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The non-invasive transdermal delivery of biopharmaceuticals, including proteins, peptides, and nucleic
acids, remains a considerable challenge because of the formidable barrier function of the stratum
corneum. lonic liquids (ILs) composed of tunable cations and anions have emerged as useful
multifunctional materials in transdermal drug delivery systems (TDDS) because of their excellent
physicochemical properties. By acting simultaneously as solvents and permeation enhancers, ILs can
considerably improve the solubility and stability of labile biomolecules and facilitate their transport
across the skin. Recent studies have demonstrated the successful integration of ILs into nanocarrier
systems, including ethosomes, transethosomes, IL-in-oil micro-/nano-emulsion formulations, and solid-
in-oil dispersions, enabling the effective transdermal delivery of insulin, siRNA, mRNA, and other
biologics. Compared with conventional solvent-based transdermal systems, biocompatible IL-based
formulations can confer high stability and enhanced drug bioavailability. This review surveys the most
recent advances in IL-TDDS, with particular focus on lipid- and choline-derived IL-enabled TDDS that
have demonstrated prolonged glycemic control in diabetic models and potent anti-tumor responses in
nucleic-acid immunotherapy.
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1. Introduction

The success of modern pharmacotherapy strategies is increas-
ingly dependent on formulations that can increase the bioavail-
ability of a potential pharmaceutical without compromising
safety or patient adherence.'™ Global demographic shifts,
including population growth, population aging, and escalating
rates of autoimmune and chronic diseases, are further amplify-
ing the need for medicines that are simultaneously potent and
user-friendly.* Although the current market is still dominated
by conventional, low-molecular-weight synthetic drugs,’> the
newer class of biopharmaceuticals, which includes therapeutic
proteins, peptides, nucleic acids, and other biologically derived
entities, has gained remarkable momentum since their debut
in the 1980s.®” Biopharmaceuticals, also known as biologics,
now account for roughly one-third of all pipeline drugs and
represent the fastest-growing sector of the pharmaceutical
industry, propelled by their ability to modulate previously
“undruggable” targets with high specificity.>® Biopharmaceu-
ticals can offer precise target specificity and reduced systemic
toxicity.>'® However, the clinical impact is frequently hampered
by the poor permeability, high molecular weight, and structural
fragility of biopharmaceuticals."* Unlike small-molecule or syn-
thetic drugs, biopharmaceuticals are typically derived from
biological sources and possess complex structures, making them
highly susceptible to denaturation and degradation (Fig. 1).2
Ensuring the long-term stability and bioactivity of biopharma-
ceuticals is critical, often requiring the incorporation of stabiliz-
ing excipients or the use of costly preservation techniques.'?
Additionally, the low in vivo bioavailability of biopharmaceuti-
cals remains a considerable challenge, as low bioavailability
can compromise the therapeutic efficacy and disrupt the desired
pharmacokinetics."®> These limitations have hindered the
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Fig. 1 Biopharmaceuticals: (A) types and (B) properties.

development of safe, effective, and commercially viable biophar-
maceutical therapies.™*

Ionic liquids (ILs), which are organic salts that remain liquid
at near ambient temperature, have become of sustained inter-
est in drug development because ILs unite designer-level tun-
ability with exceptional solvent power.">'® Structurally, ILs
consist of bulky, often asymmetric, cations paired with diverse
anions; this asymmetry disrupts crystal packing, lowers lattice
energy, and maintains the material in a liquid state.'’"'®
Through the strategic selection of cation-anion pairs, the polar-
ity, viscosity, hydrophobicity, hydrogen-bonding capacity, and
thermal stability can be finely tuned, enabling custom solutions
for drug solubilization, pharmacokinetic modulation, and mole-
cular targeting.">*° This versatility has enabled ILs to play an
extensive array of pharmaceutical roles, from co-solvents for
small molecules to stabilizers, permeation enhancers, and even
as active carrier phases for macromolecular therapeutics.*"*>
Recent literature examples have underscored how ILs can miti-
gate long-standing formulation bottlenecks.*® In vitro and
in silico studies have shown that biocompatible cholinium ILs
elevated the melting point of insulin by ~13 °C and that of the
monoclonal antibody trastuzumab by >20 °C, which markedly
delayed unfolding and aggregation.”® Mounting evidence has
indicated that ILs can dissolve, extract, and refold labile proteins
while preserving the biological activity, provided the ion pair is
chosen to avoid chaotropic or cytotoxic effects.>” This protection
extends beyond proteins: ILs have stabilized plasmid DNA, and
SiRNA, often by forming a nano-layer that shielded labile bonds
and prevented protease or nuclease actions.**™*

Beyond bulk stabilization, ILs are reshaping drug-delivery
paradigms. Third-generation (biodegradable) cholinium- and
lipid-derived ILs embedded in microemulsions (MEs), ethosomes
(ETs), and transethosomes (TETs) have been used to encapsulate
high-molecular-weight drugs with near-quantitative efficiency,
enabling sustained release and transient disruption of the stra-
tum corneum (SC) without lasting damage.””**?> Recently, our
group has reported dimyristoyl-phosphatidylcholine IL ETs that
achieved ~99% insulin encapsulation, month-long stability at
both 4 and 25 °C, and a two-fold increase in skin flux compared
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with conventional vesicles.>” Such advances illustrate how ILs
function dually as microenvironment modulators that suppress
aggregation and as permeation enhancers that enable non-
invasive routes of administration, thereby widening the thera-
peutic window for fragile biologics while obviating the need for
needle-based administration.'®*>?3

Transdermal drug delivery (TDD) offers a non-invasive
administration route that bypasses first-pass metabolism, enables
sustained release, and supports patient self-administration—
properties that are especially valuable in chronic care.*** The
principal obstacle for TDD is the SC: a ~10 pum-thick, lipid-rich
barrier that favors small, lipophilic molecules and excludes
hydrophilic or high-molecular-weight therapeutics.'”*® Even
when drugs can traverse the SC, the action of epidermal and
dermal enzymes, and slow uptake can limit the therapeutic
efficacy.’” Engineered ILs can transiently fluidize SC lipids,
enhance drug loading, and act as reservoirs for controlled
release while maintaining safety, particularly when biodegrad-
able ions are employed.>**® Collectively, these properties
enable ILs to function as a multifunctional toolkit for biophar-
maceutical formulation, combining molecular stabilization,
solvent versatility, and transdermal delivery capability in a
single, highly tunable platform.

This review presents a focused overview of IL-based trans-
dermal drug delivery systems (TDDS), specifically for biophar-
maceuticals, as shown in Fig. 2. While many published reviews
have explored the biological activity,>>™** design principles,**
mechanisms,***> toxicological profiles,"”**™*” and general
pharmaceutical applications***>*87 of ILs, this review focuses
on emerging non-invasive delivery platforms that exploit
IL tunability to conquer the triad of stability, permeability,
and patient compliance. Special emphasis is placed on choline-
and fatty-acid/lipid-derived ILs integrated into advanced

Enhanced Skin

Drug Carrier Permeability

/" lonic Liquids
/ in
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Fig. 2 Schematic diagram of the application of ILs in transdermal delivery.
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nanostructured carriers, which collectively herald a new gen-
eration of needle-free, patient-centric biotherapeutics.

