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Preface

The pharmaceutical industry has been experiencing a series of challenges with newly
developed solid-state drugs because most of them are insoluble or poorly soluble in
water or most of the pharmaceutically accepted organic solvents or agents. Other
notable limitations with solid-state drugs are polymorphisms and their low bioavail-
ability. As a potential alternative to conventional organic solvents/agents and water,
ionic liquids have been used as solvents or materials in pharmaceutics and medicinal
fields owing to their excellent properties, which include the combination of “green”
properties and adjustable physicochemical andbiological properties.Recent develop-
ment of third-generation ionic liquids comprising biocompatible cations and anions
creates innovative opportunities for the development of smart drug formulations and
delivery systems.

Written by an international group of experts, this book summarizes the recent
works that support the use of ionic liquids for various applications in pharmaceutics
and medicine, with a particular emphasis on addressing their critical pharmaceutical
challenges including the low solubility, polymorphism, and bioavailability of solid-
state drugs. Readers will find diverse approaches to the application of ionic liquids
in drug solubility, Active Pharmaceutical Ingredient (API) formulation, and drug
delivery, such as topical, transdermal, and oral delivery, with a specific focus on the
latest developments. This book also provides insights into the development of biolog-
ically functionalized ionic liquid-assisted biopolymers, surfactants, and nano/micro
carriers for enhanced drug delivery systems/technologies.

The book contains valuable information and significant evidence on the potential
use of biocompatible ionic liquids and/or ionic liquid-basedmaterials/technologies in
drug formulations and/or drug delivery systems. The broad coverage also provides a
comprehensive resource for researchers and students from different disciplines, such
as chemical engineering, chemistry, material science polymer science, and pharma-
ceuticals/medical fields,who are interested in both ionic liquids and their applications
in pharmaceutics and medicine.

Design principles for ionic liquids in drug delivery systems are addressed in
Chap. 1, which was written by Chowdhury et al. The authors focus on the design
of the ionic liquids, rather than on their implementation in drug delivery systems,
and particularly on their precursor selection, biocompatibility status for safety, and
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vi Preface

potentiality for targeted drug delivery to achieve the maximum therapeutic efficacy
with the fewest undesirable side effects. Chapter 2waswritten byMoshikur andGoto,
and it reviews the recent developments in ionic liquid-basedAPI ingredient strategies
to address the solubility andpolymorphismchallenges of crystallineAPIs and explore
their possible advantages in pharmaceutics by eliminating or at least minimizing
common problems that are associated with solid APIs. The role of ionic liquids in
transdermal delivery ofAPIs is described inChap. 3 byBerton and Shamshina, where
the authors focus on the Choline Geranate (CAGE) ionic liquid. Its scale-up and
medical applications are also discussed. Chapter 4 by Moshikur et al. highlights the
importance and advantages of ionic liquids as a potential solvent/agent for dissolving
sparingly soluble drugs and explores the possible mechanism by which ionic liquids
increase solubility during the preparation of drug formulations.

Chapter 5 by Shamshina and Rogers focuses on recent advances in the three-
dimensional (3D) printing of cellulose and chitin from ionic liquids for drug delivery.
There is a special focus on inkjet 3D printing and extrusion-based 3D printing of
biopolymers from an ionic liquid. Recent advances in ionic liquid-based oral drug
delivery systems are summarized inChap. 6 by Islam andGoto. The authors highlight
the potentials and limitations of oral therapy, and then they address the possible use
of ionic liquids to bypass oral route constraints and enhance oral administration of
many medicinal products. Chapter 7 by Pedro et al. reviews the latest applications
of ionic liquids toward the development of polymer-based drug delivery systems.
The authors also highlight the fundamental knowledge that is required to design
multi-responsive copolymers from ionic liquid monomers to enhance the delivery
of various drugs. Design and selection of potential ionic liquids for pharmaceutical
applications are described using the Conductor-Like Screening Model (COSMO) in
Chap. 8 by Khan et al., who highlight the advantages of COSMO-RS as a predictive
tool.

Chapter 9 by Ali et al. presents Surface-Active Ionic Liquids (SAILs) as a potent
biocompatible alternative to conventional surfactants and explores their pharmaceu-
tical applications as promising surfactants/co-surfactants that help to form a stable
formulation in aqueous or non-aqueousmedia. The authors also highlight why SAIL-
based drug formulations represent favorable target drug delivery systems for pharma-
ceutical applications. Ionic liquid-based transdermal vaccination of drug molecules
and antigen peptides is summarized in Chap. 10 by Tahara with a focus on how ionic
liquid acts to enhance skin penetration. Chapter 11 by Elgharbawy et al. reviews
ionic liquid-based antibiotics for resistant microbial strains and drug polymorphism,
focusing on the antibiotics’ solubility and bioavailability. Recent advances in ionic
liquid-based microemulsions to enhance drug solubility and delivery are summa-
rized in Chap. 12 by Salabat. The mechanism of enhancing the solubility of an active
pharmaceutical ingredient and transdermal drug delivery using ionic liquid-based
microemulsion is also highlighted.

Fukuoka, Japan
Perak, Malaysia

Masahiro Goto
Muhammad Moniruzzaman
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Chapter 1
Design Principles for Ionic Liquids
in Drug Delivery Systems

Md. Raihan Chowdhury, Md Nurunnabi, and Masahiro Goto

Abstract Ionic Liquids (ILs) have been a topic of interest in many scientific areas
since the mid-1990s and can be classified as potential “green solvents,” especially
for use in drug delivery systems (DDSs). Because of the “green” and “designer”
properties of ILs, the use of ILs has escalated dramatically in pharmaceutics and
medicine. Although virtually an unlimited number of ILs could be produced from
diverse sources of organic and inorganic cations and anions, including IL precursors
derived from biological sources, special consideration must be given for the imple-
mentation of ILs in DDSs. Herein, the focus is on the design of the ILs, rather than
their implementation in DDSs, particularly the precursor selection, biocompatibility
status for safety (biosafety), and potential for targeted drug delivery. It is possible to
design an IL suitable for a DDS with synergistic benefits by achieving the maximum
therapeutic efficacy of the drug with minimum undesirable side effects caused by
the delivery systems or vehicles.

Keywords Ionic liquids · Drug delivery system · Biocompatibility · Designed
principle
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Abbreviations

ABDS Affinity-Based Delivery Systems
API Active Pharmaceutical Ingredients
BDOA Benzyldimethyloctyl Ammonium
CAGE Choline and Geranic Acid
COSMO-RS Conductor-Like Screening Model for Real Solvents
DDS Drug Delivery System
DHA Docosahexaenoic Acid
IL Ionic Liquids
siRNA Small Interfering Ribonucleic Acid

1.1 Introduction

Adrugdelivery system (DDS) is anoptimized formulationor device that can transport
a therapeutic agent to a target site of action by avoiding or overcoming the biological
barriers associated with cells, organs, and tissues. SomeDDSs are simply engineered
technologies that use various biocompatiblematerials for the targeted delivery and/or
sustained release of therapeutic agents to maintain a desired level in the body (Erdine
and De Andrés 2006; Kwon et al. 2008). New technologies are continuously being
developed for use in DDSs, and current DDSs include liposomes, microemulsions,
nanoparticles, niosomes, polymers, implants, and transdermal drug delivery systems
(Vega-Vásquez et al. 2020). The design of optimized DDSs for particular purpose
is challenging. Therefore, particular attention must be paid to the selection of the
materials and the design of the vehicles to develop improved DDSs. In the last two
decades, a new class of materials, the ionic liquids (ILs), has become popular for
use in DDSs (Adawiyah et al. 2016a; Cabuy 2015; Huang et al. 2020; Karande et al.
2005; Pedro et al. 2020). ILs have been a topic of interest in many scientific areas
since themid-1990s, and can be classified as potential “green solvents,” especially for
use in DDSs (Moshikur et al. 2020b). ILs are the molten organic salts of unsymmet-
rical organic cations and inorganic or organic anions that have melting points barely
above 100 °C (Marrucho et al. 2014; Moniruzzaman and Goto 2011; Shamshina
et al. 2013). ILs are known as “designer solvents” because their physicochemical
properties can be easily altered by simply changing the combinations of the cations
and anions (Earle and Seddon 2007; Huang et al. 2020; Moshikur et al. 2020a). The
designer and green solvent properties of ILs make them extremely useful materials
for DDSs. The use of ILs has escalated dramatically, especially in the fields of phar-
maceutics and medicine, in last two decades (Huang et al. 2020; Moshikur et al.
2020b). DDSs using either ILs or IL-based technologies, such as IL form of active
pharmaceutical ingredients (IL-APIs), IL-in-oil microemulsions, IL-drug complexed
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nanoparticles, IL-protein/peptide complexes, or drugs in IL/IL-water binary solvent
systems, have been developed for use in synthetic and medicinal chemistry, espe-
cially in pharmaceutical formulations (Adawiyah et al. 2016a; Agatemor et al. 2018;
Amaral et al. 2021; Applicable 2013; Chowdhury et al. 2019a). In DDSs, ILs have
been mainly used as media, formulation components, polymerizable agents, and
plasticizers. Virtually, an unlimited number of ILs could be produced from diverse
sources of organic and inorganic cations and anions, including IL precursors derived
from biological sources, but special consideration must be given for the implementa-
tion of ILs in DDSs (Adawiyah et al. 2016b; Anselmo et al. 2018; Gomes et al. 2019;
Kumar et al. 2017;McQueen and Lai 2019; Omar 2016; Rodríguez et al. 2008; Uddin
et al. 2020a). However, it is worth mentioning that not all ILs are suitable for DDSs.
Currently, the design of ILs is more important than their implementation in DDSs
(Huang et al. 2020; Karande et al. 2005; Nebgen et al. 2018). The design of a suitable
IL for a DDS should particularly consider the following: (1) the selection of precur-
sors; (2) the biological safety; and (3) the targeted delivery system. Figure 1.1 shows
the exponential growth of publications related to the application of ILs or IL-related
technologies in different facets of DDSs in the pharmaceutical field, as compiled
by Pedro et al. (2020). The data clearly indicates that the use of ILs and IL-related
technologies in DDSs is increasing year by year and almost reached a saturated level
over the last decade. However, intensive investigations are still required before the
regulatory approval of any ILs or IL-related technologies, particularly when used in
a DDS, can be acquired. The design of ILs and IL-related pharmaceutics has already
been approved by the FDA with a special consideration that must be acquired from
the regulatory authorities before use in pharmaceutical applications (Moshikur et al.
2020b; Zandu et al. 2019).

Fig. 1.1 Publications related to ILs or IL-related technologies used in DDSs over a 20-year period
(left). An overview of the use of ILs in the pharmaceutical field (right). Reproduced from Pedro
et al. (2020) with permission from the International Journal of Molecular Sciences and MDPI
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1.2 Selection of Precursors

ILs consist of two precursor molecules, a cation and an anion, which can be derived
from organic or inorganic sources (Welton 2018). According to the principal of
green chemistry, an IL can be declared a “green” material/solvent/co-solvent only if
it meets certain standards for toxicity and biodegradability (Gomes et al. 2019). An IL
should be biocompatible if it is derived from biocompatible precursors. However, it
has been demonstrated that the toxicity of ILs is an unpredictable parameter that does
not follow any formal rules (Rodríguez et al. 2008). Several studies have investigated
the relationship between the toxicity of an IL and its cation and anion precursors, but
unfortunately no general correlations have been established yet (Chowdhury et al.
2018; Moshikur et al. 2020a). The accumulated toxicity and biodegradability data
reported in the last few decades indicate that: (A) the ideal strategy for synthesizing
biocompatible ILs is to use precursors from biocompatible sources; (B) the length of
the alkyl side chain in the cations might have a strong influence on the toxicity; (C)
the functional groups in the cations might contribute to the toxicity; (D) the nature
of the cations and anions influences the toxicity; and (E) intermolecular interactions
between the precursors also affect the toxicity (Egorova et al. 2017; Gomes et al.
2019; Marrucho et al. 2014; Omar 2016; Uddin et al. 2020b). As a result, third
generation ILs have been designed with favorable biodegradable and biocompatible
profiles especially for use in DDSs. The most common approach to design such
ILs is to use biomolecules, such as amino acids, non-nutritive sweeteners, glucose,
and carboxylic acids, as the precursors to minimize environmental, biochemical, and
financial concerns (Egorova et al. 2017; Gomes et al. 2019; Rodríguez et al. 2008;
Sivapragasam et al. 2020). Amino acids, which can be derived from protein hydrol-
ysis and purification, can be considered as bio-renewable precursor molecules, and
are also nontoxic, biodegradable, and biocompatible (Chowdhury et al. 2018, 2019b;
Moshikur et al. 2018, 2019). To maintain the chirality of the ILs, natural α-amino
acids and their ester salts have been extensively studied. To minimize the cation toxi-
city, naturally occurring sugars are an option, derived either from depolymerization
or the direct refining of polysaccharides. Not only D-fructose monomers that have
been converted into monosubstituted compounds, but also other fructose derivatives,
such as isomannide, glucose, arabinose, and isosorbide are possible cation precursors
(Adawiyah et al. 2016a; Huang et al. 2020;Moshikur et al. 2020b; Siegel et al. 2021).
The cholinium ion and its derivatives are the most commonly reported biocompat-
ible cations because of their biological source (Amaral et al. 2021; Moshikur et al.
2020b). The design of ILs with choline or its derivatives in combination with various
active pharmaceutical ingredients (APIs), such as ampicillin, nalidixate, pyrazi-
noate, phenytoin, niflumate, picolinate, methotrexate, and 4-amino salicylate, has
contributed to the improvement of pharmaceuticals, particularly pharmaceuticals
used in DDSs (Amaral et al. 2021; Applicable 2013; Huang et al. 2020; Moshikur
et al. 2020b; Pedro et al. 2020). In a recent study, according to the green chemistry
metrics, a series of amino acid-derived surface active ILs with different head group
precursors, including pyridium, imidazolium, and cholinium, has been investigated
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to determine the effect of the chain length on the biocompatibility and toxicity of ILs
and the subsequent effects in DDSs (Pedro et al. 2020). Anions derived from natural
organic acids; such as malic acid, succinic acid, and tartaric acid, are also options for
the production of biocompatible ILs suitable for DDSs in combination with appro-
priate cationic precursors (Amaral et al. 2021; Moshikur et al. 2020b; Pedro et al.
2020). In a recent study, Tanner et al. outlined the design principles for ILs used
for transdermal delivery; 16 ILs were used to investigate the dependence of the skin
penetration of a drug on the chemical properties of the IL (Tanner et al. 2019). The
study revealed that the ability of an IL to enhance the transdermal drug delivery was
inversely correlated with the inter-ionic interactions. Finally, using knowledge of the
effect of the ion stoichiometry of ILs on the skin penetration of drugs and knowl-
edge of the inter-ionic interactions obtained by 2D NMR spectroscopy, an IL was
designed that provided the highest delivery of the drug of all the 16 ILs investigated.
This study provided a generalized framework for optimizing ILs for enhanced skin
permeation using the appropriate precursor molecules. However, only the delivery
potency of the ILs was described in this study, and it was strongly emphasized that
additional investigations were required to evaluate the biological safety.

To design the best possible sustainable ILs for DDSs, the conductor-like screening
model for real solvents (COSMO-RS) has become a very popular tool for the effec-
tive prediction of the toxicity and biocompatibility of ILs for implementation in
DDSs (Lotfi et al. 2016). COSMO-RS is a quantum chemistry-based equilibrium
thermodynamics method used for predicting the chemical potential (μ) in liquids by
processing the screening charge density (σ) on the surface of molecules to calculate
the chemical potential (μ) of each species in a solution by considering the tempera-
ture and pressure at 25 °C and 1 atm, respectively. The surface chemical potential,
μ, with screening charge density, σ, in bulk, can be calculated using the following
equation (Eq. 1.1):

μs(σ ) = − RT

Aef f
ln

[
Ps(σ ′)exp

{
Aef f

RT
[μs(σ ′) − Emis f i t (σ, σ ′)

−EH.bonding(σ, σ ′)]}]dσ (1.1)

where Aef f is the effective contact area between two surfaces, EH.bonding
describes the energy share fromH-bonding interactions, Emis f i t describes the elec-
trostatic contact interaction energy, and s() is the affinity of system S to the surface
polarity σ measurement.

The ability of COSMO-RS to predict the solubility of chemicals in any pure or
mixed solvents enables the program to be used to predict the solubilization of a drug
in an IL, or mixture of ILs, as an effective pre-screening for ILs in DDSs. However,
many other factors can have a detrimental effect on the toxicity and biocompatibility
of ILs, and the exact mechanisms need to be investigated in detail in future ILs and
IL-related research, especially for DDSs.
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1.3 Biological Safety

Although ILs and IL-related techniques have tremendous potential for improving
DDSs, as well as in drug development, their implementation is not always without
problems. The main controversial issues with ILs and IL-related techniques in
DDSs are the biological safety and biocompatibility, along with people’s perceptions
(Moshikur et al. 2020b). To develop a suitable IL or IL-related technique for DDSs,
first, the biodegradability profile of the IL should be investigated using approved
biodegradation methods to predict the minimum/maximum environmental effects
upon direct/indirect interactions. However, the pharmaceutical application of ILs or
IL-related techniques can only be approved upon satisfactory and detailed toxico-
logical investigations, such as in vitro cytotoxicity assays using different human cell
lines and in vivo cytotoxicity analysis using murine models (Petkovic et al. 2010a;
b). In addition, the cumulative effect on biological systems needs to be investigated
to determine the biocompatibility of an IL material. The 1st and 2nd generations
of ILs were extensively studied regarding their cytotoxicity and environmental and
microbial toxicity, which ultimately promoted the development of the 3rd genera-
tion of ILs that contain biocompatible precursors (Moshikur et al. 2020b). The 3rd
generation ILs, which are most often nontoxic and readily biodegradable, could be
appropriate materials for pharmaceutical applications, including DDSs. The addition
of biological properties, along with the tunable physicochemical properties, is the
main advantage of the 3rd generation of ILs that may direct them into biopharma-
ceutical applications, such as use as antibacterial, local anesthetic, anticholinergic,
and antifungal agents. One of the best strategies to develop an IL-based biophar-
maceutical is the use of an API or API precursor, either as the cation or anion or
both, to achieve a pharmacologic effect (Egorova et al. 2017; Jordan and Gathergood
2015; Kumar et al. 2017). A few ILs are less toxic compared with their precur-
sors, such as the IL from the venom of the fire ant, Solenopsis and formate from a
different venom of its competitor Nylanderia fulva. Interestingly, the toxic effect of
the precursor venom simply disappears in the synthesized IL (Moshikur et al. 2020b).
In a study on the “design principals of ionic liquids for transdermal delivery,” the
IL based on choline and geranic acid (CAGE) was reported to have a lower dermal
toxicity than that of its individual precursors (Tanner et al. 2019). However, it is
not guaranteed that the final IL product will be safer compared with the precursors
every time. Sometimes, a biocompatible IL or IL-drug formulation can be non-
biocompatible at a higher concentration than the plasma isotonic level. The tolerable
limit for plasma IV infusion is ~300–600mOsmL−1 (Moshikur et al. 2020b). Biolog-
ical systems will treat an IL as a salt, as ILs consist of a cation and an anion, which
can have considerable effects post-administration. A formulation of a biocompatible
IL, cholinium dihydrogen phosphate, was considerably hypertonic when adminis-
tered at 12%, w/v (~1520 mOsmL−1) (Moshikur et al. 2020b). However, ILs can be
designed based on their targeted route of administration, and any toxicological effects
might be minimized by selecting the appropriate route of delivery. A database for
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the biological safety of ILs and IL-related techniques could be established by inves-
tigating the molecular aspects behind the toxicity/biocompatibility of the precursors,
which would assist in the development of subsequent ILs for future pharmaceutical
applications, especially for DDSs.

1.4 Targeted Delivery Systems

The therapeutic effects ofmany drugs are limited by their poor solubility in biological
fluids, in vivo instability, insufficient plasma concentration of the drug or the time at
the site of action, and, in particular, a lack of targeted delivery that can often cause
undesirable side effects and high plasma fluctuations during therapeutic applications
(Applicable 2013; Karande et al. 2005; Nebgen et al. 2018). In the last few decades,
targeted DDSs have been explored extensively to overcome these problems to ensure
the targeted and controlled delivery of a high payload of a drug, and also to maintain
the desired level of the drug in the body within the therapeutic window (Deng et al.
2019; Hwu et al. 2009; Medi and Singh 2006; Wayne et al. 2019; Zhang et al. 2019).
Figure 1.2 shows some examples of targeted DDS vehicles composed of different
materials, which can provide an extended period of action for a drug, optimized drug
concentrations at a target site, reduced drug degradation and thus the dosage required,
less undesirable side effects, less fluctuations in the drug concentration in the plasma,
enhanced bioavailability, and improved patient compliance (Amaral et al. 2021).

Currently, ILs and IL-related techniques are being explored extensively in targeted
DDSs. The solubilization of increased amounts of a drug through the interactions
between IL ions and specific groups present in the drug allows the delivery of higher

Fig. 1.2 Schematic illustration of targeted drug delivery systems for therapeutic applications.
Reproduced from Amaral et al. (2021) with permission from Nanomedicine of Future Medicine
Ltd
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concentrations of the drug compared with the free drug (Islam et al. 2020a; b).
The water solubility of paracetamol and diclofenac was reported to be enhanced
significantly using N-acetyl amino acid N-alkyl cholinium-based ILs (Amaral et al.
2021). ILs based on choline and geranic acid (CAGE) successfully enabled the oral
delivery of insulin with enhanced paracellular transport (Banerjee et al. 2018). The
use of API-ILs offers enormous potential for promoting the dissolution of poorly
soluble drugs. As a targeted delivery approach, the transdermal route has become
very popular for delivering therapeutics, including small molecules and biologics
(peptides and proteins), using ILs or IL-based techniques through and across the
skin (Banerjee et al. 2017; Chowdhury et al. 2021; Tanner et al. 2018). The topical
delivery and cellular internalization of RNAi (siRNA) were significantly enhanced
using the IL, benzyldimethyloctyl ammonium-siRNA (Zakrewsky and Mitragotri
2016). ILs and IL-related techniques can deliver antigenic proteins and peptides
to antigen presenting cells, such as Langerhans cells, in the dermis and epidermis
by penetrating the lipid bilayers of the skin (Chowdhury et al. 2021; Tanner et al.
2019). It has been reported that the incorporation of ILs in transdermal and topical
delivery systems could enhance the penetration and permeation of therapeutics into
and across the skin in a non-invasive manner, upon the disruption of the lipid
membranes (Anselmo et al. 2018). Nurunnabi et al. have shown that a CAGE IL
could reduce body weight of treated mice by decreasing fat absorption through the
intestine (Nurunnabi et al. 2019). The in vivo data showed 60–70% reduced absorp-
tion of the fat molecule, docosahexaenoic acid, in the intestine using CAGE. The
mechanism for this effect could be that an interaction between CAGE and the fat
molecules prevented the absorption of the fat by the intestinal tissue, which even-
tually provided a feeling of satiety. ILs have also been developed that incorporate
metals to detect biomolecules, such as glucose in diabetic patients. Senthilkumar and
coworkers have fabricated a metal-containing IL-based glucose sensor by immo-
bilizing an IL containing Salophen on electrochemically reduced graphene oxide
deposited onto a screen-printed carbon electrode (Amaral et al. 2021; Pedro et al.
2020). ILs can also be strategically designed for other targeted applications, such
as anti-microbial agents, food preservatives, and stabilizing agents for proteins and
enzymes.

1.5 Concluding Remarks

Much effort has already been devoted toward improving DDSs, but the incorporation
of ILs or IL-related techniques provides a new dimension in the design of innovative,
controlled, and targeted DDSs for therapeutics. It is possible to design an IL that is
suitable for DDSs and has synergistic benefits by achieving themaximum therapeutic
efficacy of a drug, with minimum undesirable side effects from the delivery systems
or vehicles, by considering the biocompatibility of the precursors, and the safety
and targeted delivery. The possible market for ILs in DDSs is large, provided these
DDSs can gain regulatory approval. However, there is still a considerable amount of
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research required before the potential application of ILs in DDSs can be realized.
We thank Edanz Group (https://en-author-services.edanz.com/ac) for editing a draft
of this manuscript.
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Chapter 2
Ionic Liquids as Active Pharmaceutical
Ingredients (APIs)

Rahman Md Moshikur and Masahiro Goto

Abstract The development of effective drug delivery systems for poorly water-
soluble drugs remains a significant challenge for the pharmaceutical industry because
of their limited solubility, bioavailability, permeability and stability and their poly-
morphic conversion. A well-established approach to address these limitations is to
convert the active compounds to salts; however, the challenges related to bioavail-
ability, permeability and polymorphic transformation of crystalline drugs remain.
The incorporation of active pharmaceutical ingredients (APIs) into ionic liquids (ILs)
has been shown to be an attractive method for resolving these challenges and/or
significantly increasing the pharmacokinetic and pharmacodynamic properties of
drugs. To date, API-ILs have been designed to enhance the solubility of poorly
water-soluble drugs in both water and simulated fluids, and to disrupt physiological
barriers to deliver drugs to target sites. This chapter highlights the progress of ILs in
API-related research. The discussion is focussed on the importance and advantages
of the API-IL approach for the development of novel drugs, considering not only the
physicochemical properties but also the pharmacological profiles of the API-ILs.
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Abbreviations

[C2MIM] 1-Ethyl-3-methylimidazolium
[C16Pyr] 1-Hexadecylpyridium
[N2,2,2,2] Tetraethylammonium
[N4,4,4] Tributylammonium
[N4,4,4,4] Tetrabutylammonium
[N1,1,10,10] Didecyldimethylammonium
[N6,6,6,6] Tetrahexylammonium
[P4,4,4,4] Tetrabutylphosphonium
[P6,6,6,14] Tributyl(tetradecyl)phosphonium
[C16Pyr] Cetylpyridinium
[HMPyr] 1-Methylpyrrolidinium
[AAE] Amino acid ester
[AlaEt] Alanine ethyl ester
[ProEt] Proline ethyl ester
[AspEt] Aspartic diethyl ester
[PheEt] Phenylalanine ethyl ester
[C2OHMIM] 1-(2-Hydroxyethyl)-3-methylimidazolium
[mPEG3N444] Triethylene glycol monomethyl ether tributylammonium
[(C10)2(C1)2 N] Didecyldimethylammonium

2.1 Introduction

The pharmaceutical industry is facing unprecedented challenges related to the
delivery of many solid active pharmaceutical ingredients (APIs) because of their
limited solubility, insufficient bioavailability, polymorphism and poor stability, as
well as formulation difficulties (Egorova et al. 2017; Ali et al. 2020). Approxi-
mately 40% of marketed drugs and up to 70% of drugs under development are poorly
water-soluble, which leads to poor bioavailability and delivery difficulties, and thus
causes them to fail in the later stages of development (Rodriguez-Aller et al. 2015;
Moshikur et al. 2020b). Generally, the therapeutic efficacy of APIs is strongly influ-
enced by their chemical structures, which contain various functional groups capable
of forming strong inter/intramolecular interactions via hydrogen and/or halogen
bonding, resulting in the formation of highly crystalline solids (Shamshina et al.
2015; Ali et al. 2021). These crystalline forms of APIs are accompanied by a suite
of issues, such as lower aqueous solubility, irregular gastrointestinal absorption,
pre-systemic metabolism, possible toxicity and side-effects of polymorphs and chal-
lenging particle sizemodification (Shamshina et al. 2015; Egorova et al. 2017). Large
differences in bioavailability have been observed for different polymorphs of APIs,
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leading to toxic or potentially lethal ramifications if the wrong polymorph is admin-
istered (Ghielmetti et al. 1976). Difficulty controlling the particle size of solid APIs
is another common problem that is often critical to the development of formulations
with therapeutic efficacy. Based on the structural diversity of drug molecules (ionis-
able or non-ionisable), several approaches such as salt formation, prodrug conversion,
nanoemulsion formation, micellisation and nanoparticle formation, are now widely
used to improve their aqueous solubility and bioavailability (Rodriguez-Aller et al.
2015; Egorova et al. 2017). However, these techniques often use large quantities of
organic solvents, leading to concerns for human health and ecosystems (Clarke et al.
2018). Green techniques that do not compromise the therapeutic efficacy of drugs
are therefore required for effective delivery.

The use of API-ionic liquids (API-ILs, organic salts prepared by pairing an ionis-
able API with an appropriate IL-forming counterion that melt below body temper-
ature) is a promising tool for addressing the polymorphism and aqueous solubility
of solid drugs. ILs comprising APIs are expected to provide many advantageous
physicochemical and biopharmaceutical properties over solid or crystalline APIs
(Egorova et al. 2017; Moshikur et al. 2020b). The strategic design and appropriate
choice of IL-forming counterions have the potential to not only stimulate the syner-
getic actions of API-ILs, but to allow tuning of physico-thermal properties such
as solubility, polymorphism, hygroscopicity, permeability and thermal stability. In
addition, the scientific and technical advantages of APIs in liquid form could allow
facile formulation and delivery via various routes of administration compared with
the solid or crystalline drug. Therefore, the API-IL strategy is a potential opportunity
for pharmaceutical companies as one of their options in a competitive market.

