, even
under extreme conditions [15].

In situ
polymerization.

1-vinyl-3-butylimidazolium bromide -
[VBIM]Br.

PVP, acrylamide,
PEGDA.

Yes (E. coli, S. aureus
and C. albicans).

Yes (In vivo wound
healing study using
Kun Ming female
mice).

Development of a simple and fast-
one pot method for the
preparation of cellulose gels and
characterization of the swelling
behaviour, mechanical properties
and antibacterial activity [145].

In situ
polymerization.

N-butyl-N-methylpyrrolidinium hydroxide. Cellulose. Yes (B. subtilis;
E. coli).

No.

Preparation of a series of quaternary
ammonium (Qa) or imidazolium
(Im) cation-based PIL membranes
and their corresponding zinc ion
coordinated PIL membranes with
antimicrobial efficacy for wound
healing applications [131].

In situ
polymerization.

PILs resulted from the following IL
monomers: vinylbenzyl
trimethylammonium chloride (IL-Qa-C1);
vinylbenzyl dimethylbutylammonium
chloride (IL-Qa-C4); 1-methyl-3-(4-vinyl-
benzyl) imidazolium chloride (IL-Im-C1); 1-
butyl-3-(4-vinylbenzyl) imidazolium
chloride (IL-Im-C4).

Co-monomers:
acrylonitrile and
styrene.

Yes (C. albicans; E.
coli; MRSA; S.
aureus).

Yes (Wound healing
test using methicillin-
resistant S. aureus
infected mouse as the
model).

Synthesis by electrospinning of PIL-
based fibrous membranes
complexed with cerium (IV) ions
and evaluation of their
antimicrobial properties [146].

In situ
polymerization.

PILs resulted from 3-Hexyl-1-vinylimidazo-
lium bromide - [HVIm]Br.

Co-monomers:
AANTA and
polyacrylonitrile.

Yes (E. coli;
S. aureus).

Yes (Using mice with
an open excision
wound inoculated
with drug-resistant
bacterial suspensions).

Abbreviations – AANTA - 2,2-(5-acrylamido-1-carboxypentylazanediyl) diacetic acid; A. niger – Aspergillus niger; A. oryza – Aspergillus oryza; E. coli – Escherichia coli;
B. subtilis. – Bacillus subtilis; C. albicans – Candida albicans; HEMA - Hydroxyethyl methacrylate; IL – Ionic liquid; MRSA –Methicillin-resistant Staphylococcus aureus; PEG
– Polyethylene glycol; PEGDA - polyethyleneglycol dimethacrylate; PIL – Poly(ionic liquid); PVA – Poly(vinyl alcohol); PVP – polyvinylpyrrolidone; S. aureus –

Staphylococcus aureus.
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PIL membranes based on L-enantiomers. On the other hand,
ionically-bonded PIL membranes demonstrated higher antibacterial ac-
tivities compared with the corresponding covalently-bonded PIL mem-
branes, and the authors hypothesized that the free amino acid anions of
the ionically-bonded PIL membranes would be easier to connect to the
bacteria surface, making the naked cations more accessible to the bac-
teria. Using MRSA-infected mouse models, the I-D-Pro membrane was
successfully used for skin wound healing, demonstrating that it could
significantly promote wound healing, decrease local tissue inflammation,
and decrease the influence of bacteria on vital organs (liver and spleen).
In general, these results indicate that the amino acid-based PIL mem-
branes display good biocompatibility and excellent antibacterial activity
[30].

To overcome issues associated with traditional gel dressings due to
water loss at high temperature or water freezing at low temperature
while investigating the effect of the concentration of PIL in their
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antimicrobial character, wound dressings gels prepared via a one-pot
method based on polyvinylpyrrolidone (PVP), acrylamide, 1-vinyl-3-
butylimidazolium bromide ([VBIM]Br) and polyethylene glycol dime-
thacrylate were reported by Li and co-workers [15]. Unlike the gel
without IL, ionogel dressings exhibited antimicrobial activities either to
bacteria (E. coli and S. aureus) and fungus (C. albicans), more evident as
the proportion of [VBIM]Br increases. The prepared gels additionally
possess high water content, swelling ratio, and self-healing, anti-freezing,
and non-drying properties. Based upon the results of wound closure and
histopathological examinations, it was demonstrated that the fabricated
gel wound dressing effectively promotes the wound healing process in a
full-thickness skin defect model and could be both reused (sterilized at
high temperatures) and adapted to cold weather conditions [15]. A
distinct work reported the application of N-butyl-N-methylpyrrolidinium
hydroxide in aqueous solution to dissolve 20 wt% cellulose, after which
the gelation behaviour of cellulose was investigated after crosslinker
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(epichlorohydrin) addition [145]. By tuning the concentration of cellu-
lose, very soft gels or soft to slightly brittle gels more resistant to me-
chanical stress were prepared, respectively, if cellulose concentrations
within the ranges of 5/7.5 wt% or 10/15 wt% are applied. The authors
additionally demonstrated that the antimicrobial activity of the materials
was higher by decreasing the amount of crosslinker and increasing the
cellulose concentration. Overall, the prepared ionogels showed antimi-
crobial activity against two bacterial strains that are commonly found in
wound infections, namely E. coli B/r and B. subtilis [145].

Previous reviewed research has shown that the synthetic route [30],
PIL content [15], and solid network composition [145] impact the anti-
microbial activity of ionogels. Adding to these, coordination of mem-
branes with cations is a crucial factor influencing the antimicrobial
effectiveness of ionogels designed for wound dressing applications. In
this regard, Yan and co-authors [131] reported a variety of PIL mem-
branes based on quaternary ammonium (Qa) or imidazolium (Im) cat-
ions, as well as the corresponding zinc ion coordinated PIL membranes.
PIL membranes were obtained via in situ photo-crosslinking of a mixture
containing the target IL monomer (see Table 3), acrylonitrile, and sty-
rene, using divinylbenzene as cross-linking agent and benzoin ethyl ether
as the photoinitiator. The corresponding zinc ion coordinated mem-
branes were prepared by immersing PIL membranes in a zinc
chloride-saturated ethanol solution. The effects of the PIL chemical
structure, namely organic cations, alkyl side chain, and zinc atoms on
their antimicrobial properties against E. coli, S. aureus, and C. albicans
were then investigated. Among PIL membranes uncoordinated with zinc
chloride, the Qa-type PIL membranes show antimicrobial efficiencies
higher than those of Im-based membranes, and the longer alkyl side
chains, the lower the antimicrobial activities. In addition, the antibac-
terial activity was further enhanced through coordination with zinc,
resulting from synergistic attributes of organic cations and zinc atoms.
After 4 h of contact with zinc-containing PIL membranes, the viable
colonies of S. aureus, E. coli, and C. albicans almost completely dis-
appeared. Additional biocompatibility tests showed that with exception
of PIL-Qa-C1-Zn, all the remaining membranes fulfill the general accep-
tance criteria for biocompatibility of medical materials. Based on the in
vitro antimicrobial activity and cytotoxicity evaluations, PIL-Qa-C1 and
PIL-Im-C4-Zn were selected for additional wound healing tests using a
mouse model, being concluded that zinc-containing PIL membranes are
biologically safe and have potential applications as antimicrobial wound
dressings in a clinical setting [131]. In addition to zinc, doping mem-
branes with cerium cations may also affect the antimicrobial properties
of ionogels with effects at the genetic level. This hypothesis was
confirmed by Mao and co-authors [146] who fabricated nanofibrous
membranes by electrospinning a mixture containing
P(IL-co-AANTA-co-AN) and polyacrylonitrile (PAN) in N,
N-dimethylformamide solution, and then immersed in a ceric ammo-
nium nitrate solution to form Ce4þ ion complexed PIL membranes.
P(IL-co-AANTA-co-AN) resulted from the free-radical copolymerization
of the metal-ligand monomer 2,20-(5-acrylamido-1-carbox-
ypentylazanediyl) diacetic acid (AANTA) and the IL monomer 3-hexyl-1--
vinylimidazolium bromide ([HVIm][Br]). The effect of the PIL and
cerium moieties allowed the membranes to exhibit similar antimicrobial
efficiencies against E. coli and MRSA. However, it is worth noting that
unlike PIL membranes, cerium-treated membranes were found to be able
to break down drug-resistant genes placed either on a plasmid or on a
chromosome. Finally, the membranes were tested in mice infected with
MRSA with the in vivo results confirming that Ce-containing PIL nano-
fibrous membranes combine both antibacterial and
deoxyribonuclease-mimic properties, having thus potential applications
as a new antimicrobial wound dressings to block the drug resistance
spread in a clinical setting [146].

Since ionogels were introduced, several reports on the preparation of
these materials acting as antimicrobial gels for wound healing applica-
tions have emerged, and often proven efficient in reducing the activity of
Gram-negative (E. coli) and Gram-positive bacteria (S. aureus, including
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MRSA) and also of some fungus like C. albicans. However, one should
note that even though these bacterial species are amongst the most
prevalent in wound infections [147], other commonly reported species
such as Pseudomonas aeruginosa and Acinetobacter baumannii should be
studied as well and increasing attention should be paid for multi-drug
resistant strains. This will enlighten on the real applicability of ion-
ogels to help control infections in wound management without antibiotic
supplementation. Contrarily to bacteria and fungus, the ability of ion-
ogels to kill or inhibit the growth of viruses has been seldom studied,
being a topic of interest to be considered in the future. Moreover, it is
worth noting that the antimicrobial effect of ionogels largely depends on
the type of IL and solid network, as well as the synthetic route applied.

3.1.2. Multifunctional ionogels
In addition to bacterial colonization, prolonged inflammatory phase,

angiogenesis difficulties, and other serious complications can impede the
infected wound repair process [148]. In this sense, ionogels with multiple
biological activities have been approached to tackle these challenges.
Table 4 summarizes the works focusing on the application of multi-
functional ionogels for wound healing, listing the IL and solid network
used for material preparation, the ionogel's preparation method, whether
they present antimicrobial activity and for which microorganisms, and if
in vivo studies were performed.