2. Importance of transdermal drug
delivery

Since the first US Food and Drug Administration (FDA) approval of
a transdermal scopolamine patch in 1979, TDDS have evolved
from niche applications into a robust segment of the global
pharmaceutical market. In 2023, the market for TDDS was valued
at approximately USD 62 billion and was projected to grow at a
compound annual growth rate of ~12%, to reach an estimated
USD 137 billion by 2030.>* This surge is driven by the rising
prevalence of chronic disease, patient preference for non-invasive
therapies, and expanding research into smart and responsive
delivery technologies.> Compared with oral or parenteral routes,
TDDS offer many clinical and practical advantages, including
avoidance of first-pass metabolism, sustained and controlled drug
release, improved patient compliance, painless administration,
and a lower risk of systemic side effects.”* However, most TDDS
currently on the market are limited to delivering small, lipophilic
drugs with molecular weights under 500 Da and logP values
typically ranging from 1 to 3 because of the selective permeability
of the SC.”> Commercially available transdermal therapeutics
include hormones (e.g., estradiol and testosterone), analgesics
(e.g., fentanyl and buprenorphine), cardiovascular agents
(e.g., nitroglycerin and clonidine), central nervous system drugs
(e.g., rivastigmine, selegiline, and rotigotine), and smoking
cessation aids (e.g., nicotine).>® Despite clinical successes, these
systems still have issues, such as limited drug loading capacity
(<10 mg per day), site-specific variability in skin permeability,
the potential for skin irritation, and poor adhesion under
conditions of sweat, motion, or prolonged use.*® Table 1 sum-
marizes some of the currently marketed formulations for TDDS.

2.1. ILs in transdermal drug delivery

ILs have emerged as a transformative class of permeation
enhancers because they offer a tunable balance of lipophilicity,
hydrogen-bonding ability, and solvent power that addresses
each step of the transdermal transport cascade.’” Mechanistic
studies using attenuated-total-reflectance Fourier Transform
Infrared Spectroscopy (FTIR) and confocal Raman microscopy
have shown that selected IL ion pairs, particularly choline/
geranate, choline/oleate, and imidazolium-based fatty esters,
inserted into the SC lipid lamellae, fluidizing orthorhombic
and hexagonal phases without extracting ceramides or choles-
terol, thereby opening transient nano-channels that could
accommodate macromolecules up to 70 kDa.>®*"*® Unlike clas-
sical enhancers (e.g., ethanol and DMSO) that rapidly dehydrate
the SC and may trigger irritation, third-generation biodegrad-
able ILs maintain skin hydration and have exhibited irritation
indices comparable to placebo gels in murine, porcine, and
human ex vivo models.>”*"%

2.1.1. 1ILs as drug-solubility enhancers. Poor aqueous solu-
bility remains one of the most problematic issues in the design

This journal is © The Royal Society of Chemistry 2025
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Table 1 Examples of some currently marketed drugs delivered via the transdermal route
Molecular
Therapeutic class Drug name weight (Da) Primary indication Limitations Ref.
Hormonal Estradiol 272.4 Menopausal symptoms Skin irritation, variable absorption with site; 66
low drug loading

Analgesic Buprenorphine 467.6 Moderate to severe pain Application site reactions; delayed onset 67
Cardiovascular Clonidine 230.1 Hypertension Dry skin; dose limitation; delayed onset 68
Parkinson’s Selegiline 187.2 Major depressive disorder Insomnia, irritation, dietary restrictions 69
Smoking cessation Nicotine 162.2 Nicotine dependence Skin irritation; variable absorption 70

of TDDS. Conventional organic solubilizers (e.g., PEG 400,
ethanol, and DMSO) can improve payload dissolution but
introduce issues of volatility, skin irritation, and regulatory
limits on residual solvents.?””°" ILs can dramatically improve
drug solubility. For example, the solubility of both biologics
and small drugs, such as acyclovir, increases when transitioning
from aqueous buffer to choline-based fatty acid IL-mediated MEs
and biphasic systems. This increased solubility has enabled high
drug-to-patch load without crystallization.®***

Spectroscopic and molecular-dynamics evidence has sug-
gested that this dramatic solubility enhancement was driven
by several cooperative and non-covalent interactions facilitated
by the IL environment.®® First, hydrogen-bond donation and
acceptance interactions dominate when carbonyl-rich anions
such as bis-(trifluoromethanesulfonyl)-amide are paired with
imidazolium cations.

For the poorly soluble cardiovascular lead compound,
LASSBio-294, carbonyl oxygens on the anion form strong
H-bonds with the drug N-H groups, while cation n-faces engage
with the aromatic core of the active pharmaceutical ingredient

(API), which together increased the solubility by more than two
orders of magnitude (Fig. 3A). Second, n-n and van der Waals
stacking interactions become dominant for hydrophobic mole-
cules, such as danazol and thymoquinone. The long-alkyl
imidazolium cations align parallel to the aromatic rings of
the drug, disrupt self-aggregation, and increase the dispersion
forces that stabilize the dissolved state (Fig. 3B).”* Third, multi-
point hydrogen bonding is pivotal in cholinium systems.
All three oxygen atoms of the geranate anion in choline
geranate (CAGE) simultaneously bind to the carbonyl and
methoxy oxygens of nobiletin, yielding a 450-fold solubility
increase, relative to water, enabling the formulation of high-
loading transdermal gels.”” Finally, molecular-dynamics
simulations have revealed that many IL/water mixtures segre-
gate into bicontinuous morphologies with percolating polar
channels intertwined with non-polar domains. Hydrophilic
drug moieties reside in the polar network while hydrophobic
fragments partition into contiguous apolar regions, creating a
versatile “solvent sponge” that can accommodate structurally
diverse APIs.”*

(A) (L))
lonicliquid Electrostatic interaction Imidazolium-imidazolium
. pair with n—r stacking
Aromaticity orientation
(n-stacking) (A
"R H-bond acceptor Og’l‘::zt;;ir
Possible delocalization charge |
Lewis acid 2 2
H-bond donor Y adg d 7),0 -2 e
J),)*JB'J ,,Jof,. ,,,,,,, fﬁt{'/
; ? ‘f‘ 9
Cardiovascular drug pyond acceptor 3 Parallel 9 )371 , e /*.*.T
LASSBio-294 £ displaced ¥ o
H-bonding

Hydrophobic domain

H-bond acceptor

Fig. 3

N2 )
‘)‘0 "IN interaction
Bt
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(A) Schematic diagram of hypothetical interactions between imidazolium-based ILs and LASSBio-294, reproduced with permission from ref. 51.

(B) Representative molecular distributions among close-contact ionic groups showing n—r stacking orientation, reproduced with permission from ref. 71.

Copyright © 2017, American Chemical Society.
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In studies highlighting the potency of ILs as solubilizers,
acyclovir and paclitaxel were dissolved 625- and 5585-fold,
respectively, in cholinium glycinate than in water’*”> and the
solubility of insulin reached >50 mg mL ™" in CAGE/propylene-
glycol deep eutectic media, which was >250-fold higher than
the aqueous solubility, without loss of bioactivity.”>”” Impor-
tantly, these solubility increases can translate directly into
higher patch loading, thinner reservoirs, and lower risk of
recrystallization during storage.