The research activity related to the use of ILs in drug formulation and delivery has
significantly expanded over the last two decades (Egorova et al. 2017;Moshikur et al.
2020b). Figure 2.1a shows the number of research publications that have reported the
application of ILs/IL technologies in the pharmaceutical field since 2000. Notably,
the API-ILs approach is the most studied area among the IL-based drug delivery

0
100
200
300
400
500
600
700
800
900

20
00

20
01

20
02

20
03

20
04

20
05

20
06

20
07

20
08

20
09

20
10

20
11

20
12

20
13

20
14

20
15

20
16

20
17

20
18

20
19

N
o 

of
 p

ub
lic

at
io

ns

Year

Transdermal
Topical
API-IL
Peptide/protein
Vaccine
Solvent

a b
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technologies in the pharmaceutics literature, reproduced with permission from (Moshikur et al.
2020b)



16 R. Md Moshikur and M. Goto

strategies (Fig. 2.1b). Consequently, many companies that produce generic pharma-
ceuticals are increasingly motivated to design effective API-IL bearing drug delivery
systems. However, the objective of this chapter is to summarise and further motivate
biomedical application-driven exploration of API-ILs.

2.2 Design of API-ILs

The design of novel liquid forms of APIs is an appealing strategy for addressing the
innate difficulties of many crystalline drugs. ILs derived fromAPIs may also provide
new perspectives in terms of lowering the production costs or repurposing of classical
drugs, and address the risk of toxicity arising from different undetected polymor-
phic phases that could cause harmful effects in patients. Converting solid drugs into
API-ILs by pairing with tailor-made IL-forming counterions can lead to desirable
physicochemical and biopharmaceutical properties. Their charged liquid state allows
fine-tuning of their melting enthalpy barrier as well as the solubility/bioavailability.
With effectively infinite options for design and flexibility, the use of the API-IL plat-
form in drug delivery systems has alreadymade advances through several approaches
reported in the literature (Fig. 2.2). In this section, several implementation strategies
for the API-IL platform developed over the last decade will be discussed.

2.2.1 Single-Active API-ILs

The combination of crystalline APIs with an appropriate IL-forming counterion is
a promising technique for converting conventional pharmaceuticals into IL salts
(Fig. 2.2a). These salts usually melt below body temperature and comprise one phar-
maceutically active API and an IL-forming counterion. The appropriate selection
of an IL-forming counterion allows control of the physicochemical and biological
properties of the corresponding parent API, including the solubility, dissolution,
permeability and bioavailability. API-ILs can reduce the issues of polymorphism and
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Fig. 2.2 Schematic examples of API-ILs in pharmaceutical approaches. a The preparation of a
single-active API-IL, b dual-active API-IL, c oligomeric API-IL, and d API-IL prodrug
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crystallinity that are related to the low aqueous solubility, poor therapeutic efficiency
and thermal instability of drugs. A series of API-ILs with different pharmacological
activities have been reported where solid APIs such as lidocaine, ibuprofen, sulfac-
etamide, sulfasalazine, indomethacin, procaine, aspirin, salicylic acid, methotrexate,
piperacillin and penicillin are converted to the IL form by combiningwith IL-forming
cations such as cholinium, amino acid ester, ammonium or phosphonium (Egorova
et al. 2017; Moshikur et al. 2020b).

2.2.2 Dual-Active API-ILs

The dual-active API-IL strategy appears very attractive for the design of effective
drug delivery systems owing to the dual-functional performances and possible syner-
gistic effects beyond those of the parent APIs. Generally, any combination of two
or more APIs is possible if both drugs form stable ions. Dual-active API-ILs are
composed of an active cation and an active anion with different pharmaceutical activ-
ities (Fig. 2.2b). The role of the counterions is not only to influence the crystallinity
of the drug molecules, but also to retain their own biomedical activity, resulting in
dual-functional properties or providing new therapeutic properties not attainablewith
the two isolated APIs or known salt forms. Several notable examples of dual-active
API-ILs have been reported to enhance their physicochemical and biomedical prop-
erties. A dual-functional API-IL was formed by the combination of acetylsalicylate
with its main metabolite salicylic acid, resulting in the enhanced solubility of acetyl-
salicylate with minimal gastrointestinal distress (Endres 2010). Similar dual-active
API-ILs were also formed from both salicylate and acetylsalicylate when paired with
an analgesic tramadolium cation, antibacterial benzethonium cation, local anaes-
thetic lidocainium and procainium cations and an antiarrhythmic procainiumamide
cation.Most of theseAPI-ILswere liquids at room temperature and showed improved
stability in air and moisture (Endres 2010). Antibacterial cations such as benzalko-
nium and didecyldimethylammonium were paired with the ‘sweet’ anions sacchari-
nate (Sac) and acesulfame (Acesuf), which led to improved antimicrobial activity as
well as good insect deterrent activity compared with the individual drugs. However,
some of these API-ILs ([(C10)2(C1)2 N][Sac] and [(C10)2(C1)2 N][Acesulf]) caused
oral toxicity and skin irritation (Hough-Troutman et al. 2009). Ampicillin is a popular
antibiotic that formed a dual-active API-IL when paired with the antiseptic cetylpyri-
dinium (C16Pyr), demonstrating significantly higher activity against several gram-
positive and gram-negative bacterial strains compared with parent [Na][Amp] or
[C16Pyr][Cl] (Ferraz et al. 2014, 2015).Notably, [C16Pyr][Amp] showed significantly
higher growth inhibition in some tumour cell lines than [Na][Amp] (Ferraz et al.
2015). To improve the transdermal penetration, the nonsteroidal anti-inflammatory
drugs, etodolac and ibuprofen, were combined with the local anaesthetic lidocaine,
resulting in significant aqueous solubility as well as more efficient skin permeability.
Although, the permeation of etodolac from lidocainium etodolac was significantly
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higher than that of parent etodolac, the opposite was observed for lidocaine (Miwa
et al. 2016).

2.2.3 Oligomeric API-ILs

A nonstoichiometric approach for converting crystalline drugs into liquid forms is
the formation of oligomeric API-ILs. Generally, oligomeric API-ILs are composed
of hydrogen-bonded cations/anions and neutral non-ionised drug molecules, which
share the delocalised protons between the deprotonated anion and protonated cation
causing them to resist crystal formation (Fig. 2.2c). These API-ILs can be tuned
by simply altering the stoichiometric ratio and/or complexity of the ions by intro-
ducing the free acids or bases of the conjugate bases or acids within the salt formu-
lations. Use of the term ‘ionic liquid’ for this type of liquid salt formulation is
debatable unless non-covalently bonded species behave as a single ion, because
all species in API-ILs are partially to fully ionised liquids. Rogers’ group first
introduced this concept in 2010 by preparing ‘oligomeric’ tetrabutylphosphonium
salicylates ([P4,4,4,4][Hn(Saln+1)]) (Bica and Rogers 2010). The formation of these
oligomeric API-ILs can be explained by the formation of hydrogen-bonded dimer
complexes between salicylic acid and the salicylate anion. All compositions in the
range [P4,4,4,4][Sal]1.3–3H0.7–2 were liquids.Lidocainiumsalicylate ([HLid][Saln+1Hn]
or [HLidn+1][Sal]), a viscous liquid, is another example of an oligomeric API-IL,
which was prepared by adding an excess of salicylic acid or lidocaine to lidocainium
salicylate (Bica and Rogers 2010).

2.2.4 Prodrug API-ILs

The prodrug strategy is a promising approach for improving the therapeutic efficacy
of APIs and extending their delivery to different routes of administration (Fig. 2.2d).
A prodrug is a pharmacologically inactive molecule that is converted into an active
substance through chemical and/or enzymatic transformation within the body (Pedro
et al. 2020). Prodrugs are generally used to increase the solubility and site speci-
ficity, reduce rapid drug metabolism and cellular toxicity and achieve controlled
drug release (Shamshina et al. 2013). However, prodrugs can exist as several poly-
morphs that suffer the same polymorphic problems as any solid API. For example,
chloramphenicol palmitate—a prodrug of chloromycetin—exists in three polymor-
phic forms, A, B and C, but only the B polymorph is able to transfer into the blood
plasma at the effective level (Aguiar et al. 1967). Combining the advantages of
API-IL with a prodrug approach can be a potential mean of not only improving the
drug efficacy, but also eliminating the unwanted toxicity of the solid drug. Prodrug
API-ILs are prepared by adding hydrolysable functional groups, which can be easily
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biochemically cleaved, to neutral APIs, and then pairing themwith IL-forming coun-
terions to give new ILs (Cojocaru et al. 2013). The appropriate choice of IL-forming
counterion would lead to a prodrug API-IL with the desired physicochemical and
biopharmaceutical properties. A series of API-IL prodrugs prepared by pairing the
acetaminophen bearing imidazolium, phosphonium, pyridinium and pyrrolidinium
prodrugs with docusate, resulted in no melting point, lower aqueous solubilities and
controlled release profiles in physiological fluids (Cojocaru et al. 2013).

2.3 Synthesis and Characterisation of API-ILs

2.3.1 Synthesis of API-ILs

The conversion of APIs to liquid forms is a promising strategy for boosting the effi-
cacy and delivery of APIs. This can be effectively tuned by selecting biologically
active ions and appropriate IL-forming counterions with a high degree of asymmetry
and diffuse charge as well as a minimal number of potential H-bonds among the
molecules (Balk et al. 2015a). The biologically active ions should also be on the
list of substances ‘generally regarded as safe’ under sections 201(s) and 409 of the
Federal Food, Drug, and Cosmetic Act (the Act), which is appraised and approved
by the United States FDA. The initial development of API-ILs demanded an instinc-
tual knowledge not only of the pharmacological activity of the ions, but also of their
ability to form ILs. In general, API-ILs are synthesised by neutralisation of an acid
with a base and/or metathesis reactions between the biologically active anion and the
cation bearing salt (Moshikur et al. 2020b). In most cases, available salt forms of the
cations and anions are dissolved in a solvent (e.g. water, methanol, ethanol, acetone,
chloroform, tetrahydrofuran) and stirred at room temperature or a given temperature
to afford the desired API-ILs by eliminating inorganic salts. For example, the first
reportedAPI-IL, lidocainiumdocusate,was synthesised bymetathesis of lidocainium
hydrochloride and sodium docusate in methanol. The efficiency of this method was
also proven by synthesising a series of API-ILs including benzalkonium based peni-
cillinate G, trans-cinnamate and thiomersalate. Alternative metathesis methods have
also been used to synthesise API-ILs, for example, cationic salts were converted to
the hydroxide forms in methanol using ion exchange or Amberlite resin, and then
the basic solution was neutralised by adding the acidic API solutions. However,
the use of large amounts of organic solvents during the preparation of API-ILs led
to the formation of undesired impurities, which may be harmful to human health as
well as to the environment. To address these issues, mechanochemical processing—a
green alternative method for synthesising API-ILs—has attracted significant atten-
tion because it is based on a grinding technique and uses only small amounts of
organic solvents, or no solvents at all (Fig. 2.3). Martins et al (2017) introduced this
strategy to synthesise gabapentin and L-glutamic acid bearing mechnoAPI-ILs by
simply grinding the API precursors with IL-forming counterions, suggesting a faster,
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Fig. 2.3 Schematic diagrams of a the traditional method and b the mechanochemical method of
API-IL preparation, reproduced with permission from Egorova et al. (2018)

solvent-free, reproducible, higher yield and greener synthetic approach for API-IL
preparation. A series of ketoprofen-containing mechnoAPI-ILs were prepared with
benzocainium, procainium or tetracainium using a mortar agate pestle. However,
additional studies are required to clearly determine the mechanisms as well as to
generalise these techniques for wider API-IL preparation.

2.3.2 Characterisation of API-ILs

Designing API-ILs for pharmaceutical applications requires careful assessment to
ensure both appropriate physico-thermal properties and high therapeutic efficacy,
with the minimal possible side-effects. Generally, the formation of API-ILs is
confirmed by NMR spectroscopy through the qualitative characterisation of proton
transfer—where the chemical shifts of 1H, 13C and 15N are closely monitored to
determine the degree of proton transfer from an acidic API to a basic IL-forming
counterion, which indicates ionisation or H-bonded complex formation (Moreira
et al. 2015). 1H and 13C NMR are used to monitor the reactions and to confirm
the stoichiometry of the cation and anion of an API-IL that contains hydrogen and
carbon atoms, from the change in the chemical shifts upon the proton transfer related
to IL formation (Balk et al. 2015b). They are also used to evaluate the presence
of by-products and degradation by simple integration of signals in the compound.
Recently, nuclear overhauser enhancement experiments such asNOESY,ROESYand
HOESY have been used to confirm the chemical structures of API-ILs. To eliminate
the influence of the NMR solvents, several deuterated solvents such as methanol-
d4, DMSO-d6 and chloroform-d have been used to measure the 1H and 13C NMR
spectra of API-ILs by simply dissolving the ILs with the deuterated solvents in an
NMR tube. In particular, 1H NMR spectra of ILs can reflect the differences in intra-
and intermolecular interaction between ions that vary in size and structure (Cremer
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et al. 2010). Infrared spectroscopy is also used to qualitatively assess the proton
transfer, complete ionisation and impurities of API-IL moieties. X-ray diffraction of
single crystals or powders is used to assess the crystallinity of API-ILs or the homo-
geneous distribution of APIs in the IL-forming counterionic matrix. Halide analyses
are conducted to detect the presence of inorganic impurities using themetathesis reac-
tions. Thermoanalytical methods such as differential scanning calorimetry, thermal
gravimetric analysis or derivative thermal gravimetric analysis are carried out to
assess the decomposition temperatures, melting point and phase transitions (glass
transition temperature or solid–solid transitions) (Ali et al. 2019; Moshikur et al.
2020c). In addition, Karl Fischer titration is used to determine the water content, and
hygroscopicity is assessed by dynamic vapour sorption during storage.

2.4 Physico-Thermal and Solubility Behaviour of API-ILs

The conversion of neutral APIs into IL forms is a promising approach for over-
coming the inadequate physico-thermal properties and solubility challenges of APIs.
The physicochemical and biomedical properties of API-ILs mainly depend on the
appropriate choice of IL-forming cations. It has been suggested that using APIs
in an IL form allows fine-tuning of their physicochemical and biological properties.
Several notable studies have been conducted to emphasise the effect of counterions in
controlling the various pharmaceutical cocktail properties of API-ILs, i.e. solubility,
physico-thermal properties, stability, biological activity and bioavailability.

2.4.1 Physico-Thermal Properties

When crystalline solid APIs are converted into API-ILs, the thermal properties such
as the glass transition temperature (Tg) and melting point (Tm) are significantly
lower than those of the corresponding parent drugs. Cholinium-containing ibuprofen,
ketoprofen and naproxen are liquid at room temperature (Tg in the range −90 to
−70 °C), whereas the Tg values of cholinium-based acyclovir and methothexate
were −50.2 and 27 °C, respectively (Shamshina et al. 2017; Chantereau et al.
2019; Moshikur et al. 2019). The Tg values of lidocaine ibuprofenate, ranitidinium
ibuprofenate and ranitidinium sulfacetamide were −30, −12 and 25 °C, respec-
tively; the melting points of these API-ILs were not detected in the range −80 to
300 °C. Similarly, docusate-containing diphenhydraminium, glycinium and ethyl-
glycinium ILs showed no melting point, and their Tg values were observed below
0 °C (Araújo et al. 2014; Panić et al. 2020). Ampicillin- and penicillin-based ILs
with cholinium, ammonium, pyridinium, phosphonium and imidazolium as cations,
as well as cholinium-bearing nalidixic acid, pyrazinoic acid, niflumic acid, 4-amino-
salicylic acid and other APIs as anions; showed significantly lower Tm than their
corresponding starting APIs or conventional API salts (Balk et al. 2015c; Chantereau
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et al. 2019; Ferraz et al. 2020). A wide panel of ibuprofen-containing dual-active
API-ILs with lidocaine, procainium, ranitidine, diphenhydramine and other coun-
terions exhibited relatively low Tg and Tm, indicating acceptable thermal stability
(Abednejad et al. 2019; Wu et al. 2019; Panić et al. 2020). The same was observed
for dual-active API-ILs combining lidocaine with salicylate, diclofenate, naproxe-
nate, etodolac and docusate (Miwa et al. 2016; Berton et al. 2017; Abednejad et al.
2019;Maneewattanapinyo et al. 2019; Panić et al. 2020). Methotrexate and acyclovir
containing API-IL prodrugs with cholinium, ammonium, amino acid esters, phos-
phoniumand/or imidazoliumanddocusate also demonstrated lowerTg andTm values
than the parent APIs. The obtained prodrug-ILs showed fast hydrolysis in both water
and simulated body fluids (phosphate-buffered saline, simulated gastric and simu-
lated intestinal fluids) (Shamshina et al. 2017; Moshikur et al. 2019). Lidocainium
ibuprofenate was suggested for use as a stabiliser for the preparation of IL-mediated
silver nanoparticles (20–30 nm), and was readily released from the nanoparticles
(Jiang et al. 2018). An IL with the surface-active API 1-alkyl-3-methylimidazolium
ibuprofenate, formed aggregate structures where the number of imidazolium cations
in the micelles increased with the increasing alkyl chain length of the cations. API-
ILs of mefenamic acid containing ammonium were suggested for use as an initiator
for ring opening polymerisation of L-lactide, and the shape and size of API-IL-
grafted–poly(L-lactide) was controlled by altering the number of hydroxyl groups
in the cation (Halayqa et al. 2017). However, lidocaine salicylate showed higher
density and viscosity with lower conductivity compared with lidocaine ibuprofe-
nate, suggesting the smaller size of the salicylate anions facilitates dense packing of
the lidocainium cations (Panić et al. 2020). A similar feature was found for diphen-
hydramine bearing ibuprofen and naproxen, where the diphenhydramine naproxe-
nate showed higher viscosity with lower iconicity, diffusivity and ionic conductivity
compared with diphenhydramine ibuprofenate (Wang et al. 2018).

2.4.2 Enhanced Solubility

The main anticipated advantage of the API-IL technique is the enhanced aqueous
solubility and bioavailability compared with neutral APIs, which depend on the
nature of the IL-forming counterions (Table 2.1). For example, the poorly water-
soluble drugs acyclovir (ACV) and methotrexate (MTX) have been converted into
IL forms using a series of IL-forming counterions. The solubility of MTX bearing
cholinium and ammonium was at least 5000 times higher in both water and simu-
lated body fluids than that of the neutral MTX, whereas for amino acid ester-based
MTX-ILs, it was 4000 times higher (Moshikur et al. 2019). Similar variable solu-
bility was also found in both water and simulated body fluids (up to 400 times
higher than parent drug) when acyclovir was combined with IL-forming counte-
rions such as ammonium, phosphonium, cholinium and docusate (Shamshina et al.
2017). The solubility of cholinium sulfasalazine in saline was improved almost
4000-fold, whereas that of cholinium niflumate in water was 56 000 times higher
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than that of the neutral API (Araújo et al. 2014; Shadid et al. 2015). API-ILs
with cholinium containing nalidixic acid, 4-amino-salicylic acid, picolinic acid,
pyrazinoic acid, naprox, ketoprofen, ibuprofen and betulinic acid, exhibited signif-
icantly improved aqueous solubility compared with the neutral APIs and sodium
salts (Araújo et al. 2014; Azevedo et al. 2017; Chantereau et al. 2019). Amino
acid esters—potent green IL-forming cations—were found to enhance the solu-
bility of API-ILs. L-valine alkyl ester bearing ibuprofen ILs showed approximately
42 times better solubility than the parent API, whereas amino acid ester (alanine,
proline and aspartic acid) bearing salicylate ILs were miscible (soluble) at any ratio
with water (Moshikur et al. 2018; Janus et al. 2020). The API-ILs of indomethacin
with tetramethylguanidine, 2-dimethylaminoethanol, 1,8-diazabicyclo[5.4.0]undec-
7-ene and 1,4-diazabicyclo[2.2.2]octane showed very high aqueous solubility (5
000 000 times higher than that of the parent indomethacin) (Tojo 2018). Other
IL-forming cations such as ammonium, phosphonium and docusate bearing API-
ILs also improved the solubility in water compared with indomethacin. API-
ILs of tetrabutylphosphonium bearing ibuprofen, ketoprofen, naproxen, diclofenac,
sulfamethoxazole, sulfadiazine and tolbutamide showed enhanced solubility (1000
times higher than the parent drugs) in water (Balk et al. 2015c). Moreover, API-
ILs bearing the hydrophobic IL-forming counterion docusate with glycinium, ethyl-
glycinium, diphenhydraminium, ranitidinium sulfacetamide and lidocaine, exhib-
ited similar aqueous solubility, whereas docusate-containing lumefantrine, erlotinib,
gefitinib, ceritinib, cabozantinib, amlodipine and metformin ILs showed improved
solubility in lipidic formulations (Frizzo et al. 2016; Williams et al. 2018a, b; Tay
et al. 2020). Several dual-active API-ILs of lidocaine bearing ibuprofen, naproxen,
diclofenac and etodolac showed approximately 470-fold higher aqueous solubility,
whereas diphenhydramine containing ibuprofen and naproxen were considerably
more water-soluble than the neutral APIs (Wang et al. 2018; Abednejad et al. 2019).

Although API-ILs are considered to have significant potential for application in
the pharmaceutical industry, some drawbacks of the concept should be noted. In some
cases, the polymorphism problem of solid APIs persists in their IL forms (Egorova
et al. 2017). Ethambutol dibenzoate formed three polymorphs with different thermal
stability. Procainium acetate was found to form a dihydrate salt that underwent irre-
versible crystallisation. Ibuprofen with 1-(2-hydroxyethyl)-3-methyl imidazolium
showed high sensitivity to the water content. These findings suggest the importance
of further investigation into the formation of polymorphs and hydrates in API-ILs.

2.5 Biomedical Activity

Notwithstanding numerous reports on the preparation and physicochemical proper-
ties of API-ILs, their biomedical activity has still only been evaluated using in vitro
models. Many of the API-ILs showed improved aqueous solubility compared with
the parent drugs, indicating the possibility of higher in vivo bioavailability. In addi-
tion, API-ILs addressed the polymorphism problems of many conventional solid
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APIs, and the amorphous structure of API-ILs offered higher solubility with reduced
polymorphism. However, the impact of converting the APIs into ILs on the biomed-
ical activity is not always clear. Therefore, an ideal API-IL should be liquid with
considerable physicochemical properties so polymorphs are not formed and should
retain the level of biomedical activity exhibited by the parent API.

2.5.1 Enhanced Biological Activity

To date, only a few attempts have been made to investigate the biological activi-
ties of the numerous API-ILs that have been synthesised (Table 2.1). Imidazolium-
containing API-ILs of amoxicillin and penicillin showed improved antibacterial
activity compared with the conventional salts of the APIs. Ammonium, phospho-
nium and cetylpyridinium bearing API-ILs of ampicillin and penicillin exhibited
improved antibacterial activity (Ferraz et al. 2020). Cholinium-bearing API-ILs of
nalidixic, niflumic and pyrazinoic acids, showed similar cytotoxicity to that of the
parent APIs, whereas the cholinium naproxenate and ketoprofenate API-ILs showed
higher cytotoxicity (Araújo et al. 2014;Azevedo et al. 2017).N-methyl-2-pyrrolidone
bearing ibprofenate exhibited lower toxicity than cholinium ibprofenate (Moshikur
et al. 2020d). The introduction of amino acid esters (AAEs)—low toxicity cations—
into the anticancer drug methotrexate (MTX) enhanced the antitumour activity,
whereas the cholinium-bearing MTX showed similar antitumour activity compared
with the parent drug. MTX-IL with IL-forming cations of different toxicity, showed
different modes of antitumour activity (Moshikur et al. 2019). In addition, the low
toxicity AAE-containing salicylate API-ILs showed reduced cytotoxicity compared
with the parent salicylic acid drug, whereas the imidazolium-containing salicylate
exhibited similar cytotoxicity to the parent drug (Egorova et al. 2015; Furukawa
et al. 2016; Moshikur et al. 2018). The biological activity of API-ILs also depends
on the structure of the ions. When antibacterial agents (benzalkonium, [N1,1,10,10],
[C16Pyr] or 3-hydroxy-1-octyloxymethylpyridinium) were combined with an artifi-
cial sweetener (acesulfame or saccharinate), the antibacterial activity of the API-ILs
was greatly influenced by the IL-forming cations (Hough-Troutman et al. 2009).
Dual-active API-ILs of ibuprofenate-based ranitidinium and diphenhydraminium
showed similar solubility and improved antibacterial activities compared with their
precursors when tested againstCandida. The samewas observed for dual-activeAPI-
ILs combining docusate with glycinium, ethylglycinium and diphenhydraminium
(Frizzo et al. 2016). Lidocainium docusate offered a longer and more pronounced
analgesic effect than lidocainium hydrochloride, indicating a synergistic impact on
the activity.
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2.5.2 Enhanced Permeability

Many topical drugs have been found to be unable to penetrate the skin barrier and to
crystallise prior to use (Moshikur et al. 2020a). For topical and transdermal delivery,
the bioavailability and therapeutic efficacy are strongly related to the penetration of
a drug through the skin. Therefore, a great deal of research is currently focussed
on improving drug transportation through the skin barrier by employing a pene-
tration enhancer (Table 2.1). As the salt forms of drugs have difficulty penetrating
through the skin, API-ILs are a promising platform for skin delivery because of
their skin enhancer properties. Several studies have been conducted to evaluate the
role of ILs during permeation. In most cases, the in vitro permeability of API-ILs
was evaluated using animal skins or artificial model membranes. For example, the
Rogers group designed a series of API-ILs to investigate the permeability of a model
membrane to various combinations of protic, acidic and basic APIs, demonstrating
their more rapid penetration compared with that of the free APIs. They conducted a
topical in vivo pharmacokinetic study on rats by dissolving the lidocaine-containing
liquid co-crystal (Lid.Ibu) and salts ([Lid]Cl or [Lid][Doc]) in a carrier cream and
observed faster transport/absorption of actives from the liquid co-crystals than from
the salts. PEGylated salicylate IL exhibited faster transdermal transport (~2.5-fold)
than PEG-free cations, and AAE-containing salicylate ILs enhanced the skin perme-
ation compared with the parent drug (Zavgorodnya et al. 2017; Moshikur et al.
2018). Proline ethyl ester ibuprofenate exhibited tenfold better permeation than the
parent API. In a study of ibuprofen ILs with L-valine alkyl esters, L-valine propyl
and isopropyl ester bearing ibuprofenate exhibited higher rate of transport through
the skin (Janus et al. 2020). Fatty acid-containing donepezil AIP-ILs improved the
permeation through an artificial membrane by 1.9- and 1.55-fold for α-linolenic and
docosahexaenoic acid based API-IL patches, respectively, compared with the corre-
sponding free base patch (Wu et al. 2020). Compared with cholinium ibuprofenate,
N-methyl-2-pyrrolidone-bearing ibuprofenate enhanced the skin retention 2.6 times,
however, the skin penetration was 2.3-fold lower (Moshikur et al. 2020d).

2.6 Clinical Applications

Notwithstanding the progress in the preparation and characterisation ofAPI-ILs, only
one API-IL—lidocaine etodolac—has reached clinical trials to date (Egorova et al.
2017). In 2013, the Japanese company MEDRx published the phase I trial data for
the MRX-7EAT lidocaine etodolac topical patch, which resulted in faster absorption
of the active (etodolac) through the skin, with mild to moderate adverse effects. The
Phase II and III trials have been conducted to evaluate the efficacy and safety in several
types of pain treatment including ankle sprains (NCT01198834), acute tendonitis
and bursitis (NCT01161615, NCT01506154), low back pain (NCT01968005) and
shoulder pain (NCT01506154). At the end of November 2016, MEDRx decided to
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terminate the development of the MRX-7EAT topical patch owing to unsatisfactory
trial results.

2.7 Conclusion and Future Directions

This chapter emphasised the importance and advantages of API-ILs as promising
alternatives to solid crystalline APIs in pharmaceuticals. API-ILs have effectively
addressed the solubility and polymorphism challenges observed with solid APIs,
which were the primary barriers to the development of effective drug delivery
systems. The possibility of rationally designing the API-ILs also allows the tuning
of new drug forms with the desired physicochemical and biomedical properties.
Advances in this area have revealed the ability of API-ILs to improve drug solu-
bility in both water and simulated body fluids, as well as to enhance drug permeation
through physiological skin barriers. The results reported have been very encouraging,
with specific or dual pharmacological action and enhanced bioavailability and effi-
cacy being the hallmarks of the IL-strategy. However, few studies have assessed
the in vivo bioavailability of API-ILs, suggesting the necessity for pharmacoki-
netic and pharmacodynamic investigations to understand the pathways involved
in their absorption, distribution, metabolism and elimination. In addition, experi-
mental and fundamental methodologies are needed to synthesise new API-ILs and to
better understand the physicochemical and biological properties of these systems.We
believe that the current understanding of ILs provides an important starting point for
the further exploration and development of API-ILs for pharmaceutical applications.
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Chapter 3
Ionic Liquids for Transdermal Drug
Delivery: Choline Geranate System
as a Case Study

Paula Berton and Julia L. Shamshina

Abstract Transdermal administration is of high interest for drug delivery due to
its non-invasiveness and easy dosing. However, this route of drug delivery faces
the challenges of low drug permeability across the skin. This chapter reviews the
role of ionic liquids (ILs) for transdermal delivery of active pharmaceutical ingredi-
ents (APIs). In particular, it focuses on the case of the Choline Geranate (CAGE),
including its synthesis, structural features, physical properties, and enhanced perme-
ation across epithelial barriers as a transdermal drug carrier. Its scale-up and medical
applications are also discussed. This system has potential to become a powerful
excipient to improve the pharmacokinetic profiles of many pharmaceutical products
in transdermal applications.