A novel composite gel dressing for wound healing was obtained from
copolymerization of vinyl-modified lignin, hydroxyethyl methacrylate
(HEMA) and the IL 3-butyl-1-isopropyl-1H-imidazole-3-ium bromide.
Herein, lignin was shown to improve the mechanical properties of the gel
dressing, while the PIL was responsible for the observed antibacterial
activity and self-healing properties [39]. Also, the authors observed that
the antioxidant activity of the dressings significantly increased with the
increase of the lignin content. The antibacterial activity of the dressings
was evaluated with E. coli and S. aureus by the colony forming units
counting method, being observed a decrease in the number of viable
colonies after contact for 24 h with the prepared dressings. Continuous
antibacterial experiments proved that the composite hydrogel dressing
has long-term and stable antibacterial properties, and thus can be used
repeatedly. Furthermore, no significant decrease in mouse fibroblasts
activity was detected after incubation with the prepared dressings, con-
firming that they are non-toxic and do not hinder cell proliferation.
Finally, the authors used in vivo rat models to study wound healing and
histomorphology, proving that the composite gel dressing effectively
accelerates wound healing [39].

In a distinct strategy, two antibacterial imidazolium PILs, poly(N-
butylimidazolium) propiolic acid and poly(N-(3,6-dioxaoctane) imida-
zolium propiolic acid) were synthesized by a polycondensation reaction,
and later crosslinked with 4 arm thiol PEG (4 arm PEG-SH) to fabricate
fast gelation and injectable antibacterial hydrogels by thiol-yne click
reaction [29]. In comparison with the control, i.e., gels without PILs, the
fabricated ionogels had higher mechanical strength and shorter gelation
time. The antibacterial activity of the gels was evaluated using E. coli and
S. aureus colonies, and both gels could reduce the bacterial activity over
95 %. Since those gels were to be injectable, the authors also evaluated
their cytotoxicity using two cell lines, human skin fibroblasts cells and
human umbilical vein endothelial cells. The prepared gels demonstrated
lower cytotoxicity than the control and showed anti-inflammatory ac-
tivity by suppressing nitric oxide production activated by lipopolysac-
charides, deemed advantageous to accelerate wound healing [29].

Zhang and co-authors [113] created an injectable wound dressing gel
with self-healing and biocompatible properties, able to integrate anti-
oxidant, anti-inflammatory and wound healing properties. It is important
to highlight that despite the authors did not address the antimicrobial
activity of the designed ionogels, previous reports indicate that the solid
network applied, i. e., silk sericin, presents antibacterial properties [150]
and that PVA-silk sericin hydrogels had excellent antibacterial effects
[149]. The authors used, for the first time, an etodolac-based IL as a drug
template to enhance the bioavailability of the drug etodolac and



Table 4
Summary of the works reported on the use of multifunctional ionogels as dressings for wound healing applications.

Goal Preparation
method

Ionic Liquid Solid support Antimicrobial
activity

In vivo assays

Preparation of lignin/PILs composite gel dressing
with excellent mechanical strength, self-healing
properties, bactericidal and antioxidant
activities for wound healing [39].

In situ
polymerization.

PILs resulted from 3-butyl-1-iso-
propyl-1H-imidazole-3-ium
bromide – [VMIM]Br.

Co-monomers:
vinyl-modified
lignin and HEMA.

Yes (E. coli;
S. aureus).

Yes (Effect on wound
healing using rats).

Fabrication of fast gelation and injectable gels by
crosslinking of imidazolium-based PILs with
PEG and characterization of their antibacterial
and anti-inflammatory properties [29].

Direct mixing. Poly(N-butylimidazolium)
propiolic acid;
Poly(N-(3,6-dioxaoctane)
imidazolium propiolic acid).

PEG (4 arm thiol
PEG).

Yes (E. coli;
S. aureus).

No.

Preparation of silk sericin/PVA dressing gels
loaded with etodolac-based ILs with antioxidant
and anti-inflammatory properties to treat
chronic wound healing [113].

Direct mixing. Etodolac-based IL. PVA and silk
sericin.

Yes (Addressed in a
previous work
[149]).

Yes (Wound healing
ability test using
BALB/C (Bagg’s
albino) male mice).

Development of a transparent, pH-sensitive,
highly stretchable, and biocompatible
anthocyanidin ionogel dressing [87].

In situ
polymerization.

1-Hydroxyethyl-3-
methylimidazolium chloride.

Titanium carbide
(Ti3C2Tx, MXene)
and pectin.

Yes (Antibacterial) Yes (Wound healing
tests in Kun Ming
mice)

Preparation of ionogel patches comprising ILs
with phenolic acids as anions with
antimicrobial, anti-inflammatory and
antioxidant properties for wound healing [117].

Direct mixing. Cholinium salicylate, cholinium
gallate, cholinium vanillate, and
cholinium caffeate.

PVA. Yes (E. coli). No.

Construction of a conductive antibacterial
multifunctional gel and combination with
exogenous electrical stimulation for S. aureus-
infected wound healing [148].

In situ
polymerization.

1-Vinyl-3-butylimidazolium
bromide - [VBIM]Br.

PVA and PEGDA. Yes (C. albicans,
E. coli, S. aureus).

Yes (Using a S. aureus-
infected diabetic total
skin defect model).

Abbreviations –E. coli – Escherichia coli; IL – Ionic liquid; PEG – Polyethylene glycol; PEGDA - polyethyleneglycol dimethacrylate; PIL – Poly(ionic liquid); PVA –

Poly(vinyl alcohol); S. aureus – Staphylococcus aureus.
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hypothesized to be responsible for the observed anti-inflammatory
properties of the constructed ionogels. The migration tendency of the
cells (L929) was detected by a scratch test, which confirmed the wound
healing activity in vitro. The gel's remarkable ability to speed up wound
healing was further demonstrated by its strong reactive oxygen species
scavenging capacity and comparable levels of control over inflammatory
cytokines (TNF- and PGE-2) in an experiment using a mouse wound
model [113]. Feng and co-workers [87] took advantage of the antioxi-
dant and free radical scavenger ability of anthocyanidin to design
improved ionogel dressings, prepared using pectin, Ti3C2Tx MXene,
acrylamide and the IL 1-hydroxyethyl-3-methylimidazolium chloride. In
this case, the IL acted both as a solvent and as a backbone for hydrogen
bond donors and acceptors to bind with anthocyanidin. The prepared
ionogels display the ability to bind metabolites, evaluated using bovine
serum albumin, and good water retention and swelling properties that
are of paramount importance in the context of wound repair. In com-
parison with hydrogels (formulated without IL), ionogels showed high
stretchability and low stress. According to the authors, the presence of
anthocyanidin, the IL 1-hydroxyethyl-3-methylimidazolium chloride,
and pectin ascribed interesting properties to the fabricated ionogels,
namely a sensitive pH monitoring, antibacterial activity, and biocom-
patible behaviour. Collectively, these multifunctional properties pro-
vided the ionogel with excellent re-epithelialization in a 14-day wound
healing process [87]. With a similar goal, soft and bioactive ionogels
were prepared based on PVA and ILs composed of the cholinium cation
paired with different anions derived from phenolic acids, namely the
anions salicylate ([Ch][Sal]), gallate ([Ch][Ga]), vanillate ([Ch][Val]),
and caffeate ([Ch][Caff]) [117]. Herein, the phenolic motif of ILs plays a
dual role, acting as a PVA crosslinker and a bioactive compound
endowing the materials with antioxidant and anti-inflammatory activ-
ities. The viability of these patches for wound healing applications was
ascertained using different biological assays. The cytotoxicity upon
peritoneal macrophages from Mus musculus CD 1 revealed that [Ch]
[Caff]-based gels decrease cell viability and induce changes in cell
morphology. All the materials in study demonstrated no hemolytic effect
and agglutination after 24 h of exposure to mice blood. The
anti-inflammatory activity of the prepared ionogels was assessed based
on their ability to decrease lipopolyssacharide-induced nitric oxide pro-
duction, which was found to be more evident for PVA-[Ch][Caff] with a
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reduction of nitric oxide production of more than 63 %, in comparison
with the positive control parthenolide. The antioxidant activity of the
synthesized materials was determined based on their ability to react with
a stable radical and reducing it to 2,2-diphenyl-1-hydrazine. The anti-
oxidant activity values obtained were 57 %, 51 %, 32 %, 31 %, and 3 %,
respectively, for PVA-[Ch]Caff], ascorbic acid (positive control),
PVA-[Ch][Ga], PVA-[Ch][Van], and PVA-[Ch][Sal]. Finally, the anti-
bacterial activity against E. coli was more pronounced for ionogels
comprising PVA-[Ch][Sal] [117].

Aiming to take advantage of electrical stimulation as an emerging
therapy to promote skin regeneration, conductive antibacterial multi-
functional gels were prepared and combined with exogenous electrical
stimulation for improving the S. aureus-infected wound healing process
[148]. The multifunctional gels were composed of an IL [VBIM]Br
polymer network crosslinked with polyethyleneglycol dimethacrylate
(PEGDA), and a PVA-borax dynamic borate network, in which electro-
static interactions between the imidazole cation of the IL polymer
network and the boron anion in the PVA-borax network takes place. The
dynamic cross-linking between PVA and borax confers the gel with
enhanced physical properties, fitting the wound perfectly and preventing
local stress damage during application. On the other hand, the presence
of the IL [VBIM]Br provides the gel with antimicrobial activity to E. coli,
C. albicans and S. aureus, while improving light transmission facilitating
the observation of the wound site. It also endows the fabricated gels with
excellent electroconductivity, which could further promote cell prolif-
eration and migration, heighten angiogenesis and collagen deposition
with exogenous electrical stimulation. Built upon the favourable prop-
erties displayed by these multifunctional gels, the wound healing process
was significantly accelerated, shortening the closure period of infected
diabetic chronic wounds [148].