2.1.2. ILs as drug carriers. A key property of ILs is the
ability to slot into almost any transdermal carrier architecture,
each role exploiting a different facet of IL chemistry.*® Because
ion-pair structures can be ‘““dial-tuned,” ILs can be incorporated
into many carrier formats, from neat pretreatment fluids to
complex nanovesicles, while simultaneously improving the
solubility, stability, and skin flux of the encapsulated drugs.
For example, replacing conventional surfactants with IL sur-
factants expanded the ME regions two-fold and increased
celecoxib and acyclovir skin flux by 4-6x with negligible
irritation.>® The types of formulations discussed in this review
are shown in Fig. 4 and key examples of IL formulations of
biopharmaceuticals are summarized in Table 2. The above-
mentioned findings demonstrated that ILs are not confined to

View Article Online
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a single formulation niche; rather, ILs are a versatile, plug-and-
play class of excipients, capable of functioning as solvents,
surfactants, oil phases, solid carriers, nanovesicles, and even
polymeric materials. By harnessing the tunable hydrogen-
bonding and m-n stacking capabilities of ILs, molecular-level
interactions can be consistently translated into substantial
improvements in drug solubility, loading capacity, and trans-
dermal permeability.*

3. Importance of ILs in the transdermal
delivery of biopharmaceuticals

Over the past two decades, ILs have progressed from laboratory
curiosities to multifunctional excipients that can address,
within a single formulation, three issues that have traditionally
limited transdermal biopharmaceuticals: poor solubility; mole-
cular fragility; and low skin permeability.*> The modular archi-
tecture of ILs, in which bulky, asymmetric cations are paired
with a virtually unlimited library of anions, allows independent
tuning of the polarity, hydrogen-bonding strength, lipophilicity,
viscosity, and redox and thermal stability.*" This “designer-
solvent” capability means a single IL formulation can replace
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Fig. 4 Different types of IL-mediated formulations. (A) IL-mediated nanovesi

cular ETs. Figure reproduced with permission from ref. 32. Copyright 2024.

(B) IL-mediated MEs, P indicates polar. Figure reproduced with permission from ref. 78. Copyright 2018. (C) IL-mediated solid in oil (S5/O) dispersion,

figure reproduced with permission from ref. 79. Copyright 2015.
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Table 2 Formulation of IL-enabled transdermal systems

Formulation Model

strategy drug(s) IL composition & role Carrier architecture Performance Ref.

IL pretreatment Insulin Step 1: cholinium citrate (hydration);  Thin film applied before ~ Normalised blood glucose in 58
step 2: CAGE (permeation) patch diabetic rats within 8 h; ethanol gel and

ineffective 60

IL-in-o0il and Celecoxib,  Imidazolium and cholinium IL ME or microemulgel and ME region 1 2x; drug loading 16

IL/W ME Acyclovir surfactant replaces oil phase and ME in pressure sensitive ~ 4-6x; porcine-skin flux T 6x with  and
solvent respectively patch no irritation 83

IL-surfactant Dencichine [HOEIM]CI and [BMIM][C;,S05] in Mixed micellar ME In vivo flux 1 10x; haemostatic 84

hybrid micelles aqueous and surfactant phase efficacy retained; no erythema

IL/W or W/IL Artemisinin [HOEmim]Cl in aqueous phase + IL/DE-based ME Skin transport 1 3x vs. IPM ME; 85

micro-/nano- lidocaine:ibuprofen as oil intact histology

emulsion

Solid-in-oil ASO [EDMPC][Lin], [EDMPC][Ole], and S/O nanoparticles ASO delivery 1; maintains secondary 86

dispersion [EDMPC][Ste] stabilize ASO structure

IL-modified Insulin [EDMPC][Lin] within lipid bilayer Deformable vesicles >99% EE; insulin flux 1 2x vs. 27

nanovesicles EtOH ethosome; 70% gene and

knock-down in vivo 32
IL-polymer Paclitaxel Cholinium linoleate as hydrotropic PEG-PLA micelles >40 mg mL ™" loading; cadaver-skin 87
micelles core flux 1 3x vs. Cremophor EL

[HOEIM]/[HOEmim] CI: 1-hydroxyethyl-3-methylimidazolium chloride, [BMIM][C;,SO3]: 1-butyl-3-methylimidazolium dodecanesulfate, W: water,
IPM: isopropyl myristate, vs.: versus, EDMPC: ethyl 1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine, Lin: linoleic acid, Ole: oleic acid, Ste: stearic
acid, ASO: anti-sense oligonucleotide, EE: encapsulation efficiency, EtOH: ethanol.

the use of several buffers, surfactants, and permeation enhancers,
which often show conflicting requirements and toxicities.***

3.1. Stabilization of biopharmaceuticals by ILs

The structural fragility of biopharmaceuticals, including pro-
teins, peptides, nucleic acids, and viral vectors, poses consider-
able challenges for TDD. These types of molecules are highly
susceptible to degradation through aggregation, denaturation,
hydrolysis, and oxidation during processing, storage, and deliv-
ery, especially under non-refrigerated conditions.® Traditional
stabilizers, such as sugars, polyols, and surfactants, offer
limited protection and often fail to preserve bioactivity over
extended periods. ILs, particularly those designed from natu-
rally derived cations (e.g., choline, lipids, and amino acids) and
biocompatible anions (organic acids and carboxylates), over-
come these limitations by creating multivalent hydrogen-bond
and electrostatic networks around the biomolecule while
simultaneously offering a hydrophobic shield against solvent
exposure.'*®® For example, cholinium isoleucinate and other
hydrophilic ILs preserved B-form DNA for months at room
temperature (20-25 °C) by electrostatically screening phosphate
repulsion, whereas hydrophobic imidazolium ILs can be selected
to denature duplexes for strand-separation workflows.’>** Amino-
acid IL coatings mitigated capsid oxidation in the adeno-
associated virus and stabilized lyophilized mRNA-lipid nanopar-
ticle (LNP) vaccines for >6 weeks at 25 °C, dramatically reducing
the cold-chain requirements.*® A comparison of IL-enabled TDD
platforms with conventional solvent-based approaches for bio-
pharmaceuticals is summarized in Table 3.

3.2. ILs in the TDD of biopharmaceuticals

Recent research has indicated that ILs are positioned to be
transformative excipients for the transdermal delivery of bio-
pharmaceuticals.>***°® A landmark example is the work of

This journal is © The Royal Society of Chemistry 2025

Mitragotri et al. in 2018, in which use of the deep-eutectic 1L,
CAGE, markedly enhanced insulin permeation across excised
skin.®® Mitragotri and co-workers then reported transmucosal
insulin delivery using CAGE and taurine/carnitine ILs as a form
of biodegradable polymeric patch. In vivo studies in diabetic rat
models demonstrated significant reductions in blood glucose
levels using such patches, which were comparable to subcuta-
neous insulin injections (Fig. 5A and B).”® Recently, Vieira et al.
have synthesized a family of fluorinated, surface-active ILs
(SAILS) by pairing perfluorobutanesulfonate anions with imi-
dazolium, pyridinium, or cholinium cations.’ These SAILSs self-
assembled in aqueous and buffered media to encapsulate
lysozymes. These complexes remained intact at 4 °C for 12 h
but released the protein completely with full enzymatic activity
within 12 h at 37 °C, indicating a temperature-responsive
delivery profile ideal for controlled dosing (Fig. 5C).”> Beyond
proteins, Dharamdasani et al. have employed a hydrophobic IL
“robe” in combination with CAGE to transport anti-GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) siRNA through
porcine and murine skin, achieving potent gene silencing
without skin irritation (Fig. 5D).%*

The following sections (and Table 4) detail additional recent
examples of choline- and lipid-based ILs that highlight the
growing importance of ILs in transdermal biopharmaceutical
delivery.