3.1 Introduction

Ionic liquids (ILs, loosely defined as salts with melting points below 100 °C (Welton
1999)) have attracted considerable attention in the field of pharmaceutical research
due to their intrinsic tunable properties. In 1997, Chemical & Engineering News
published their piece about ILs as “Designer Solvents” (Freemantle 1998) and effec-
tively launched a renaissance in scientific and engineering interest in the field. In
2007, the concept ofActive Pharmaceutical Ingredients ILs (API-ILs)was introduced
(Hough et al. 2007), and soon thereafter IL-based systems have been proposed as
solubilizers of poorly water-soluble active pharmaceutical ingredients (Jaitely et al.
2008; Mizuuchi et al. 2008), skin penetration enhancers (Sidat et al. 2019), and
stabilizers for large molecules (Harada et al. 2018; Reslan and Kayser 2018).
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Transdermal drug delivery is a non-parenteral administration technique that elim-
inates drug exposure to the gastrointestinal (GI) tract and first-pass metabolism.
Instead, it delivers drugs locally to the skin to achieve systemic drug distribution
and ensures the sustained and controlled release of drugs (Kalluri and Banga 2011).
Although transdermal delivery offers advantages such as non-invasiveness and easy
applicability, the properties of the skin barrier allow the permeation of only small
(<500Da) lipophilicmolecules under normal conditions (Prausnitz andLanger 2008;
Yang et al. 2017).

The rate-limiting barrier of the epidermis resides in the stratum corneum (SC).
In other words, for the percutaneous absorption to occur, i.e., the penetration of
substances into various layers of skin and permeation across the skin into the systemic
circulation (Prausnitz et al. 2017; Brisson 1974) to take place, the drug must pene-
trate through the SC, the most superficial layer of the epidermis (Fig. 3.1). In general,
once drug molecules cross the stratum corneal barrier, passage into deeper dermal
layers and systemic uptake occurs relatively quickly and easily (Mehta 2004). Thus,
permeability constant of water for SC is 1.1× 10–7 cm/sec, while for dermis is 1.0×
10–4 cm/sec, a 1000-fold faster (Brisson 1974). The SC has a thickness of 10–20μm,
composed of dead keratinocytes that are connected by glycoprotein, and produce the
protein keratin which, together with the ceramide lipid component, form a dense
structure (Prausnitz et al. 2017). Therefore, effective delivery of macromolecules
across the skin, especially biologics which are becoming the major focus of phar-
maceutical research, requires the use of perturbation methods to reduce skin barrier
function.

Fig. 3.1 Detailed representation of the epidermis layers of human skin. Reprinted with permission
from Ramadon et al. Drug Delivery Transl Research, 2021 (Ramadon et al. 2021)
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Several formulation-based approaches, comprising primarily of chemical perme-
ation enhancers (CPEs) have also been developed (Karande et al. 2005,2004;Karande
and Mitragotri 2009; Chen et al. 2014; Kim et al. 2008). The most common trans-
dermal enhancers are ethanol, dimethylsulfoxide, Azone, terpenoids, and menthol
ester derivatives. However, few of them are used clinically owing to their acute
skin toxicity or irritation, as well as other safety issues that have not been clarified.
Recently, ILs and deep eutectic solvents (DESs) have been introduced as a novel class
of formulation-based approaches to enhance transdermal drug delivery for a wide
range ofmolecules. The high tunability of these types of compounds allows achieving
the desired physical, chemical, and biological properties of the CPE systems. This
has generated immense research interests since the conventional CPEs have reached
a plateau in terms of their discovery and efficacy.

The tunability of either ILs and/or DESs allows exploring different strategies,
including their use as carriers (i.e., as solvents) solubilizing both hydrophilic and
hydrophobic APIs of diverse classes, directly dissolving the API or in combination
with oil, forming ionic liquid-in-oil microemulsion (Shamshina et al. 2018). A third
option is the incorporation of the API into the IL composition, thus, changing the
properties of the API itself (Shamshina et al. 2018). In this book chapter, we will
review the latest attempts and strategies to use these systems as transdermal carriers,
i.e., as potential replacements of CPEs.

3.2 Are These Systems ILs or DESs?

Here, we will not focus on ILs as a drug carrier vs. API-ILs, but the penetration of
these systems through the skin. Usually, for APIs in the form of ILs (API-ILs), as
well as for the IL as a drug carrier used in transdermal penetration, melting points
below body temperature are targeted (Shamshina et al. 2018). The proper designwith
appropriate choice of counterions allows targeting the specific (<37 °C)meltingpoint,
and other targeted properties; here, we are interested mainly in dissolution capacity,
permeability, and stability.

At the molecular level, the continuum of proton transfer vs. hydrogen bonding
exists, and led to design rules for the “liquefaction” of higher melting salt forms,
particularly through modulating ionicity of the ILs. As a result, liquefaction is
achieved due to either complete proton transfer (classic IL systems) or due to the
appearance of hydrogen bonding between two actives (“liquid co-crystals” or deep
eutectics, classic DES systems) (Rebelo et al. 2007; Fei et al. 2006). One more
strategy that results in liquefaction is an intentional change in the stoichiometry or
complexity of the ions and/or complexes. Thus, ILs are defined as salts which melt
below 100 °C, and DESs are eutectic mixtures of two or more distinct components
which typically interact via strong hydrogen bonding, exist as mixtures of charged
and neutral species, either in equimolar or non-stoichiometric ratios, and have amuch
lower melting point than the individual components (Zakrewsky et al. 2014a).
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The first transdermally delivered IL was, indeed, one of the first API-ILs reported.
It was reported byRogers and coworkers (Hough et al. 2007) in 2007, and obtained by
pairing lidocaine with sodium docusate, resulting in lidocaine docusate ([Lid][Doc])
IL, which was liquid at room temperature. The antinociceptive effect of this IL was
superior to that of lidocaine as was evidenced by the improved and more extended
therapeutic impact in a mouse model. Considering that fully ionized salts (e.g., metal
salts, with each ion being solvated individually) normally diffuse poorly through lipid
membranes, the result of the antinociceptive test was quite surprising. The next set
of studies was reported by MacFarlane et al. (Stoimenovski and MacFarlane 2011).
The study reported another example of transport of the pharmaceutically active ILs
(protic ammonium salicylates) through a silicone membrane.

After a thorough spectroscopic investigation, it was found that even though it was
initially suggested that API-ILs were composed entirely of dissociated ions, there is a
wide range in the degree of ionicity in these liquid forms. ILs prepared byMacFarlane
were even more permeable than corresponding inorganic salts, due to the formation
of an ion-pair complex, and not separate solvated ions. Wang et al. expanded this
approach showing that dual-active deep eutectics can form strong hydrogen-bonded
complexes (i.e., DESs) without formal charges (Wang et al. 2014) in Lid·Ibu DES.
When Lid·Ibu was dissolved in ethanol, the two actives were held together via strong
hydrogen bond interactions, and simultaneously transported through amodel silicone
membrane, with almost identical transport rates of both. Park et al. hypothesized that
such strongly hydrogen-bonded complexes might facilitate the transport of drugs
through the skin, compared to commercial analogs (Park and Prauznitz 2010). These
initial studies followed by extensive research and various degrees of ionicity were
shown to exist in these systems, including deep eutectics, oligomeric ILs, etc., alto-
gether termed liquid cocrystals (Bica and Rogers 2010; Kelley et al. 2013; Bica et al.
2011).

Indeed, it has been previously shown that by adding an excess of the neutral
parent acid or base, it is possible to form materials that were termed “confused ionic
liquids” (Bica and Rogers 2010). This included tetrabutylphosphonium salicylate
([P4444][Sal])/salicylic acid (HSal) salts [P4444][Hx(Sal)1+x] with no melting point,
lidocainium salicylate salts ([HLid][Hx(Sal)1+x]), etc.With all these findings, Rogers
has recently raised concern about the definition of the transdermally penetrating
compound, CAGE (Choline And GEranate), that was presented in the literature as
both an ionic liquid (IL) and deep eutectic solvent (DES), in a single phrase as
“ionic liquid deep eutectic,” and pointed out the inappropriateness of the use of both
mutually exclusive definitions simultaneously (Rogers and Gurau 2018). In reply
to Rogers’ concern, the developers of CAGE, noted that the current definitions of
either ILs or DESs are based on extreme behaviors and the reality is somewhere in
the middle, and stated that “Our choline and geranate (CAGE) compound fits the
definition of an IL since it comprises largely ionic species, cholinium and geranate,
and has a melting point below 100 °C. At the same time, CAGE is not a classical IL
since it also contains neutral geranic acid (Banerjee et al. 2018a).”
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In our opinion, GAGE represents such an example of the formation of neither
purely ionic nor neutral hydrogen-bonded oligomeric ions of parent acid and conju-
gate base, where the excess of geranic acid becomes tightly bound into the complex
between choline and geranate, and the compound is still retaining the favorable prop-
erties of an IL; and suggest its proper structural formula would be [Cho][H(Ger)2]
rather than commonly used [Cho][Ger]2, but we will use the ratio of the starting
components to indicate the composition of the systems, to not confuse a reader even
more.

The discussion of the nature of the components in solution is complex and some-
times not easy to elucidate. It is not limited to a discussion about proper nomenclature,
but a critical and needed characterization, since it will determine the chemical and
physical properties of the system and their potential applications (Kelley et al. 2013).
As an example, the triethylammonium acetate system, although could be seen as a
simple, protic ionic liquid, required extensive experimental studies to be classified
as a complex system with oligomeric ions (Berton et al. 2018).

In the next sections, we will only focus on the effect of systems reported as
transdermal carriers for active pharmaceutical ingredients, irrespective of the names
assigned to the systems by the authors. For those systems still under discussion, such
as CAGE, we will use the structural formula to avoid incorrect terminologies.

3.3 Using ILs as Transdermal Carriers

Recently, ILs and DESs (the definitions and differences between ILs and DESs were
given and discussed above, but henceforth we will use structural formula or ratio
in “tricky” cases) have demonstrated an excellent ability to enhance the permeation
of macromolecules, acting as both enhancers and solvents in transdermal transport.
An example of that is the study of Qi et al. who compared the performance of the
31 ammonium-based ILs with 44 conventional CPE systems for transdermal drug
delivery, through examining the Attenuated Total Reflectance Fourier Transform
Infrared (ATR-FTIR) spectra of skin SC exposed to both types of systems (Qi et al.
2020). Indeed, the ATR-FTIR allows to measure heterogeneity of SC and identi-
fying lipid-rich and lipid-poor regions. The technique also allows determining the
permeation and distribution of a drug (as well as solvents) into the SC.

When this analysis was conducted, a clear distinction was noted in the ATR-
FTIR spectra after ILs and CPEs treatment, despite variations among each class: The
former systems induced greater reductions in lipid peak areas but smaller reductions
in the peaks of α-helixes of proteins (Qi et al. 2020). Karande et al. indicated that
these two types of peaks have clear implications for transdermal drug delivery using
CPEs, namely, that the extent of lipid extraction and fluidization was related to the
potency of permeation enhancement, and the reduction in stable protein secondary
structure correlated with the irritation potential (Karande et al. 2005). Based on the
design principles that an ideal topical formulation should have strong permeation
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enhancement but low irritation potential, ILs exhibited a better performance than
conventional CPEs.

Not only ammonium but choline ([Cho])-based systems were extensively
studied. These systems were synthesized and tested to enhance skin penetra-
tion using mannitol as a model drug, chosen because of its hydrophobicity
and thus low permeability into the skin (Zakrewsky et al. 2014b). The systems
that were tested included choline urea (1:2 choline:urea ratio, Cho:Urea (1:2)),
choline hexanoate (1:2 choline:hexanoic acid ratio, Cho:Hexanoic acid (1:2)),
choline oleate (1:2 choline:oleic acid, Cho:Oleic acid (1:2)), choline geranate
(1:2 choline:geranic acid, Cho:Geranic Acid (1:2), also abbreviated as CAGE),
trihexyltetradecylphosphoniumoleate ([P66614][Oleate]), trihexyltetradecylphospho-
nium hexanoate ([P66614][Hexanoate]), and trihexyltetradecylphosphonium geranate
([P66614][Ger]).

The systems Cho:Urea (1:2) and Cho:Hexanoic Acid (1:2), reduced the perme-
ation of mannitol, in comparison to the saline control, while Cho:Oleic Acid
(1:2) and [P66614][Oleate] showed no enhancement in skin permeation comparing
with saline control. However, [P66614][Oleate] enhanced transport of mannitol into
deep skin as much as fivefold, indicating potential topic applications. The systems
[P66614][Hexanoate], Cho:Geranic Acid (1:2), and [P66614][Ger] showed a signif-
icant transdermal enhancement. The highest enhancement was observed using
Cho:Geranic Acid (1:2), with nearly fivefold enhancement of total delivery andmore
than 10 times more drug penetrating deep tissue layers. These findings showed that
the depth of penetration could be controlled by the proper design of the systems:
[P66614][Oleate] resulted in enhanceddelivery to the superficial layer of the skin,while
[P66614][Hexanoate] and Cho:Geranic Acid (1:2) exhibited delivery primarily in the
deep tissue layers, i.e., [P66614][Hexanoate] showing a preference for the epidermis
and Cho:Geranic Acid (1:2) for the dermis.

The systems that showed enhancement of mannitol delivery were also tested for
transdermal deliveryof amodel antibiotic, cefadroxil.All the tested systemsdelivered
15–20%of the applied dose, which translates to approximately fivefold enhancement
of cefadroxil delivery into the skin. Again, Cho:Geranic Acid (1:2) led to the highest
enhancement of cefadoxil delivery into the dermis (∼16-fold compared with the
aqueous solution), while other similar systems led to various degrees of enhanced
transport (Zakrewsky et al. 2014b).

Since this initial publication in 2014 about its exceptional properties as a trans-
dermal carrier (Zakrewsky et al. 2014b), Cho:Geranic Acid (1:2) arose as a leading
solubilizing agent, with optimal antibacterial, cytotoxic, and skin-permeating prop-
erties, and has recently been patented (Zakrewsky et al. 2019). It is such an interesting
case with huge potential that there is a company formed based on the platform this
drug provides—CAGE Bio Inc., that uses structural heterogeneity of cations and
anions to enhance membrane permeation (The ionic liquid platform 2020). It is
worth spending a bit more time discussing these systems.
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3.4 Choline:Geranic Acid Systems as Case Study

Synthesis

CAGE is typically synthesized by a salt metathesis reaction between choline bicar-
bonate and geranic acid (Fig. 3.2). The completion of the reaction is monitored
through the evolution of CO2 gas. The CAGE is a clear, colorless to yellow colored
liquid, with a pH ~ 8.5, conductivity ~1.3 mS/cm, and a characteristic odor.

Toxicity

The starting components of Cho:Geranic Acid (1:2), i.e., choline and geranic acid,
belong to the Generally Recognized as Safe (GRAS) list (Choline chloride 2020;
Cohen et al. 2020). In vitro tests using normal human bronchial epithelial (NHBE)
cells as a model nonskin cell to assess potential toxicity in the event of systemic
absorption, showed no toxicity for Cho:Geranic Acid (1:2) (Zakrewsky et al. 2014b).
ATR-FTIR (i.e., changes to α-helix content in the SC) and reconstructed human
epidermal cultures (EpiDerm) were used to assess its irritation potential: It was
found that while geranic acid and choline showed significant irritation potential,
Cho:Geranic Acid (1:2) showed no significant changes with respect to the control
(Zakrewsky et al. 2014b).

GLP dermal toxicity of CAGE was also studied in minipigs (Ko et al. 2020a),
considered to be an excellent model to study the toxicity of topical skin formulations.
Studieswere conducted usingGöttingenminipigs, by applying theCho:GeranicAcid
(1:2) as a 40 wt% gel formulated in common pharmaceutical excipients; 1 ml of this
gel was applied over 10% of the pig body area once a day for 91 consecutive days.
CAGE showed no signs of toxicity—clinical (ocular, electrocardiography, hema-
tology, coagulation, clinical chemistry, urine analysis, and organweights parameters)
or non-clinical (body weight changes, food consumption).

Biological Activity

Besides mannitol and cefadroxil, Cho:Geranic Acid (1:2) has shown to induce
an excellent solubility (450 times, from 0.016 mg/mL in water to 7.2 mg/mL in
Cho:Geranic Acid (1:2)) of Nobiletin (NOB), a poorly water-soluble flavonoid of
low oral bioavailability (Hattori et al. 2019). In vitro transdermal tests showed that
Cho:Geranic Acid (1:2) was effective in enhancing transdermal absorption of NOB,
compared to other penetration enhancers, such as ethanol-phosphate buffered saline
(EtOH:PBS), and glycol monoethyl ether (DGME, Transcutol), following the order

Fig. 3.2 Typical synthesis of Cho:Geranic Acid (1:2)
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Cho:Geranic Acid (1:2) > EtOH:PBS > PBS > DGME. Subsequent in vivo tests
were performed applying the NOB/Cho:Geranic Acid (1:2) to the shaved back of
Sprague–Dawley rats. The NOB/Cho:Geranic Acid (1:2) transdermal formulation
was 20-times more bioavailable than the oral solid form of NOB. Furthermore,
NOB/Cho:GeranicAcid (1:2) drug formulation showed significant drops of the blood
glucose level due to the hypoglycemic activity of NOB in the rats. These results indi-
cated that NOB/Cho:Geranic Acid (1:2) formulation was able to penetrate the SC
layer while PBS can only deliver NOB to the skin surface.

The use of Cho:Geranic Acid (1:2) was not limited to the solubilization of
hydrophobic molecules of small size but was extended to transdermal delivery
of macromolecules. An increase of permeation of dextran of different molecular
weights (Mw 4, 20, 40, 70, and 150 kDa) was reported using Cho:Geranic Acid
(1:2), with >40-fold increase observed for intermediate-size dextran (Mw 20 kDa)
over control (PBS) (Qi and Mitragotri 2019), opening the possibility of delivering
proteins, peptides, and even antibodies. Thus, without the use of any additional phys-
ical/chemical penetration enhancement techniques, Cho:Geranic Acid (1:2) was able
to deliver proteins such as bovine serum albumin (BSA, Mw ~66 kDa), ovalbumin
(OVA,Mw~45kDa), and insulin (Mw~5.8 kDa) across porcine skin and significantly
reduce blood glucose levels in rats when insulin-CAGE was topically administered
(Banerjee et al. 2017).

The penetration of BSA, OVA, and insulin from Cho:Geranic Acid (1:2) was
also compared with the commonly used CPEs such as DGME and ethanol. In all
cases, penetration of BSA, OVA, and insulin was significantly higher in the pres-
ence of Cho:Geranic Acid (1:2) than in the presence of common CPEs. A signifi-
cant 40% drop in blood glucose levels was observed 4 h after insulin–Cho:Geranic
Acid (1:2) was administered to rat skin, compared to other formulation controls.
The pharmacokinetic performance of the delivered insulin was studied, and interest-
ingly, unlike efficacy of injected insulin that drops over time, the efficacy of insulin
Cho:Geranic Acid (1:2) formulation indicated a sustained profile as serum insulin
levels plateaued, suggesting that Cho:Geranic Acid (1:2) can be used to achieve
long-term glycemic control, thereby eliminating the need for frequent insulin injec-
tions, and notably improving compliance among diabetic patients. The safety and
efficacy of the system using insulin as a model drug hold significant promise as
a platform technology to deliver injectables through the buccal route. In addition,
insulin dispersed in Cho:Geranic Acid (1:2) was also tested for oral delivery, and
was efficiently absorbed by the gastrointestinal tract after being orally administered
as capsules to rats, indicating that Cho:Geranic Acid (1:2) was applicable as an oral
delivery vehicle of insulin as well (Banerjee et al. 2018b).

Little is known about the exact role of the system components in the transdermal
transport of drugs. Existing studies have been limited, only reporting changes in the
SC lipid content using FTIR, and led to the hypothesis that Cho:Geranic Acid (1:2)
acts as a lipid extractor of SC components, improving the permeability of drugs
across the skin (Qi and Mitragotri 2019; Banerjee et al. 2017).

Influence of Water
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Considering transdermal delivery applications, thewater present in the epidermis and
the dermis might interact with Cho:Geranic Acid (1:2) and influence its structure.
Assuming that the SC depth is 20 μm, the epidermis depth is 200 μm, and the water
content is 70% by mass (Bielfeldt et al. 2009; Warner et al. 1988), then the amount
of water was calculated as 1.1 vol% water in the SC and 10.2 vol% water in the
epidermis, in the case of the application of 500 μL of Cho:Geranic Acid (1:2) to
4 cm2 skin (Takeda et al. 2021). Using Small-angle X-ray scattering (SAXS) and
Nuclear Magnetic Resonance (NMR) analyses, it was shown that the addition of
water up to 17% did not disturb the nanostructure of the CAGE substantially, that
is, the structure of Cho:Geranic Acid (1:2) would be maintained within the skin
when transdermally administered. When the amount of water exceeded 25 vol%,
the viscosity of Cho:Geranic Acid (1:2) increased, and the IL exhibited low fluidity
and formed micelles with an excess of water. This indicated that, even if the skin
is highly hydrated, Cho:Geranic Acid (1:2) would form various structures such as
lamellar and micellar phases. However, in a recent report, the authors indicated that
with dilution, CAGE will gradually dissociate into its individual components (Ko
et al. 2020b).

Structural Information

The important question that arises relates to ionic interactions that brought about such
activity. To elucidate this, the ratio of Cho:Geranic Acid was explored by preparing
not only the 1:2 Cho:Geranic Acid ratio, but also 1:1, 1:4, and 2:1 (Tanner et al.
2018). The new formulations were characterized using 1HNMR spectroscopy, which
suggested that the degree of hydrogen bonding in these systems is increased with the
ratio of geranic acid to choline. The degree of hydrogen bonding influenced the phys-
ical and chemical properties of the system and its interactions with the skin and the
dissolved drug. Properties such as viscosity, conductivity, and water miscibility were
determined. Both the viscosity, conductivity, and miscibility in water decreased with
the concentration of geranic acid. The 1:1 variant did not follow the linear trend, with
the conductivity being lower and the viscosity being higher than expected, indicating
an ion-pairing between choline and geranate. As the hydrophobicity increases with
the geranic acid, those compositions with higher concentrations of this component
showed higher lipid removal from the SC and enabled the dissolution of hydrophobic
molecules, whilst a higher choline content increases the hydrophilicity of the IL,
dissolving more hydrophilic molecules.

The degree to which the ions in each variant interact with each other will also
influence their interactions with both drugs and skin. The 1:2 system was shown
to be composed of choline, geranic acid, and the geranate anion in a 1:1:1 ratio
([Cho][H(Ger)2]) which has been described as oligomeric (or confused) IL. 1HNMR
spectra of CAGE indicated a chemical shift of the protons compared to the posi-
tion of these in starting materials, more so for the protons localized adjacent to the
quaternary nitrogen in choline (Ko et al. 2020a). Analysis of the FTIR spectrum
showed the carbonyl peak in the geranic acid to be located at 1645 cm−1, while
in CAGE an additional peak at 1549 cm−1 appears, not present in either precursor,
indicating the formation of geranate. Magic-angle spinning (MAS) NMR, polarizing
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optical microscopy, small-angle X-ray scattering (SAXS), and mass spectrometry
were used for the analysis of the closest analog of CAGE, GAGE-oct, where one
equivalent of geranic acid was replaced with octanoic acid (Mann et al. 2020). Mass
spectrometry and the 1H NMR chemical shift of CAGE-oct indicated a dynamic
system, with H-exchange occurring between hydrogen-bonded/ionic complexes in
[Cho][H(Ger)(Oct)], and this provides an insight into the [Cho][H(Ger)2] structural
arrangement as well.

When the different systems were tested for in vitro delivery of insulin through
the skin, it was observed that the systems containing 1:2 or 1:4 were effective in
transporting the insulin through the SC, while neither the 2:1 nor the 1:1 samples—
nor the starting materials—were able to transport the insulin into the skin (Tanner
et al. 2018). These same systems were also tested for the transdermal delivery of
the lipophilic drug ruxolitinib and the hydrophilic drug acarbose. In both cases,
the delivery efficacy increased by approximately fourfold as the geranic acid content
increased from 2:1 to 1:2 ratio, after which it plateaued, confirming that Cho:Geranic
Acid (1:2) exhibited the highest delivery efficacy for hydrophilic as well as lipophilic
drugs (Tanner et al. 2019).

The same model drugs, i.e., ruxolitinib and acarbose were used to compare the
performance of Cho:Geranic Acid (1:2) with variants by replacing geranic acid
with other organic acids in a 1:2 Cho:Organic Acid ratio, including citronellic acid,
hexenoic acid, octanoic acid, octanoic acid, glutaric acid, decanoic acid, salicylic
acid, and glycolic acid. As expected, the amount of drug delivered was dependent
on the composition: In both cases, geranic acid outperformed other anions, followed
by its close analog citronellic acid. Interestingly, octanoic acid, which possesses the
same number of carbons as those in geranic acid backbone, performed well, ranked
behind geranic acid and citronellic acid. Decanoic acid, on the other hand, which
possesses an identical number of carbons as geranic acid, ranked very low and was
poorly effective for both drugs. Octenoic acid ranked just below octanoic acid, like
citronellic acid ranking below geranic acid, thus indicating that the enhancement is
not simply a function of lipophilicity and that a single unsaturated bond makes an
impact on delivery efficacy. Small anions including salicylic acid and glutaric acid
were on the lower end of the ranking spectrum (Tanner et al. 2019). This is consis-
tent with the expected mechanisms of action of ILs. Specifically, hydrophobic tails
of anions and/or cations play a key role in the fluidization of the SC lipids. Since
choline is highly hydrophilic and lacks long, aliphatic chains, the anions provide the
primarymode of lipid disruption. Systematic modifications of the anion revealed that
the ILs with the fewest interionic interactions were most successful at transdermal
transport. Modifications of cations to further reduce the interionic interactions also
improved delivery efficacy. The combination of the most effective cations and anions
led to the selection of (2-hydroxyethyl)tributylammonium:citronellic acid (1:2 ratio)
as the best delivery system, with 117.1 ± 12.7 μg cm−2 ruxolitinib measured in the
dermis and acceptor after 24 h (Tanner et al. 2019).

Using the Cho:Geranic Acid (1:2) platform, similar ILs were synthesized at a
stoichiometric ratio of 1:2 (cation:anion), and investigated to simultaneously stabi-
lize small interfering RNAi (siRNA) and enhance its penetration into the skin
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following topical application (Mandal et al. 2020). The siRNA structure was found
to be altered in the presence of Cho:Geranic Acid (1:2), Cho:Dimethylacrylic Acid
(1:2), and Cho:Biphenyl-3-carboxylic Acid (1:2). On the other hand, Cho:Isovaleric
Acid (1:2) and Cho:Phenylpropanoic Acid (1:2) retained the secondary structure of
siRNA. The improved stability of siRNA in the presence of Cho:Phenylpropanoic
Acid (1:2) suggested the possibility of synergistic effects between the ILs prepared
from two structurally different anions. Consequently, the effect of IL mixtures
on siRNA stability was assessed, to determine whether the compatibility of
Cho:Phenylpropanoic Acid (1:2) with siRNA might offer additional protection
against the adverse effects ofCho:GeranicAcid (1:2) andCho:Biphenyl-3-carboxylic
acid (1:2) on the siRNA structure. The combination of Cho:Geranic Acid (1:2) (25
vol%) andCho:PhenylpropanoicAcid (1:2) (25 vol%) led to a prominent band indica-
tive of retention of siRNA structure and generated the highest epidermal accumu-
lation of siRNA, notably higher than any other individual ILs and/or combination.
This formulation was then used in an imiquimod-induced psoriasis-like skin inflam-
mation model that resembles plaque-type psoriasis in humans. Topical application
of IL-siRNA for 4 consecutive days generated a substantial reduction in the levels of
inflammatory cytokines and an array of psoriasis-related gene products (Mandal et al.
2020). Future work should focus on IL moiety optimization for improved cell inter-
nalization and biocompatibility, as well as applying this platform for the treatment
of other skin diseases such as psoriasis, atopic dermatitis, and melasma (Zakrewsky
and Mitragotri 2016).

Incorporating the Cho:Geranic Acid (1:2) Formulation to Solid Supports

These systems can also be used to dissolve drugs, and the mixture was incorporated
into transdermal patches or devices as delivery systems. For example, Cho:Geranic
Acid (with 1:1 or 1:2 molar ratio) were compared with Cho:Oleic Acid (with 1:1 or
1:2 molar ratio) to dissolve insulin, and the mixtures were incorporated into biofilms
composed of xanthan gum and bacterial nanocellulose (Jorge et al. 2020). The films
containing Cho:Geranic Acid (1:1) or (1:2) exhibited positive antimicrobial activity
against Escherichia coli and Staphylococcus aureus but did not affect Pseudomonas
aeruginosa. On the contrary, none of the Cho:Oleic Acid systems showed an effect
upon E. coli and only a mild antimicrobial activity against S. aureus. On P. aerugi-
nosa, only Cho:Oleic Acid (1:1) showed a positive mild antimicrobial activity. The
Cho:Geranic Acid (1:2) that performed best in terms of lack of cytotoxicity, genotox-
icity, and permeation enhancement was used to dissolve insulin and integrated into
the biofilm, allowing an average permeated protein per skin area of 1.05 μg protein
mm−2 skin.