Up to date, few reports on the design of multifunctional ionogels with
antimicrobial, anti-inflammatory, and antioxidant properties were dis-
closed as a comprehensive solution to accelerate the wound healing
process. Yet, the number of studies with ILs that have shown biological
activity (other than antimicrobial properties) is low. For instance, the
antioxidant properties of phenolic acids can be enhanced by their con-
version into cholinium-based ILs [114,115]. Thus, efforts should be
addressed to the preparation of ionogels containing ILs with these
improved properties since they can have additional advantages and the
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gels could act not only as antibacterial and regenerative means, but a
synergistic effect could be achieved. Apart from antimicrobial activity,
mammalian cell cytotoxicity and in vivo studies are essential criteria to
assess the biocompatibility nature of ionogels intended for human uses.
Most of the works reviewed in this and the former sub-sections either
demonstrated in vitro the low cytotoxicity profile of ionogels or their
therapeutic efficiency, and to some extent their safety using in vivomouse
models.
3.2. Systems for targeted and controlled drug delivery with improved
solubility

As a result of the increasing demand for efficient medical therapies
without unwanted side effects, effective DDS for the targeted adminis-
tration of toxic, sensitive, and poorly soluble medicines have been
developed, ensuring suitable protection and distribution in different or-
gans of the human body [17,151]. Being synthetic materials whose
interaction with the human body is entirely different from biological
ones, the biocompatibility of DDS is a crucial factor for their acceptability
[10]. From a different point of view and aiming an improvement of API
solubility, organic solvents may be required, raising however health and
environmental concerns. The use of ILs in the preparation of gels can help
in addressing some of those drawbacks, also bringing novel biological
functionalities in comparison with conventional gels. The next
sub-sections address the preparation of ionogels envisaging their appli-
cation as DDS for enteral (3.2.1), parenteral (restricted to those involving
injection) (3.2.2), and transdermal administration (3.2.2).

3.2.1. Ionogels for enteral administration
Enteral administration involves absorption of the drug via the

gastrointestinal tract, including oral, gastric, duodenal, or rectal admin-
istration [152]. Oral delivery is among the most popular routes of drug
administration, mainly due to self-administration easiness, safety, and
patient compliance. However, it has some limitations since the drugs are
prone to first-pass metabolism and generally have poor stability in the
gastrointestinal system [153], which are challenges to overcome by DDS
designed for this mode of administration. This sub-section addresses
scientific publications focusing on the preparation of ionogels as DDS for
oral administration, as depicted in Fig. 8.

Table 5 presents a summary of the works addressed and respective
goals, the proposed route of administration, the IL and solid support used,
the ionogel's preparation method, whether biocompatibility studies were
performed, and the drug in study. Works where the authors do not
directly envisaged ionogels for any route of administration nor assess
their syringeability and injectability, are herein considered as well.

Aiming at the delivery of stomach-specific therapeutic agents,
Fig. 8. Illustration on the application of ionogels as oral DDS for targeted and con
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polymerized bio-IL-based nanogel matrices were fabricated and tested
for the delivery of an anticancer drug [154]. Nanogel systems with an
average hydrodynamic size of 41 � 15 nm were developed by the
simultaneous polymerization and cross-linking of the polymerizable
bio-based-IL cholinium acrylate [154]. The nanogel thus obtained
showed prolonged drug delivery (10 days) for an anticancer drug
(5-fluorouracil) at pH 1.2 (stomach pH) and at the physiological human
body temperature (37 �C). Remarkably, no substantial drug delivery was
observed at pH values of 5 and 7.4, further confirming the effectiveness
of these systems for the in vivo delivery of stomach-specific therapeutic
agents [154]. Upon oral administration, gastroretentive DDS have been
designed to prolong the release and enhance the absorption of drugs in
the stomach or the upper gastrointestinal tract, from which
gastric-floating DDS stand out due to the low risk of gastric injuries and
minimal side-effects. Having this in mind, Xie and co-workers [155]
prepared a low density hybrid gel based on starch and cellulose to be
applied as gastric-floating sustained-release tablets. The gel was prepared
using 1-ethyl-3-methylimidazolium acetate for polymer dissolution and
loaded afterward with ranitidine hydrochloride as a model drug. With an
increasing proportion of cellulose, the ranitidine hydrochloride loading
content was lower but with a high starch content, the structure became
less stable, which was consistent with the results of equilibrium swelling
ability. Using in vitro assays that simulated gastric fluid, the authors
demonstrated that the ionogel releases 45.87 % of the drug during the
first 1 h and then a sustained release for up to 10 h. This represents a
better-sustained release behaviour than that from ranitidine hydrochlo-
ride capsules where the accumulated release percentages at 0.5 h, 1.5 h
and 2 h were, respectively, 62.16 %, 97.27 %, and 99.55 %. Finally, the
authors also demonstrated that the hybrid materials could immediately
float on the surface of water at 37 �C [155].

A PIL buccal tissue adhesive patch for treating oral aphthous was
prepared via polymerization of a catechol-containing IL, acrylic acid, and
butyl acrylate, followed by anion exchange to diclofenac anions [112].
The patch can adhere to wet tissues in the wound site and exhibits
antimicrobial properties against bacteria and fungi, as well as
anti-inflammatory activity due to the efficient delivery of diclofenac. The
high stretchability (extending to 1100 %) and self-healing properties
allow the developed patch to adapt to the complex oral environment, and
in vivo studies using mouse models demonstrate their ability to accelerate
oral aphthous ulcer healing, overall confirming their suitability as an oral
mucosa patch [112]. In this context, ionogels can be used not only for
targeted and controlled release of pharmacological substances but also
have the potential to be used in biopharmaceutical applications [132]. In
this regard, a biodegradable polymeric patch for buccal delivery of in-
sulin was designed to readily dissolve at slightly acidic pH and effectively
release the IL/insulin gel in the buccal pouch. By taking advantage of the
trolled drug delivery with improved solubility. Created with BioRender.com.
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Table 5
Summary of the works reported on the use of ionogels for the targeted and controlled delivery of drugs with improved solubility focusing enteral administration.

Goal Preparation
method

Route of
administration

Ionic Liquid Solid support Biocompatibility
studies

Drug

Synthesis of ionogels based on
polymerizable ILs with
prolonged drug release
profiles [154].

In situ
polymerization.

Oral. PIL comprising cholinium acrylate and
N,N -methylene-bis-acrylamide.

None. No. 5-fluorouracil.

Preparation of low density
tablets based on
polysaccharides for gastric-
floating drug delivery
purposes [155].

Direct mixing. Oral. 1-ethyl-3-methylimidazolium acetate. Starch (Gelose 50)
and
microcrystalline
cellulose.

No. Ranitidine
hydrochloride.

Preparation of buccal
adhesive patches
comprising antibacterial
PILs loaded with anti-
inflammatory drugs to treat
oral aphthous ulcers [112].

In situ
polymerization.

Oral. PIL based on a catechol-containing
monomer (obtained by
dimethylaminoethyl acrylate and 3,4-
dihydroxyphenacyl chloride). Chloride
exchanged to diclofenac anions
afterward.

None. Cytotoxicity and
assessment of in vivo
therapeutic
efficiency.

Diclofenac
(anionic form of
PIL).

Fabrication of polymeric
patches for buccal delivery
of insulin using chitosan as
the mucoadhesive matrix
and ILs as transport
facilitators [132].

Direct mixing. Oral. Cholinium bicarbonate and geranic acid
(CAGE).

PVA and chitosan. Buccal
administration
assays in rats.

Insulin.

Development of a
mucoadhesive gel designed
to adhere the intestine and
able to entrap both the IL
and therapeutic drug for
their controlled and
sustained release [80].

Direct mixing. Oral. Cholinium bicarbonate and geranic acid
(CAGE).

PVA. Cell viability using
CaCo-2 cells.

Insulin.

Preparation of celulose
ionogels non- and modified
with tannic acid and L-
methyonine for sustained
release of selenourea [156].

In situ
polymerization.

Oral. 1-ethyl-3-methylimidazolium acetate. Cellulose. No. Selenourea.

Fabrication and
characterization of pH-
responsive ionogels using
temperature-responsive low
molecular weight IL-based
gelators [77].

In situ gelation. NR. Cetylpyridinium salicylate. NR. No. Imatinib
mesylate.

Production of
thermoresponsive ionogels
comprised of silk fibroin
and PVP for drug delivery
[104].

Direct mixing. NR. Choline acetate, choline dihydrogen
phosphate, and choline chloride.

Silk fibroin; silk
fibroin and PVP.

No. Phenobarbital.

Preparation of magneto-
responsive ionogels by
combining a biopolymer
and a valine-based
magnetic IL surfactant to be
applied as drug delivery
nanocarriers [93].

In situ
polymerization.

NR. [ValC16][FeCl4]. Gelatin. Ethidium bromide
exclusion assay
with salmon DNA.

Ornidazole; 5-
fluorouracil.

Preparation of viscoelastic
gels using a solution blend
approach for the loading
and release of an API-IL
[28].

Direct mixing. NR. 1-dodecyl-1-methylpiperidinium
acetylsalicylate.

Agar, chitosan
with low (L) and
medium
(M) molar mass.

No. Acetylsalicylate
(API-IL).

Preparation of bioactive
linear PILs for the delivery
of an antibiotic drug,
incorporated as an anion in
the PIL [157].

In situ
polymerization.

NR. PIL based on [2-(methacryloyloxy)
ethyl]trimethylammonium p-
aminosalicylate (ChMAPAS).

None. No. p-aminosalicylate
(API-IL).

Sol-gel synthesis of silica-
based ionogels comprising
ibuprofenate under the
form of an API-IL and
investigation of their ability
to act as DDS with
controlled release kinetics
[38].

Direct mixing. NR. 1-methyl-3-butylimidazolium
ibuprofenate.

TMOS or TMOS/
MTMOS precursor
mixtures.

No. Ibuprofen (API-
IL)

Preparation of monolithic
ionogels using
tetramethoxysilane as the
silica source using an API-IL

Solvent
exchange.

NR. 1-methyl-3-octyl-imidazolium
ibuprofenate.

TMOS. No. Ibuprofen (API-
IL).

(continued on next page)
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Table 5 (continued )

Goal Preparation
method

Route of
administration

Ionic Liquid Solid support Biocompatibility
studies

Drug

acting both as templating
agent and as a catalyst,
promoting its own
encapsulation [158].

Encapsulation of a
hydrophobic drug in
hydrophilic polymeric core,
and evaluation of the
biocompatibility and anti-
cancer activity of the
resulting ionogels [40].

Solvent
exchange.

NR. Cholinium formate. PHEMA. Toxicity measured
against zebrafish
embryos.

Curcumin.

Ionogels preparation by self-
aggregation of an IL-based
surfactant and study of their
ability to encapsulate drugs
[159].