3.2.1. Transdermal insulin delivery using IL-based formu-
lations. In recent years, considerable attention has been devoted
to the IL-mediated transdermal delivery of therapeutic proteins,
particularly insulin, because of the growing need for non-invasive
alternatives to subcutaneous injections in diabetes manage-
ment.”” IL-based nanocarriers have enabled non-invasive means
of glucose control, reducing the reliance on injections.”” Choline-
oleate and imidazolium-based ILs have shown high permeation
rates, enzyme stability, and sustained release in diabetic models.>*
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Table 3 IL vs. conventional TDDS of biopharmaceuticals
Parameter Conventional TDD systems IL-based TDD systems Ref.
Drug type Primarily small, lipophilic molecules (<500 Da) Capable of delivering large, hydrophilic biomolecules 82
compatibility (proteins, peptides, nucleic acids)
Permeation Relies on solvent (e.g:, ethanol), surfactants ILs disrupt SC lipid order via H-bonding & n-n 71

(e.g., Tween-80), or chemical enhancers stacking, enhancing skin penetration
Solubility Limited solubilization capacity for poorly soluble ILs improve solubility via ionic interactions, hydrogen 8

drugs bonding, and domain restructuring
Formulation Gels, creams, patches with limited versatility Neat ILs, IL-in-oil MEs, IL-based nanovesicles 28 and 32
flexibility (ETs, TETs), IL-micelles
Stability of Prone to enzymatic degradation and aggregation ILs enhance the stability of sensitive macromolecules 24
biologics by preventing aggregation and improving thermal

stability
Delivery Low for high MW drugs; minimal systemic absorption High permeation rates demonstrated for insulin, 27 and 86
efficiency SsiRNA, mRNA, ASOs
Toxicity Lower toxicity with approved excipients Requires careful selection of biocompatible, 49 and 51
concerns biodegradable ILs (e.g., choline-based)
Cold chain High for peptides and nucleic acids ILs reduce or eliminate cold chain needs by enhancing 88
dependency thermal stability (e.g., mRNA-LNPs stable at 25 °C)
Mechanism Passive diffusion or SC hydration Reversible disruption of SC structure, creation of 27 and 86
of action intercellular channels, polar-nonpolar domain
alignment

Clinical Multiple FDA-approved systems (e.g., nicotine, Mostly in preclinical or early-phase research; 64
translation estradiol patches) regulatory approval pending

LNP: lipid nanoparticle.
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Fig. 5 (A) In vivo pharmacodynamic efficacy of CAGE/insulin administered in the buccal cavity of rats. (B) Hematoxylin and eosin (H&E) staining of rat
buccal mucosa (scale bar = 200 um). Figure reproduced with permission from ref. 76. (C) Lysozyme relative activity under different incubation conditions.
Figure reproduced with permission from ref. 92. (D) Penetration of siRNA-ILs: porcine skin quantification using tape-stripping indicated improved

permeation of robed-siRNA in presence of an IL (CAGE) into the epidermis. Figure reproduced with permission from ref. 93.
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Table 4 Summary of IL-mediated TDD of biopharmaceuticals
Biopharmaceuticals IL-based carrier Key ILs Significant findings Ref.

IL-in-oil ME
(SAIL-stabilised)

Insulin (5.8 kDa) [Chol][C18:2] (surface-

active IL) + [Chol][C3]

polar core
Insulin IL-mediated ETs Dimyristoyl-
(~160 nm deformable phosphatidylcholine
vesicles) lipid IL
Insulin IL-mediated TETSs Dimyristoyl-
(deformable vesicles)  phosphatidylcholine
lipid IL
OVA (44 kDa) IL in oil Cholinium-fatty-acid ILs
(e.g., [Cho][C18:1])
Trabederson (ASO)  IL-S/O Lipidic IL surfactant shell
(20-mer)
OVA IL-S/O nanodispersion [Chol][C18:1] lipid IL

patch with PSA

In 2021, Islam et al. reported a fully biocompatible ME that
employed choline-fatty-acid, surface-active ILs ([Chol][Ste],
[Chol][Ole], and [Chol][Lin]) as surfactants, choline propionate
as the polar IL core, and IPM as the continuous oil phase
(Fig. 6A).>® Use of the IL in oil (IL/O) ME expanded the ternary
ME region by two-fold relative to Tween-80 systems, solubilized
insulin at a therapeutically high loading, and could deliver a
low dose (50 TU kg~ ) of insulin transdermally to diabetic mice,
lowering blood glucose levels by 56% and sustaining circulating
insulin for >24 h (half-life ~ 24 h vs. 1.3 h for sub-Q injection)
(Fig. 6C and D). No cytotoxicity (<10% loss in human adult
keratinocyte-derived immortalized cell line (HaCaT) viability)
or histopathological changes were observed, and the formula-
tion remained stable at room temperature for three months
(Fig. 6B).*®

In 2024, Nabila et al. reported a more advanced “IL-mediated
ET” built from dimyristoyl-phosphatidylcholine paired with
linoleate-based lipid ILs, which encapsulated >99% of human
insulin in deformable vesicles ~160 nm in diameter.*” In the
same year, IL-mediated ET and TET1 formulations were reported
by the same group. When 30 IU kg™ ' of the ET formulation was
applied to diabetic mouse skin, blood-glucose levels fell by 62%
and remained below baseline for >15 h, whereas subcutaneous
injection maintained glycemic control for only 2 h (Fig. 6E). TET1
reduced glucose levels by 34% for >15 h in the same mouse
model. Confocal microscopy (Fig. 6F) and ATR-FTIR showed that
the IL disrupted orthorhombic SC lipids, creating intercellular
nano-channels while preserving epidermal viability. Skin-
irritation tests using a 3-D human epidermis model indicated
> 80% cell viability (Fig. 6G), underscoring the biocompatibility of
the IL-lipid hybrid.*”

Mechanistic commonalities across the three systems (ME,
ETs, and TETs) include (i) IL-driven disruption and fluidization
of SC lipids without ceramide extraction, confirmed by FTIR
lipid-order markers; and (ii) multipoint hydrogen bonding
between choline-carboxylate ILs/lipid-based ILs and insulin
that maintained the molecular dispersion of the peptide and
prevented aggregation. Collectively, these studies demon-
strated that rationally chosen, biocompatible ILs can be paired
with ETs, TETs, and MEs to achieve long-acting, needle-free

This journal is © The Royal Society of Chemistry 2025

Diabetic mice: 56% glucose drop with 50 TU kg™ ' patch; serum 28
2 ~ 24 h vs. 1.3 h (sub-Q); formulation room-temp-stable

3 months

>99% EE; mouse-skin flux sufficient to cut blood glucose by 32
62% and keep normoglycaemia >15 h (SC injection held <2 h)

Mouse-skin flux sufficient to cut blood glucose by 34% and keep 27
normoglycaemia >15 h (SC injection held <2 h), >80% cell
viability

Peptide flux 128x, 110x OVA-specific IgG titres, significant 97
tumor growth suppression in vivo, no dermal irritation

Porcine skin flux 1 ~10x; potent TGF-f knock-down; no toxicity 86

Yucatan pig skin: 5.5-fold higher OVA delivery vs. aqueous; mice: 36
10-fold IgG T, robust CD8" response, no dermal damage

insulin delivery, meeting key therapeutic benchmarks for glu-
cose control while avoiding cold-chain and injection-related
burdens.