In a recent publication, Silva and coworkers isolated lytic bacteriophages for
Staphylococcus intermedius as a new antimicrobial treatment for pyoderma via cuta-
neous permeation of bacteriophage particles and used Cho:Geranic Acid (1:1) and
(1:2) as permeation enhancers (Silva et al. 2021). The isolated phage particles, iden-
tified as Caudovirales, most likely belonging to the family Myoviridae, had particle
sizes in the order of the nanometers (<100 nm). The phage particles were mixed
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with Cho:Geranic Acid (1:1) or (1:2), and the mixtures were integrated into hydrox-
yethyl cellulose (HEC) gel. When tested for transdermal delivery, the presence of
Cho:Geranic Acid (1:2) led to increased average of permeated phage particles, as
opposed to the permeation assays with Cho:Geranic Acid (1:1) or the absence of
either Cho:Geranic Acid (1:1) or (1:2) in the HECmatrix. Combining phage particles
and Cho:Geranic Acid (1:2) allowed the transdermal permeation of phage particles
and will potentially allow the treatment of pyodermal infection. The same research
group has developed a sodium alginate-based hydrogel integrating choline oleate
as a carrier for a cocktail of lytic phage particles aiming at the treatment of deep
skin infections in humans caused by Acinetobacter baumannii (Campos et al. 2020).
Combining phage particles with choline-based ILs as carriers may be an excellent
alternative to antibiotics to combat dermal infections.

Commercial Deployment

Scaling up the synthesis of CAGE and its medical applications are one of the greatest
challenges for the translation of this compound into practice. The first report scaling
up the synthesis of Cho:Geranic Acid (1:2), kg scale, was recently published in Ko
et al. 2020a, where 40 wt% Cho:Geranic Acid (1:2) was incorporated as a gel using
hydroxypropyl cellulose as a gelling agent; gel vehicle consisted of ~90% water
along with some propylene glycol (cosolvent), a fragrance, and a gelling agent.
This formulation, referred to as CGB400, was used for in vitro and in vivo tests.
The resulting gel showed promising results, usingthe antimicrobial properties of
Cho:Geranic Acid (1:2) for rosacea treatment. After proving for low toxicity and
high antimicrobial effects, a 12-week open-label cosmetic study for rosacea was
performed on humans. A marked improvement in symptoms was observed, with
~70%of the subjects reporting a greater reduction in lesions after treatment.Although
this study did not include a drug and only explored the properties of Cho:Geranic
Acid (1:2) previously shown in vitro and in mice as a broad-spectrum antimicrobial
agent (Zakrewsky et al. 2016), it sets a precedent for the scaling up and low toxicity
of the CAGE, now tested in humans.

Conclusions

Currently, CAGEBio, Inc., a clinical-stage startup based in SanCarlos, Calif. exploits
CAGE and similar systems, to develop novel pharmaceutical products for derma-
tology, inflammation, immunology, etc. The startup has recently secured $7.2M in
funding (CAGE Bio Inc 2021).

This is however not the first example of ILs and/or DESs with transdermal
properties proposed for commercialization. The Lidocaine–Etodolac Patch (DES,
containing the NSAID etodolac and the pain-reliever lidocaine) has shown to be
effective in the treatment of postherpetic neuropathic (PHN) pain in placebo- and
active-controlled comparisons and has been incorporated into a topical transdermal
delivery system, Etodolac–Lidocaine Topical Patch (RX-7EAT or “Etoreat”) (Clin-
icalTrials.gov 2018 ; Miwa et al. 2016). The etodolac products developed by a
research and development Japanese company, MedRx, exhibited increased trans-
dermal absorbability and improved efficacy of this IL. The new venture, IL Pharma
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Inc. (MEDRx, Kagawa, Japan), owned 51% by Kaneka and 49% by MedRx, took
over programs that MedRx was developing on its own. This patch was the first API-
IL that has reached clinical trials for the treatment of ankle sprains, low back pain,
and muscle soreness. MedRx Co. Ltd. has received approval to conduct human trials
in the US and completed Phase I trials for acute pain in the USA (NCT02695381).
Even though in vitro studies showed that this system significantly increased the skin
permeation of etodolac (9.3-fold) compared to “free” etodolac (Miwa et al. 2016),
due to the lack of statistically significant differences between Etoreat and placebo in
humans, its development has been suspended.

Another system includes GSK2838232, the HIV-1 maturation inhibitor (MI) that
is being developed for the treatment of HIV-1 infection in combination with other
antiretroviral therapy, derived from the triterpene betulin natural product (Shamshina
and Rogers 2020). It is currently in Phase IIa clinical studies, to evaluate its safety,
pharmacokinetics, and antiviral activity in participants with HIV-1 virus (DeJesus
et al. 2020).

Indeed, drug development is a long and expensive process, taking on average,
10–15 years, with ~14% of all drugs in clinical trials eventually getting approval
from the FDA (Hale 2018). Based on this situation, IL (or DES)-based technology of
producing transdermally active drugs, by selectively combining ionizable compounds
from GRAS-list into a single IL (or DES) form, could take a shorter time to market.
Owing to their easy tunability, ILs and DESs constitute a vast number of formulation
candidates. The number of combinations is almost endless, by modifying functional
groups, carbon-chain lengths, and ion ratios. However, ILs and DESs would require
further characterization, and way more additional testing that is available now, and
here, federal funding could play an important role by widening opportunities and
providing more incentives to those investors who are willing to take risks.
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Chapter 4
Ionic Liquids for Increasing the Solubility
of Sparingly Soluble Drug Molecules

Rahman Md Moshikur , Md. Korban Ali , and Masahiro Goto

Abstract Ionic liquids (ILs) have attracted considerable attention as green alterna-
tives to conventional toxic organic solvents. They have several advantageous proper-
ties that make them potentially useful in various areas of modern science, especially
drug delivery. Owing to their intrinsic tunability and exceptional properties, ILs are
undoubtedly capable of addressing the drawbacks associated with sparingly soluble
drugs, such as polymorphism, limited solubility, and poor bioavailability. ILs can be
used as replacements for conventional volatile organic solvents. Their task-specific
optimization at the molecular level can be exploited to obtain effective drug formu-
lations. The structural properties of ILs can be tailored by altering their constituent
anions and cations to improve the pharmacokinetic and pharmacodynamic properties
and biological activities of drugs. This chapter describes the progress of IL-related
research in pharmaceutics. It comprises a discussion of the use of ILs, either as solu-
bilizing agents or solvents/carriers for pharmaceutical drugs. Specifically, the chapter
deals with the use of ILs as potential solvents/agents for dissolving sparingly soluble
drugs, and with the exploitation of the possible mechanism by which ILs increase
solubility. An understanding of the ionic interactions between drug molecules and
ILs in an aqueous solution will also stimulate innovative IL-based technologies and
the use of ILs in pharmaceuticals and medicine.
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Abbreviations

[C2MIM] 1-Ethyl-3-methylimidazolium
[C4MIM] 1-Butyl-3-methylimidazolium
[C6MIM] 1-Hexyl-3-methyl imidazolium
[C8MIM] 1-Octyl-3-methylimidazolium
[C10MIM] 1-Decyl 3-methylimidazolium
[P6,6,6,14] Trihexyl(tetradecyl)phosphonium
[C4MPyr] 1-Butyl-1-methylpyrrolidinium
[C8MβPyr] 1-Octyl-3-methylpyridinium
[C4NH3] N-Butylamine
[C6NH3] N-Hexylamine
[C8NH3] N-Octylamine
[C2HOC1,1EA] N-Ethyl-2-hydroxy-N,N-dimethylethylammonium
[N4,1,1,1] Butyltrimethylammonium
[N1,8,8,8] Methyltrioctylammonium
[N10,10,1,1] Didecyldimethylammonium
[m-PEG350-NH3] Polyethylene glycol ammonium
[C6HOCPyr] 1-Hexyl-3-hexyloxycarbonylpyridinium
[DC-7] Dicationic cholinium
[BA] (Benzyl)-dimethylalkylammonium
[AAE] Amino acid ester
[Cl] Chloride
[Br] Bromide
[NO3] Nitrate
[OH] Hydroxide
[MPn] Methyl phosphonate
[EPn] Ethyl phosphonate
[OAc] Acetate
[TFSA] Bis(trifluoromethylsulphonyl) amide
[OTf] Trifluoromethane sulphonate
[BF4] Tetrafluoroborate
[Hex] Hexanoate
(MeO)2PO2 Dimethyl phosphate
[C5COO] Pentanoate
[C7COO] Heptanoate
[C9COO] Nonanoate
[PF6] Hexafluoro phosphate
[C6SO4] Hexyl sulphate
[CF3O3S] Trifluoromethane sulphonate
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4.1 Introduction

The development of effective drug delivery systems for sparingly soluble drugs
remains a significant challenge for the pharmaceutical industry because such drugs
are prone to polymorphism, have limited solubility, and are difficult to formulate
(Egorova et al. 2017; Agatemor et al. 2018). The irregular gastrointestinal absorp-
tion, pre-systemic metabolism, and high levels of p-glycoprotein-mediated efflux
associated with sparingly soluble drugs are also major barriers to maximizing thera-
peutic efficacy and minimizing side effects (Gavhane and Yadav 2012; Sohail et al.
2018). Currently, 40% of marketed drugs and up to 70% of drugs under development
have poor solubility in aqueous systems and, consequently, are compromised in terms
of bioavailability and therapeutic efficacy (Rodriguez-Aller et al. 2015; Moshikur
et al. 2020b). These drugs have low or variable absorption rates when delivered orally
and require high-dosage administration in therapeutic applications. As a result, long-
term gastrointestinal tract (GIT) toxicity or potentially lethal dosages are possible if
the wrong polymorph is administered (Pedro et al. 2020). However, a variety of phar-
maceutical strategies—including lyophilization, micellization, and the use of solid
dispersions,microemulsions, nanoparticles, and drug–carrier conjugates—have been
designed to address the challenges posed by the formulation and delivery of these
problematic drugs (Rodriguez-Aller et al. 2015; Egorova et al. 2017; Moshikur et al.
2020b). These techniques have already demonstrated strong potential for improving
the solubility and bioavailability of sparingly soluble drugs. However, numerous
organic solvents—such as methanol, ethanol, acetone, dimethyl sulfoxide (DMSO),
chloroform, isopropanol, and tetrahydrofuran—are used to formulate these drugs,
leading to concerns for human health and ecosystems (Clarke et al. 2018). There-
fore, green techniques that do not compromise the therapeutic efficacy of sparingly
soluble drugs are required for their effective delivery.

Ionic liquids (ILs) could be used to address the issues of polymorphism and
aqueous solubility described above, simultaneously reducing the necessity for
organic solvents (Box 4.1) (Egorova et al. 2017; Moshikur et al. 2019).

Box 4.1 Advantages of ionic liquids (ILs) in comparison with conventional organic solvents
• Scope to design tuneable ILs with desired physicochemical properties
• Green alternatives to conventional toxic organic solvents
• Easy to synthesize by neutralization
• Wide-ranging solubility and miscibility
• Lower melting points or glass transition temperatures, making them user friendly
• In most cases, improved physicothermal stability
• Enhanced ability to dissolve sparingly soluble drugs
• Improved antimicrobial activity over free drugs

Generally, ILs are molten organic salts comprising asymmetrical organic cations
and inorganic or organic anions with melting points at or below 100 °C (Welton
1999; Moniruzzaman and Goto 2011; Uddin et al. 2020). They are synthesized by
acid–base neutralization, metathesis in a suitable solvent, or solvent-free grinding or
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melting (Pedro et al. 2020). During neutralization, either stoichiometric or nonstoi-
chiometric ratios of acids and bases can be used to prepare specific ILs, resulting in
full or partial ionization. After synthesis, ILs do not readily form regular crystalline
structures comprising cations or anions owing to consist the large dimensions of ions
that disperse charge (Earle et al. 2006; Pedro et al. 2020). However, ILs have been
used extensively as green alternatives to traditional toxic, hazardous, flammable, and
volatile organic solvents. This is because they have unique physical and chemical
properties, such as low volatility, nonflammability, high thermal stability, and the
ability to dissolve various organic and inorganic compounds (Agatemor et al. 2018;
Huang et al. 2020; Pedro et al. 2020). These properties can be easily altered by
simply modifying the combination of cations and anions, leading to the concept of
‘designer solvents’ for particular applications. The potential to alter the combina-
tion of cations and anions enables the formation of a vast range of ILs, allowing
their intrinsic physicochemical properties—including density, viscosity, conduc-
tivity,melting point, polarity, surface tension, hydrophilicity/hydrophobicity, thermal
stability, and solvation power—to be customized (Adawiyah et al. 2016; Egorova
et al. 2017). The tailor-made physicochemical and biological properties of ILs have
qualified them for use as solvents or materials, or both, in a wide range of fields such
as electrochemistry, organic synthesis, biocatalysis, biofuel production, extraction,
and pharmaceutics (Egorova et al. 2017; Moshikur et al. 2020b). ILs are increasingly
used in pharmaceutical formulations because they have promising physicochemical
and biopharmaceutical advantages over crystalline or solid drugs. They can also
be tailored to provide innovative solutions to many of the problems encountered
in pharmaceutics and medicine (Egorova et al. 2017; Pedro et al. 2020). ILs have
been designed to dissolve, stabilize, and deliver poorly soluble drugs—e.g., in oral,
topical, or transdermal formulations. Because they have some unique properties that
are not present in conventional organic solvents, ILs are used for drug delivery, or as
reaction media used to synthesize drug compounds (Egorova et al. 2017; Ali et al.
2020). They also have potential antimicrobial properties and could be used to prevent
or treat various infectious diseases.

The number of research publications related to the use of ILs in drug formulations
and delivery has increased significantly in the last two decades (Pedro et al. 2020;
Moshikur et al. 2020b). Figure 4.1a shows the number of publications related to
the application of ILs/IL technologies in the pharmaceutical field over the past two
decades. Interestingly, ILs have been used as green substitutes for commonly used
pharmaceutical solvents including ethanol, DMSO, and propylene glycol (Fig. 4.1b).
Consequently, many companies that produce generic pharmaceuticals are increas-
ingly motivated to design effective IL-based drug delivery systems. However, this
chapter presents a general overview of the use of ILs as solubilizing agents and
emphasizes the development of ILs in pharmaceutics and medicine.
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Fig. 4.1 a Publications related to ionic liquids (ILs)/IL technologies over the past two decades.
b A comparison of the use of ILs and commonly used pharmaceutical solvents/co-solvents and
surfactants/co-surfactants, reproduced with permission from Moshikur et al. (2020b)

4.2 Problems Associated with Conventional Drugs

The efficiency of any conventional drug in the human body mainly depends on its
bioavailability, which can be ascribed to its solubility, permeability, and polymor-
phism (Gavhane and Yadav 2012; Egorova et al. 2017). The physiological accessi-
bility of such drugs also depends on their ability to dissolve in bodily fluids and is
directly related to the rate at which they are absorbed by the GIT. Limited aqueous
solubility is a major challenge to the improvement of pharmacokinetic and pharma-
codynamic properties in modern drug development, especially with regard to oral
administration (Savjani et al. 2012). Generally, dissolution-limited absorption occurs
when the solubility of a drug is less than 100μg/mL of water or a physiological fluid
(Savjani et al. 2012). In such cases, low permeability (a barrier to drug delivery),
a narrow therapeutic window, and a short half-life with systemic side effects are
observed in clinical applications (Ali et al. 2017; Egorova et al. 2017). As a result,
higher doses of the drug are required to achieve an effective therapeutic response,
which in the case of oral administration results in GIT toxicity. High-dose formu-
lations are also problematic because they have a tendency to stick and exhibit poor
powder flow during granulation and tabletting (Savjani et al. 2012). Furthermore, the
overall production costs are high because large amounts of the drug are required to
achieve an effective therapeutic dosage.

Polymorphism (derived from the Greek words ‘polys’ or multiple and ‘morfe’
or shape) is another major complication of solid drugs. It occurs when one crys-
talline chemical coexists as several polymorphs or pseudopolymorphs with different
physicochemical and biopharmaceutical properties—such as melting point, solu-
bility, stability, and bioavailability (Censi and DiMartino 2015; Egorova et al. 2017).
These polymorphs can undergo unpredictable interchanges at any stage of manufac-
ture or storage, and their formation is very difficult to control. The polymorphic
phases may also be affected by manufacturing conditions (solvent, temperature, and
pressure), and different forms—which can crystallize out or precipitate in solution or
formulation—may coexist in the drug product, resulting in inadequate bioavailability
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(Giron 2001). Moreover, the effective dose of a polymorphic drug could be harmful
or even lethal when the drug converts to a soluble/bioavailable form. For example,
the toxicity or LD50 value of the antibiotic nystatin varied significantly according to
the polymorphic form in a formulation (Ghielmetti et al. 1976).

Particle size is another common problem associated with solid drugs. The phar-
maceutical properties of a drug—such as its solubility, dissolution rate, distribu-
tion uniformity, suspendability, and penetrability—can be significantly affected by
altering the particle size (Shamshina et al. 2013).

The oral form of dosage is the most favoured route of administration because it is
simple, convenient, painless, flexible, and cost-effective. Moreover, it is associated
with the highest rates of patient compliance and has the fewest constraints in terms of
sterility compared with injection (Krishnaiah 2010). The biggest challenge for effec-
tive oral dosage is poor bioavailability, which can be attributed to limited aqueous
solubility, poor intestinal permeability, pre-systemic and first-pass metabolism, and
high levels of p-glycoprotein-mediated efflux (Gavhane andYadav 2012; Sohail et al.
2018). These negative effects increase the cost and duration of manufacture and shift
the burden to the patient. Therefore, it is important to manufacture solid drugs with
controlled polymorphic form, controlled crystal size, and product solubility. The
possible disadvantages of liquid formulations arising from issues with stability and
palatability also need to be considered when designing effective delivery systems.

4.3 Importance of Drug Solubility in Pharmaceutics

The solubility of a drug is one of the key parameters that decisively influence its
absorption and bioavailability. It also plays an important role in formulating the
various forms of dosage, which include oral, parenteral, and transdermal (Savjani
et al. 2012). Generally, the solubility of a drug indicates the degree to which it
dissolves in a solvent to formahomogeneous solution, inwhich the atoms,molecules,
or ions are uniformly distributed. Solubility mainly depends on both the chemical
structure of the drug and the conditions of the solution, including pH, co-solvents,
additives, ionic strength, temperature, and pressure. However, the limited solubility
and dissolution rates of drugs in aqueous gastrointestinal fluids result in insufficient
bioavailability and gastrointestinal mucosal toxicity. It has been reported that any
drug can be absorbed in the GIT if it is present as an aqueous solution at the site
of absorption (Egorova et al. 2017). Drugs with higher solubilities or dissolution
rates have significantly improved absorption rates in the GIT, indicating the desired
concentration in systemic circulation and the optimal pharmacological response
(Egorova et al. 2017). Therefore, irrespective of the intended route of administration,
the design of an effective therapeutic formulation depends on the drug’s ability to
dissolve in an aqueous medium.
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Fig. 4.2 Schematic representation of the various strategies used to increase the solubility of
sparingly soluble drugs

4.4 Techniques for Solubility Enhancement

Technology is playing a crucial role in addressing the problem of the poor water
solubility of drugs. A variety of pharmaceutical approaches have been considered
for overcoming the limited aqueous solubilities and dissolution rates of sparingly
soluble drugs (Fig. 4.2). These techniques are divided into several categories based
on the nature of the modification—either physical or chemical—to the drug, which
may be applied either individually or in combination. The use of prodrugs and salt
formulations are popular chemical modification strategies. Crystallization and co-
crystallization, solid dispersion, comminution (particle size reduction), micelliza-
tion, hydration, solvation, and the use of alternative solvents and co-solvents are
the common physical approaches to achieving therapeutic excellence or cornering a
pharmaceutical market.

4.5 ILs as Novel Drug-Solubilizing Agents

The delivery of sparingly soluble drugs is a significant challenge owing to their poor
solubility in conventional solvents and the difficulty associated with their formula-
tion.Many valuable drugs—including conventional and nucleoside analogues—have
limited solubility in conventional solvents and present delivery challenges (Egorova
et al. 2017;Agatemor et al. 2018). To address these challenges, drugswith tailor-made
properties have been modified chemically or biologically for effective drug delivery
(Rodriguez-Aller et al. 2015). Several polar organic solvents—such as DMSO, pyri-
dine, and N,N-dimethylformamide—have been used as excipients to address the
issue of solubility in drug formulations. Currently, the use of these organic solubi-
lizers for effective drug delivery is an undeniable challenge owing to their volatility,
flammability, toxicity, and tendency to contaminate the final product (Agatemor et al.
2018; Pedro et al. 2020). It is also difficult to reuse or recover such solvents when
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they are used as reaction media for drug synthesis or as solubilizers in formula-
tions. Therefore, the regulatory experts are concerned about the use of these solvents
in therapeutic applications. The creation and disposal of large quantities of waste
products also require careful consideration.

The incorporation of ILs/IL technologies could provide a satisfactory solution to
the issues described above. ILs constitute a novel family of ‘green’ solvents. Their
use in various areas of modern science is being explored because they have some
highly tuneable and exceptional physicochemical properties, including low vapour
pressure, high chemical and thermal stabilities, and nonflammability (Egorova et al.
2017; Moshikur et al. 2020b,d). As well as their traditional use as solvents, ILs have
been considered for use in biomedical fields, both in catalyticmedia for drug synthesis
and as potential components for effective biocompatible drug delivery (Egorova
et al. 2017; Pedro et al. 2020). To date, several notable works have emphasized the
advantages of ILs in drug development, especially with regard to the issue of drug
solubility. However, the pharma industry has only focused on the salt or prodrug
forms of solid drugs when attempting to overcome these difficulties and has not
studied ILs in any great depth. Therefore, ILs are now being tailored as innovative
solutions to many of the challenges associated with solid pharmaceuticals, including
the dissolution and permeability of drugs, the disruption of physiological barriers to
drug transport, the targeting of sites, and the development of new delivery options
(Agatemor et al. 2018; Pedro et al. 2020). In addition to small chemical drugs, IL-
based formulations can be used to deliver macromolecular drugs by significantly
increasing their solubility and permeability.

4.5.1 Enhanced Solubility of Pharmaceutical Drugs

ILs are able to solvate sparingly soluble drugs by converting them into liquid form,
thereby improving their absorption and bioavailability. It is notoriously difficult to
design formulations comprising sparingly soluble drugs in simulated body fluids
and/or US Food and Drug Administration (FDA)-approved organic solvents because
some such drugs contain polar groups that impede their dissolution (Egorova et al.
2017;Moshikur et al. 2020b). ILs are promising alternatives to these solvents because
they can be tailored to dissolve sparingly soluble drugs, producing formulations with
improved shelf stability that can deliver drugs at high plasma concentrations. Gener-
ally, ILs can be used as solvents, anti-solvents, cosolvents, copolymers, and emulsi-
fiers in formulations comprising sparingly soluble drugs. Several studies involving
dissolution, micellization, and electrochemical and spectroscopic analyses have been
carried out to investigate the behaviour of drugs in the presence of IL solutions and
to compare it with the behaviour of those drugs in water or conventional organic
solvents (Egorova et al. 2017; Pedro et al. 2020). The ionic interactions between ILs
and drugs also dictate the solvation capabilities of the ILs, and consequently their
ability to improve the solubility of the drugs and to form aggregates between them-
selves and the drugs. In contrast to DMSO—a universal and widely adopted solvent
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for preclinical pharmacokinetic studies—not all ILs improve solubility (Pedro et al.
2020). For example, amphotericin B was found to be seven times more soluble
in DMSO than in fatty acid and polyethylene glycol (PEG)-based ILs (McCrary
et al. 2013). ILs have been shown to increase the solubilities of 5-fluorouracil,
methotrexate, acetaminophen, acyclovir, isoniazid, glibenclamide, and ibuprofen—
which have limited solubilities in both water and organic solvents—by several to a
dozen times (Huang et al. 2020).

The solvationpower of an IL is highly dependent on theproperties of its constituent
cations and anions. The choice of an appropriate counterion has a significant impact
on the rate at which the IL is able to solubilize drug molecules. The IL’s component
anions and cationsmay both influence its ability to dissolve drugs, although the effect
of the anions remains ambiguous (Egorova et al. 2017). The cations usually have a
significant effect on an IL’s ability to dissolve drugs. Drug solubility also varies with
the length of the alkyl groups of the IL-forming cations; variable drug solubilities
have been observed as the alkyl groups of the cation increase in length (Table 4.1).
The solubilities of penicillin, dexamethasone, progesterone, and dehydroepiandros-
terone decrease as the lengths of the alkyl groups of imidazolium ILs increase from
C4 to C8, whereas the solubility of albendazole increases as the alkyl groups increase
in length from C4 to C8. The release rates of drugs slowly increase as the alkyl chain
lengths of the IL-forming cations increase (by up to three times) (Jaitely et al. 2010).
In one study, the solubility of isoniazid increased as the length of the alkyl chains of
the imidazolium cation increased, because the acidity of the proton at the 2-position
of the cation decreased (Forte et al. 2012). Forte et al. (2012) investigated the effect
of anions on the solubility of isoniazid in imidazolium-based ILs comprising cations
with various alkyl chain lengths ([C2-10MIM]+). The results demonstrated that the
solubility of isoniazid in imidazolium ([C2-10MIM]+)-based ILs was significantly
greater when the anion was [OTf] than when the anion was [TFSA], owing to the
formation of a hydrogen bond (H-bond) between the NH of the carboxamide in the
drug and the [OTf] anion (Forte et al. 2012). The solubilities of danazol and itra-
conazole also increased by 3.6-fold and fivefold, respectively, when the hydrophobic
[TFSA] anion was replaced with a hydrophilic [N(CN)2] anion (Williams et al.
2014). Hydrophilic ILs with [OAc] or [(MeO)2PO2] anions also have higher solva-
tion capabilities than ILs containing noncoordinating anions—such as [BF4], [PF6],
and [TFSA]—owing to H-bonding and delocalization of charges between oxygen
atoms, which explains the different solubilizing capabilities of ILs (McCrary et al.
2013; Huang et al. 2020).