Direct mixing. NR. 3- methyl-1-
(hexadecyloxycarbonylmethyl)
imidazolium bromide.

None. No. Imatinib
mesylate;
diclofenac
sodium.

Abbreviations – API-IL – Active pharmaceutical ingredient ionic liquid; CAGE – Cholinium bicarbonate and geranic acid; DDS – Drug delivery system; IL – Ionic liquid;
MTMOS – Methyltrimethoxysilane; NR – Not reported; PHEMA – Poly(2-hydroxyethyl methacrylate); PIL – Poly(ionic liquid); PVA – poly(vinyl alcohol); PVP – Pol-
yvinylpyrrolidone; TMOS –Tetramethoxysilane.
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high-water solubility, biocompatibility, mechanical strength, and adhe-
sive properties, PVA was selected as the solid network. Chitosan and a
mixture of cholinium bicarbonate and geranic acid (CAGE) were applied,
respectively, as the mucoadhesive matrix and as the transport facilitator.
A 7-fold increase in the cumulative insulin transport across the ex vivo
porcine buccal tissue was induced by CAGE, confirming its ability as a
permeation enhancer and to improve the transport of (bio)molecules
across the buccal mucosa. The developed patches were placed in the rat
buccal pouch, being observed their ability to lower in vivo blood glucose
levels in a dose-dependent manner with no obvious lesions at the
application site, additionally validating the safety and efficacy of this
non-invasive system of administering insulin [132]. Also resorting to
CAGE and PVA, the same research group prepared mucoadhesive ionogel
patches designed to adhere to the intestine with controlled-release
behaviour for both CAGE and insulin [80]. CAGE was encapsulated
within PVA gels to form ionogels by two distinct approaches. In the first
approach, solutions were left to dry undisturbed, and in the second, PVA
solutions were subjected to repeated freeze and thaw cycles (FT-CAGE).
FT-CAGE ionogel patches demonstrated mucoadhesive strength,
swelling, and controlled release behaviour of both CAGE and insulin.
Additionally, the authors reported a 30 % increase in the insulin trans-
port across co-cultures of intestinal cells (Caco-2 and HT29-MTX-E12)
when compared with controls, proving that the small intestine's ability
to absorb insulin and other poorly soluble medications may be enhanced
by CAGE. During oral administration, the ionogel patches could be used
in a specific location and prevented long-term damage to the epithelium
and drug loss due to epithelial cell uptake, being thus envisaged as
effective systems for the oral delivery of biopharmaceuticals [80].

Stimuli-responsive systems respond to specific triggers (e.g., pH,
temperature, enzymes, magnetic field, among others) to release their
cargo at the target site, enhancing drug efficacy while minimizing po-
tential side effects [160]. For the sustained release of selenourea (SeU),
Santra and Ken [156] created pH-responsive cellulose-based ionogels
(CSeU) modified with tannic acid (CTSeU) and L-methionine (CMSeU)
resorting to the IL 1-ethyl-3-methylimidazolium acetate as the solvent.
The loading of SeU was performed in different approaches, namely with
and without modification with tannic acid and L-methionine. From
CTSeU, SeU release was high (79 %) at the pH 6.65, while only 40 % SeU
was released by the same material at pH 2.09. CSeU and CMSeU, how-
ever, showed a lower drug release (below 5 %). The amount of SeU
released from CTSeU was considerably lower (ca. 25 %) in simulated
gastric fluid (pH 1.2), indicating that the microstructures of the beads are
stable [156]. Furthermore, the tyrosinase inhibitory effect of SeU
released from CSeU, CTSeU, and CMSeU materials show that it presents
an inhibitory effect on the enzymatic activity of tyrosinase [156]. A
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pH-responsive ionogel with potential to specifically target cancer cells
was developed by Malek and co-authors [77] using
temperature-responsive IL-based LMWG, thereafter loaded with imatinib
mesylate. Using cetylpyridiniumsalicylate (CetPySal) above its critical
micellar concentration, a gel was formed at a physiological pH that was
afterward immersed in a solution of imatinib mesylate. The prepared
ionogels were able to encapsulate 10.2 % and 33.0 % of imatinib
mesylate, respectively, at controlled temperatures of 15 �C and 25 �C for
72 h, with hydrophobic interactions being the dominant factor. The ki-
netic release profile of imatinib mesylate encapsulated in the designed
ionogels was characterized at 37 �C and pH 5, 7.4 and 10 by resorting to
different buffer solutions, in which pH 5 was used to mimic the intra-
cellular environment of cancer cells. The imatinib mesylate release pro-
file from the ionogel matrix was studied using a dialysis membrane
against Milli-Q water and shown to be pH-dependent at 37 �C. Imatinib
mesylate releases very slowly at pH 10 and pH 7.4 from the ionogel
matrix. About 53.17 % and 88.3 % imatinib mesylate was released in
330 min at pH 10 and 7.4, respectively. On the other hand, imatinib
mesylate release rate was notably enhanced under acidic conditions (pH
5), namely 94.17 % in only 210 min [77]. Temperature-responsive ion-
ogels obtained by stirring a mixture of ILs, PVP and/or silk fibroin at 25
�C, followed by the dropwise addition of different formulations con-
taining traditional pharmaceutical excipients (e.g., trehalose, tween-20,
sucrose, glycerol, and histidine) were prepared to encapsulate the
model antiepileptic drug phenobarbital [104]. In the absence of ILs, the
authors failed to observe the formation of gels over two months; how-
ever, ionogel formulations containing cholinium acetate and cholinium
dihydrogen phosphate were relatively rapidly formed at 25 �C, con-
trasting with those comprised of cholinium chloride which required
extended formation periods, as long as 32 days. Furthermore, cholinium
acetate and cholinium dihydrogen phosphate-ionogels were formed
below 37 �C in the absence of PVP, which could be beneficial for local
and controlled drug delivery applications. Even though the time-course
release of phenobarbital was not addressed, the authors observed the
instantaneous solubility of this model drug in the presence of formula-
tions containing cholinium acetate and cholinium dihydrogen phos-
phate, which is largely insoluble in formulations lacking ILs. Using a
combination of experimental assays and density functional theory cal-
culations, the authors attributed the formation of ionogels to macromo-
lecular crowding and confinement effects [104]. Kumar and co-workers
[93] prepared magneto-responsive ionogels by combining gelatin and
vesicles of valine-based magnetic IL surfactant [ValC16][FeCl4], and
explored their potential as drug delivery nanocarriers for ornidazole and
5-fluroucacil. After gel preparation, the drug was loaded in vitro in a
phosphate buffer solution over a period of 24h and its release was also
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studied in PBS at 37 �C for 4 and 96h, since after 96h no further release
was observed. The encapsulation efficiency of ornidazole and 5-fluoro-
uracil in the magnetic biocomposite gel was found to be 69 % and 78
%, respectively. Results show that lowering the concentration of [ValC16]
[FeCl4] in the magnetic biocomposite gel from the vesicular region to the
micellar region, negatively impacts the loading efficiency of 5-fluoro-
uracil and ornidazole to 49 % and 42 %, revealing that the vesicles are
more favourable to load hydrophilic drugs. The prepared biocomposite
gels show good magnetic behaviour and since they can be manipulated
spatiotemporally using an external magnetic field, these gels are prom-
ising candidates as active scaffolds for advanced drug delivery applica-
tions [93].

Along with specific stimuli-responsiveness behaviour, other factors,
including the physical form and composition of DDS, as well as the
temperature required for gel formation, will influence both drug encap-
sulation and release profiles. A solution blend approach was applied for
the preparation of viscoelastic gels composed of the API-IL 1-dodecyl-1-
methylpiperidinium acetylsalicylate ([C12mpip][AcSa]) in sodium salic-
ylate aqueous media, as well as in agar, and chitosan with low (L) and
medium (M) molar mass in aqueous media [28]. The release of the drug
anion from gels as well as their dry cast thin films was monitored as a
function of time. For gels, the release profiles of the drug anion were of S
type and follow the order agar > chitosan (L) > chitosan (M), indicating
that chitosan (M) chains hold more amount of drug anions. Also, the
higher concentrations of biopolymers, the less the fraction of the drug
anion released. At higher biopolymer concentrations, the density of
network structures increases and does not allow the drug to dissipate.
The release profiles were fitted to the Hixon-Crowell model, suggesting
that the release predominantly occurs by simple dissolution of the drug
anion upon dilution. For thin films, the release profile was found to be of
inverted L type and fitted well with the Ritger-Peppas model, indicating
that the drug release depends on complex factors such as diffusion,
swelling, dissolution, and surface erosion. Overall, these results show
that the mechanism of release can be tuned to desired characteristics by
adopting the solution blend-based hybrid systems and also by changing
the physical form of the drug carrier system [28]. PILs obtained from the
copolymerization of [2-(methacryloyloxy)ethyl]trimethylammonium
p-aminosalicylate (ChMAPAS) with methyl methacrylate (MMA) were
prepared, containing p-aminosalicylate (PAS) as an anion while being an
antibiotic effective against Mycobacterium tuberculosis [157]. The resul-
tant PIL presented various contents of PAS anions (24–42 %), depending
on the initial ratio of ChMAPAS toMMA and conversion degree. Since the
drug anion is kept by ionic interactions with the polymer matrix, drug
release is based on ion exchange with phosphate anions in the PBS buffer,
applied to mimic the natural environment of the physiological fluid.
Among the different ratios used of ChMAPAS/MMA, the case where the
initial content of PAS monomer was 50 % in the polymerization mixture
provided the optimal system, allowing full drug release within 4 h in a
more controlled release process [157].