3.2.2. Transdermal nucleic acid and vaccine delivery using
ILs. The delivery of nucleic acids, such as siRNA and mRNA, is
hindered by their size, charge, and instability. ILs can shield
nucleic acids from degradation, facilitate skin penetration, and
allow co-delivery with peptides or adjuvants.”® Lipid-IL hybrid
nanocarriers have shown successful gene knockdown in vitro,
highlighting the potential of ILs in RNA therapeutics. Recently,
Goto and co-workers have reported that hydrophobic, lipid-
derived IL surfactants can transform antisense oligonucleo-
tides (ASOs) into a solid-in-oil (S/O) dispersion capable of
non-invasive skin penetration (Fig. 7A, B and E).*® In this
formulation, each ASO strand is coated with amphiphilic IL
ions, which (i) mask the polyanionic phosphate backbone,
(ii) confer hydrophobicity that favors partitioning into the SC
lipids, and (iii) act as built-in permeation enhancers. Compared
with conventional S/O carriers, the IL-S/O increased the trans-
dermal flux of fluorescently labeled ASOs by an order of
magnitude in excised porcine skin (Fig. 7C) and, crucially,
drove cytoplasmic uptake in keratinocytes without endosomal
entrapment.®® In vitro, the formulation achieved potent knock-
down of Transforming Growth Factor beta (TGF-B) mRNA,
confirming that the IL coating did not compromise the anti-
sense activity. In tumor-bearing mice, a once-daily topical
application produced an anti-tumor effect statistically indis-
tinguishable from that of subcutaneous ASO injections
(Fig. 7C), yet with no injection-site reactions or systemic
toxicity.*® These findings underscore the dual role of biocom-
patible IL surfactants as both molecular shields and skin-
barrier modulators, opening a path toward needle-free RNA
and DNA therapeutics.

ILs are also emerging as potent enablers for the delivery of
vaccines and antibodies, leveraging the IL multifunctionality to
stabilize antigens and enhance the dermal uptake.’® In 2020,
Tahara et al. reported the use of biocompatible cholinium-
fatty-acid ILs (e.g., [Cho][C18:1]) to solubilize ovalbumin (OVA)
in oil-based penetration enhancers. Compared with aqueous
formulations, the IL-enhanced system increased peptide flux
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Fig. 6 (A) Cholinium IL-based ME increased the solubility and permeability of insulin. (B) Changes in mouse blood glucose levels over time and (C) blood
glucose-lowering potency of different formulations compared with baseline levels. (D) Assessment of the biological activity of insulin stored with ME
formulations (MEFs) for different periods at RT and 4 °C; effect of SAIL-based MEFs in lowering blood glucose levels (BGLs) in diabetic mice following transdermal
delivery. Figure reproduced with permission from ref. 28. (E) Skin permeability of FITC-Insulin (FITC-Ins) using ET and TET1, Confocal Laser Scanning Microscopy
(CLSM) images of skin cross sections of Yucatan micropig (YMP) skin treated with FITC-Ins in ET and TET1 formulations along with control FITC-Ins solution
for 24 h. (F) Changes in diabetic mice BGLs over time after transdermal insulin delivery with ET and TET1 nanovesicles. (G) Biocompatibility of ET and
TET1 formulations compared with positive and negative controls using artificial human epidermal tissue. Figure reproduced with permission from ref. 27.

across excised skin 28-fold, and elicited a tenfold increase in levels, than aqueous controls, without evidence of histopatho-
OVA-specific IgG titers and significant tumor growth suppres- logical skin damage.**

sion in vivo, with no dermal irritation detected via ex vivo assays The studies described in the above sections clearly showcase
(Fig. 7G).”” In a follow-up study in 2021, Chowdhury et al. ILs as versatile excipients that can simultaneously solubilize
formulated an S/O IL dispersion combining an IL-coated biologics, interact with skin lipids to enhance transdermal
OVA antigen with the Toll-like receptor 7 (TLR7) agonist permeability, and preserve the integrity of the biologics. Beyond
resiquimod.’® When applied as a patch, this system enabled proteins, peptides and nucleic acids, recent advances have
transdermal delivery of both antigen and adjuvant, generating extended the application of ILs to the TDD of large poly-
robust cytotoxic T-cell responses and cancer protection in saccharides.'®® Notably, Wu et al. have systematically evaluated
murine models. Mechanistically these effects were attributed a series of eight choline-based ILs, comprising cholinium
to the dual role of the IL in charge shielding and lipid-phase paired with various amino-acid and organic-acid anions, for
fluidization, which facilitated skin permeability and intracel- the transdermal administration of hyaluronic acid, a high-
lular uptake.’® In further innovation by Islam et al. in 2024, an  molecular-weight biopolymer widely used in skin hydration
IL-based immunization patch combining an IL-S/O nanoparti- and regenerative medicine. Specific ILs, including [choline]-
cle dispersion with pressure-sensitive adhesives was developed. [lactate] and [choline][pyrrolidone carboxylate], significantly
In pig-skin assays and a C57BL/6 mouse model, this patch enhanced HA permeation through the SC by modulating lipid
delivered 5.5-fold more OVA and generated 10-fold higher IgG  packing and increasing skin hydration. These ILs not only
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Fig. 7 (A) Chemical structures of cation and anions of lipid-based ILs. (B) Amount of trabedersen that permeated into the mouse skin and penetrated to
the receiver phase. (C) and (D) Antitumor effect of trabedersen against B16F10 melanoma, (C) change in tumor volume and (D) change in body weight.
(E) CLSM images of the skin cross sections of mouse skin treated with 6-carboxyfluorescein (FAM)-trabedersen in PBS or [EDMPC][Lin]-S/O. Scale bars:
100 um. Figure reproduced with permission from ref. 86. (F) Transdermal and topical delivery of FITC-peptide in EtOH/isopropyl myristate (IPM), EtOH/
PBS, and IL/EtOH/IPM through the mouse skin. (G) Effect of transcutaneous cancer vaccination via the IL/EtOH/IPM system. (H) Synthetic scheme for
[Chol[FAI. [Chol[FA] was synthesized through the metathesis reaction of choline chloride with Ag,O to prepare choline hydroxide, followed by the acid—
base neutralization reaction of the fatty acid and choline hydroxide. Figure reproduced with permission from ref. 97.

improved skin moisture retention but also exhibited excellent
biocompatibility, causing no detectable irritation or cytotoxicity
in in vitro and in vivo assays.'®*

Overall, the ability of IL-mediated systems to deliver biolo-
gics through intact skin and elicit strong systemic immune
responses underscores the considerable potential of ILs in
transdermal biopharmaceutical delivery applications.