Solubility is also correlated with the octanol–water partition coefficient of drugs.
Mizuuchi et al. (2008) demonstrated that the solubilities of albendazole, danazol,
acetaminophen, and caffeine could be significantly improved by increasing the
hydrophobicity of the imidazolium cation ([C4-8MIM]+). In general, hydrophilic
drugs are more soluble in hydrophilic ILs, and hydrophobic drugs are more
soluble in hydrophobic ILs. For example, hydrophilic drugs—such as N-acetyl-
l-cysteine and 4-hydroxycoumarin—are readily soluble in hydrophilic ILs with
short alkyl side chains [C2MIM][OTf], whereas ibuprofen, coumarin, thymo-
quinone, and 4-isobutylacetophenone are readily soluble in hydrophobic ILs, such as
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Table 4.1 Solubilities of drugs in selected ionic liquids (ILs), organic solvents, and water

Drug Solvent Solubilitya References

Amphotericin B Water
DMSO
[C4NH3][OAc]
[C6NH3][OAc]
[C8NH3][OAc]
[C2MIM][OAc]
[DC-7][TFSA]
[Cho][Hex]

0.0002
>33
30
30
20
85
0.7
6

(McCrary et al. 2013; Esson
et al. 2020)

4-Hydroxycoumarin [P6,6,6,14][TFSA]
[C2MIM][CF3O3S]
[C4MIM][CF3O3S]

0.0524b

0.1107b

0.0907b

(dos Santos et al. 2013; Faria
et al. 2015)

Acetylcysteine [C2MIM][CF3O3S]
[C4MIM][CF3O3S]
[C4MIM][TFSA]
[C6MIM][TFSA]
[C10MIM][TFSA]

0.171b

0.1088b

0.0866b

0.0635b

0.0102b

(dos Santos et al. 2013)

Etodolac [C4MIM][PF6] 374.33 (Goindi et al. 2015)

Fenofibrate [C6HOCPyr][N(CN)2]
[C6HOCPyr][TFSA]

>125
>130

(Williams et al. 2014)

Pyrazinecarboxamide [C2HOC1,1EA][TFSA]
[C2MIM][TFSA]
[C4MIM][TFSA]
[C6MIM][TFSA]
[C8MIM][TFSA]
[C10MIM][TFSA]
[C4MIM][CF3O3S]
[P6,6,6,14][TFSA]

0.0165b

0.0048b

0.0054b

0.0050b

0.0052b

0.0046b

0.0116b

0.0125b

(Lourenço et al. 2012; Melo
et al. 2013; Faria et al. 2015)

Thymoquinone [P6,6,6,14][TFSA] 0.1105b (Faria et al. 2015)

Albendazole Water
Methanol
Ethanol
DMSO
[C4MIM][BF4]
[C6MIM][BF4]
[C8MIM][BF4]
[C4MIM][PF6]
[C6MIM][PF6]
[C8MIM][PF6]

0.0005
0.25
0.35
5.0
1.49b

2.97b

7.2b

29b

53b

>75b

(Jung et al. 1998; Mizuuchi
et al. 2008)

Danazol Water
Soybean oil
[C8MßPyr][C6SO4]
[C6HOCPyr][TFSA]
[C6HOCPyr][N(CN)2]
[C8MIM][BF4]

0.001
4.8
88.9
26.3
>95
>19.9

(Mizuuchi et al. 2008;
McCrary et al. 2013;
Williams et al. 2014)

(continued)
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Table 4.1 (continued)

Drug Solvent Solubilitya References

Itraconazole Water
Ethanol
[m-PEG350-NH3][C5COO]
[m-PEG350-NH3][C7COO]
[m-PEG350-NH3][C9COO]
[C6HOCPyr][TFSA]
[C6HOCPyr][N(CN)2]

0.000001
0.2
5.4
5.3
5.4
6.3
40.5

(Mizuuchi et al. 2008;
McCrary et al. 2013;
Williams et al. 2014)

Erythromycin Water
Methanol
Ethanol
Acetone
Chloroform
[C4MIM][TFSA]
[C10MIM][TFSA]
[N4,1,1,1][TFSA]
[N1,8,8,8][TFSA]
[C4MPyr][TFSA]
[P6,6,6,14][Cl]

0.00001b

0.0143b

0.0192b

0.0131b

0.0054b

0.035b

0.072b

0.053b

0.015b

0.017b

0.085b

(Wang et al. 2006; Manic
and Najdanovic-Visak 2012)

Coumarin Water
Octanol
[C2MIM][OTf]
[C4MIM][OTf]
[C2MIM][TFSA]
[C4MIM][TFSA]
[C6MIM][TFSA]
[C10MIM][TFSA]

0.00001b

0.059b

0.24b

0.37b

0.51b

0.51b

0.50b

0.58b

(dos Santos et al. 2013)

Paclitaxel Water
[Cho][Gly]
[Cho][Ala]
[Cho][Pro]
[Cho][Phe]
[Cho][Ile]
[Cho][Ser]
[Cho][Leu]

<0.004
22.34
18.52
16.16
14.15
9.39
7.32
6.61

(Chowdhury et al. 2018)

5-Fluorouracil Water
Ethanol
Isopropyl myristate
[C4MIM][Br]

12.21
31.19
0.36
31.19

(Goindi et al. 2014)

(continued)

[C10MIM][TFSA], [(C6)3C14P][Cl], and [(C6)3C14P][TFSA] (Egorova et al. 2017;
Huang et al. 2020; Pedro et al. 2020).

The use of surface-active ionic liquids (SAILs) with high critical micelle concen-
trations is an interesting alternative method of enhancing drug solubility (Egorova
et al. 2017; Moshikur et al. 2020c). The hydrophilic–hydrophobic balance of a
SAIL can be tailored by altering the functional groups and alkyl chain lengths of
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Table 4.1 (continued)

Drug Solvent Solubilitya References

Acetaminophen Water
Chloroform
Isopropyl myristate
Dichloromethane
Toluene
[C4MIM][BF4]
[C8MIM][BF4]
[C4MIM][PF6]
[C6MIM][PF6]
[C4MIM][Br]
[C6MIM][Br]

14.93
2.29
0.74
0.42
0.32
> 20.0
19.05
7.86
13.21

(Mizuuchi et al. 2008; Smith
et al. 2011; Adawiyah et al.
2016)

Methotrexate Water
Isopropyl myristate
[C1MIM][(MeO)2PO2]

0.12
0.02
6.90

(Moniruzzaman et al. 2010a)

Acyclovir Water
Isopropyl myristate
[C1MIM][(MeO)2PO2]
[C2MIM][(MeO)2PO2]
[C4MIM][Lac]
[C2MIM][OAc]
[Cho][Gly]
[Cho][Ala]
[Cho][Ser]
[Cho][Lac]
[Cho][For]
[Cho][Prp]

0.05c

0.004c

> 25c

> 15c

> 5c

10-12c

250
210
135
203
208
278

(Islam et al., 2020a,b;
Moniruzzaman et al. 2010b)

Isoniazid Water
[N10,10,1,1][NO3]
[BA][NO3]
[C2HOC1,1EA][TFSA]
[C2MIM][TFSA]
[C4MIM][TFSA]
[C6MIM][TFSA]
[C8MIM][TFSA]
[C10MIM][TFSA]
[C10MIM][OTf]

0.018b

0.045b

0.043b

0.024b

0.008b

0.004b

0.003b

0.003b

0.003b

0.006b

(Forte et al. 2012; Melo et al.
2013)

Glibenclamide Water
Ethanol
DMSO
[Cho][Try]

0.024
5
25
> 160

(Alawi et al. 2015)

Ibuprofen Water
Chloroform
Isopropyl myristate
Carbon tetrachloride
Octanol
[C4MIM][PF6]
[C6MIM][PF6]

0.12
3.00b

0.01
1.42
1.91
12.18
26.38

(Garzón and Martínez 2004;
Smith et al. 2011; Adawiyah
et al. 2016)

amg/mL; bmole fraction (mol/mol); cweight percentage (g/g%)
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its component cations and anions. Surfactant ILs are usually capable of increasing
the solubility of a drug in an aqueous medium by reducing the interfacial tension
between the surfactant solution and the drug molecules. De Faria et al. (2017) inves-
tigated the solubility of ursolic acid in aqueous solutions of various SAILs with long
alkyl side chains [C8-18C1MIM]X (X= Cl and [C8H17SO4]) and [P444(14)]Cl. SAILs
improve the solubility of ursolic acid in aqueous solution by eight orders of magni-
tude compared with its solubility in water. In a study by Cláudio et al. (2018), the
solubility of oleanolic acid (a nutraceutical) was significantly improved in the pres-
ence of a SAIL [C12C1MIM]Cl and water. As the concentration of the SAIL in the
aqueous solution was increased up to 1000 mM, the solubility of oleanolic acid also
increased to 21.10 mg/mL—hence the remarkable improvement (by up to 106-fold)
in the solubility of the drug in water.

Despite their ability to significantly improve the solubility of drugs, the use
of ILs with ammonium, phosphonium, imidazolium, pyridinium, morpholinium,
or quinolinium cations is limited in pharmaceutical applications owing to their
poor biocompatibility (Egorova et al. 2017; Moshikur et al. 2020b). ILs based on
choline and organic acids (e.g. amino, fatty, or carboxylic acids), which have multi-
functional properties, are now considered biocompatible and biodegradable owing
to their biological origins (Moshikur et al. 2018; Ali et al. 2019, 2021). It has been
reported that the solubility of drugs in biocompatible ILs is significantly greater
than their solubility in water or a conventional organic solvent (Moshikur et al.
2020a,b). The solubilities of paclitaxel and acyclovir (ACV) in choline glycinate
were improved by 5585- and 625-fold, respectively, compared with their solubilities
in water (Chowdhury et al. 2018; Islam et al. 2020a). Biocompatible choline amino
acid ILs also successfully addressed the issues of precipitation, stability, and hyper-
sensitivity associated with the traditional paclitaxel formulation. Similarly, choline
propionate improved the solubility of ACV (678-fold higher than in water). The solu-
bilities of paracetamol and diclofenac were four times higher in aqueous N-acetyl
amino acid N-alkyl choline-containing ILs than in an inorganic salt solution (Jesus
et al. 2019). Recently, choline geranic acid (CAGE)—a biocompatible IL that acts
as a broad-spectrum antimicrobial agent and a chemical enhancer of transdermal
delivery—has been revealed as a potential platform for dissolving sparingly soluble
hydrophobic drugs (e.g. sorafenib, mannitol, cefadroxil, and nobiletin) and macro-
molecules (e.g. bovine serum, albumin, ovalbumin, RNA, and insulin) (Agatemor
et al. 2018; Moshikur et al. 2020b). Owing to its extraordinary solvation capability,
CAGE can solubilize and/or formulate problematic drugs, ultimately boosting their
therapeutic efficacy. The solubilities of nobiletin and sorafenib were 450- and 100
million-fold higher in CAGE than in water, respectively (Hattori et al. 2019; Shi et al.
2020). Similarly, the solubilities of dextrans, acarbose, ruxolitinib, insulin, peptides,
and proteins are improved when CAGE is used as the solvent (Agatemor et al. 2018;
Moshikur et al. 2020b). Therefore, ILs have better solvation capabilities than water
and most pharmaceutically acceptable organic solvents.

Overall, the studies described above demonstrate that the solvation capability of
an IL can be tailored by tuning its constituent cation and anion combination according
to the nature of the drug and the molecular mechanisms involved. These variables
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make it difficult to establish heuristic rules and develop predictive models that could
be used in a widespread manner.

4.5.2 Mechanisms of Solvation

Advances in the dissolution of sparingly soluble drugs in aqueous media play a
significant role in the development of effective drug formulations (Rodriguez-Aller
et al. 2015; Huang et al. 2020). The remarkable solvation capabilities of ILs are
widely known and are being exploited to dissolve such drugs (Agatemor et al. 2018;
Huang et al. 2020). The success of drug dissolution mainly depends on the ability of
the IL to interact with the drug molecule to form IL–drug interactions that are more
stable than the drug–drug and IL–IL interactions (Resende De Azevedo et al. 2014).
The solubilizing mechanisms of ILs are still not completely understood, because
the findings are incompatible with the dictum ‘like dissolves like’ (Huang et al.
2020). However, ILs can easily enhance the aqueous solubilities of drug molecules
by forming aggregations between themselves and the drug molecules. The data from
several experiments andmolecular dynamics simulations suggest that the continuous
polar network formed by the dissolution of an IL in water, which occurs with most
pure ILs, is broken into smaller domains. Therefore, liquid–water matrices form
within aqueous solutions of ILs through the incorporation of ionic filaments (Cláudio
et al. 2015; Egorova et al. 2017).MultipleH-bonds formbetween thewatermolecules
and the anions of these filaments, resulting in the excellent structural stability of the
IL network within the aqueous solution (Fig. 4.3a). Cláudio et al. (2015) found
that when vanillin (a model drug molecule) was added to an aqueous solution of
[C4MIM][N(CN)2], the drug readily dissolved. This was because cation–vanillin
clusters formed owing to dispersion forces and other intermolecular interactions—
such as H-bonding and π − π interactions—between the drug molecule and the IL
(Fig. 4.3b–c).

Fig. 4.3 The simulation snapshots of: a the ionic liquid (IL) [C4MIM][N(CN)2] in aqueous solu-
tion; b a vanillin–water mixture; and c vanillin in an aqueous solution of the IL. Figures reproduced
with permission from Cláudio et al. (2015)
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However, the dissolution of a drug in an ILdepends on both themolecular structure
of the drug and the structure of the constituent cation and anion of the IL. Moreover,
it is induced by the multiple H-bonds between the drug molecules and the ILs. The
solubility of LASSBio-294 (a cardiovascular drug) in an imidazolium-based IL has
been investigated to determine the precise mechanism of solvation between the drug
and the IL; both experimental and molecular dynamics simulation methods were
used (Resende De Azevedo et al. 2014; Dasari andMallik 2020). Imidazolium-based
ILs are commonly used because they can act both as H-bond acceptors (the anion)
and H-bond donors (the cation). Several interactions—including H-bonds, van der
Waals forces, andπ−π interactions—between LASSBio-294 and the imidazolium-
based ILs have been observed when the drug molecules are dissolved by the ILs.
The improved solubility of LASSBio-294 in the ILs has been attributed to H-bonds
between the carbonyl group oxygen atoms of the IL anions and the hydrogen atoms
of the drug, or between the hydrogen atoms of the ILs and the carbonyl group
oxygen atoms of the drug (Fig. 4.4) (Resende De Azevedo et al. 2014). Similarly,
stacking interactions (the π–π interactions of the aromatic rings of the drug with the
imidazolium cations of the IL) and van derWaals interactions (between the hydrogen
atoms of the IL alkyl chains and the drug molecules) also help increase the solubility
of the drug in the IL (Dasari and Mallik 2020). The solubility of nobiletin (NOB)
increased significantly in CAGE owing to the multiple H-bond interactions between
the NOB and the CAGE (Hattori et al. 2019). The oxygen atoms of the carbonyl
and methoxy groups in NOB and the hydrogen atoms of the hydroxyl groups in
CAGE may act as multipoint H-bond acceptors and donors, respectively. Similarly,
multiple H-bond interactions may occur between the hydrogen atoms of the amino
acid ester cations and the oxygen atoms of ibuprofen or those of the fatty acid anions
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Fig. 4.4 a Schematic outline of hypothetical interactions between imidazolium-based ionic liquids
(ILs) andLASSBio-294 (a cardiovascular drug);b superimposed proton nuclearmagnetic resonance
(1H NMR) spectra of nobiletin–choline geranic acid (NOB–CAGE) complexes at each molar ratio;
and c schematic diagram of the interactions between NOB and CAGE, reproduced with permission
from (Hattori et al. 2019; Resende De Azevedo et al. 2014)
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(Moshikur et al. 2020a). These multiple H-bond interactions between drugs and ILs,
which form drug—IL complexes, are the driving force in the liquefaction of solid
drugs.

Possible mechanisms for the solvation of sparingly soluble drugs in ILs may be
investigated by nuclear magnetic resonance (NMR) analysis (Hattori et al. 2019;
Moshikur et al. 2020a). To elucidate the mechanism by which ILs improve drug
solubility, Hattori et al. (2019) prepared a series of drug–IL samples at different
drug-to-IL molar ratios, then analyzed each sample using proton NMR (1H NMR).
When the NMR spectra of the NOB-containing CAGE samples were superimposed,
the spectra differed between 6.1 and 6.5 ppm. This was attributed to the H-bond inter-
actions between the NOB and the CAGE (Hattori et al. 2019). Similarly, Moshikur
et al. (2020a) observed new characteristic peaks in the range 7.4−9.0 ppm of the
NMR spectra of ibuprofen and an IL, indicating H-bond interactions between the
drug and the IL (Moshikur et al. 2020a). Therefore, it is possible thatmultipleH-bond
interactions between sparingly soluble drugs and ILs contribute to the enhancement
of drug solubility in ILs.

4.6 Conclusion and Future Directions

This chapter has emphasized the advantages of ILs as potential solvents and/or agents
for use in pharmaceutics over volatile organic solvents. The use of conventional
organic solvents and co-solvents (such as ethanol, methanol, acetone, and DMSO),
hydrotropes, and surface-active agents in pharmaceutical applications still raises
concerns. They can contaminate the final product andmay have an impact on the envi-
ronment and on health. ILs have successfully overcome these issues and significantly
improved the solubility of drugs in effective formulations. Studies have demonstrated
the ability of ILs to improve—by several orders of magnitude—the solubilities of
sparingly soluble and water-insoluble drugs comprising small molecules or macro-
molecules. Therefore, ILs represent a realistic alternative to conventional organic
solvents. The physicochemical properties of ILs can be easily modified by exploiting
the structural diversity of their component ions, and can be tailored to meet unmet
biomedical needs. ILs can be designed to combat infectious diseases using the broad
range of cation–anion combinations. As potent and broad-spectrum antimicrobial
agents, the biological activities of ILs surpass those of many conventional antimi-
crobial agents. ILs are also emerging as potential ingredients and drug binders for
effective drug formulations, and for enhancing the transport of drugs to targeted sites
of action. However, there is significant uncertainty about the use of ILs in phar-
maceutical applications owing to their potential intrinsic toxicity, biodegradability,
and possible adverse impact on the environment. ILs with cations and anions of
natural origin—such as choline, amino acids, and fatty acids—have some advan-
tages over ILs based on imidazolium, ammonium, pyridinium, morpholinium, or
phosphonium ions. In addition, the development of ILs for solubilizing sparingly
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soluble drugs requires a deep understanding of their structure–property relation-
ships in the presence of water, because ultimately ILs contact water in biomedical
applications.
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Chapter 5
3D Printing of Cellulose and Chitin
from Ionic Liquids for Drug Delivery:
A Mini-Review

Julia L. Shamshina and Robin D. Rogers

Abstract The largest group of chemicals that are currently used for the manufac-
turing of 3D-printed structures are synthetic polymers. Among those, the use of
thermoplastics is very common, nearly exclusive, mainly because of the ease of their
handling through melt processing. While in recent years, there has been a growing
shift toward the use of biopolymers because of many attractive properties of those,
traditional 3D printing methods from common solvents (such as volatile organic
solvents, VOCs) or melts are not suitable for biopolymers. In fact, 3D printing
of biopolymers is held back by the lack of suitable technology that would allow
biopolymer liquefaction and layer-by-layer deposition in a liquid state, followed by
solidification. The chapter focuses on recent advances in the 3D printing of cellulose
and chitin realized by enabling technology based on a class of materials known as
ionic liquids.
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GMP Good Manufacturing Practices
Ionic Liquids ILs
[Amim][OAc] 1-Allyl-3-methylimidazolium acetate
[Amim]Cl 1-Allyl-3-methylimidazolium chloride
[C4mim][OAc] 1-Butyl-3-methylimidazolium acetate
[C4mim]Cl 1-Butyl-3-methylimidazolium chloride
[C4mim][DCA] 1-Butyl-3-methylimidazolium dicyanamide
[C1mim][(CH3)2HPO4] 1,3-Dimethylimidazolium hydrogen phosphate
[C2mim]Cl 1-Ethyl-3-methylimidazolium chloride
[C2mim][OAc] 1-Ethyl-3-methylimidazolium acetate
[C2mim]Cl 1-Ethyl-3-methylimidazolium chloride
[C2mim][DCA] 1-Ethyl-3-methylimidazolium dicyanamide
[C2mim][(CH3)2PO4] 1-Ethyl-3-methylimidazolium dimethylphosphate
MCC Microcrystalline Cellulose
MIC Minimum Inhibition Concentration
MW Molecular Weight
PAM Pressure-Assisted Microsyringe
PET Polyethylene Terephthalate
PLA Poly-L-Lactic Acid
RBDS Reservoir-Based Delivery Systems
USP United States Pharmacopeia
VOC Volatile Organic Solvent

5.1 Looking into the Future: Cellulose and Chitin as Plastic
Replacement

The world’s plastic pollution crisis (Ritchie 2020) has led to an inclination toward
sustainable technologies. Corporations are taking major steps to improve envi-
ronmental impact across their operations both sourcing renewable precursors and
utilizing emerging sustainable practices. While major efforts are primarily focused
on plastic packaging, biotech industries (healthcare, pharmaceutical, etc.) are as well
looking for more environmentally responsible solutions (Fix and de Brower 2020).
As a result, there is a window of opportunities in the area of biopolymeric materials
for drug delivery (Yadav et al. 2015), whichmust meet specific criteria. These criteria
are related to both raw material supply (economy of scale/long-term supply guar-
antee, production according to good manufacturing practices (GMPs)) and material
requirements (e.g., biocompatibility, strength). Indeed, each end application has its
own set of material requirements depending on the intended purpose (Fix and de
Brower 2020).

Polymers that are used for encapsulation of active pharmaceutical ingredients
(APIs) for drug delivery that have been used in the pharmaceutical industry include
synthetic polymers such as poly(ethylene glycols), poly(N-vinyl pyrrolidone),
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poly(2-(diethylamino)ethyl methacrylate), 2-(dimethylamino)ethyl methacrylate),
poly(2-aminoethyl methacrylate), N-(2-hydroxypropyl)methacrylamide, etc. (Rowe
et al. 2005) for the manufacture of both affinity-based delivery systems (ABDSs)
and reservoir-based delivery systems (RBDSs) (Willerth and Sakiyama-Elbert 2007;
Yang et al. 2012) applied in situ (Madan et al. 2009) as components of an implant and
drugdelivery systems inside the humanbody (Major et al. 2020). InABDSs, noncova-
lent interactions between biopolymeric devicematerial and target drug exist to sustain
and control its release from a polymeric matrix. Polymeric delivery matrix is, in this
case, interacting with the matrix-immobilized active, through electrostatic, hydrogen
bonding, hydrophobic interactions, etc., and control is achieved by changing the
strength of the affinity. RBDSs, on the other hand, are porous materials in which the
drug release rate is controlled by diffusion.

The polymeric matrices should be degradable, but more importantly, the proper-
ties of the polymeric matrix itself could be synergistic to those of the active. In this
regard, the unique properties of abundant biopolymers, cellulose and chitin (Klemm
2004; Barikani et al. 2014) (Fig. 5.1) attracted significant attention for the devel-
opment of drug delivery systems. The major advantages of using these polymers
for biomaterial preparation are that they are biocompatible and bioactive (Garcia
2018), strong (Courtenay et al. 2018; Hickey and Pelling 2019), and biodegradable
(Ji et al. 2014). They are, however, not suitable for thermal printing, because they
do not melt but decompose at increased temperature due to the intrinsic lability of
the glycosidic bond that connects monomeric sugar units. They are also not soluble
in standard volatile organic solvents (VOCs), but in N,N-dimethylacetamide/lithium
chloride (DMAc/LiCl) (Yusof et al. 2001; Austin 1977; Xie et al. 2017), 2,2,2-
trifluoroethanol (Ji et al. 2014), hydroxide-urea (NaOH/urea) eutectic (Pillai et al.
2009; duan et al. 2015; Han et al. 2016), and other harsh chemicals that either degrade
biopolymers (Wang et al. 2015) or are not suitable for manufacturing biomedical
materials (Muzzarelli 1983; Seoudi and Nada 2007; Tamura et al. 2004).

It is also important to note that in order for these biopolymers to be used in
medical applications, there must be a way to ensure they (or the materials made
from them) meet requirements normally associated with GMP and “Medical Grade”
polymers (Khor 2001), which also adds restrictions to the supply chain. Biopolymers
should at leastmeetUnited States Pharmacopeia (USP)ClassVI requirements,which
refer to a series of biological tests performed on the materials to demonstrate their

Fig. 5.1 Structure of chitin (left) and cellulose (right)



74 J. L. Shamshina and R. D. Rogers

safety (Unites States Pharmacopeia 2021). Let’s take a look at the properties of these
polymers that make them attractive for health industries in more detail.

5.2 Useful Medical Properties of Cellulose and Chitin

Cellulose is a relatively inert polymer with a high hydroxyl group density (Clark
and Gao 2002; Deppisch et al. 1998; Xu et al. 2009). It possesses high mechanical
strength (especially nanocellulose), combined with suitable physical properties. The
mechanical properties of nanocellulose, when dried, are of the same level as those
for human bones, while the properties of a wet nanocellulose film resemble more of
the extracellular matrix (ECM) (Lagerwall et al. 2014). In addition to the mechanical
properties and high crystallinity, cellulose has good transport properties due to its
ultrafine fiber network of high porosity, selectively permeable, and it is hydrophilic
(highly water water-absorbent). It activates an alternative independent defensemech-
anism of the immune response, the so-called “complement pathway” (Caruso et al.
2020). Cellulose is also biocompatible.

Due to its high mechanical strength, microbial cellulose is used as an implant
material (Narat et al. 1950), for bone tissue engineering as a matrix for obtaining
different types of calcium carbonate crystals (Stoica-Guzun et al. 2012; Wan et al.
2009; Zhang et al. 2009), vascular grafts (Klemm et al. 2001; Backdahl et al. 2011),
etc. As a result of its transport properties, cellulose is used in dialysis/hemodialysis
membranes (Sindhu et al. 2015). Because of its ability to locally activate the coag-
ulation cascade, cellulose is used as a hemostatic agent for controlling bleeding
in trauma injuries (Khoshmohabat et al. 2019). Since cellulose-based materials as
hydrogels, fibers, and nonwovens are able to absorb the excess of exudate, theymain-
tain the proper moisture environment on/in the wound and are employed in wound
care (Waston and Hodgkin 2005) and as skin tissue repair materials; often antimi-
crobial agents (copper, silver, and ZnO) are incorporated within the cellulosic matrix
(Ruparelia et al. 2008).

Chitin, on the other hand, exhibits a myriad of useful biological properties (Elieh-
Ali-Komi and Hamblin 2016): it is a hemostatic agent (Sundaram et al. 2016),
an immunomodulator (Esteban et al. 2001), a stimulator of pathogen uptake by
macrophages and dendritic cells via lectin binding (Elieh-Ali-Komi et al. 2018), and
a controller of various aspects of cell function (Naseem et al. 2012). The chem-
ical structure of chitin resembles that of glycosaminoglycans, which form a major
macromolecular component of the extracellular matrix and are particularly abundant
in cartilaginous tissues Thus, chitin promotes proliferation of fibroblasts, dermal
granulation, vascularization, and regeneration and is actively used in wound care
(Vázquez et al. 2013; Shigemasa and Minami 1996) as an accelerator of the wound
healing process (Minagawa et al. 2007). When cultures of mouse and human fibrob-
last cells were seeded onto porous chitin matrix, they proliferated fast (Singh et al.
2008; Jayakumar et al. 2011), pointing out the likelihood of using chitin in cell
transplant materials for tissue regeneration.
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Chitin reduces inflammatory pain (Chowet al. 2001) and is somewhat antibacterial
(although antibacterial activity depends on the bacterial strain, degree of acetylation
(DA), andmolecular weight of the polymer), with minimum inhibition concentration
(MIC) ranging from 0.006% to 0.1% (Okamoto et al. 2002). In orthopedics, due to
chitin’s ability to enhance bone growth and achieve osseointegration when implanted
in osseous sites, chitin composites with hydroxyapatites are used as bone healing
agents for hard tissue substitute materials (Benhabiles et al. 2012), or temporary
scaffolds/bone substitutes (Higashi et al. 1986). In dentistry, chitin is suitable for the
manufacture of dental tissue materials (Singh et al. 2008).

In addition, chitin is biodegradable with the rate of degradation depending on its
DA, repeat unit order, and molecular weight (MW); its reported degradation in the
body (exemplified by implanted chitin fabric) is 12 weeks post-surgery (Shi et al.
2017). Chitin sutures are typically absorbed about 3–4 months in muscles, with no
tissue reaction observed (Wan and Tai 2013). All of these properties make chitin a
very important polymer suitable for the preparation of an implant or delivery system
inside the human body.

5.3 3D Printing as Emerging Technology

3Dprinting is an emerging technology that uses computer-created 3Dmodels to build
solid materials in a “layer build up” fashion. The accuracy and effortless operation of
3D printing have established this technique as themethod of choice inmultiple areas,
for the fast production of complex architectures. As the field grows and develops,
new3D-printing techniques (inkjet printing, extrusion-based, laser sintering, etc.) are
applied for processing different types of materials (Nakajima et al. 1986; Gunasekera
et al. 2016; Park et al. 2017; Shirazi et al. 2015) in various areas including broad
application in healthcare as implants, drug delivery, or cell storage devices.

In the pharmaceutical industry, 3D printing has evolved rapidly since the Food and
DrugAdministration’s (FDA) approval of the first 3D-printedmedicine, SPRITAM®,
a levetiracetam drug manufactured by Aprecia Pharmaceuticals Company (USA)
(Spritam 2021; Ventola 2014). Aprecia’s proprietary powder-based printing tech-
nology combined 3D printing and formulation science to produce rapidly disinte-
grating oral medicines for the treatment of seizures. It uses a proprietary 3D printing
system/equipment assembly (Spritam) that allows spreading thin layers of powder
containing levetiracetam onto a surface and bounding together selected regions of
the powder by the controlled deposition (“printing”) of a fluid.

Other and much more common examples of 3D printing are extrusion-based
printing, namely, fused deposition modeling (FDM) and pressure-assisted micro-
syringe (PAM). In FDM, the polymer is heated above its melting point, melted,
and then solidified using synthetic polyethylene oxide systems, Kollidon® SR (a
polyvinyl acetate and povidone mix), methacrylate-copolymer Eudragit EPO®, etc.
(Yoo et al. 2014; Azad et al. 2020), while PAM 3D printing relies on the extrusion
of a semi-solid polymer formulation.
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PAM extrusion becomes possible from VOCs or water (as aqueous slurries)
(Pattinson and Hart 2017; Li et al. 2017, 2018), in which the solidification of the print
using VOCs is done through rapid solvent evaporation or a post-print freeze-drying
step. Here, the printing of biopolymers in their native form using the same approach
remains a challenge due to their insolubility in aqueous solutions and VOCs. Finally,
inkjet printing that is used in the emerging field of bioprinting (Singh et al. 2002;
Hinton et al. 2015) to fabricate biomedical parts that maximally imitate natural tissue
characteristics presents a challengeof preparingbiopolymer-containing inks as again,
most biopolymers are not soluble in aqueous solutions and VOCs.

Hence, 3D printing of biopolymers is held back by the lack of suitable technology
that would allow biopolymer dissolution, its layer-by-layer deposition in a liquid
state, followed by solidification. In this, ionic liquids may be an enabling technology.