Vioux and co-workers [38] prepared an ionogel with ibuprofen under
the form of an API-IL to control the kinetics of release of this drug. To this
end, the API-IL 1-methyl-3-butylimidazolium ibuprofenate was synthe-
sized by one-step anion exchange from 1-methyl-3-butylimidazolium
chloride and sodium ibuprofenate. The IL was then used in a sol-gel
synthesis using pure TMOS or TMOS/methyltrimethoxysilane
(MTMOS) precursor mixtures and diluted HCl. Using simulated intestinal
media (pH 7.48), the authors have shown that the release kinetics is
slower with ionogels than with crystalline ibuprofen and pure ibu-
profenate API-IL, demonstrating that ionogels act as drug reservoirs for
controlled delivery [38]. Later, the same group [158] investigated the
direct sol-gel encapsulation of an API-IL comprising a long alkyl chain
imidazolium cation (1-methyl-3-octylimidazolium) and the ibuprofenate
anion using TMOS as the silica source. Herein, a triple role was assigned
to the IL, namely as an API, a sol-gel catalyst, and a tensioactive tem-
plating agent. Using a low IL-to-silica ratio of 0.25 and due to the bulk-
iness of the cation-anion pairs, materials with surface areas (812 m2 g�1)
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and pore volumes (1.25 cm3 g�1) higher than other ionogels previously
reported in the literature were obtained. Furthermore, the catalytical
activity of ibuprofenate led to a relatively high condensation degree (88
%) [158].

To increase the efficacy of curcumin encapsulation, MacFarlane and
co-authors [40] investigated hydrophilic polymeric core
poly(2-hydroxyethyl methacrylate) ([PHEMA]) nanoparticles from the
gelled IL cholinium formate. Afterward, curcumin-loaded PHEMA
nanoparticles (C-PHEMA-NPs) were prepared via a nano-precipitation
method. The authors were able to load 26.4 % of curcumin in the
biocompatible hydrophilic polymer. In vitro release patterns demon-
strated that free curcumin releases more quickly than curcumin bound to
nanoparticles. During the first 12h, 10 % of the entrapped curcumin from
C-PHEMA-NPs was released slowly, followed by a sustained release
pattern of the substance. The slower release in C-PHEMA-NPs compared
with free curcumin may be a result of the drug's slow diffusion through
the matrix of the polymer. Additionally, the authors tested the C-PHE-
MA-NPs' anticancer activity in ovarian cancer cells (SKOV-3), showing
that it was more effective than free curcumin at regressing tumour cells.
With an IC50 (Half maximal inhibitory concentration, measured by the
cytotoxicity activity against SKOV-3) value of 3.78 μg/ml, C-PHEMA-NPs
presented a higher cytotoxic activity than free curcumin, and thus
effectively inhibited the proliferation of cancer cells. The toxicity of
PHEMA nanoparticles was further investigated in a zebrafish embryo
model, confirming that these materials are biocompatible. Overall, the
authors demonstrated that PHEMA nanoparticles loaded with curcumin
might have therapeutic benefits for the treatment of cancer [40]. To
create an ionogel at physiological pH, Malek and co-workers [159] used
an IL-based surfactant with an ester (3-methyl-1-(hexadecylox-
ycarbonylmethyl)imidazolium bromide) that self-aggregates at 8.80 %
w/v in aqueous media. At 25 �C, the ionogel was capable of absorbing
dyes and drugs like sodium diclofenac and imatinib mesylate. The pre-
pared materials were able to encapsulate both drugs with encapsulation
efficiencies of 40.4 % for diclofenac, and 72.3 % for imatinib mesylate.
Contrarily, at 50 �C, the gel encapsulates only 1.4 % of diclofenac and
53.59 % of imatinib mesylate. In general, these materials demonstrate
that the addition of 3-methyl-1-(hexadecyloxycarbonylmethyl)imidazo-
lium bromide to an aqueous solution is able to form a gel-to-gel revers-
ible transition with a change in temperature, opaque at 25 �C and
transparent at 50 �C, ultimately allowing to control the encapsulation
efficiency [159].

According to the works reviewed in this sub-section, ionogels are
starting to be investigated as DDS for the oral delivery of drugs. Ionogels
have been engineered to display improved mechanical properties (e.g.,
adherence to wet tissues or self-healing properties), favouring their
adaptability to complex environments such as the oral cavity. Concerning
the solid supports employed in ionogel preparation, there is a preference
for polymeric materials, some of them which have been previously re-
ported for drug delivery based on hydrogels, micelles, polyplexes, or
polymer-drug conjugates [161]. By carefully selecting the composition of
ionogels, materials with the capacity to deliver their cargo in different
locations of the gastrointestinal tract and/or with stimuli-responsive
behaviour (pH, temperature, and magnetic fields) have been designed.
Proof of concept studies have shown that ionogels can be applied as DDS
to target the acidic intracellular environment from cancer cells. Never-
theless, the investigation of ionogels able to respond to external stimuli,
such as light or electric fields, could guarantee a more sensitive and
localized controlled release of pharmaceutical drugs. There has been an
effort to study both hydrophobic and hydrophilic drugs/compounds;
however, it is noticeable the lack of studies addressing bio-
pharmaceuticals, with only two reports investigating insulin delivery.
Considering the rapid growth of the biopharmaceutical market, in the
future it would be interesting to understand how ionogels could improve
the administration of such biomolecules and the effect on their shelf-life,
especially considering their lower stability when compared with tradi-
tional pharma products. There has also been a limitation regarding the
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type of ILs being studied since most focus on the imidazolium family.
Nevertheless, some works already reported cholinium-based ILs, which
are often reported to be more biocompatible. Specifically, there is a lack
of studies considering API-ILs and mainly restricted to drugs with
anti-inflammatory activity as well as for ILs with intrinsic biological ac-
tivity. Their application would be interesting to explore in the future if
the antibacterial, anti-inflammatory, antitumoural, and antioxidant ac-
tivity could be improved by exploring new ILs, e.g., by resorting to ILs
comprising cholinium and anions derived phenolic acids [114,115] or
taurine-based ILs [162].

3.2.2. Ionogels for parenteral administration
Despite involving injections that can be painful and associated with

local reactions, parenteral administration of drugs subcutaneously,
intradermally, intravenously, and intramuscularly, among others, rep-
resents an effective way of increasing the therapeutic efficiency of drugs
since they reach circulationwithout having to cross the enteral mucosa or
the liver [163]. This sub-section resumes the works dealing with the
preparation of injectable ionogels for drug delivery applications, as
schematized in Fig. 9.

Table 6 summarizes the works reviewed and respective main goals,
the IL and solid support used, the ionogel's preparation method, whether
biocompatibility studies were performed, and the drug in study.

Oscharz and co-authors [164] combined timolol maleate and poly-
merized anionic 3-sulfopropylmethacrylate potassium, and ibuprofen
combined with poly-[2-(methacryloyloxy) ethyl] trimethylammonium
chloride, and addressed the drug release profile of these materials. In PBS
at pH 7.4 and 37 �C, the authors noticed that the release is rather
dependent on the resulting concentration in solution than the actual
release time, thus not being determined by the diffusion speed of the drug
in the polymer. The investigated gels functionalized with different ion
groups showed the ability to retain a counterion that is released only by
ion exchange in contrast to a diffusion-controlled mechanism [164].
These gels are capable to be sterilized by gamma radiation, ensuring
sufficient stabilization for medical applications [164]. Furthermore, the
excellent biocompatibility of the designed gels had been confirmed in a
previous work using in vitro cell seeding experiments [168]. Based on
these promising properties, the authors identified PILs as very promising
systems for drug depot applications in body regions with low flow rates,
as is the case of subconjunctival space, accessible by minimally invasive
surgeries (e.g., in the treatment of glaucoma) [164].

Malek and co-authors [165] designed a PVA-based hybrid gel con-
sisting of an ester-functionalized morpholinium-based IL (4-(2-(hex-
adecyloxy)-2-oxoethyl)-4-methylmorpholin-4-ium bromide) and other
biocompatible additives. The designed polymeric ionogel responds to
Fig. 9. Illustration on the application of ionogels for parenteral drug administratio
Created with BioRender.com.
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intracellular biological conditions, observed to be optimal at 37 �C and
pH 5. Furthermore, the gel in the absence of IL showed a low encapsu-
lation efficiency (~52.4 %) and drug loading capacity (~3.2 %) for
doxorubicin, whereas the addition of doxorubicin at the same ratio in the
presence of IL allowed to obtain higher encapsulation efficiencies, of
approximately 79.7 % with a drug loading capacity of nearly 12.3 %.
After 50 h, the in vitro doxorubicin release experiments show a 82.3 %
cumulative release at 37 �C and pH 5.0, while a 53 % release was
observed at pH 7.4. Acidic pH accelerates doxorubicin release due to
increased hydrophilicity and desolubilization, while 37 �C increases drug
release due to the increased permeability. The dual stimuli-responsive
nature of the studied smart polymeric gel could be envisaged as a
smart drug carrier for the wide-ranging positively charged drugs for
cancer therapy, being additionally shown that it displays excellent
biocompatibility [165]. Singh and co-workers [166] created an amphi-
philic hybrid ionogel composed of poly (ethylene
glycol)-block-poly(propyleneglycol)-block-poly(ethylene glycol) (Plur-
onic P123) using cholinium acetate that was loaded with iron oxide
nanoparticles. This ionogel behaves as a highly effective DDS, demon-
strated to be stimuli-responsive, biocompatible, and self-healable. So-
dium diclofenac was loaded onto the ionogel matrix with and without
iron oxide nanoparticles at 37 �C, and the gel was submerged in a liquid
solution at 37 �C and 25 �C at 200 rpm to study the controlled release
behaviour. Due to the increased thermal conductivity of iron oxide
nanoparticles, it was demonstrated that their incorporation significantly
improved drug release. At 37 �C and for 15 h, diclofenac showed a sus-
tained release of 50 % for the gel loaded with nanoparticles, which
contrasts with only 20 % when nanoparticles were not present. The re-
sults show that under physiological temperature conditions, the gel
under investigation released diclofenac slowly and consistently [166].

Significant problems in drug delivery applications are also associated
with the poor solubility of drugs and their stability over long storage
periods [105]. Ionogels using fluorinated ILs for improved drug solubility
while envisaging local drug administration through a needle were pro-
posed by Hermida-Merino et al. [105]. The authors prepared mixtures
comprising gelatin solutions and 1-ethyl-3-methylpyridinium per-
fluorobutanesulfonate that were initially heated to 55 �C, after which 1
mg/ml of doxorubicin or mithramycin was added, creating the ionogel.
The higher viscosity modulation featured by ionogels with higher IL
content indicates the viability of intra-articular injection through a nee-
dle diameter of 0.9 mm, ultimately promoting a longer residence after the
inoculation inside the human body and hence confirming the feasibility
of local administration by a syringe. Afterward, a dialysis membrane was
used to test the drug release in the presence of PBS at 37 �C, being
observed a burst release both for doxorubicin and mithramycin in the
n, overall allowing to overcome first-pass effects on the gastrointestinal tract.
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Table 6
Summary of the works reported on the use of ionogels for the targeted and controlled delivery of drugs with improved solubility focusing parenteral administration.