4. Conclusion and future outlooks

This review highlights the pivotal role of ILs, particularly
those based on lipids and choline, in advancing TDDS for

This journal is © The Royal Society of Chemistry 2025

biopharmaceuticals. Compared with conventional organic sol-
vents and penetration enhancers, ILs offer distinct advantages,
including structural tunability, intrinsic biocompatibility, and
dual functionality as both solubilizing agents and permeation
enhancers. Hydrogen-bonding networks and ionic complexes
formed between ILs and biomolecules, including proteins,
peptides, and nucleotides, help to stabilize these therapeutic
agents by shielding the agents from enzymatic degradation,
thus allowing room-temperature formulations. These com-
bined effects should facilitate the reduction of cold-chain
dependency and the expansion of global access to biologics.
Preclinical and in vivo studies using IL-incorporated vesicular
systems have demonstrated enhanced permeability, stability,
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and therapeutic outcomes for challenging macromolecular
drugs such as insulin. This needle-free approach to systemic
drug delivery is particularly valuable for chronic disease man-
agement, where patient adherence and comfort and the stabi-
lity of biologics remain persistent hurdles.

Despite promising progress in preclinical studies, the clin-
ical translation of IL-based TDDS demands a multifaceted
strategy to address several persistent challenges. First, regula-
tory pathways for IL-containing pharmaceutical products are
not yet well established, and existing guidelines for excipients
may not fully address the unique physicochemical and toxico-
logical properties of ILs. Second, formulation scale-up poses
difficulties, as the stability, purity, and reproducibility of IL-
based systems can be sensitive to manufacturing conditions,
requiring rigorous process optimization and quality control.
Finally, there is a scarcity of long-term safety data in humans,
particularly regarding potential systemic accumulation and
chronic exposure effects. Addressing these challenges through
harmonized regulatory standards, scalable manufacturing stra-
tegies, and comprehensive preclinical-to-clinical safety evalua-
tions will be essential to advance IL-based TDDS toward clinical
translation. A priority in this strategy is the rational expansion
of IL chemical libraries through data-driven design, where com-
putational modeling, high-throughput experimental screening,
and machine learning can converge to identify ion-pair combi-
nations optimized for skin permeability, toxicity thresholds,
and drug compatibility. Such rationalization is essential to
navigate the vast and largely unexplored chemical space of
ILs, allowing the systematic tailoring of physicochemical and
biological properties for specific therapeutic contexts. Particular
emphasis should be placed on the synthesis of next-generation,
biodegradable ILs derived from amino acids, sugars, and natural
lipids to improve safety profiles and align with environmental
sustainability goals. Equally crucial is a deeper mechanistic under-
standing of the IL-skin and IL-biologic interactions at a molecular
level. To this end, future research must integrate tools, including
molecular dynamics simulations, small angle scattering, and
advanced vibrational spectroscopy, to elucidate how ILs perturb
lipid packing, alter hydration shells, and stabilize drug con-
formations within complex biological matrices. Insights from
these studies will be instrumental in refining the structure-
activity relationships that underpin the efficacy and safety of
IL-enhanced formulations.

From a translational perspective, the sustainable and scal-
able synthesis of ILs is another pressing requirement. Current
synthetic methods often involve environmentally hazardous
reagents or generate waste streams incompatible with green
chemistry standards. Therefore, the development of eco-benign
and economically viable synthetic routes, such as solvent-free
protocols, enzymatic catalysis, and flow chemistry, will be
essential for ensuring the regulatory compliance and commer-
cial feasibility of the use of ILs in DDS. Concurrently, rigorous
preclinical and clinical evaluations must be conducted to
establish the pharmacokinetics, dermal toxicology, immuno-
genicity, and therapeutic efficacy of IL formulations across
diverse animal models and patient populations. Collaborating
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early with regulatory agencies, such as the US FDA and Eur-
opean Medicines Agency (EMA), can also streamline classifica-
tion, standardization, and approval pathways for IL-based drug
products. Looking ahead, the convergence of ILs with emerging
technologies, such as smart, stimuli-responsive delivery plat-
forms, holds immense promise. These systems could enable
biomarker-triggered or environmentally responsive drug release
(eg, pH-, glucose-, and temperature-sensitive mechanisms),
allowing for dynamic, feedback-controlled therapies that are
personalized to individual patient needs. Such integration should
not only improve therapeutic precision and minimize adverse
effects but also redefine dosing paradigms and improve patient
quality of life. Additionally, ILs are well suited for enabling
combination drug strategies, in which multiple biopharmaceuti-
cals with differing solubility or stability profiles can be co-
formulated and delivered in a synchronized manner.

In summary, ILs offer a coherent, tunable platform that can
simultaneously overcome the solubility, stability, and perme-
ability barriers that have historically limited the transdermal
delivery of biopharmaceuticals. Concerted interdisciplinary
efforts spanning synthetic chemistry, computational modeling,
formulation science, toxicology, and clinical medicine will be
essential to translate this promise into approved therapies.
With continued innovation in formulation design, mechanistic
elucidation, green manufacturing, and regulatory harmoniza-
tion, IL-based systems are poised, not only to broaden the
therapeutic landscape for biopharmaceuticals, but also to
redefine the future of patient-centric, non-invasive drug delivery
on a global scale.

Conflicts of interest

There are no conflicts to declare.

Data availability

As this article is a feature article, the data supporting this article
can be found in the original articles discussing each topic.

Acknowledgements

The authors acknowledge financial support from the Japan
Society for the Promotion of Science (KAKENHI numbers
JP22K18314) and from AMED (24ak0101174h0004). Victoria
Muir, PhD, from Edanz (https:/jp.edanz.com/ac) edited the
English text of a draft of this manuscript.

Notes and references

1 H. Park, A. Otte and K. Park, J. Controlled Release, 2022, 342, 53-65.

2 D. J. A. Crommelin and A. T. Florence, Int. J. Pharm., 2013, 454,
496-511.

3 J. K. Patra, G. Das, L. F. Fraceto, E. V. R. Campos, M. del,
P. Rodriguez-Torres, L. S. Acosta-Torres, L. A. Diaz-Torres,
R. Grillo, M. K. Swamy and S. Sharma, J. Nanobiotechnol., 2018,
16, 1-33.

This journal is © The Royal Society of Chemistry 2025


https://jp.edanz.com/ac
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc03935e

Open Access Article. Published on 15 September 2025. Downloaded on 2026-03-02 6:04:49 PM.

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

(cc)

Feature Article

4

5
6

7

10

11
12

13

14

15

16

17

18

19

20
21

22

23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

J. Eva and Y. Pathak, Applications of Functional Foods and
Nutraceuticals for Chronic Diseases, CRC Press, 2023, pp. 3-16.

F. D. Makurvet, Med. Drug Discovery, 2021, 9, 100075.

M. Holowacz, A. Krans, C. Wallén, A. Martinez and N. Mohammadi,
Uppsala Univ., 2017, 59.

R. J. Y. Ho, Biotechnology and biopharmaceuticals: transforming
proteins and genes into drugs, John Wiley & Sons, 2013.

C. Almeida, A. Q. Pedro, A. P. M. Tavares, M. C. Neves and
M. G. Freire, Front. Bioeng. Biotechnol., 2023, 11, 1037436.

E. Rosson, F. Lux, L. David, Y. Godfrin, O. Tillement and E.
Thomas, Int. J. Pharm., 2025, 125555.

V. Hmingthansanga, N. Singh, S. Banerjee, S. Manickam, R.
Velayutham and S. Natesan, Pharmaceutics, 2022, 14, 2818.

H. Wen, H. Jung and X. Li, AAPS J., 2015, 17, 1327-1340.

L. Jorgensen, S. Hostrup, E. H. Moeller and H. Grohganz, Expert
Opin. Drug Delivery, 2009, 6, 1219-1230.

M. Stielow, A. Witczynska, N. Kubryn, L. Fijalkowski, J. Nowaczyk
and A. Nowaczyk, Molecules, 2023, 28, 8038.

S. Mitragotri, P. A. Burke and R. Langer, Nat. Rev. Drug Discovery,
2014, 13, 655-672.

E. E. L. Tanner, A. M. Curreri, J. P. R. Balkaran, N. C. Selig-Wober,
A. B. Yang, C. Kendig, M. P. Fluhr, N. Kim and S. Mitragotri, Adv.
Mater., 2019, 31, 1901103.