5.4 Ionic Liquids for 3D Printing as Enabling Technology

Ionic liquids (ILs, salts that are liquid below 100 °C) are known to be excel-
lent solvents for biopolymers (and many synthetic polymers as well). The
first report appeared in 2005 (Swatloski et al. 2002). Typical ILs for biopoly-
mers dissolution include 1-butyl-3-methylimidazolium chloride ([C4mim]Cl) and
acetate ([C4mim][OAc]), 1-ethyl-3-methylimidazolium chloride ([C2mim]Cl) and
acetate ([C2mim][OAc]), 1-allyl-3-methylimidazolium chloride ([Amim]Cl), and
acetate ([Amim][OAc]) (Swatloski et al. 2002; Xie et al. 2006; Takegawa
et al. 2010; Shamshina 2019) Less common ILs for biopolymers dissolution
include 1,3-dimethylimidazolium and 1-ethyl-3 methylimidazolium phosphates
and hydrogen phosphates ([C1mim][(CH3)2HPO4] and [C2mim][(CH3)2HPO4],
respectively) (Wang et al. 2010) and “statistical mixtures” (two different 1,3-
dialkylimidazoliums, with a basic anion, typically acetate or chloride) (Gurau
et al. 2012). The representative examples of “statistical mixtures” include
2:1:1 mixture of 1-ethyl-3-methylimidazolium, 1,3-diethylimidazolium, and 1,3-
dimethylimidazolium (or 1-butyl-3-methylimidazolium, 1,3-dibutylimidazolium,
and 1,3-dimethylimidazolium) acetate or chloride (Gurau et al. 2012).

The first step for the preparation of different materials is the dissolution of
biopolymers in the IL. Ionic liquids–biopolymer(s) solutions (prepared via thermal or
microwave-assisted process) can then be used to prepare spunfibers, films, hydrogels,
beads, electrospunmats, etc. using “solution processing” techniques (Qin et al. 2010;
King et al. 2017; Shen et al. 2016; Kadokawa 2016; Shamshina et al. 2017, 2014;
Zavgorodnya et al. 2017; Turner et al. 2004, 2005; Sun et al. 2008, 2011; Bagheri
et al. 2008; Maxim et al. 2012; Takegawa et al. 2010; Singh et al. 2013; Mundsinger
et al. 2015). Contrarily to solutions of synthetic polymers in VOCs that have low
viscosities, IL solutions of biopolymers have viscosities several orders of magnitude
higher. Such differences are due to the various types of biopolymer–IL interactions
and they directly translate into distinctive differences in the processability of the
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biopolymer–IL solutions from that of the polymer–VOC solutions (Chen et al. 2011;
Remsing et al. 2006; Moulthrop et al. 2005).

5.4.1 Inkjet Printing of Biopolymers from an Ionic Liquid

Inkjet printing utilizes inkjet technology and can be thermal (a bubble of vapor in the
ink forms due to resistor-controlled pulse heating and the expanding bubble ejects a
drop of ink from the nozzle) or piezoelectric (a pressure pulse generated by a bending
cantilever or membrane ejects the drop by a combination of short forward and reverse
pulses) (Cui et al. 2012), with continuous (continuous inkjet printing) or on-demand
(drop-on-demand inkjet printing) (Gunasekera et al. 2016) processing.

There are few reports that utilized inkjet printing of monomers of synthetic poly-
mers (acrylate and methacrylate) with further polymerization, from low viscosity
dicyanamide (DCA) ILs ([C2mim][DCA], [C4mim][DCA]), either alone or mixed
with polyethylene glycols (Löffelmann et al. 2012). While these are synthetic
monomers, it’s important to note this work as it was the first one that utilized ILs as
printing inks.

The initial report on inkjet printing of biopolymers from ILs was an extension of
a natural fiber welding technology (DeLong et al. 2012) (Table 5.1) in which indi-
vidual fibers get swollen by an appropriate ionic liquid-based solvent system to form
a congealed network. The process involved piezoelectric inkjet printing (Epson)
of a [C2mim][OAc]/acetonitrile (1:2 mol/mol) onto natural polymeric substrates,
initially with no polymer dissolved (Haverhals et al. 2012), where the possibility to
deposit controlled volumes of IL in a reproducible way was investigated and demon-
strated in a proof-of-concept application. In this series of experiments, the IL solu-
tions were controllably deposited onto a cellulosic paper (100% cotton) as a natural
fiber substrate, under various heating conditions (temperature, time) and coagulation
conditions. After printing, the IL was removed with water, and the cellulose paper
sample was dried.

A significant part of the work was directed to figuring out the conditions suit-
able for inkjet printing of the IL. The very construction of inkjet printers prevents
handling highly viscous materials. Inkjet printing requires the usage of very non-
viscous liquids whose viscosity should fall within the “jetting window” (usually
4–20 mPa s) (Biswas et al. 2019), and the variations of viscosity have a high impact
on the print outcome (Krainer et al. 2019). Inkjet printing is not suitable for the
formation of “sturdy” 3D structures unlike those that involve the fusion of ther-
moplastics or solidified pastes because the low viscosity required by inkjet printers
prohibits the formation of sturdy post-deposition architectures. The optimal range
for IL-based ink viscosity for deposition was determined to be 3–8 mPa s, and this
viscosity was controlled by the addition of co-solvent (acetonitrile, 1-butanol or
DMSO in the amount of co-solvent:[C2mim][OAc] = 2:1 mol/mol]). Two years
later, the same group reported inkjet printing of a mixture of [C2mim][OAc]/carbon
black/microcrystalline cellulose (MCC) onto cotton paper, Table 5.1 (Sweely et al.
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2014) demonstrating the ability of IL-based inks to not only be deposited but also
entrap biopolymers and micro-scale functional additives in the ink matrix.

Another usage of ILs with cosolvents was reported by Wildman’s Group
(Gunasekera et al. 2016) (Table 5.1) who exploited [C2mim][OAc] and 1-butyl-3-
methylimidazolium acetate ([C4mim][OAc]) for inkjet printing of 2 and 5wt% cellu-
lose solutions onto polyethylene terephthalate (PET) and glass substrates. Adjust-
ment of viscosity was attempted with 1-butanol and DMSO as rheological modifiers
to ensure consistent printing. Among two ILs, [C4mim][OAc] worked better for the
purpose and DMSO cosolvent (41–47 wt%) allowed successful adjustment of the
cellulose solution viscosity to a favorable range (12–18 mPa s), while the addition of
butanol was expectedly not successful, resulting in precipitation of dissolved cellu-
lose. The printing was conducted using a DIMATIX DMP-2831 piezoelectric inkjet
printer equipped with a 16-nozzle cartridge, at 55 °C achieved by means of a built-in
heater. Cellulose was regenerated by adding 0.1 mL of deionized (DI) water onto
inkjet-printed samples for different time intervals (30 min–2 h) before drying for
approximately 18 h at 50 °C. The surface profile images indicated that the height of
the surface, corresponding to the amount of material deposited, on average stayed
between 80 and 680 nm.

These works established desired rheological behavior of solutions for inkjet
printing and demonstrated the potential of inkjet-printed IL inks. However, no
printing of highly viscous solutions via extrusion-based printing in a continuous
process was demonstrated at the time.

5.4.2 Extrusion-Based Printing of Biopolymers
from an Ionic Liquid

5.4.2.1 3D Printing of Cellulose Structures from an Ionic Liquid

In extrusion-based printing, the polymer is either heated above its melting point
or formulated into a paste, extruded, and then solidified, once printed. While some
studies say that for polysaccharides, only dilute solutions are expected to be printable
emphasizing high viscosity solutions being not suitable for 3D printing (Gunasekera
et al. 2016), this is only true for inkjet printing.

Viscosity of the melt polymers or polymeric formulations lies in the range 100–
10,000 Pa s (Markstedt et al. 2014), and this implies that IL-biopolymers solu-
tions should be suitable for extrusion-based printing “as is”, with no co-solvent. For
instance, the viscosity of a 1wt% solution of chitin in [C2mim][OAc] is∼2500mPa s
(Zavgorodnya et al. 2017). Usually seen as a drawback, high viscosity IL-biopolymer
solutions would be beneficial in extrusion 3D printing because this allows supporting
the shape during and after the printing process. Besides, the viscosity is a function
of polymer molecular weight (MW), which is responsible for polymer chain entan-
glement where the MW of the biopolymer, in turn, depends mostly on the method
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of biopolymer isolation (Wineinger et al. 2020) and could thus be modified when
necessary.

Marksteat (Markstedt et al. 2014) (Table 5.1) was the first to realize multilayered
prints of cellulose via extrusion printing. The group used three types of different
origin/different MW celluloses, namely, Avicel PH–101 with a degree of poly-
merization (DP) of 150–300 (Fluka–Sigma Aldrich), cellulose pulp with DP 750
(Domsjö AB), and bacterial nanocellulose (BNC), with DP 2000–8000 dissolved in
[C2mim][OAc] in the amount of 1, 2, and 4 wt%; the dissolution was conducted at
85 °C from3h (Avicel) to overnight (pulp andBNC), to prevent cellulose degradation.

As 3D models, 25 mm height cylinders were chosen for printing in this work.
The printing was conducted through initial preparation of 4 wt% cellulose-IL solu-
tion followed by controlled multilayered dispensing in layer-by-layer fashion. The
initial results of the rheology analysis demonstrated that higher concentrations (i.e.,
4 wt%) of cellulose and cellulose of higher molecular weights (BNC) gave more
viscous solutions. These solutions were not Newtonian exhibiting shear-thinning
behavior (viscosity decreases under high shear) (Marksteat et al. 2016), which was
advantageous for extrusion type printing. Shear thinning was due to disruption of
the hydrogen bonding network by the IL and subsequent reorientation of polymeric
chains upon pressure. As a result, shear thinning eliminated the need for compli-
cated printing nozzle structures, and a typical paste extruder equipped with a syringe
pump was sufficient for printing the solution (Detsch et al. 2008). The viscosity
decreased under shear and it became easier for the solution to pass through the
nozzle; when shear was removed, viscosity quickly rose (Faddoul et al. 2012) and
the printed patternwas able to retain its shape after the structurewas printed, ensuring
dimensional stability of the product.

Once the structure was printed from the IL-biopolymer solution, the coagulation,
a process when the biopolymer is regenerated from the solution, was conducted
using water as an antisolvent. Normally, when preparing different materials (e.g.,
fibers), the cellulose is regenerated and IL is washed out leaving behind stable struc-
tures. Here, three techniques were used for coagulation: (a) spraying water using an
atomizing nozzle, (b) coagulation bath into which the print was dispensed, and (c)
coagulating gel, however, the first two methods presented some difficulties.

Spraying water using an atomizing nozzle while printing allowed retention of
decent print resolution but resulted in complications when multiple layers were
extruded on top of each other because of poor adhesion between layers and layer sepa-
ration. Alternatively, coagulation was attempted in the coagulation bath in a layer-
by-layer manner, with antisolvent diffusion “from the bottom up”. In this approach,
water was added after the first few layers of solution were printed, and the amount
of water was such that the top of the print was not covered with it and, therefore,
not fully gelled, making it possible for the next layer to adhere. Then water diffused
“from the bottom up” through the print so that every added layer came in contact with
the nonsolvent. However, at approximately six deposited layers (~8 mm in height),
water diffusion was too slow and the coagulation did not proceed at a sufficient speed
causing the formation of a few layers that were not coagulated, sliding of the top of
the print, and subsequent print top collapse.
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The printing of IL solution was successful using a vertical agar gel support
(prepared from agar and water), where a good interchange of IL with water anti-
solvent was achieved. The solution printed onto the gel was instantly coagulated by
the agar gel, followed by the addition of freshwater, enabling a coagulation process
and forming a gel structure of the print.

5.4.2.2 3D Printing of Chitin Structures from an Ionic Liquid

The 3D printing of chitin solubilized in IL was investigated by Rogers’ group, and
thus far it’s the only example of printing chitin from ILs. For the work discussed here
chitin, extracted with the help of [C2mim][OAc] IL, with a MW two and a half times
larger than that of commercially available pulped chitin (Wineinger et al. 2020), was
used.

The printing was achieved using Printrbot Simple Metal 3D printer (Rogers et al.
2019) equipped with heated paste extruder in which the rubber plunger syringe cap
was substituted with custom-made Teflon analog (Fig. 5.2). The freshly prepared 3
wt% chitin solution in [C2mim][OAc] was transferred into a 60 mL plastic syringe
right after dissolution and placed into the extruder, which was preheated to 40 °C.
Print parameters and accuracy (print speed rate) were controlled by Ultimaker Cura
1.5 software (Ultimaker Cura). Print speed was set to 30 mm/s and the extruder
temperature at 40 °C (Table 5.1).

In this proof-of-concept study of a 3D model, 15 mm height rings with diameters
of 20 and 40 mm and a cube with an edge of 15 mm were chosen for printing. The

Fig. 5.2 Images of the 3D printer and example of a 10 mL syringe with Teflon plunger cap



5 3D Printing of Cellulose and Chitin from Ionic … 83

Fig. 5.3 Chitin ring (40 mm
diameter) printed on the
solid support

print shape was defined by the 3D model developed using Autodesk Fusion 360
Software (Fusion 360). The print layer thickness was controlled by using different
sizes of blunt plastic needles (14G–22G). During the printing, the temperature of the
extruder varied from 40 to 50 °C to achieve sufficient solution flow. Printed layers
solidified on a glass plate at room temperature, but depending on the biopolymer
concentration in IL, additional cooling could be beneficial. The print on a solid glass
support is shown in Fig. 5.3.

After the 3D shapes were created and solidified (Fig. 5.3), the prints were coagu-
lated in an aqueous coagulation bath (Fig. 5.4), followed bymultiple washing steps to
remove the IL. The materials after coagulation preserved the initial shape formed in
layer-by-layer print fashion. The printedmaterialswere freeze-dried from an aqueous
solution (Fig. 5.5).

In a similar layer-by-layer fashion printing, the Rogers group conducted 3D-
printing of chitin-poly-L-lactic acid (PLA) 1:1 (w/w) composites, with an overall
polymeric load of 6 wt%. For 3D printing of chitin-PLA composites, chitin and
PLA powder with a molecular weight of ~700,000 (6.5 dl/g) were simultaneously
dissolved in [C2mim][OAc] under constant stirring using thermal dissolution at
100 °C during 15 h. Similar to the work described above, the ring of 1.5 cm height
and 20 mm diameter was chosen as a 3D model, in order to test the quality of layer
adhesion. The prepared print that kept the shape after printing was coagulated in an
aqueous bath, washed with water, and freeze-dried (Fig. 5.5). The 3D printing of
chitin is the only example of extrusion printing of chitin from ILs.
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Fig. 5.4 Chitin ring (40 mm
diameter) coagulated in
antisolvent (water)

Fig. 5.5 Chitin ring (40 mm
diameter) after freeze-drying

5.5 Outlook

This mini-review summarizes the 3D biopolymeric structures made through inkjet
or extrusion-based 3D printing and studied in recently published articles. Indeed,
biopolymers really offer great advantages as they are abundant yet degradable, strong,
inexpensive, and are already utilized in delivery of pharmaceuticals, medical devices,
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and other biomedical applications, which would benefit from the kind of customiza-
tion that 3D printing enables. 3D printing technology can be utilized for the fabrica-
tion of 3D objects with high resolution and multifunctionality in applications where
a defined structure of the biopolymeric material is necessary. The applications go
far beyond the delivery devices field since 3D bioprinting enables the formation of
acellular scaffolds for tissue engineering, or even with cells to fabricate living tissues
and organs.

Notes

Dr. Robin D. Rogers is a named inventor on related patents and applications and has
partial ownership of 525 Solutions, Inc. J. L. Shamshina is an inventor on related
patents and applications, former CSO and former employee of 525 Solutions, Inc.,
and former CSO of Mari Signum Mid-Atlantic, LLC.
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Chapter 6
Ionic Liquid-Based Oral Drug Delivery
Systems

Md. Rafiqul Islam and Masahiro Goto

Abstract The oral route is the preferred mode of drug administration because
it is non-invasive, self-administration is easy, and less physician supervision is
required. However, the pharmaceutical industry faces several challenges in supplying
many newly developed drugs by oral means because of their low water and other
solvent solubility, formulation complexity, and limited bioavailability. In response
to these constraints, tailor-made solvents known as ionic liquids (ILs) are increas-
ingly being used in various pharmaceuticals sectors including drug delivery systems
and active pharmaceutical ingredient formation because of their environmentally
friendly and tunable physicochemical and biological properties. ILs and IL-based
self-emulsifying drug delivery systems have been used for solubilizing poorly soluble
drugs, protecting therapeutics from hostile gastrointestinal environments, improving
permeability across the intestinal barrier, and enhancing absorption into the systemic
circulation. This chapter highlights the potential of ILs as a tool for addressing key
pharmaceutical issues in drug delivery/formulation, such as low solubility, stability,
and bioavailability, with a specific focus on the latest developments.

Keywords Ionic liquid · Oral drug delivery systems · Bioavailability ·
Self-emulsifying delivery systems
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Abbreviations

ADME Absorption, delivery, metabolism, and excretion
API Active pharmaceutical ingredient
Atvr Atazanavir
[Atvr][NSA] Atazanavir-2-naphthalene sulfonic acid
[Atvr][OSA2] Atazanavir-dioctyl sulfosuccinic acid
BCS Biopharmaceutics classification system
BGLs Blood glucose levels
CAGE Choline and geranate
Ciz Cinnarizine
DDSs Drug delivery systems
Dicf Diclofenac
Dost Docusate
FAs Free acids
FB Free basic
GI Gastrointestinal
Haf Halofantrine
ILs Ionic liquids
[HHCPr][NTf2] 1-Hexyl-3-hexyloxycarbonylpyridinium

bis(trifluoromethylsulfonyl)imide
[C8MβPr][C10SO4] 1-Octyl-3-methylpyridinium decyl sulfate
[C8MβPr][C18SO4] 1-Octyl-3-methylpyridinium octadecyl sulfate
Itrz Itraconazole
LNF Lipid-based non-aqueous formulation
MecA Meclofenamic acid
N(CN)2 Dicyanamide
PMx Physical mixtures
PVA Poly(vinyl alcohol)
PWSDs Poorly water-soluble drugs
RT Room temperature
RTILs Room temperature ionic liquids
Sb.C Subcutaneous
SBO Soybean oil
SEDSs Self-emulsifying drug delivery systems
SRB Sorafenib
Sulz Sulfasalazine
[Sulz][Ch] Sulz-choline
TolA Tolfenamic acid
Trim Triflimide
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6.1 Introduction

Ionic liquids (ILs) are organic salts that are usually liquid at temperatures below
100 °C. Some ILs are liquid at room temperature and are, therefore, termed room
temperature ILs (RTILs) (Adawiyah et al. 2016; Rogers and Seddon 2003). Reduced
vapor pressure, excellent solubilizing ability, an extensive liquid limit, and high
thermal stability are just a few of their distinctive potential features (Elgharbawy et al.
2018;Mirhoseini and Salabat 2015; Pernak et al. 2014). The potential for the features
of ILs to be tailored via tunable ion matching allows application-specific designer
organic components to be introduced (Adawiyah et al. 2016; Uddin et al. 2020).
The pharmaceutical industry is faced with a series of challenges, which includes the
need to administer rigid crystalline states of many medicines because of their poor
aqueous solubility and bioavailability, and polymorphic transformation (Adawiyah
et al. 2016; Shamshina et al. 2015). This issue becomesmore pronouncedwhen drugs
are generally insoluble in commercially available pharmaceutical solvents. Fortu-
nately, ILs are attracting interest as green solvents and chemicals for the formulation
of pharmaceutical products with distinct properties that are not generally achiev-
able with common solvents (Adawiyah et al. 2016; Ali et al. 2020; Chowdhury
et al. 2019). ILs have gained popularity for a variety of pharmaceutical applications
over the last decade, including the formation of active pharmaceutical ingredient-ILs
(API-ILs) (Berton et al. 2017), as solvents and/or cosolvents for the synthesis and
purification of pharmaceutical components (Freire et al. 2012; Sivapragasam et al.
2016; Ventura et al. 2017), for solubilization of insoluble and low aqueous solubility
drugs (Moniruzzaman et al. 2010a, b), and for drug delivery systems (DDSs) (Rita
Caparica et al. 2017; Santos deAlmeida et al. 2017; Tahara et al. 2020). Initial reports
of ILs highlighted their toxicity and antimicrobial activity (Docherty andKulpa 2005;
Sivapragasam et al. 2020). However, their use has, since, been expanded for biolog-
ical applications such as enzyme breeding (Kragl et al. 2002), cellular biocatalysis
(Yang and Pan 2005), protein solubility (Araki et al. 2015; Bisht et al. 2017), and
protein stability (Adawiyah et al. 2016; Banerjee et al. 2018; Reslan and Kayser
2018).

IL-based DDSs can improve the efficiency of therapeutics delivered via different
delivery routes. IL-assisted therapeutic administration via the oral route is the focus
of this chapter. The oral route is considered the most widely recommended dosing
technique as the administration is easy, it allows for greater patient compliance and
less physician supervision, and it can be less expensive than injection and other
prescription formulations (Adawiyah et al. 2016; Banerjee et al. 2018; Moshikur
et al. 2020; Sahbaz et al. 2015; Williams et al. 2014). More than 70% of marketed
medications are taken by mouth, typically in the form of solid dosage (e.g. tablets) or
liquid dosage (e.g. solutions and dispersions) (Berardi and Bisharat 2017). Nonethe-
less, poor solubility and permeability, inadequate absorption into the gastrointestinal
(GI) system, and a significant reduction of efficiency for certain drug molecules pose
challenges in oral delivery (Moshikur et al. 2020). Orally dosed drugs are not imme-
diately available in the systemic circulation to implement their therapeutic effects.
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Before entering the bloodstream, they must first be consumed and migrate through
the GI tract. Compared with parenteral administration, therapeutics administrated
orally results in a delayed onset of action at best, or at worst can fail to reach the
bloodstream entirely (Berardi and Bisharat 2017; York 2013). The chemical, phys-
ical, and biological interactions of a drug with the GI environment dictate whether or
not the medication can enter the blood circulation and produce a therapeutic benefit
as well as its effectiveness (Berardi and Bisharat 2017).

The potential and limitations of oral therapy are summarized in part I of this
chapter. Part II of this chapter addresses the possible use of ILs to bypass constraints
on oral routes and enhances the oral administration of many medicinal products.
The special physiological interactions of ILs and IL-based self-emulsifying drug
delivery systems (SEDSs) with various components of the GI tract are examined,
highlighting how they can be beneficial for the effective oral supply of medicinal
products (Berardi and Bisharat 2017). The main purpose of this chapter is to explain
how the maximum benefit can be obtained by using ILs to distribute drugs via the
oral route.

6.2 Physiological Impediments to Therapeutic Oral
Administration

The degree of absorption of a drug into the systemic circulation is reflected in
its oral bioavailability. Protection of macromolecules from degradation in the GI
tract; permeation through the intestinal barrier; and absorption of molecules into the
systemic circulation are all required for the successful oral delivery of drugs, proteins,
and peptides (Banerjee et al. 2018). This section discusses the physiological aspects
of the GI environment, physicochemical features of therapeutics, and issues relevant
to the dosage form that influence drug bioavailability (Berardi and Bisharat 2017).

6.2.1 Physiological Factors of the GI Tract that Affect
Bioavailability

Amedicine can experience numerous biochemical obstacles to absorption as it passes
across the GI tract. To begin, the medication must be able to tolerate the acidic pH
of the stomach. In addition, enzymes secreted by the stomach and intestine can
metabolize the substance (Banerjee et al. 2018; Berardi and Bisharat 2017). The
oral distribution of drugs, proteins, and peptides is extremely difficult because of the
aqueous nature of the GI tract operating environment and the release of digestive
enzymes. Proteins are extremely sensitive to proteolytic enzymes that are found in
various sites in the GI tract (Berardi and Bisharat 2017; Choonara et al. 2014). Owing
to the limited surface area and non-absorptive properties of the epithelium, pepsin
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also induces chemical digestion of proteins in the stomach, resulting in reduced
absorption (Berardi and Bisharat 2017; Choonara et al. 2014; Lee 2002). Moreover,
the material must first move through the mucus layer that protects the epithelial
cells of the GI tract until it can be absorbed from the lumen. At this point, the main
barriers are the drug not diffusing through the membrane or getting trapped in the
mucus (Berardi and Bisharat 2017; Cone 2009). Furthermore, the medicine can be
exposed to first-passmetabolism by intestinal enzymes, which are present throughout
the brush boundary and enterocyte cells of the intestine. This enzymatic metabolism
is considered pre-systemic metabolism and is thought to be the primary cause of the
low oral bioavailability of several medicines (Berardi and Bisharat 2017; Choonara
et al. 2014; Thanki et al. 2013).

6.2.2 Physicochemical Properties of Medications that Impair
Bioavailability

Fick’s first law of diffusion simplifies drug absorption as: J = PC, where J is the
flux of a transported drug across the GI tract, P is the permeability coefficient of the
GI wall, and C is the concentration of the drug in the GI fluid. The concentration
of drug depends not only on its solubility but also on the rate of dissolution and its
stability against GI fluids (Choonara et al. 2014; Thanki et al. 2013). Passive trans-
port, active transport, and endocytosis are all possible mechanisms for drug, protein,
or peptide absorption from the GI tract (Artursson et al. 2007). The passive transport
of therapeutic drugs across the intestinal membrane is facilitated by a concentra-
tion gradient and is dependent on the intrinsic physicochemical properties of the
transported drugs and carrier. The low lipophilicity and high molecular mass of
proteins and peptides limit their absorption via this mechanism (Artursson et al.
2007). In contrast, active transport is a chemically expensive process that is aided by
a concentration gradient of the transported molecule across the GI epithelium, while
endocytosis is an energy-consuming process (Artursson et al. 2007; Choonara et al.
2014). The Biopharmaceutics Classification System (BCS) separates drugs into four
classes based on their solubility and permeability (Choonara et al. 2014; Lennern
1995), Fig. 6.1. According to the BCS, the low bioavailability of a drug is linked to
its limited solubility, permeability, or both. Different strategies have been designed to
improve the solubility, dissolution rate, and stability of drugs in the GI environment,
including nanoparticles, SEDSs, and API-ILs transformation.
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Fig. 6.1 BCS classification of drugs

6.2.3 Dosage Form-Related Factors that Influence
Bioavailability

As stated earlier, oral bioavailability is influenced by both the physiological and
physiochemical properties of medicines. In addition, the nature and properties of
the dosage form can have a substantial impact on the bioavailability of a drug. For
example, reformed release mechanisms can precisely modulate the volume of drug
entering the bloodstream (Berardi and Bisharat 2017; Choonara et al. 2014). As
previously discussed, delivery mechanisms to improve the oral bioavailability of
sparingly soluble medications have been designed. The aim of this chapter is not to
investigate the various dosage forms and methods used to increase the oral bioavail-
ability of medication. Instead, the emphasis of this chapter is on using ILs to build
delivery mechanisms that can increase oral bioavailability.

6.3 IL-Mediated Delivery Systems as Tools for Improving
Oral Delivery

The physical and chemical barriers of the GI epithelium prevent drug, protein, and
peptide absorption. The epithelial monolayer covering the large mucosal interface of
the GI tract acts as an efficient barrier to protein and peptide absorption, preventing
large molecules from entering the systemic circulation (Berardi and Bisharat 2017;
Choonara et al. 2014). IL-based DDSs are promising as they can enhance the phar-
macokinetic properties of both small and large molecules. Several IL-based DDSs
have been used to address one ormore of the challenges associatedwith the oral route
(Banerjee et al. 2018; Moshikur et al. 2020). This section addresses recent develop-
ments in IL-based DDSs and their possible application to surmount oral transmission
barriers.
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6.3.1 ILs Enhance the Solubility of Poorly Soluble Drugs

It has been reported that water solubility, dissolution rate, and drug permeability
all influence the bioavailability of drugs taken orally (Banerjee et al. 2018). The
medicationmust first be dissolved in the gastrointestinal fluids before being absorbed
(Banerjee et al. 2018; Berardi and Bisharat 2017). In aqueous environments, drugs
with low solubility are hampered by several factors including reduced dissolution,
irregular absorption, and limited oral bioavailability. Low aqueous solubility is, thus,
a significant stumbling block preventing sufficient oral bioavailability for a large
number of commercially available drugs (Choonara et al. 2014). Porter and co-
workers are considered pioneers of IL-based oral drug delivery. They used 1-hexyl-
3-hexyloxycarbonylpyridinium bis(trifluoromethylsulfonyl)imide ([HHCPr][NTf2])
to enhance the solubility of three hydrophobic drugs; danazol, itraconazole (Itrz), and
fenofibrate, and found 5.5, 100, and 1.7-fold improvements, respectively, compared
with soybean oil (SBO). To improve the solubility further, they replaced the anion
with hydrophilic dicyanamide (N(CN)2) and found 20- and 500-fold improvements
in the solubility of danazol and Itrz, respectively, compared with SBO (Williams
et al. 2014), Fig. 6.2a.