Goal Preparation
method

Ionic Liquid Solid support Biocompatibility
studies

Drug

Preparation of injectable gels as DDS
demonstrating ion exchange depending
release behaviours [164]. *

In situ
polymerization.

PILs: 3-sulfopropylmethacrylate
potassium (MAESO3); 2-
(methacryloyloxy) ethyl]
trimethylammonium chloride (MAETMA).

None. No. Timolol maleate
and ibuprofen.

Designing of a stimuli-responsive injectable
polymeric gel comprising an ester-
functionalized IL, applied as an additive to
improve the efficiency of encapsulation
and localized delivery of anticancer drugs
[165].

Direct mixing. 4-(2-(Hexadecyloxy)-2-oxoethyl)-4-
methylmorpholin-4-ium bromide.

PVA. Cell viability using
HeLa and MCF-7
cells.

Doxorubicin.

Preparation of biocompatible,
biodegradable, self-healable, and stimuli-
responsive gels for drug uptake and
delivery [166].

In situ
polymerization.

Cholinium acetate. Hybrid – Pluronic
P123 and iron oxide
nanoparticles.

No. Sodium
diclofenac.

Development of ionogels comprised by
perfluorinated ILs to improve the
solubility of drugs and promote their local
administration by a syringe [105].

In situ
polymerization.

1-ethyl-3-methylpyridinium
perfluorobutanesulfonate.

Gelatin. No. Doxorubicin;
Mithramycin.

Preparation of multifunctional gels with
improved ability to encapsulate a
hydrophobic drug and for sustained
release [107].

In situ
polymerization.

Cholinium oleate. PVA. Cytotoxicity assays. Curcumin.

Preparation of dual-responsive gels as local
DDS for the treatment of breast cancer
[167].

In situ
polymerization.

Cholinium oleate. PVA. Cytotoxicity assays. 5-fluorouracil.

Abbreviations – DDS – Drug delivery system; HA – Hyaluronic acid; IL – Ionic liquid; PIL – Poly(ionic liquid); Pluronic P-123 – Poly(ethylene glycol)-block-
poly(propyleneglycol)-block-poly(ethylene glycol); PVA – poly(vinyl alcohol). *Predicted to be injectable and intended for ocular applications.
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first 5–6 h of the experiment. Following the burst release of doxorubicin,
it was observed a very slow release independent of the composition of the
ionogel, which slightly increases after 120 h and suggests a high affinity
of doxorubicin for the gelatin interface [105].

A hybrid gel formed by the surface-active IL cholinium oleate and
PVA in combination with dextrose, sodium borax and glycerol was
fabricated and applied to encapsulate the hydrophobic drug curcumin
[107]. The addition of cholinium oleate to the hybrid gel improved the
gelation characteristics, allowing to reduce the critical gelation concen-
tration from 16 % to 6 % w/v, as well as the hydrophilicity and water
retention ability of the resulting materials. The stability of curcumin in
the designed gels was found to be improved after 1 month of incubation,
hypothesized to be due to its encapsulation within the most hydrophobic
environment, reducing interactions with water. Also, the gel matrix was
able to encapsulate 7.3 mg/g curcumin, approximately 12,200 times
more than in aqueous solutions. The assessment of curcumin release
profiles showed a 85 % cumulative release from the gels after 75 h at 37
�C and pH 5.0, compared to a 69 % at pH 7.4 in the same period, and
occurs through surface erosion of the gel. Since the cytotoxicity assays
showed that these gels do not significantly impair the viability of a
human cell line, they hold promising applications for improving the
encapsulation of hydrophobic drugs with sustained release profiles for
smart drug delivery [107]. In a different work [167], the authors
investigated the same ionogel composition for the targeted delivery of
5-fluouracil, as an approach for breast cancer treatment. Unlike hydro-
gels formed by PVA (without IL), which are able to encapsulate 80 mM
for 5-fluorouracil, ionogels encapsulated 146 mM of 5-fluouracil. Since
cholinium-oleate-based gels are degraded at 37 �C and pH 5.0, which are
typical biological conditions observed in cancerous cells, they provide
site-specific drug release and thus can be preferentially envisaged as drug
delivery vehicles for the treatment of cancer. Using a breast cancer cell
line (MCF-7), the authors demonstrated that ionogels without 5-fluoura-
cil are biocompatible while their loading with 5-fluorouracil shows
cytotoxicity with IC50 values of 1.20 � 0.5 μg/mL at 48 h, overall con-
firming their effectiveness as a prospective therapeutic option for the
treatment of breast cancer [167].

Overall, most of the challenges regarding the use of ionogels for
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enteral administration identified in the previous sub-section also apply to
parenteral administration. Nevertheless, this field is much less developed
with just a few studies using ionogels as DDS for parenteral administra-
tion. Ionogels with potential application as drug depot in body regions
with low flow-rates as well as with stimuli-responsive behaviour over
doxorubicin- and diclofenac-controlled release have been reported, with
potential application in cancer therapy. In addition to consistent and
controlled drug release patterns, some injectable DDS were fabricated,
allowing improvements in the solubility of doxorubicin, curcumin, and 5-
fluorouracil.

3.2.3. Ionogels for transdermal administration
Transdermal drug delivery systems involve the administration of

drugs through skin, being the drug absorbed through blood arteries in the
skin into the systemic circulation, avoiding invasive approaches [153].
However, some problems prevail using this mode of administration,
including side effects such as skin irritation, erythema, and local edema,
difficulties in controlling dosage for creams and lotions, and slow
permeation of hydrophilic drugs [169]. Transdermal drug delivery using
ionogels is overviewed in this sub-section, which can exert localized or
systemic effects, as shown in Fig. 10.

The works analysed and respective objectives are described in
Table 7, as well as the IL and solid support used, the ionogels' preparation
method, whether biocompatibility studies were performed, and the drug
under study.

Transdermal drug delivery systems are preferably applied for
dermatological diseases since these disorders manifest primarily as skin
lesions exposed to the body surface, the local where drugs are directly
delivered using this route [173]. For the transdermal delivery of meth-
otrexate (MTX), Wang and co-workers [78] created a thermally respon-
sive gel based on N-isopropylacrylamide (NIPAM) and silk fibroin,
thereafter loaded with an IL microemulsion (IL-ME) containing MTX
(MTX-ME). Initial observations showed that the IL-ME was able to in-
crease the solubility of MTX up to 9-fold, thereby improving the drug
availability. The permeation enhancing effects of the gel loaded with
MTX-ME (MTX/ME@Gel) were evaluated using pig skin, being observed
a plateau (32 %) for the drug permeability at 16 h, contrasting with 5.1 %



Fig. 10. Illustration on the application of ionogels for transdermal administration. Created with BioRender.com.
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for the gel prepared with phosphate-buffered saline (MTX/PBS@Gel).
Additionally, the gels release rate nearly doubled at 37 �C with respect to
that at 25 �C, causing shrinking of the gel network and the release of the
drug. However, the diffusion rate of MTX/ME@Gel was weakened due to
high viscosity and hydrogen bonds between the IL-ME and the gel,
decreasing the amount of drug released. IL-ME also has potent antibac-
terial properties, the MTX/ME@Gel killed more than 90 % of S. aureus or
E. coli in 30 min. In vivo experiments further demonstrated that the
MTX/ME@Gel can effectively treat imiquimod-induced skin inflamma-
tion without side effects [78]. Considering the ability of ILs to act as
antimicrobial agents and as skin penetration enhancers, gels comprising
SEPINEO™ P 600 (Acrylamide/sodium acryloyldimethyl taurate
copolymer/isohexadecane/polysorbate 80) or hydroxyethylcellulose
were fabricated with hydrophilic ILs, namely hexylpyridinium chloride,
cholinium dihydrogenphosphate, and 1-ethyl-3-methylimidazolium
ethylsulfate, and investigated as dermal DDS [170]. The influence of
the ILs on the antimicrobial properties of the resulting ionogels was
determined against Gram-positive (S. gallinarum) and Gram-negative
bacteria (E. coli), as well as one strain of fungi (K. marxianus) while ex
vivo skin permeation studies were performed using two model drugs, the
lipophilic testosterone and the hydrophilic caffeine. For hexylpyridinium
chloride, a significant drop in turbidity that correlated with the inhibi-
tion of microbial growth (survival) was observed. Additional work with
formulation G2 (4.0 wt% SEPINEO™ P 600, 5.0 wt% hexylpyridinium
chloride, 1.5 wt% cetostearyl alcohol, and 3.0 wt% glycerol 85 %) was
performed to evaluate the gels capability to enhance skin permeation for
caffeine and testosterone over 24h. These results showed an increase of
two-fold in caffeine uptake from the gel formulation containing hex-
ylpyridinium chloride after a 24-h period, compared to the formulation
without hexylpyridinium chloride. However, no testosterone was
detected in the medium using these conditions [170].

Another work explored the use of cholinium glycolate to manufacture
copper-loaded gel with transdermal distribution capability for treating
wounds as a dressing [74]. The authors polymerized dopamine in situ
along a PVA chain and chelated copper ions (Cu2þ) to form a mixture.
Cholinium glycolate was added to the mixture as a dispersion phase to
plasticize the ionic gel, which also promote the transdermal delivery of
the Cu2þ incorporated in the polymer network. As a result, the produc-
tion of hydroxyl free radicals (�OH) in the wound is stimulated by che-
modynamic treatment, allowing the designed ionogels to exhibit a
broad-spectrum antibacterial effect against drug-resistant Gram--
positive and Gram-negative bacteria, respectively, MRSA and E. coli.
Additionally, the IL superior transdermal ability allows the released Cu2þ

to promote cell migration and quicken the healing process after a wound.
The prepared gel displayed good biocompatibility, and it was used to
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treat mouse skin infections [74].
Along with chemodynamic therapy, ionogels with multiple biological

activities, e.g., with antibacterial and angiogenic capabilities, can repre-
sent advanced strategies for wound healing. In this regard, Guo and co-
workers [171] prepared ionogels loaded with angiogenic deferoxamine
using PILs derived from imidazolium- and ε-Poly(lysine)-sulfhydryl
containing moieties, synthesized with lysine-grafted maleic anhydride
(MAH-Lys) as a cross-linker via a “thiol-ene” click reaction. The gels
antibacterial activity was tested against E. coli and S. aureus and after 4h
of treatment, they were able to reduce the bacteria by more than 90 %.
Moreover, gels containing PILs prevented the formation of biofilms.
Since deferoxamine accelerates vessel formation and promotes wound
healing and bone regeneration, the gels were designed to release defer-
oxamine up to 80 % in the first 24 h, thus not only acting as an anti-
bacterial agent but also promoting tissue repair. The addition of
deferoxamine to the gels had significant anti-inflammatory activities that
inhibited the release of various inflammatory mediators by regulating
cell signaling pathways and avoiding an inflammatory cascade reaction
as well [171].