R. Islam, F. H. Nabila, R. Wakabayashi, N. Kamiya, M.
Moniruzzaman and M. Goto, J. Mol. Lig., 2024, 124184.

A. P. S. Raman, M. B. Singh, P. Jain, P. Chaudhary, I. Bahadur,
K. Lal, V. Kumar and P. Singh, J. Mol. Lig., 2022, 364, 119989.

S. N. Pedro, C. S. R. Freire, A. J. D. Silvestre and M. G. Freire, Int.
J. Mol. Sci., 2020, 21, 8298.

Y. Hu, Y. Xing, H. Yue, T. Chen, Y. Diao, W. Wei and S. Zhang,
Chem. Soc. Rev., 2023, 52, 7262-7293.

J. L. Shamshina and R. D. Rogers, Chem. Rev., 2023, 123, 11894-11953.
Z. Lei, C. Dai, J. Hallett and M. Shiflett, ACS Publications, 2024, 124,
7533-7535.

R. M. Moshikur, R. L. Carrier, M. Moniruzzaman and M. Goto,
Pharmaceutics, 2023, 15, 1179.

C. Almeida, A. Q. Pedro, A. P. M. Tavares, M. C. Neves and
M. G. Freire, Front. Bioeng. Biotechnol., 2023, 11, 1037436.

S. Tien and V. Kayser, Biophys. Rev., 2024, 1-13.

P. Bharmoria, A. A. Tietze, D. Mondal, T. S. Kang, A. Kumar and
M. G. Freire, Chem. Rev., 2024, 124, 3037-3084.

M. Guncheva, P. Ossowicz, E. Janus, S. Todinova and D. Yancheva,
J. Mol. Lig., 2019, 283, 257-262..

F. H. Nabila, R. Islam, L. Yamin, K. Yoshirou, R. Wakabayashi,
N. Kamiya, M. Moniruzzaman and M. Goto, ACS Biomater. Sci. Eng.,
2024, 11, 402-414.

M. R. Islam, S. Uddin, M. R. Chowdhury, R. Wakabayashi,
M. Moniruzzaman and M. Goto, ACS Appl. Mater. Interfaces, 2021,
13, 42461-42472.

A. Q. Pedro, P. Pereira, M. J. Quental, A. P. Carvalho, S. M. Santos,
J. A. Queiroz, F. Sousa and M. G. Freire, ACS Sustainable Chem. Eng.,
2018, 6, 16645-16656.

F. A. Vicente, L. S. Castro, D. Mondal, J. A. P. Coutinho, A. P. M.
Tavares, S. P. M. Ventura and M. G. Freire, Sep. Purif. Technol.,
2022, 288, 120589.

B. Jagannath, S. Muthukumar and S. Prasad, Anal. Chim. Acta,
2018, 1016, 29-39.

F. H. Nabila, R. Islam, I. M. Shimul, M. Moniruzzaman,
R. Wakabayashi, N. Kamiya and M. Goto, Chem. Commun., 2024,
60, 4036-4039.

J- M. Costa, T. Forster-Carneiro and J. P. Hallett, Green Chem., 2024,
26, 705-719.

S. S. Gaikwad, A. L. Zanje and ]J. D. Somwanshi, Int. J. Pharm., 2024,
652, 123856.

S. W. A. Shah, X. Li, H. Yuan, H. Shen, S. Quan, G. Pan, M. Ishfaq,
A. U. Shah, H. Xie and J. Shao, BMEMat, 2025, €70001.

R. Islam, F. H. Nabila, R. Wakabayashi, Y. Kawaguchi, N. Kamiya,
M. Moniruzzaman and M. Goto, Molecules, 2024, 29, 2995.

C. Liu, B. Chen, W. Shi, W. Huang and H. Qian, Mol. Pharm., 2022,
19, 1033-1046.

A. M. Curreri, S. Mitragotri and E. E. L. Tanner, Adv. Sci., 2021,
8, 2004819.

K. S. Egorova, E. G. Gordeev and V. P. Ananikov, Chem. Rev., 2017,
117, 7132-7189.

This journal is © The Royal Society of Chemistry 2025

40
41
42
43
44
45
46
47
48
49
50
51
52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69
70

71

72

73

74

75

76
77

View Article Online

ChemComm

M. Sivapragasam, M. Moniruzzaman and M. Goto, Biotechnol. J.,
2016, 11, 1000-1013.

A. Kuchenbuch and R. Giernoth, ChemistryOpen, 2015, 4, 677-681.
R. A. Sheldon, Green Chem., 2021, 23, 8406-8427.

M. Moniruzzaman, N. Kamiya and M. Goto, Org. Biomol. Chem.,
2010, 8, 2887-2899.

S. Gao, X. Cheng, M. Zhang, Q. Dai, C. Liu and Y. Lu, Adv. Sct.,
2024, 11, 2405983.

R. Lin, J. Qian, J. Zhang, H. Li and Y. Wu, J. Mol. Lig., 2025, 127595.
K. S. Egorova and V. P. Ananikov, ChemSusChem, 2014, 7, 336-360.
K. Kuroda, New J. Chem., 2022, 46, 20047-20052.

M. Moniruzzaman and M. Goto, J. Chem. Eng. Jpn., 2011, 44,
370-381.

R. Md Moshikur and M. Goto, Chem. Rec., 2023, 23, €202300026.
R. N. Prajapati, B. Bhushan, K. Singh, H. Chopra, S. Kumar,
M. Agrawal, D. Pathak, D. K. Chanchal and Laxmikant, Curr.
Pharm. Biotechnol., 2024, 25, 2060-2077.

R. M. Moshikur, M. R. Chowdhury, M. Moniruzzaman and
M. Goto, Green Chem., 2020, 22, 8116-8139.

M. N. Pastore, Y. N. Kalia, M. Horstmann and M. S. Roberts, Br.
J. Pharmacol., 2015, 172, 2179-2209.

Transdermal Drug Delivery Systems Market Size, Share & Trends
Analysis Report By Technology (Iontophoresis, Mechanical Arrays),
By Application, By Region, And Segment Forecasts, 2024-2030, 2030.
O. Dumitriu Buzia, A. M. Paduraru, C. S. Stefan, M. Dinu,
D. 1. Cocos, L. C. Nwabudike and A. L. Tatu, Pharmaceutics, 2023,
15, 1183.

P. Bala, S. Jathar, S. Kale and K. Pal, J. Pharm. Res., 2014, 8,
1805-1835.

M. Ghaferi, S. E. Alavi, K. Phan, H. Maibach and Y. Mohammed,
Mol. Pharm., 2024, 21, 5373-5391.

Y. Zhang, C. Liu, ]J. Wang, S. Ren, Y. Song, P. Quan and L. Fang,
Chin. Chem. Lett., 2023, 34, 107631.

M. Zakrewsky, K. S. Lovejoy, T. L. Kern, T. E. Miller, V. Le, A. Nagy,
A. M. Goumas, R. S. Iyer, R. E. Del Sesto and A. T. Koppisch, Proc.
Natl. Acad. Sci. U. S. A., 2014, 111, 13313-13318.