Fig. 6.2 a Comparative solubility study of danazol, Itrz, and fenofibrate in ILs consisting of
[HHCPr]+ cation and [NTf2] or [N(CN)2] anions, and SBO; (mean ± 1 SD, n = 3). b Danazol
plasma concentrations in rats after oral danazol (25 mg/kg) administration via IL- or lipid-based
SEDSs or a suspension formulation; (mean± SEM, n≥ 4). c Total danazol exposure over 8 h; (mean
± SEM, n ≥ 4, *p < 0.05 was significant compared with the suspension formulation. Reproduced
with permission from ref. (Williams et al. 2014)
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6.3.2 ILs Enhance the Oral Bioavailability of Hydrophobic
Drugs

Low lipophilic therapeutic product oral bioavailability, which can be induced by
poor aqueous miscibility, inadequate intestinal absorptivity, elevated P-glycoprotein
efflux, and pre-systemic digestion, remains a significant obstacle (Rehman and
Webster 2018; Shi et al. 2020). To address this issue, a variety of nanoparticle-
based systems have been investigated, including nanosuspensions, nanoemulsions,
solid lipid nanoparticles, and inorganic-based nanoparticles (Li et al. 2016; Shi et al.
2020). While these nanoparticle-based systems have specific advantages in terms of
improving oral bioavailability, their performance to date has not been optimal (Shi
et al. 2020).

Porter and colleagues used ILs ([HHCPr][NTf2], 1-octyl-3-methylpyridinium
decyl sulfate ([C8MβPr][C10SO4]) and octadecyl sulfate ([C8MβPr][C18SO4])) to
boost the oral bioavailability of danazol by inserting it into formulations modeled on
current lipid formulations that emulsify spontaneously in SEDSs when they come
into contact with GI fluids. The oral bioavailability of SEDSsC18SO4 was 4.3-fold
higher than that of crystalline danazol suspension, and was comparable to that
of the SEDSslipid, but with notable proof of persistent plasma concentrations and
the possibility of sustained release and absorption (Fig. 6.2b and c). The increased
danazol absorption of SEDSsC18SO4 indicates that the ILmechanism,which permitted
more efficient contact with endogenous bile salt micelles, leads to the production of
markedly dispersed species with better absorptive surface access (Williams et al.
2014).

Recently, Mitragotri and co-workers reported a deep eutectic solvent made of RT
stable choline and geranate (CAGE)—a biocompatible IL—as a promising plat-
form for improving the bioavailability of hydrophobic and poorly water-soluble
drugs. They used CAGE 1:2 (1:2 stoichiometry of choline:geranic acid) to improve
the bioavailability of the hydrophobic drug sorafenib (SRB)—a potential multik-
inase antagonist presently being used for the treatment of renal cell carcinoma
and hepatocellular carcinoma—by enhancing the drug solubility and absorptivity
(Shi et al. 2020; Sun et al. 2017). The perceived solubility of SRB tosylate in
CAGE was outstanding (>500 mg/mL), 100 million-fold higher than that in water
(0.0044μg/mL). Following oral administration,CAGE increased peak blood concen-
trations of SRB in rats 2.2-fold compared with the control SRB suspension formula-
tion. The exclusion half-life of SRB was extended twofold, and the mean absorption
period was 1.6-fold longer than that of the suspension formulation. In addition, SRB
delivered by CAGE had a substantially more diverse biodistribution than control
formulations. In particular, the concentrations of SRB in the lung and kidney were
4.4-fold and 6.2-fold higher, respectively, than those observed for SRB suspension
(Shi et al. 2020). According to mechanistic studies, the SRB-CAGE solution self-
assembled (427.41 nm) in the natural state, which may be the reason for the diverse
biodistribution in vivo (Fig. 6.3) (Shi et al. 2020).
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Fig. 6.3 Schematic illustration of SRB oral administration to rats though CAGE. CAGE increased
SRB absorption by forming SRB-CAGE micelles in the GI fluids. Reproduced with permission
from ref. (Shi et al. 2020)

6.3.3 ILs Enhance Solubility and Bioavailability
by Transforming into Lipophilic API-ILs

It has been reported that owing to polymorphism, reduced solubility, and/or low
bioavailability, approximately 40–70% of Food and Drug Administration’s approved
medications do not achieve their therapeutic potential (Moshikur et al. 2020). Several
drug molecules that are poorly soluble in both aqueous and nonaqueous vehicles
present a unique obstacle, and as a result, many struggles to advance from discovery
to production and, eventually, to the pharmacy. High crystallinity and high inter-
molecular forces in the solid state—which are normally indicated by a high melting
point—are the causes of these low solubility characteristics (Sahbaz et al. 2015).
Developing an API-IL is a novel way to resolve this inherent problem for certain
drugs (Moshikur et al. 2020).

In 2007, the Rogers group was the first to report an API-IL (Hough and Rogers
2007; Shadid et al. 2015). API-ILs of poorly water-soluble drugs (PWSDs) for oral
delivery were first reported by Porter and colleagues in 2015 as a method of reducing
crystallinity, boosting solubility, and facilitating drug absorption (Sahbaz et al. 2015).
They treated three weakly basic PWSDs (Itrz, cinnarizine (Ciz), and halofantrine
(Haf)) with lipophilic counter ions (triflimide (Trim), docusate (Dost)) to convert
them into API-ILs. The resulting API-ILs were either miscible or highly soluble in
lipid-based SEDSs. They found considerably higher plasma exposure for API-IL
containing formulations (twofold for [Ciz][Trim] and 20-fold for [Itrz][Dost]) than
for free basic (FB) drug suspension (or physical mixture) of the same dose. They
also found significantly higher (two to threefold) plasma exposure for Itrz-IL than
for a commercial Itrz formulation (Sporanox at the same dose). The findings show
that the production of lipophiles can be used to increase the amount of dissolved
medication in lipid-based formulations (Sahbaz et al. 2015).
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They subsequently prepared API-ILs of weakly acidic PWSDs to improve
the solubility in and the utility of lipid-based SEDSs by metathesis reaction of
PWSDs (tolfenamic acid (TolA), meclofenamic acid (MecA), diclofenac (Dicf), and
ibuprofen) with highly lipophilic cations based on alkyl amines or quaternary ammo-
nium counterions. Compared with the corresponding free acids (FAs), the drug-ILs
had lowermelting points (in some cases belowRT) andwere noticeablymore soluble
in a model lipid-based non-aqueous formulation (LNF). In rats, low doses of LNF
containing TolA-IL exhibited drug absorption profiles that were similar to those
obtained when the FA drug was administered in the same formulation. However, at
the higher doses made possible by conversion to the IL, altered plasma profiles (and
some GI irritation) were apparent, and the time period of exposure was extended to
up to 48 h postdose (Sahbaz et al. 2017).

In 2015, the Rogers group converted a BCS class-IV acidic drug, sulfasalazine
(Sulz), to an API-IL (Shadid et al. 2015). They synthesized Sulz-choline API-IL
([Sulz][Ch]), by the metathesis reaction of Sulz drug with the generally recognized
as safe choline cation (Islam et al. 2020a, b), to assess the absorption, delivery,
metabolism, and excretion (ADME) properties in in vitro and in vivo models. They
found 4000-fold improvement of the solubility of API-IL compared with free Sulz in
saline. They also found that the absolute bioavailability of [Sulz][Ch] was 2.5-fold
higher than that of Sulz-PMx (physical mixtures of 1:1 sulfasalazine and choline)
(Sahbaz et al. 2015). This provided a new and versatile avenue for addressing the
solubility challenges that are commonly encountered in drug development and in
particular for intravenous administration (Shadid et al. 2015).

Later, Morgen and co-workers reported another SEDSs to improve the drug
solubilizing capacity, drug loading capacity, and drug exposure profile. They
converted a weakly basic PWSD, atazanavir (Atvr), into two lipophilic salts—
Atvr-2-naphthalene sulfonic acid [Atvr][NSA] and Atvr-dioctyl sulfosuccinic acid
[Atvr][OSA2]—and found that [Atvr][NSA] improved solubility in SEDSs sixfold
compared with IL-free drug. At high doses, the [Atvr][NSA] salt produced equiva-
lent exposure to IL-free drug suspension, therebyminimizing inter-animal variability.
Furthermore, lipophilic salts in lipid vehicles have elevated dissolved-drug levels that
inhibit precipitation without the use of co-solvents (Morgen et al. 2017).

6.3.4 ILs Enhance the Oral Bioavailability of Insulin

Two decades have passed since the search for an oral insulin product commenced.
Various technologies have been implemented to combat the gastrointestinal chal-
lenges of oral pharmacological absorption. Unfortunately, no formulation has
successfully addressed all of the therapeutic barriers, meaning there are currently
no commercially available oral insulin formulations. Furthermore, many products
require multi-step formulation processes, assorted additives, or chemical protein
alteration, all of which have their inherent drawbacks. With the worldwide diabetes
epidemic on the rise, it is more important than ever to produce safe, efficient, and
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resilient oral insulin products (Banerjee et al. 2018). Mitragotri et al. formulated an
oral insulin formulation based on ILs. They used a deep eutectic solvent CAGE that
had previously shown exceptional effectiveness in the transdermal delivery of antibi-
otics (Zakrewsky et al. 2016) and insulin (Tanner et al. 2018). Single-step loaded
insulin-CAGE was assessed in vitro and in vivo to measure its safety and effective-
ness, as well as its storage stability. They found that CAGE improved paracellular
insulin transport tenfold, elimination half-life twofold, and prolonged reduced blood
glucose levels (BGLs) (up to 45%) Fig. 6.4a, b and c compared with subcutaneous
injection (Banerjee et al. 2018). CAGE inhibits enzymatic degradation by forming
a shield that prohibits intestinal enzymes from consuming primed insulin, thereby
limiting their proteolytic function (Banerjee et al. 2018). In addition, CAGE helps to
move insulin through the mucus membrane and facilitates paracellular permeation

Fig. 6.4 a BGL dropping efficiency of insulin-loaded formulations compared with starting values;
b Normalized BGL dropping efficiencies. Data were normalized by subtracting the BGL of saline
groups from other groups and saline groups were considered the fasting group; (mean ± SD, n =
6, *P < 0.05 was significant compared with subcutaneously administered 2 U/kg insulin. c Insulin
plasma concentration after oral administration to rats; (mean ± SD, n = 4). d Circular dichroism
spectra after extracting insulin from CAGE at various time intervals. Reproduced with permission
from ref. (Banerjee et al. 2018)



102 Md. R. Islam and M. Goto

by opening tight connections. Because of the synergy of its ability to increase para-
cellular absorption, suppress proteolytic enzymes, and penetrate through the mucus
membrane, CAGE exhibited high oral provision efficiency (Banerjee et al. 2018).

6.3.5 ILs Enhance the Stability of Proteins and Peptides

Proteins are major biomacromolecules of clinically, biochemically, biotechnolog-
ically, and genetically engineered live organisms. Weak interactions, including
hydrogen bonding, hydrophobic, and ionic interactions are vital to preserve the three-
dimensional structures of proteins (Banerjee et al. 2017). Changes in the protein
microenvironment interaction initiate protein denaturation resulting in protein
unfolding and inactivation. Insulin physicochemical degradation is mainly caused by
hydrolysis, aggregation, and reactions of intermolecular transformation that cause
potency loss (Banerjee et al. 2018). Because of their unrivaled properties, such as
low melting point and low vapor pressure, ILs have emerged as excellent solvent
media for enzymatic reactions and other protein-based applications (Reslan and
Kayser 2018; Yang and Pan 2005). ILs can prevent proteins from interacting with
water molecules, while protic ILs have been shown to stabilize several amino acids
and insulin by suppressing their native conformational changes and self-aggregation
proclivity (Banerjee et al. 2017). In light of this, Mitragotri and colleagues developed
an IL-based insulin oral administration system and found that insulin CAGE is stable
at RT for 2 months and at 4 °C for at least 4 months, as determined by secondary
structure and in vivo bioactivity, Fig. 6.4d (Banerjee et al. 2018). They argued that
insulin storage with CAGE prevented the protein from interacting with water, miti-
gated hydrolytic interaction, and stabilized its secondary alpha-helical structure. The
increased insulin bioactivity inCAGEcanalsobe attributed inpart to insulinmolecule
presentation in intestinal cells and systemic circulation as monomers (Banerjee et al.
2018).

6.3.6 Mucoadhesive Ionic Liquid Gel Patches for Oral
Delivery of Insulin

Oral DDSs are the favored option for medication because of the convenience of
use and resulting patient compliance (Banerjee et al. 2018; Moshikur et al. 2020).
The acidic and enzymatic breakdown of the stomach; the active and “sticky” mucus
layer of the epithelial layer; and the high barrier possession of tight junctions of the
intestinal epithelium are all drug barriers (Peng et al. 2020). CAGE—an RT liquid
salt—has previously been reported to be an excellent drug carrier and/or solvent
for enhancing the oral absorption of hydrophobic small molecule drugs like SRB
(Shi et al. 2020) and macromolecules like insulin (Banerjee et al. 2018). Insulin
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CAGE administered orally to rats reduced BGLs significantly compared with insulin
supplied in saline and increasedbioavailability (Banerjee et al. 2018). Themechanism
behind the effectiveness of oral administration of CAGE appears to be the temporary
interruption of epithelial tight interconnections enabling paracellular uptake of drug.
In CAGE, the efficacy of enzymes such as trypsin can be inhibited meaning insulin
can be stored for longer periods (Banerjee et al. 2018; Peng et al. 2020).

In response to the problem of the poor liquid site in a GI setting, Mitragotri
and collaborators developed a new IL gel that allows both the IL and drug to be
released on a controlled and continuous basis. The “ionogel” CAGE-patches are a
simple and effective way of encapsulating ILs and therapeutic drugs in a gel and
comprise solid poly (vinyl alcohol) PVA and molten IL constituents (Fig. 6.5) (Peng
et al. 2020). Insulin passage through epithelial layers was shown to be improved
by CAGE-patches in vitro. The CAGE-patches provided significantly more insulin
(<30%) than a CAGE solution with the same CAGE mass (0.3%). By focusing the
generatedCAGE into a specific area, CAGE-patchesminimized the amount ofCAGE
needed for successful penetration improvement. Cellular uptake of insulin by Coca-2

Fig. 6.5 Schematic illustration of CAGE-patches for an oral DDS. CAGE-patch ionogels were
made up by mixing CAGE, PVA, and insulin. After being poured onto cell culture plates, the
mixtures were either allowed to dry for 48 h or exposed to repetitive freeze–thaw cycles to produce
dry-CAGE-patches or freeze-CAGE-patches, respectively. Reproduced with permission from ref.
(Peng et al. 2020)
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and HT29-MTX-E12 cells in the CAGE-patch groups was markedly lower than in
the CAGE and saline control solutions (Peng et al. 2020).

The use of ILs for a number of purposes, including enhancing the solubility and
oral bioavailability of poorly soluble materials, has been explored. A short overview
of the various IL-based oral DDSs is presented in Table 6.1.

6.4 Conclusion

This chapter has illustrated the role and benefits of ILs as promising solvents,
enhancers, and stabilizers in oral DDSs. Numerous sparingly soluble drugs have
high solubility in ILs, allowing for modern, efficient distribution methods that are
not feasible in traditional solvents. The issues of solid drug solubility and polymor-
phism that have been major roadblocks to developing innovative DDSs have been
successfully overcome by transforming drugs into API-ILs. The structure and func-
tional versatility of ILs support their inclusion in various media, enabling them to
be used in a variety of oral DDSs and boosting their efficacy. The findings also
prompted the development of IL-based DDSs with improved bioavailability and
illustrated their efficacy in oral routes of administration. We propose that ILs could
be used in medicinal applications for a variety of purposes, not only in oral drug
distribution but also in transdermal, ocular, respiratory, nasal, and parenteral drug
delivery. However, further research is required to resolve numerous problems and
challenges related to the production and distribution of IL-based oral DDSs. Despite
that ILs can be considered green solvents owing to their low volatility, there are still
some questions about their toxicity. Clinical research into sustainable and biocom-
patible ILs is expected to begin in the near future to promote IL-based DDSs and
allow ILs to be used in industrial applications.
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Chapter 7
Advances Brought by Ionic Liquids
in the Development of Polymer-Based
Drug Delivery Systems

Sónia N. Pedro, Carmen S. R. Freire, Armando J. D. Silvestre,
and Mara G. Freire

Abstract The low solubility, permeation, and bioavailability of active pharmaceu-
tical ingredients are the main factors affecting their delivery and therapeutic effi-
ciency. Intensive research has pursuit new possibilities to overcome these drawbacks,
in which polymers have played a major role in advances brought by drug delivery
systems. Furthermore, the research of alternative solvents, such as ionic liquids (ILs),
offered many advantages to improve polymer properties in drug delivery systems.
ILs have been studied as solvent media in polymerization processes and applied as
additives in the development of nanosystems. More recently, the tunable character
of ILs has allowed the design of multi-responsive copolymers from IL monomers to
enhance the delivery of different drugs. In this work, we review the latest applications
of ILs toward the development of improved polymer-based drug delivery systems
and highlight the fundamental knowledge required for the design of these systems.

Keywords Active pharmaceutical ingredients · Drug delivery · Ionic liquids ·
Polymers
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[C4C1im]Cl 1-Butyl-3-methylimidazolium chloride
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[C4C1im][N(CN)2] 1-Butyl-3-methylimidazolium dicyanamide
[C4C1im][NTf2] 1-Butyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imide
[C4C1im][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate
[C8C1im][NTf2] 1-Octyl-3-methylimidazolium bis-

(trifluoromethylsulfonyl)amide
[CH = C2C1im]Cl 1-Allyl-3-methylimidazolium chloride
[Ch][Glu] Cholinium glutaminate
[Ch][Phe] Cholinium phenylalaninate
[C4C1pyr][NTf2] 1-Butyl-3-methylpyridinium bis-

(trifluoromethylsulfonyl)imide
[C4py][NTf2] 1-Butyl-3-pyridinium bis-

(trifluoromethylsulfonyl)imide
[C8C1pyr][NTf2] 1-Octyl-3-methylpyridiniumbis(trifluoromethylsulfonyl)imide
[N1444][NTf2] Butyltrimethylammonium bis-

(trifluoromethanesulfonyl)imide
[N8881][NTf2] Tetraoctylammonium bis-

(trifluoromethanesulfonyl)imide
[P66614][NTf2] Trihexyltetradecylphosphoniumbis(trifluoromethanesulfonyl)imide

7.1 Introduction

In the past decades, drug research and development of novel drug delivery
strategies allowed to improve therapeutics and treatment outcomes (Bheemidi et al.
2011; Dugger et al. 2018). Before the 1950s, solid forms of drugs were normally
formulated into pills or capsules that released the loaded active pharmaceutical
ingredient (API) immediately upon contact with aqueous media, with no control of
the release kinetics (Yun et al. 2015). These conventional drug delivery systems
(first-generation) have been associated with undesirable side-effects, derived not
only from the lack of drug-controlled release profiles but also due to the
unspecified drug distribution (Liu and Gu 2016; Hrubý et al. 2015). These
constraints, along with low bioavailability displayed by many drugs, required the
use of higher doses and frequent applications.

In 1952, Smith Klein Beecham introduced, for the first time, the possibility
to formulate a sustained release system for the delivery of dextroamphetamine
(Dexedrine), a stimulant used to treat attention-deficit hyperactivity disorder (Lee and
Li 2010). This new system was able to control the drug release over 12 h. After this
pioneering system, several pharmaceutical companies intensified their research on
the development of improved drug delivery systems, aiming at developing different
administration routes for the existingAPIs (Laffleur andKeckeis 2020). The research
focused on drug delivery systems aimed at effectively reducing the dosage frequency
whilemaintaining the drug concentration in targeted organs/tissues for longer periods
of time (Tiwari et al. 2012). After years of advances in drug delivery technologies,
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the differences in the functions, release profiles, targets, and efficacy had a strong
contribution from the advances faced directly in polymer science.

Since each drug has its own therapeutic range, above which it is toxic and below
which it is ineffective, to achieve the desired results it is mandatory to select the
most suitable administration route (Chenthamara et al. 2019). The administration
route has an impact on the drug’s bioavailability, especially if administrated via the
systemic route due to incomplete absorption or degradation of many drugs. In this
sense, the development of oral-controlled release formulations has been a particular
challenge to pharmaceutical industries (Elgindy et al. 2011). The development of
first-generation drug delivery systems led to an increase in the pursue of excipients
that might allow regulating the release profiles. Among these excipients, polymers
have played a key role in the progress of drug delivery technology (Tiwari et al.
2012).

Polymers are macromolecules formed by a high number of repeating units
(monomers) covalently bonded, calling upon one of several polymerization mech-
anisms, existing in nearly limitless possibilities of combinations depending on the
monomer’s nature and combinations (yet, only a limited set is commercially avail-
able). The resulting polymers can be classified according to their origin (natural
or synthetic), nature of the repeating unit, and (in the case of the synthetic ones)
of the polymerization mechanism, structure, and supra-molecular/morphological
arrangement, as summarized in Fig. 7.1. Natural-derived polymers are addressed
in previous chapters of the current book.

Owing to the diversity and versatility of polymericmaterials, their applications are
nowadays widespread and essential across all sectors of human activity, spanning
from extremely low value (yet essential) packaging materials to high-technology
and added-value materials, in which biomedical and pharmaceutical applications
are often included. Their use in the development of novel drug release devices,
which include not only oral controlled release systems but also fast dispersing dosage
forms, nano-systems, and site-specific delivery systems, has shown to be essential
andwith significant advantages (Liechty et al. 2010). These second-generation strate-
gies, however, have experienced great challenges to reach and stay in the market, as
often occurs with emerging technologies, due to the lack of regulatory regimes and
uncertainty in the methodologies to apply (Yun et al. 2015; Te Kulve 2014). This
type of system aims to overcome biological barriers to be more effective; however,
the challenges addressed by the biological environment in pathological cases can be
a drawback to these system’s success. One example is Exubera, the first marketed
inhaled insulin approved by the U.S. Food and Drug Administration (FDA) (Oleck
et al. 2016). This delivery system was found to have similar pharmacokinetic and
pharmacodynamic properties to regular insulin (Patton et al. 2004). Nevertheless,
the unexpected side-effects, less preference by the patients and physicians, among
other reasons, lead Pfizer to withdraw this product from the market in 2007. Unlike
first-generation formulations, in which the pharmacokinetic profiles are dependent
on the drug delivery systems, second-generation pharmacokinetics are determined
by the body (Yun et al. 2014). Therefore, the efficacy of the system is not determined
by the drug release kinetics of the formulation but by the body’s biodistribution and
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Fig. 7.1 Polymer’s classification according to the respective structure,molecular forces, and source,
with an emphasis on synthetic polymer classes

drug absorption at the target site (Park 2013). The drug delivery technologies to be
developed in the present and next decade (third-generation) pursue to tackle the limi-
tations of the previous systems, being designed to overcome both physicochemical
and biological barriers. The specificity brought by these novel systems aims to reduce
the drug’s side-effect and improve the overall efficacy of the treatment, changing the
drug delivery evolution. Figure 7.2 summarizes the historical development of drug
delivery systems.

The use of polymers and polymer-based drug delivery systems may be advanta-
geous to deliver both hydrophilic and lipophilic drugs (Amgoth et al. 2020).However,
the use of organic solvents to solubilize sparingly soluble polymers and biopoly-
mers, during polymers synthesis and/or formulation steps, usually contributes to
address health and environmental concerns. Therefore, it is mandatory to explore
novel solvents that can associate improved handling qualities, biocompatibility, and
allow the development of adequate drug delivery systems. In this sense, ionic liquids
(ILs) have received, in recent years, significant attention due to their intrinsic prop-
erties (Zhao 2006). ILs are molten salts, which among many other properties, and,
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Fig. 7.2 Historical development of drug delivery systems

if properly designed, may possess low toxicity toward human cell lines, as well as
high ionic conductivity, high electrochemical and thermal stability, nonvolatility, and
nonflammability (Freire et al. 2012). ILs have been studied as solvents in polymer
science not only for the solubilization of low water-soluble drugs and polymers but
also as reaction media for polymerization or as polymerizable monomers for fabri-
cation of drug delivery systems (Lu et al. 2009; Almeida et al. 2017). Thus, apart
from the ILs use as solvents in materials preparation, polymeric ILs (PILs) are also
extremely important in the present context, as they share many of ILs tunability
features and often lead to stimuli-responsive materials (Chen et al. 2016).

Hitherto, ILs have been successfully used as solvent media and initiators for poly-
merizations, as polymers additives, as novel pharmaceutical solvents or functional
excipients, and as monomers to obtain stimuli-responsive PILs aiming to offer effi-
cient delivery options. The present chapter revises and focuses on the most relevant
and recent advances found in the application of ILs in the development of polymer-
based systems for drug delivery, while providing future perspectives and drawbacks
of their use, toward the rational development of improved drug delivery systems.
Accordingly, the current chapter is divided into twomain subchapters, corresponding
to the following topics: the use of ILs as media for polymer synthesis and applica-
tions of ILs in the development of polymer-based drug delivery systems. The latest
subchapter presents a section dedicated to PILs and their application in the design
of stimuli-responsive drug delivery systems.

7.2 Polymer Synthesis in Ionic Liquid Media

Polymers stand as promising candidates to solve numerous drawbacks associated
with drug administration (Englert et al. 2018). The possibility to synthesize these
materials in high amountswith no significant batch-to-batch variations and to perform



118 S. N. Pedro et al.

modifications to achieve the desired properties can be easily attained by using the
adequate polymerization technique (Shrivastava 2018).

One of the most important methods for producing polymers is free-radical poly-
merization, which accounts for circa 50% of all mass-produced polymers (mecha-
nism illustrated in Fig. 7.3) (Hong et al. 2002). This process can advantageouslywork
with a wide variety of monomers, being relatively insensitive to both monomer and
media impurities, especially when compared with ionic and condensation polymer-
ization mechanisms. Most free-radical polymerization processes use volatile organic
solvents to facilitate mixing and heat dissipation, allowing better temperature control
of the reaction (Odian 2004). Despite their compatibility with most monomers and
easiness in separation, the use of organic solvents in these reactions comprises health
and environmental concerns that need to be surpassed. In this context, ILs have drawn
attention as alternative polymerizationmedia, pursuingmore environmentally benign
processes (Hong et al. 2002; Benton and Brazel 2004; Strehmel et al. 2006).

The conventional free-radical polymerization of the methylmethacrylate
monomer (MMA) into PMMA is usually performed at temperatures above
40°C in organic media using conventional initiators, such as azobis-
isobutyronitrile (AIBN) and benzoyl peroxide (BPO). The polymerization of MMA

+

MonomerIni ator

Ini aton

Termina on

Propaga on  

+

+
Chain transfer

+

+

Fig. 7.3 Mechanism of free-radical polymerization using a peroxide initiator
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and styrene (St) at room temperature in ILs, such as 1-butyl-3-methylimidazolium
hexafluorophosphate ([C4C1im][PF6]), has been studied by several authors (Hong
et al. 2002; Benton and Brazel 2004). These studies have confirmed that reactions
carried out in IL media present degrees of polymerization five times higher and takes
place four times faster as compared to the reaction in organic solvents under similar
conditions (Li et al. 2006).

ILs have been applied in the polymerization of several monomer types, and
different polymerization techniques have been explored for the same polymer
attempting to enhance the process performance. Major examples found in the liter-
ature correspond to the use of imidazolium, pyridinium, and ammonium-based ILs
as media in the synthesis of poly(methacrylate) (PMA) and PMMA and some corre-
sponding ester derivatives (Englert et al. 2018). PMA hydrogels have been applied in
cell and drug delivery, while PMMA has been investigated in medical devices (Ajek-
wene 2020). The former polymer has been included in implants to deliver antibiotics,
allowing to successfully decrease the risk of related prosthesis infection (Bistolfi
et al. 2019). Although polystyrene (PS) does not present medical relevance, some
derivates, such as poly(styrene sulfonate), have found drug delivery applications
(Wibowo et al. 2020).

Although in conventional radical polymerizations the observed rates of polymer-
ization are generally high and are thus interesting from a mechanistic and kinetic
point of view, the study of reversible-deactivation radical polymerization (RDRP)
processes, often referred to in the literature as controlled/living polymerizations,
allows for superior control over the polymer chain characteristics and the end-group
functionalization. Processes such as atom transfer radical polymerization (ATRP) (He
et al. 2014), reversible addition-fragmentation chain transfer (RAFT) (Puttick et al.
2009), and polymerization and nitroxide-mediated polymerization (NMP) (Zhang
et al. 2004) in IL media have been studied. However, RAFT reactions have found
more advantages than the other processes regarding the use of ILs for MMA and
BMA polymerizations (Puttick et al. 2009; Santha Kumar et al. 2018). Several
RAFT agents have been reported to work efficiently in ILs; yet, their performance is
dependent upon both the type of RAFT agent employed and the selected IL. Puttick
et al. (2009) studied the effect of the IL anion on both the propagation rate and the
control of molecular weight inMMA polymerization. The solubility of the monomer
and of the polymer in the IL, the affinity of the RAFT agents [2-cyanoprop-2-yl
dithiobenzoate (CTA1) and 2-dodecylsulfanyl thiocarbonyl sulfanyl-2-methyl propi-
onic acid (CTA2)] for the solvent phase rather than the monomer swollen polymer,
and the partitioning of the radical species in the ionic domains of the IL have an
important role in the success of RAFT control. Regarding the IL ability to control
the polymer molecular weight, slightly better control was noticed for CTA2 than
CTA1 in 1-ethyl-3-methylimidazolium ethyl sulfate ([C2C1im][C2H5SO4]), while
with 1-ethyl-3-methylimidazolium tetrafluoroborate ([C2C1im][BF4]) poor control
was achieved for both RAFT agents. Additionally, by properly selecting the IL
media and manipulating the RAFT:AIBN ratio, similar lower values of polydisper-
sity to those achieved in toluene were observed (1.1–2.0). The study of ILs for these
processes has evolved to the possibility to have RDRP-like results without the need
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for a rate mediating agent. Low et al. (2016) studied protic and aprotic ILs to improve
the stability of carbon-based radicals. Kinetic data relating to propagating systems
for several industrially common monomers, such as MMA, indicated that propaga-
tion rates can be increased or decreased (up to six orders of magnitude) depending
on the monomer/IL combination. Specific interactions such as electrostatic, disper-
sion forces, or hydrogen bonding between IL components and the reactants (methyl
radicals of the CH2 = CH(X) type) seem to play a crucial role in controlling reaction
kinetics, being protic ILs preferable to achieve the same kinetic control in free-radical
polymerizations (Low et al. 2016).