The use of combinatorial approaches based on microwave thermal
therapy and transdermal enhancers has the merits of combining the de-
livery of drugs and a strong tissue penetration, which may facilitate the
healing of wound infections [94]. To test this hypothesis, Wang and
co-workers [94] employed a microwave-responsive IL, vinylbenzyl tri-
methylammonium chloride ([VBTMA]Cl), and a transdermal enhancer
IL, [2-(methacryloyloxy)ethyl]trimethylammonium chloride ([ChMA]
Cl), that were copolymerized with acrylic acid to fabricate ionogels
named as VACPHs. PVP was incorporated to improve the mechanical
properties of the resulting gels and levofloxacin was loaded as a model
antibiotic drug. VACPHs loaded with levofloxacin showed great adhesive
ability and great stretchability, mechanical properties important to allow
the joints to move flexible if wounds appear for instance in the ankle or
knee. In vivo experiments in a skin infection model of mice confirmed the
ability of VACPHs to fight infection by responding to microwave and the
ability for transdermal delivery. These assays also confirm the biosafety
of the designed ionogels since no differences in the weight of mice nor
histological features in major organs indicative of complications after
treatment were observed. Overall, VACPHs gels exhibit favourable mi-
crowave thermal conversion performance, which may facilitate rapid
healing of wound infection [94]. From a different point of view, Dias and
co-workers [76] synthesized electro-responsive semi-interpenetrating
copolymer networks (semi-IPN) by combining chitosan and
poly(1-butyl-3-vinylimidazolium chloride) and poly(2-hydroxymethyl
methacrylate-co-1-butyl-3-vinylimidazolium chloride) for the prepara-
tion of dressings for specific and controlled drug delivery. The
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Table 7
Summary on the works reported on the use of ionogels for controlled delivery of drugs with improved solubility focusing transdermal administration.

Goal Preparation
method

Ionic Liquid Solid support Biocompatibility studies Drug

Construction of thermally-
responsive gels based on an IL
microemulsion for the
transdermal delivery of
methotrexate [78].

In situ
polymerization.

Cholininium bicarbonate and geranic
acid (CAGE).

Silk fibroin and N-
isopropylacrylamide.

Cytotoxicity and
hemolysis experiments.

Methotrexate.

Preparation of dermal DDS
comprising ILs and study of their
influence on drug penetration, on
antimicrobial properties, and on
formulation properties [170].

In situ
polymerization.

Hexylpyridinium chloride – [HPyr]Cl;
cholinium dihydrogen phosphate [Ch]
[DHP]; 1-ethyl-3-methylimidazolium
ethyl sulfate [Emim]EtSO4].

SEPINEO™ P 600 or
hydroxyethylcellulose.

Skin irritation and
corrosion studies.

Testosterone and
cafeine.

Develop a Cu2þ-loaded gel to
promote its release and generate
hydroxyl free radicals in the
wound through chemodynamic
therapy and kill drug-resistant
bacteria [74].

In situ
polymerization.

Cholinium Glycolate. PVA and PDA. Cytotoxicity, hemolytic
activity and wound
healing assays.

Cu2þ (as Fenton
catalytically active
group)

Preparation of antibacterial gels via
“thiol-ene” click reaction for
improving angiogenesis in wound
healing [171].

In situ
polymerization.

PILs: imidazolium (Imidazole-SH) and
ε-Poly(lysine) containing sulfhydryl
groups. Crosslinked with lysine-grafted
maleic anhydride (MAH-Lys).

None. Cell migration and anti-
inflammatory activity.

Deferoxamine.

Preparation of antibacterial gels
comprising microwave-
responsive-ILs and a transdermal
enhancer IL loaded with an
antibiotic as antibacterial
materials for the treatment of
deep tissue infections [94].

In situ
polymerization.

PIL resulting from copolymerization of
acrylic acid and the ILs vinylbenzyl
trimethylammonium chloride
([VBTMA]Cl), [2-(methacryloyloxy)
ethyl] trimethylammonium chloride
([ChMA]Cl).

PVP. Cytotoxicity, hemolytic
activity and wound
healing assays.

Levofloxacin.

Development of electro-responsive
ionogels as iontophoretic
biomaterials for the controlled
release/permeation of charged
biomolecules [76].

In situ
polymerization.

PILs: poly(1-butyl-3-vinylimidazolium
chloride) and poly(2-hydroxymethyl
methacrylate-co-1-butyl-3-
vinylimidazolium chloride).

Chitosan. Hemocompatibility and
blood clotting assays.

Lidocaine
hydrochloride.

Preparation of a stable and
biocompatible bilayer wound
dressing material loaded with
dual-biological function API-ILs
[27].

In situ
polymerization.

Lidocainium Naproxen; Lidocainium
Ibuprofenate; Lidocainium Diclofenac.

PVDF and PVDF/HA. Cytotoxicity and wound
healing assays.

Lidocaine,
naproxen,
ibuprofen, and
diclofenac (API-
ILs).

Preparation of a gelatin/PVA
transdermal patch using the
freeze/thaw method loaded with
lidocaine-diclofenac under the
form of an API-IL, and evaluation
of the in vitro release of lidocaine
and diclofenac [172].

Direct mixing. Lidocainium Diclofenac. Gelatin and PVA No. Lidocaine and
diclofenac (API-IL).

Preparation of gels able to improve
the solubility of poorly soluble
drugs as topical formulations for
cosmetical applications [79].

Direct mixing. Cholinium phenylalaninate, cholinium
glutamate, and cholinium glycinate.

Propylene glycol and
Carbopol® 940.

No. caffeic and p-
coumaric acid.

Abbreviations – API-IL – Active pharmaceutical ingredient ionic liquid; CAGE – Cholinium bicarbonate and geranic acid; DDS – Drug delivery system; HA – Hyaluronic
acid; IL – Ionic liquid; NR – Not reported; PDA – Polydopamine; PIL – Poly(ionic liquid); PVA – poly(vinyl alcohol); PVDF – Polyvinylidene fluoride; PVP – Poly-
vinylpyrrolidone; SEPINEO™ - Acrylamide/sodium acryloyldimethyl taurate copolymer/isohexadecane/polysorbate 80.
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electro-assisted iontophoretic permeation/release kinetics of lidocaine
hydrochloride (LH) was determined at 32 �C. The effect of the electrical
stimulus on LH permeation kinetics through the cationic gels showed that
LH permeation rates are significantly higher when the electrical stimulus
(0.56 mA/cm2) is applied. Additionally, it was shown that the designed
semi-IPN gels are non-haemolytic (haemolytic index�0.2%) and present
strong haemostatic activity (blood clotting index of approximately 12 �
1 %). These results show that the prepared semi-IPNs can be employed in
different biological media for different pharmaceutical and biomedical
applications, such as wound healing dressings and iontophoretic patches
[76].

In addition to the use of drugs in ionogels, these can be prepared as
well with ILs comprising ions derived from APIs [24]. Taking advantage
of this possibility, Mehrizi and co-workers [27] prepared dual-biological
function ILs made from API-ILs, combining lidocaine and hydrophobic
nonsteroidal anti-inflammatory drugs, namely ibuprofen, naproxen and
diclofenac. In comparison with noncharged non-steroidal
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anti-inflammatory drugs (NSAIDs), API-ILs have significantly increased
water solubility up to 470-fold, without affecting their cytotoxic profile.
These API-ILs were incorporated in polyvinylidene fluoride or poly-
vinylidene difluoride/hyaluronic acid (PVDF/HA) membranes, being
responsible, respectively, for providing stability for bilayer wound
dressings and enhanced fibroblast cell proliferation, migration, and
adhesion. The prepared membranes were immunologically safe and
biocompatible, with a higher release of API-ILs than of the original
NSAIDs, thereby enhancing their analgesic and anti-inflammatory
properties relevant in wound healing [27].

Contrarily to previous examples where therapeutic localized effects
were aimed, transdermal DDS are also effective for the systemic delivery
of drugs. A transdermal patch comprised by gelatin/PVA loaded with 5
wt% of a lidocaine-diclofenac API-IL was prepared by the freeze/thaw
method using glycerin as a plasticizer [172]. The lidocaine-diclofenac
API-IL was obtained by ion pair reactions between the hydrochloride
salts of lidocaine and the sodium salts of diclofenac, ultimately showing
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increased water solubility. In vitro release experiments using a modified
Franz-type diffusion cell and isotonic phosphate buffer pH 7.4 as the
receptor medium revealed that the transdermal patch was able to control
the drug release of both lidocaine and diclofenac over a 12 h period, with
cumulative releases of lidocaine and diclofenac of, respectively, 2.12 �
0.32 and 2.43 � 0.28 mg/cm2. Additional release experiments carried
out after the patches had been stored for 3 months at different temper-
atures, namely 4 �C, ambient temperature – 28 � 4 �C – and 45 �C,
showed that the stability is impaired at 45 �C with a lower amount of
drugs being released and with different release patterns [172]. In a
different study, ionogels comprising amino-acid-based ILs, namely,
cholinium phenylalaninate, cholinium L-glutamate, and cholinium gly-
cinate, propylene glycol and carbopol® 940 were shown to increase the
solubility of poorly soluble caffeic and p-coumaric acids, as well the
amount of drugs incorporated in the materials [79]. Moreover, the
addition of ILs increased the viscosity of formulations, bringing another
functionality to the synthesized gels by altering the viscosity of topical
formulations, which according to the authors may improve the con-
sumer's acceptance of the product [79].