R. Boscariol, J. M. O. Junior, D. A. Baldo, V. M. Balcdo and
M. M. D. C. Vila, Saudi Pharm. J., 2022, 30, 382-397.

E. E. L. Tanner, K. N. Ibsen and S. Mitragotri, J. Controlled Release,
2018, 286, 137-144.

A. Sadaf, R. Sinha and M. K. Ekka, Curr. Res. Biotechnol., 2022, 4,
514-529.

X. Wu, Z. Chen, Y. Li, Q. Yu, Y. Lu, Q. Zhu, Y. Li, D. An, J. Qi and
W. Wu, Int. J. Pharm., 2019, 558, 380-387.

M. R. Islam, M. R. Chowdhury, R. Wakabayashi, N. Kamiya,
M. Moniruzzaman and M. Goto, Pharmaceutics, 2020, 12, 392.

A. Sadaf, R. Sinha and M. K. Ekka, Curr. Res. Biotechnol., 2022, 4,
514-529.

D. Zheng, S. Jiang, P. Zheng, D. Zhou, J. Qiu and L. Gao, J. Mol. Lig.,
2024, 399, 124440.

J. Files and J. M. Kling, Expert Opin. Drug Delivery, 2020, 17,
543-549.

M. Smyth, T. S. Haupt and M.-C. Gregoire, J. Palliative Med., 2020,
23, 1094-1097.

M. Demchuk, B. Pavliuk, T. Hroshovyi and M. Chubka, Pharmaco-
logyonline, 2021, 3, 707-715.

L. Jessen, L. J. Kovalick and A. J. Azzaro, Pharm. Ther., 2008, 33, 212.
H.-K. Chen, T.-H. Lan and B.-J. Wu, Eur. Arch. Psychiatry Clin.
Neurosci., 2013, 263, 75-82.

Y.-L. Wang, A. Laaksonen and M. D. Fayer, J. Phys. Chem. B, 2017,
121, 7173-7179.

N. R. Jadhav, S. P. Bhosale, S. S. Bhosale, S. D. Mali, P. B. Toraskar
and T. S. Kadam, J. Drug Deliv. Sci. Technol., 2021, 65, 102694.

T. Cosby, U. Kapoor, J. K. Shah and J. Sangoro, J. Phys. Chem. Lett.,
2019, 10, 6274-6280.

M. R. Islam, M. R. Chowdhury, R. Wakabayashi, Y. Tahara,
N. Kamiya, M. Moniruzzaman and M. Goto, Int. J. Pharm., 2020,
582, 119335.

M. R. Chowdhury, R. M. Moshikur, R. Wakabayashi, Y. Tahara,
N. Kamiya, M. Moniruzzaman and M. Goto, Mol. Pharm., 2018, 15,
2484-2488.

A. Vaidya and S. Mitragotri, J. Controlled Release, 2020, 327, 26-34.
K. Palanisamy and M. Prakash, Phys. Chem. Chem. Phys., 2021, 23,
25298-25307.

Chem. Commun., 2025, 61, 16318-16330 | 16329


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc03935e

Open Access Article. Published on 15 September 2025. Downloaded on 2026-03-02 6:04:49 PM.

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

(cc)

ChemComm

78

79

80

81

82

83
84

85

86

87

88

89

16330 |

M. Kaur, G. Singh, S. Kumar and T. S. Kang, J. Colloid Interface Sci.,
2018, 511, 344-354.

S. Araki, R. Wakabayashi, M. Moniruzzaman, N. Kamiya and
M. Goto, MedChemComm, 2015, 6, 2124-2128.

B. Lu, T. Liu, H. Wang, C. Wu, H. Chen, Z. Liu and J. Zhang, J. Mol.
Lig., 2022, 351, 118643.

S. Rajkhowa, P. Singh, A. Sen and ]. Sarma, Handbook of Ionic
Liquids: Fundamentals, Applications and Sustainability, John Wiley &
Sons, 2024.

M. K. Ali, R. M. Moshikur, M. Goto and M. Moniruzzaman, Pharm.
Res., 2022, 39, 2335-2351.

A. Salabat and E. Parsi, J. Iran. Chem. Soc., 2021, 18, 1355-1361.
C. Wang, J. Zhu, D. Zhang, Y. Yang, L. Zheng, Y. Qu, X. Yang and
X. Cui, Int. J. Pharm., 2018, 535, 120-131.

Y. Zhang, Y. Cao, X. Meng, C. Li, H. Wang and S. Zhang, Colloids
Surf,, B, 2020, 189, 110886.

K. Toyofuku, R. Wakabayashi, N. Kamiya and M. Goto, ACS Appl.
Mater. Interfaces, 2023, 15, 33299-33308.

Y. Miwa, H. Hamamoto and T. Ishida, Eur. J. Pharm. Biopharm.,
2016, 102, 92-100.

U. Kafle, H. Q. Truong, C. T. G. Nguyen and F. Meng, Mol. Pharm.,
2024, 21, 5944-5959.

Z. Luo, W. Li, J. Yan and J. Sun, Adv. Funct. Mater., 2022, 32, 2203988.

Chem. Commun., 2025, 61, 16318-16330

90

91

92

93

94

95

96
97

98

99

100

101

View Article Online

Feature Article

D. Ghoshdastidar and S. Senapati, Nucleic Acids Res., 2018, 46,
4344-4353.

T. B. V. Dinis, F. Sousa and M. G. Freire, Front. Bioeng. Biotechnol.,
2020, 8, 547857.

N. S. M. Vieira, P. J. Castro, D. F. Marques, J. M. M. Aradjo and
A. B. Pereiro, Nanomaterials, 2020, 10, 1594.

V. Dharamdasani, A. Mandal, Q. M. Qi, I. Suzuki, M. V. L. B.
Bentley and S. Mitragotri, J. Controlled Release, 2020, 323, 475-482.
X. Lin, Z. Su, Y. Yang and S. Zhang, Chin. J. Chem. Eng., 2021, 30,
236-243.

Y. Hu, Y. Xing, H. Yue, T. Chen, Y. Diao, W. Wei and S. Zhang,
Chem. Soc. Rev., 2023, 52, 7262-7293.

A. Benedetto, Biophys. Rev., 2023, 15, 1909-1939.

Y. Tahara, K. Morita, R. Wakabayashi, N. Kamiya and M. Goto, Mol.
Pharm., 2020, 17, 3845-3856.

M. A. Sallam, S. Prakash, N. Kumbhojkar, C. W. Shields IV and
S. Mitragotri, Bioeng. Transl. Med., 2021, 6, e10215.

M. R. Chowdhury, R. M. Moshikur, R. Wakabayashi, M.
Moniruzzaman and M. Goto, Int. J. Pharm., 2021, 601, 120582.

A. Gomes, L. Aguiar, R. Ferraz, C. Teixeira and P. Gomes, Int. J. Mol.
Sci., 2021, 22, 11991.

X. Wu, H. Zhang, S. He, Q. Yu, Y. Lu, W. Wu, N. Ding, Q. Zhu,
Z. Chen and Y. Ma, Int. J. Biol. Macromol., 2020, 150, 528-535.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc03935e