Transdermal drug delivery using ionogels has been successfully
applied for the treatment of local skin lesions with emphasis on wound
healing as well as for systemic applications. The results obtained thus far
have shown that the ability of ILs to act as permeation enhancers is
transferred to ionogels, improving the transportation of both hydro-
phobic and hydrophilic drugs across the skin. An additional feature of
ionogels is their ability to increase the solubility and availability of drugs,
either by direct solubilization in IL-containing media, exemplified for
methotrexate [78], or by combining the ionic forms of lidocaine,
ibuprofen, naproxen, and diclofenac as API-ILs [27]. Up to date, ionogels
for enhanced wound healing were reported for chemodynamic therapy,
and by resorting to the delivery of angiogenic drugs and API-ILs. Also,
combinatorial approaches assisted by microwave radiation [94] and
electric fields (iontophoresis) [76] using ionogels constituted by ILs that
respond to the stimuli may, respectively, increase tissue penetration of
the drugs and control their release profile, ultimately boosting the wound
healing efficiency. As addressed in more detail in section 3.1 and in
addition to the direct antibacterial effect of ionogels, crucial to help
reducing the possibility of infections for wound management [74], it is
worth noting that PIL-based ionogels [171] also prevent biofilm forma-
tion, which pose serious health hazards and tend to be become more
difficult to combat than free bacteria [174].

Ionogels for systemic delivery of drugs have also been designed,
further allowing enhancements on their solubility. As with enteral and
parenteral administration, the application of ionogels loaded with (bio)
pharmaceuticals is foreseen to expand the versatility and applicability of
ionogels for transdermal administration. Being non-invasive, this mode
of administration holds promising potential as a safer approach with high
patient adherence for systemic (bio)drug delivery. Further investigations
are crucial to reach this goal, which should include continuous im-
provements on ionogels’ formulations to improve drug permeability and
stability, as well as deep characterization of drug pharmacokinetic pro-
files. Overall and among the different modes of administration, trans-
dermal drug delivery using ionogels has already been evaluated in vivo,
confirming their therapeutic efficiency and biocompatible nature.

4. Current prospects and future directions

Ionogels emerged as high-performance materials for wound healing
and drug delivery applications, as reviewed above. According to the
works reported in Tables 3–7, approximately 65 % (28 out of 43) were
published between 2020 and 2024, indicating the growing interest of the
scientific community in this field. However, several issues remain to be
solved and concerns about the potential toxicity of ionogels are key
barriers to overcome, particularly for enteral and parenteral adminis-
tration. A SWOT analysis on the application of ionogels in drug delivery
and wound healing is sketched in Fig. 11.
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Strengths. Ionogels represent nowadays an advanced class of mate-
rials with promising potential for improving current wound healing and
drug delivery approaches. ILs endow ionogels of several biological ac-
tivities, including antimicrobial [131,144], anti-inflammatory [117], and
antioxidant [39] properties, collectively improving the therapeutic effi-
ciency of these materials. IL chemical properties offer an additional way
to tailor ionogel characteristics for specific requirements, improving their
mechanical properties, increasing viscosity of topical formulations while
contributing to improve consumer's acceptance, or by providing
stimuli-responsiveness (e.g., ionic conductivity for iontophoresis appli-
cations, magnetic behaviour and temperature/pH-responsiveness for
targeted drug delivery). Since ionogels' synthetic route can be prepared
without a crosslinker, the use of potentially harmful chemicals can be
avoided [175]. ILs and the corresponding ionogels also represent po-
tential alternatives to toxic organic solvents, allowing remarkable en-
hancements in the solubility and bioavailability of hydrophobic [40], and
hydrophilic drugs [93,170], acting as well as permeation enhancers
[132].

Weaknesses. Despite the efforts to use ion constituents of ILs derived
from natural sources as is the case of choline, most studies still employ
imidazolium-based ILs (mainly as PILs monomers) whereas the high di-
versity of IL chemical structures available remains largely unexplored.
Furthermore, the number of API-ILs has been mostly restricted to drugs
with anti-inflammatory properties, and little is known about the phar-
macokinetic profiles of drug ions as API-ILs. Up to date, there is still
limited knowledge about the cradle to grave life cycle of ILs and,
consequently, of ionogels [175]. In fact, finding the ideal balance be-
tween cost, performance and biocompatibility will be crucial for
large-scale health-related applications [118]. Due to their high affinity
for water, additional processing steps required for drying ILs can increase
their cost. On the other hand, the impact of trace impurities of ILs on the
biological efficacy of ionogels still deserves further exploration. The
regulatory uncertainty regarding the toxicology of ILs remains a key
hurdle for adoption and hence for commercialization. Multi-level and
comprehensive safety evaluations of ILs are crucial to assess their toxi-
cological behaviour. Afterward, further research and clinical trials are
needed to realize the full potential of ionogels for human-related appli-
cations, particularly in relation to the ILs applied and their long-term
effects on human health. The use of ILs derived from natural sources
(e.g., cholinium-based ILs) and solid networks previously applied in
clinically approved formulations are good candidates for these
investigations.

Opportunities. As a result of the chemical and biological properties
of ILs and the synergistic properties of ILs and the solid networks, novel
applications of ionogels are envisaged. By expanding the number of
chemical structures of ILs, novel biological functionalities are expected to
be introduced in the ensuing ionogels, as well as improvements on ion-
ogels' mechanical properties favouring even more their application as
dressings. Aiming at moving towards more biocompatible ionogels, the
use of naturally-occurring components with favourable cytotoxic profiles
such as choline, glycine-betaine, or carboxylic acids as ion constituents of
ILs must be considered [176,177]. Throughout this process and in line
with recent developments, the application of artificial intelligence and
machine learning techniques may streamline the design of ILs with
improved therapeutic effectiveness in a shortened drug development
time [118] while allowing their use in mining and modeling toxicity data
to make meaningful predictions [142]. In addition to improving the
solubility and bioavailability of hydrophilic and hydrophobic synthetic
pharmaceutical drugs, ILs enhance or maintain biopharmaceutical's
(proteins, antibodies, DNA, RNA) thermal and chemical stabilities,
inhibiting their aggregation, denaturation and enzymatic degradation
[99]. This opens good perspectives towards the application of ionogels
for the delivery of biopharmaceuticals with improved stability. More-
over, the development of smart ionogels for drug delivery responsive
either to internal (temperature, pH, redox, enzymatic reactions) and
external stimuli (ultrasounds, light, among others) will allow for more



Fig. 11. SWOT analysis on the application of ionogels for wound healing and drug delivery.
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precise and targeted drug delivery systems. Due to the ability of ionogels
to increase the permeation of drugs across the skin (e.g., in Refs. [76,78]),
transdermal drug delivery represents a non-invasive approach with high
patient compliance with promising potential to be further investigated.

Threats. As we previously highlighted [175], marketed wound
dressings and formulations already approved by regulatory agencies for
drug delivery will continue to dominate the market in coming years. If on
one hand the information herein reviewed provides compelling evidence
about the potential performance benefits brought by the use of ionogels
for pharmaceutical applications, economical and commercially viable
alternative solutions using ILs have been proposed in other fields [178].
Nevertheless, uncertainties around the safety profile of ILs and ionogels
still require further investigations. Recently, the U.S. Food and Drug
Administration (FDA) has accepted the New Drug Application (NDA) for
MRX-5LBT, jointly developed in U.S. by the MEDRx group and D.
Western Therapeutics Institute, Inc [179]. MRX-5LBT consists of a
medicated path with lidocaine resorting to the Ionic Liquid Transdermal
System (ILTS®) designed to increase the transdermal permeability of
targeted drugs [179]. In addition to MEDRx, other companies such as
CAGE Bio Inc [180] and i2o Therapeutics [181] are exploiting the use of
IL-based technologies for drug delivery. CAGE Bio Inc [180]. is a
clinical-stage startup exploiting its proprietary deep eutectic IL platform
to develop novel products for dermatology, inflammation, and immu-
nology. This company is taking advantage of the ability of ILs to deliver
small molecules, peptides, proteins and nucleic acids across the stratum
corneum following topical administration. According to the company
[180], the topical gel CGB-400 is being investigated in two clinical trials
for the treatment of inflammatory lesions of Rosacea (NCT04886739)
and for fungal infections (NCT05202366). On the other hand, the biotech
company i2o Therapeutics [181] seeks to use IL-based technologies to
transform injectable biologics and peptides into oral therapies. Although
some challenges remain to be surpassed, the promising outcomes ob-
tained with the application of IL platforms for transdermal drug delivery
are undoubtedly a milestone in ionogels’ roadmap toward their
commercialization in human-related applications.

5. Conclusions

Ionogels offer tremendous potential in the pharmaceutical field,
gaining traction to address some of the unmet needs that this industry
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faces nowadays in wound healing management and drug delivery ap-
plications. Although recent studies using in vivo mouse models generally
demonstrate that, if properly engineered, ionogels can be biocompatible
and therapeutically efficient, the lack of safety data and uncertainty
regarding their long-term effects on human health still present significant
obstacles to clinical translation and regulatory approval. Our SWOT
analysis showed that this challenge persists over the last few years and
has not been yet entirely addressed. An exception to this trend is the
niche of transdermal drug delivery, in which the NDA of MRX-5LBT®
was already accepted by FDA, realizing pharmaceutical sales and mar-
keting of IL platforms for drug delivery applications. In addition, due to
the chemical and biological activity of ILs, promising applications are
envisaged using non-invasive approaches, novel stimuli-responsive sys-
tems, in biopharmaceuticals delivery, and to improve drug pharmaco-
kinetic profiles. As this field evolves and novel and improved ionogels for
pharmaceutical applications are being developed, a comprehensive and
multi-level safety data of ILs and ionogels must be performed to address
their feasibility for human applications. To reach these goals, a pro-
eminent role may be attributed to artificial intelligence tools, both to
design ionogels with enhanced therapeutic efficiency as well as to better
understand ILs toxicity profiles to fabricate materials with biocompatible
and biodegradable nature.
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