ILs have also been used as reaction media for cationic polymerization. The prop-
erties of ILs, such as viscosity and polarity, along with their tunability, can provide
an adequate environment for both the solubilization of monomers and to stabilize the
ensuing carbocations, which are essential in the cationic polymerization mechanism
(Vijayaraghavan and MacFarlane 2004,2012; Han et al. 2016). The reactions carried
out in ILs produce polymers with lower molecular weights and narrow polydisper-
sity (>2.0) than those performed in organic media (Vijayaraghavan and MacFarlane
2004,2012). Despite being shortly investigated, cationic polymerizations carried out
in imidazolium-based ILs, such as styrene, lead to similar yields and polymerization
rates to those achieved with organic solvents like dichloromethane (DCM) (Han et al.
2016).

The polymer yields achieved in ILs using several polymerization techniques for
monomers like MMA, BMA, BZMA, and St are summarized in Table 7.1, and
compared with the results obtained in volatile organic solvents under the same reac-
tion conditions. Generally, yields of polymerization are higher in IL media, partic-
ularly in conventional free-radical polymerizations. However, other yields achieved
with other polymerization processes allow observing the need to adjust reaction
conditions and reactants to obtain improved results.

Although polymerization reactions are well documented, few works deal with
polycondensation reactions and enzymatic synthesis of polyesters in IL media.
Dali et al. (2006) studied the polycondensation of glycolic acid using 1,3-dialkyl-
imidazolium ILs as alternative solvents. Nevertheless, low yields in poly(glycolic
acid) (PGA) were obtained (<38%) due to the monomer evaporation during the
reaction, since high temperatures were applied (200–240°C). The efficiency of cata-
lysts such as Zn(CH3CO2) in these alternative media was low and attributed to the
preferential interaction of Zn2+ with IL anions rather than with the polymer carboxy-
late end-groups. The synthesis of poly (L-lactic acid) (PLLA) and poly (L-lactic-
co-glycolic acid) (PLGA) has also been studied in imidazolium-based ILs medi-
ated by the enzyme lipase B from Candida antarctica at low-temperature condi-
tions (65–90°C) (Chanfreau et al. 2010; Mena et al. 2010). PLGA with high crys-
tallinity (up to 85%) and low polydispersity (<1.6) were obtained with a yield of
63% using such conditions (Chanfreau et al. 2010). Additionally, PLLA synthesized
in 1-butyl-3-methylimidazolium-based ILs presented higher molecular weights than
those synthesized in bulk or toluene as solvent. However, low yields were obtained
(35%) presumably due to the solubility of PLLAs in these ILs (Yoshizawa-Fujita
et al. 2008).
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Despite being reported in most of the described studies, the possibility of easily
isolating the polymerization products, as well as the recovery and reuse of the cata-
lysts and the IL, has been seldom addressed. When appraised, the isolation of poly-
mers from the IL is usually performed by the use of organic solvents, but the reuse of
ILs is often not assessedBenton andBrazel (2004) andRyan et al. (2004). Even so, the
fundamental knowledge acquired hitherto on the use of ILs as solvent media in poly-
merization opens the possibility to apply ILs for the development of polymer-based
drug delivery systems. In this field, efforts must bemade to designmore environmen-
tally friendly processes and to properly select the most effective and advantageous
reagents and techniques.

7.3 Applications of Ionic Liquids in the Development
of Polymer-Based Drug Delivery Systems

Drug delivery systems offer the possibility to enhance pharmacokinetic profiles and
therapeutic efficiency by improving drug permeation, offering controlled release,
and allowing the drug to reach the target site. To this purpose, a wide variety of drug
delivery systems has been explored, including solid lipid nanoparticles, nanostruc-
tured lipid carriers, micelles, and polymeric nanoparticles (Venkatraman et al. 2012),
the last option being the one in the current chapter. These polymer-based nanoparti-
cles (NPs) carrying the drug mainly comprehend particles with variable sizes from
1 to 100 nm in diameter (Venkatraman et al. 2012). The API molecules can be
dissolved, adsorbed on the surface, or encapsulated in the NPs (Kumari et al. 2014).
Severalmethods have been explored for the preparation of these systems, either based
on assembly/self-assembly processes or by reducing large particles to the nanoscale.
ILs have been explored in the development of nanoparticles for the delivery of poorly
water-soluble APIs for different therapeutic purposes. In these studies, several appli-
cations of ILs in drug delivery can be highlighted, being possible to successfully
apply ILs as solvents for the synthesis of novel polymer-based systems (Dong et al.
2008), as solvents for the solubilization of low water-soluble APIs (Júlio et al. 2020,
2019), and even as functional excipients compatible with combined therapies (Tang
et al. 2016), as summarized in Fig. 7.4. The resultant properties of nanoparticles, such
as particle size, size distribution, drug loading, and surface charge can be modulated
by the reaction medium (Vauthier and Bouchemal 2009). In this sense, the study of
polymerization reactions in IL media has been a hot topic of research.

Zhang and Zhu (2015) studied the co-polymerization of BMA, 2-hydroxyethyl
methacrylate (HEMA), and St through chain extension from a trithiocarbonate-
terminated PEG macro-RAFT agent, carried out in [C4C1im][PF6]. The resulting
block copolymers aggregated spontaneously in vesicular morphologies in IL media.
Moreover, by regulating the formulation, nanoaggregates with multiple morpholo-
gies were obtained, showing a promising method for the development of drug
delivery systems. In a different study, a water-soluble amphiphilic derivative of a
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chitosan oligosaccharide modified with linoleic acid (LCOS) has been prepared in 1-
butyl-3-methylimidazolium acetate ([C4C1im][CH3CO2]) with the goal of studying
its self-assembly in an aqueous solution (Liu et al. 2015). The degree of substitution
obtained in IL media was found to be higher than the one obtained in traditional
solvents, such as DMSO. Moreover, the LCOS prepared in [C4C1im][CH3CO2]
revealed improved surface activity and could self-assemble into nanomicelles with
better-defined spherical shape and a narrower particle size distribution (30–40 nm)
in aqueous media. Although further studies on cytotoxicity are necessary to be
conducted, the obtainedmicelles presented a high ability to incorporate poorlywater-
soluble drugs like ibuprofen (achieving 200 nm of size after the drug incorporation),
being suitable for intravenous drug delivery (Liu et al. 2015).

Dong et al. (2008) developed a new copolymer comprising poly(L-lactic acid)
(PLLA) and cellulose segments (cellulose-g-PLLA) for the delivery of pred-
nisone acetate, an anti-inflammatory drug with low water solubility. The block
copolymer was prepared using 1-butyl-3-methylimidazolium chloride ([C4C1im]Cl)
and 1-allyl-3-methylimidazolium chloride ([CH = C2C1im]Cl), respectively, as
polymer solvents. The resulting system was able to self-assemble into micelles in
water, presenting the hydrophobic PLLA segments at the core of micelles and the
hydrophilic cellulose segments in the outer shells. It was shown that these micelles
exhibit nanospheric morphology within a size range of 30–80 nm. The delivery
systems developed allowed the incorporation and controlled release of prednisone
over 7 days, without the toxicity associated with 3T3 mouse fibroblast cells (Dong
et al. 2008).
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One of the most commonly applied co-polymers in the development of nanopar-
ticles for drug delivery is poly(L-lactic-co-glycolic acid) (PLGA) (Danhier et al.
2012). PLGA is a biocompatible and biodegradable polymer, approved by the FDA
and European Medicine Agency (EMA), that further presents tunable physicochem-
ical properties appropriate for drug delivery (Bohrey et al. 2016; Zhang et al. 2006).
Júlio et al. (2020, 2019) evaluated the potential of ILs mixtures with PLGA (in the
ratio 50:50 and 75:25, lactic acid: glycoc acid) to develop IL-polymer nanoparticles
for the delivery of poorly water-soluble APIs. The ILs cholinium L-phenylalaninate
([Ch][Phe]) and cholinium L-glutaminate ([Ch][Glu]) were used for the solubiliza-
tion of rutin, a nutraceutical that displays antidiabetic, antihypertensive, and antilipi-
demic activities. The use of these ILs allowed not only incorporated higher amounts
of the API (51–76%), without toxicity to HaCat cells but also allowed its sustained
release. The nanoparticles obtained present a particle size between 250 and 300 nm,
with good polydispersity and high colloidal stability, achieving 85% of rutin release
after 72 h (Júlio et al. 2019).

In a different approach, polydopamine (PDA) particles loaded with doxorubicin
and the IL [C4C1im][PF6] were developed, aiming to provide alternative delivery
systems for cancer treatment (Tang et al. 2016). The ILwas employed as amicrowave
sensitizer, which allows combining chemotherapy by intravenous administration
and microwave thermal therapy. The antitumor efficacy of doxorubicin-loaded IL-
polydopamine nanoparticles was demonstrated in cancer cells in vitro and in vivo in
mice, after intravenous injection via tail vein. Taking advantage of the IL’s suscepti-
bility to microwave radiation, the produced nanoparticles presented a high ability to
induce the tumor’s ablation without inducing significant toxicity to healthy tissues.

Overall, the size and shape of nanoparticles are dependent not only on the degree
of substitution (Jiang et al. 2006; Kwon et al. 2003) but can also be adjusted by
the manipulation of the IL chemical structure (Rajiv Gandhi et al. 2013; Kim et al.
2016). Despite the immense potential behind the combination of ILs and polymer-
based drug delivery systems, different types of ILs and materials need to be deeply
investigated toward the development of more efficient drug delivery systems. In this
context, both the therapeutic efficacy in the target tissue and the biocompatibility of
these systems are required to be assessed if the clinical application is envisaged.

7.3.1 Polymeric Ionic Liquids in the Design
of Stimuli-Responsive Drug Delivery Systems

The complexity of biological systems and the environmental changes driven by
pathological conditions challenge the development of stimuli-responsive systems
(Alvarez-Lorenzo and Concheiro 2014). These systems require the selection of
components that can act as “sensors” of the surrounding environment, presenting
the ability to trigger the release of a certain drug. Ideally, such stimuli-responsive
excipients, like “smart” polymers, allow the drug release to occur at the target
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tissues/organs, and proper rates at the action sites (Liu and Gu 2016). Smart poly-
mers change physically or chemically in response to external stimuli, being sepa-
rated into two classifications according to the nature of the stimuli (Karimi et al.
2016). Whereas polymers responsive to physical stimuli respond to factors such as
temperature or light, those responsive to chemical stimuli respond by interactions
(hydrophobic/hydrophilic balance) between the polymer and solvent or between
polymer chains, resultant fromchanges of pH, ionic strength, amongothers (Torchilin
2014).

The growing interest in the development of alternative stimuli-responsive drug
delivery systems has drawn attention to the study of polymeric forms of ILs (PILs)
for this purpose. PILs can be prepared by the selection of polymerizable cations
or anions, resulting in a polyelectrolyte (Ohno and Yoshizawa 2005). The func-
tional materials obtained from the polymerization of IL monomers may present high
stability, processability, andmechanical strength and offer a high flexibility of design
(Appetecchi et al. 2010; Bansal et al. 2020). A variety of polymeric hydrogels and
nanoparticles has been prepared from PILs, among which acryloyl- and vinyl-based
moieties can be highlighted (structures provided in Fig. 7.5 with the schematic repre-
sentation of the preparation of stimuli-responsive systems from ILmonomers) (Green
et al. 2009).

PILs can be copolymerized with other stimuli-sensitive monomers, such asMMA
or N-isopropylacrylamide, allowing the development of new temperature and pH-
responsive delivery systems with controlled drug release properties (Rasouli et al.
2014; Bielas et al. 2019; Mahkam and Pakravan 2013). Yu et al. (2013) polymerized

Cl-Br-

Acryloyl-based Vinyl-based

X=

X=X=

Polymerization

PILs

+ monomer
( eg. MMA, NIPAAm, etc)

Stimuli-responsive
system

+-

+-

+-

+-

+-

+-

+ -
Cation Anion

IL monomers

X-

Fig. 7.5 Schematic illustration of the preparation of stimuli-responsive systems from acryloyl- and
vinyl-based IL monomers and respective structures used in the preparation of copolymer-based
delivery systems
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a new IL monomer, 2-(methacryloyloxy)ethyl choline phosphate, by direct ATRP
at room temperature with 100% functionalization. The obtained polymer presented
high solubility in water and in vitro biocompatibility toward human red blood cells.
The obtained polymer presents a promising application in tissue sealant formula-
tions, and due to its ability to be rapidly taken into the cell’s cytoplasm, appealing
drug delivery options can be envisaged. More recently, copolymers based on the ILs
[2-(methacryloyloxy)ethyl]trimethylammonium cation, with chloride, salicylate, or
bis(trifluoromethanesulfonate)imide anions and MMA were synthesized by ATRP,
and their characteristics were evaluated (Bielas et al. 2016). The IL monomer anion
seems to present a variable influence on the thermal properties of the resulting poly-
mers. Likewise, the polymer morphology can be adjusted by the introduction of
a proper counterion. Such studies opened the possibility to correctly design PILs
containing ammonium moieties to include pharmaceutical anions in their composi-
tion, allowing the development of novel polymer-based drug delivery systems such
as a tissue sealant biomembrane.

Oral drug delivery is themost widely used andmost readily accepted route of drug
administration (Homayun et al. 2019). However, these formulations present some
drawbacks to be tackled, such as the poor drug stability in the gastric environment,
the low solubility and/or bioavailability of the API itself, and the drug absorption
across biologicalmembranes. Toovercome such limitations, the studyof nanoparticle
formulations based on PILs and copolymers has been recently expanded. Promising
systems in this field are summarized in Table 7.2. The synthesis of PILs from
cholinium-based ILs containing polymerizable moieties through ATRP processes
has been explored and applied to drug delivery, with promising ability to control
their release profiles (Bielas et al. 2016).

The oral delivery of low-water soluble drugs such as naproxen, using pH-sensitive
PIL-based nanocarriers, has been attempted (Hosseinzadeh et al. 2012;Mahkamet al.
2015). Two IL monomers, namely 1-(4-vinylbenzyl)-3-methylimidazolium hexaflu-
orophosphate and 1-(4-vinylbenzyl)-4-(dimethylamino)pyridinium hexafluorophos-
phate, have been synthesized and opolymerized with methyl styrene (Hosseinzadeh
et al. 2012). These copolymers were synthesized by free-radical polymerizations
at 70 °C using AIBN as initiator and then loaded with naproxen. The amount of
drug loading increased with increasing positive charge densities, resulting from the
increasing ratio of the IL monomer. A controllable release of naproxen was obtained
according to the pH of the medium, being able to target the intestine for drug release.
The release rate decreased at pH 2–6 but increased at pH > 7 at the body’s temper-
ature. Thereby, the release of naproxen is dependent on the hydrolysis rate. By
increasing ionic strength at pH > 6, the diffusion of the hydrolyzing agents on the
polymer is increased and so the release of theAPI. In a different approach, cholinium-
derivatives have been applied in the development of pH-responsive nanogels for the
delivery of 5-fluorouracil, an anticancer drug (Mukesh et al. 2014). To this purpose,
choliniumacrylatewas polymerized N,N-methylene-bis-acrylamide as cross-linking
agent. The obtained nanogels allowed the drug release at the stomach pH (pH
= 1.2), over 10 days at human body temperature (37 °C). Despite the promising
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systems developed through these methods, further studies on the cytotoxicity, phar-
macokinetics, and therapeutic efficacy are still necessary to envision their applica-
tion in a clinical context. Such examples state the need for a correct design of these
systems, relating the APIs’ therapeutic effect with its local absorption.

Due to the changes in the environment of biological systems under pathological
conditions, temperature- and/or pH stimuli-responsive polymers have been widely
investigated (Cayre et al. 2011; Zhu et al. 2010). Poly(N-isopropylacrylamide) is an
example of awell-knownmaterialwith biomedical applicationowing to the reversible
thermoresponsive phase transition (lower critical solution temperature, LCST, of
32°C) (Heskins and Guillet 1968). However, the low LCST and its low drug-carrying
ability limit the extensive application of this polymer. To improve these characteris-
tics and offer a more efficient drug delivery to a target site, N-isopropylacrylamide-
based copolymers containing IL monomers have been prepared (Seo et al. 2014;
Cui et al. 2012). For this purpose, Seo et al. (2014) reported the preparation of a
copolymer with 1-butyl-3-vinylimidazolium bromide and N-isopropylacrylamide.
Temperature-dependent micelles were obtained, with highly increased zeta potential
values and optimal LCST (>38˚C) in comparison to those obtained without the ionic
moiety. The new delivery system allows the release of charged compounds at 38–
42°C,without significant toxicity to human embryonic kidney cells (BSAproteinwas
used as a model compound). Cui et al. (2012) reported the possibility to produce a
polymeric system that combines both temperature- and pH-stimuli, for a more effec-
tive delivery of doxorubicin, an anticancer drug. Ionically assembled nanoparticles
were prepared through the copolymerization of 1-ethylvinylpyridinium bromide and
N-isopropylacrylamide. The obtained nanoparticles were able to release the API
at lower pH values (pH = 5.2) and high temperatures (above 37 °C), accordingly
with pathological conditions, as shown in Fig. 7.6. Moreover, drug-loaded particles
exhibit biocompatibility and inhibitory effect on cell growth.

The combination of the advantages of ILs and responsive polymers represents
a relevant progress in drug delivery. The works reported hitherto with these delivery
systems present improved and more tunable performance than common polymeric
systems. Nonetheless, to correctly design thesematerials, the interactions between IL
monomers and copolymerization monomers must be better clarified. The number of
APIs incorporated in PILs-based systems is still low, and to understand the possibility
of modulating the respective release profiles distinct pharmacological classes need
to be studied. Different ILmonomers must also be explored and the final cytotoxicity
of these systems must be carefully evaluated to produce competitive biocompatible
delivery systems.

7.4 Conclusions and Future Perspectives

Given the works critically reviewed here, ILs seem to hold promise as polymers
reaction media and as additives in the development of drug delivery systems, as well
as as (co)monomers in applications of PILs as stimuli-responsive systems. Several
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Fig. 7.6 Schematic illustration of the pH and thermal responsive behavior of the IL-based
nanoparticles and respective release profile of doxorubicin (adapted from Cui et al. (2012))

works showed that ILs are promising alternatives to organic solvents for polymeriza-
tion processes to occur. In this field, conventional and reversible-deactivation radical
polymerizations processes have been applied for the production of several poly-
mers. Polymerizations in ILs media showed enhanced yields and kinetic profiles.
Efforts have been devoted to understand the mechanisms behind such differences,
being radical protection and the ILs viscosity mainly highlighted. Nonetheless, the
knowledge regarding the polymerization mechanisms in IL media is far from being
complete. Furthermore, the influence of the IL structure and the selection of the
correct polymerization agents and initiators should be further investigated. In this
field, more sustainable processes need to be designed as well, encompassing the
recovery of the polymer, as well as of the catalysts and IL media for further reuse.
Rather than providing new examples of processes that are possible to be performed
in IL media, research of the application of these systems to a specific purpose or
attempting to unveil new insights in polymerization processes that enable their correct
application seems to be a priority.

The drug delivery systems resulting from IL-polymer combinations have been
expanded. ILs have enabled the design of nanosystems for the delivery of several
APIs and aiming for different administration routes. The application of these solvents
is compatible with different strategies in the development of (bio)polymer-based
systems and has enabled to obtain controlled release. New IL-polymer combinations
and understanding how to control the size and morphology of the nanoparticles
will allow improving the design of these systems. Also, the physical stability of
these systems and the stability of APIs in these nanoparticles need to be explored.
However, problems of cytotoxicity exhibited by many nanoparticles hinder their
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application in the biomedical field. Therefore, the synthesis route and the design of
IL-based nanoparticles loaded with drugs should contribute to minimizing the side-
effects observed with conventional polymeric systems. In this vein, the in vivo study
of these delivery systems and their therapeutic efficacy must be addressed if their
clinical application is intended.

The recent application of PILs in the fabrication of multi-responsive systems
highlights the versatility of the use of ILs in drug delivery and allows the possibility to
obtain site-specific and target-oriented delivery of APIs. In this field, it is mandatory
to gather systematic knowledge to be able to fully design the performance and stimuli-
responsiveness of these delivery systems towards target medical applications. Much
is yet to be understood in the interactions between ILs and polymers and ILmonomers
and multi-responsive systems.

Although there is a long path ahead, the possibilities investigated so far open
a window of opportunity for novel, efficient, and designed drug delivery systems,
where ILs seem to be a promising tool.
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Chapter 8
Design and Selection of Ionic Liquids Via
COSMO for Pharmaceuticals
and Medicine

Huma Warsi Khan, Amal A. M. Elgharbawy, Azmi Bustam,
and Muhammad Moniruzzaman

Abstract Ionic liquids (ILs) have been used significantly in pharmaceutics and
medicine because of their exceptional “green” properties and tailor-made physico-
chemical and biological properties. ILs can dissolve many important drug molecules
at ambient conditions, which are sparingly soluble in water and other conventional
organic solvents. However, the selection of potential ILs from thousands of anion–
cation combinations is quite challenging. To address this limitation, various computa-
tion methods have been used to screen appropriate ILs for solubility and applications
of a specific drug molecule. Among those methods, the conductor-like screening
model (COSMO)—a continuum solvation model based on quantum chemistry—is
found remarkably effective in screening suitable ILs for pharmaceutical applications
due to its excellent capability in predicting physical and chemical properties. The
advantage of these optimizing tools is that only the molecular structure is enough
for prior predictions. Solubility, activity coefficient, selectivity, free energies, parti-
tion coefficient, and octanol–water coefficient are few properties that can be easily
predicted. This chapter presents a detailed discussion on the COSMO screening of
cations and anions of ILs for various applications and highlighting the advantages
of this predictive tool.
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Abbreviations

AAD Average absolute deviation
ACid Activity coefficient at infinite dilution
ACV Acyclovir
AMT Amitriptyline
API Active pharmaceutical ingredients
BP Becke and Perdew
COSMO-RS Conductor-like screening model for real solvents
COSMO-SAC Conductor-like screening model-segment activity coefficient
CYANEX Trialkylphosphine
CYPHOS 105 Tetradecyltrihexylphosphonium dicynamide
CYPHOS 109 Tetradecyltrihexylphosphonium bistriflamide
DCP Dichlorophenol
DDT Dichlorodiphenyl trichloraethane
DES Deep eutectic solvents
DFT Density functional theory
DHA Docosanohexaenoic acid
DLLME Dispersive liquid–liquid microextraction
DMSO Dimethyl sulfoxide
DTZ Diltiazem
EPA Eicosapentaenoic acid
ETO Etodolac
GMV Gamavuton-0
GSEq General solubility equations (GSEq)
HBA Hydrogen bonding ability
HBC Hydrogen bonding capacity
HSP Hansen solubility parameter
ILs Ionic liquids
LA Lactic acid
LLE Liquid–liquid equilibrium
MSD Mean square deviation
NRTL Non-random two-liquid model
RMSD Root mean square deviation
RMSE Root mean square error
SLE Solid–liquid equilibrium
TCP Trichlorophenol
UNIFAC Universal Quasi-Chemical Functional Group Model
UNIQUAC Universal Quasi-Chemical Model
VLE Vapor–liquid equilibrium
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Cations

[BDMAAm] Benzyldimethylalkylammonium
[BGu] Benzyl-1-butylguanidinium
[BMIm] 1-Butyl-3-methyl imidazolium
[BMPip] 1-Butyl 3-methylpiperidinium
[BMPy] 1-Butyl-3-methylpyridinium
[DMIm] 1-Decyl-3-methylimidazolium
[DMPh] Dimethylphosphate
[EMIm] 1-Ethyl-3-methylimidazolium
[EMPy] 1-Ethyl-3-methylpyridinium
[HMIm] 1-Hexyl-3 methyl imidazolium
[HTDPh] Hexyltridecylphosphonium
[MAm] Methylammonium
[OMIm] 1-Octyl-3-methylimidazolium
[TBPh] Tetrabutylphosphonium
[TOAm] Trioctylammonium

Anions

[AlCl4] Aluminium tetrachloride
[Br] Bromide
[Cin] Cinnamate
[Cl] Chloride
[ClO4] Perchlorate
[Ffm] Flufenamicate
[Lac] Lactate
[Ntf2] Bis(trifluoromethylsulfonyl)imide
[Oct] Octanoate
[Otf] Trifluoromethanesulfonate
[PF6] Hexafluorophosphate
[Sa] Salicylate
[TBP] Tributylphosphate
[TOA] Trioctylamine
[Tos] Tosylate
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8.1 Introduction

Pharmaceutical companies experience many challenges in the development of drug
formulation and delivery of many newly invented compounds due to their poor solu-
bility, bioavailability, stability, and polymorphic conversion (Adawiyah et al. 2020).
These drawbacks are further exacerbated when drug molecules are insoluble or spar-
ingly soluble in water and most pharmaceutically accepted organic solvents. It is
reported that many newly invented drugs never reach the formulation process due to
their solubility in conventional solvents (Stefanuto et al. 2020). Generally, conven-
tional solvents/agents are used as solubility enhancers, including acetone, pyridine,
and dimethyl sulfoxide. However, the recovery and reuse of such organic solvents
are tough and cumbersome, leading to environmental hazards. In addition, the use of
a huge amount of such organic solvents to formulate drugs may result in detrimental
effects on human health and ecosystems.

Ionic liquids (ILs)—referred to as “architect solvents”—have been emerged as
a solvent or material, or both, in many applications, including pharmaceutics and
medicine due to their exceptional properties consisting of the combination of “green”
properties with tunable physicochemical and biological properties. In fact, low vapor
pressure, high melting point, thermal stability, and inflammability are the excellent
characteristics that make them ideal for various applications in almost every sector.
They are also known as environmentally friendly or “green solvents” because of their
lower environmental impact and low toxicity (Claus et al. 2018). Since there is a pool
of million ILs, the experimental detection of ILs with excellent dissolving proper-
ties is extremely challenging. The quantity of the drug is also limited in the early
formulation phases, so it is not recommended to experimentally assess the solubility.
Solubility prediction for pharmaceuticals is necessary for designing, separation, and
purification (Wichmann et al. 2019). As a result, in the early formulation develop-
ment, computational methods are the most effective way to find suitable ILs for any
specific drug. The use of predictive simulation methods, such as the conductor-like
screeningmodel for real solvents (COSMO-RS) andCOSMO-SAC, is an appropriate
approach to screen the ILs. This simulation tool predicts solubility, activity coeffi-
cient at infinite dilution (ACid), capacity, selectivity, solvation energies, and bonding
energies of the associated drug molecules under study (Loschen et al. 2015).

This chapter aims to highlight the advances of using COSMO predictive tools
to screen the suitable ILs for pharmaceuticals and medicine. The screened ILs can
be used to enhance the solubility of drug molecules, in delivery, formulation, and
recovery of drugmolecules. COSMOmakes these predictions assessing the chemical
potential and calculating thermodynamic property’s, reaction energies, enthalpies,
etc. In addition, this chapter addresses COSMO-RS, COSMO-SAC, COSMO-EOS
studies used to screen ILs, DES, and API-ILS to improve the solubility of different
drug molecules.



8 Design and Selection of Ionic Liquids … 141

Fig. 8.1 Conventional solubility prediction methods

8.2 Solubility-Predicting Parameters and Tools

To screen the suitable solvents, the predictive methods used were based upon prag-
matic parameters. These parameters include the ionizing power of solvent, solvent
polarity, solvation behavior, and free enthalpy of reactions (Reichardt 1965). These
techniques are restricted to non-polar and slightly polar solvents, whereas they are
not efficient for polar solvents. The Hansen solubility parameter was designed to
address these disadvantages (Taft et al. 1976). Figure 8.1 shows the conventional
solubility prediction methods along with the parameters of the study. In addition,
new predictive models such as the non-random two-liquid model (NRTL), universal
quasi-chemical model (UNIQUAC), and universal quasi-chemical functional group
model (UNIFAC)were used for the selection of various conventional solvents (Klamt
2008). Table 8.1 shows the models used for prior predictions and their drawbacks.
These models were efficient for the prediction of experimental data but were ineffi-
cient in computing the solute–solvent interactions (Klamt 1995). Hence, there was
a need for advanced computational methods with better predicting ability. One such
predictive tool is conductor-like modeling (COSMO).

8.3 COSMO: An Efficient Predicting Tool

Conductor-likemodeling (COSMO) is completely based onquantumchemical calcu-
lations. The various models include conductors like modeling for real solvents
(COSMO-RS) and conductor-like modeling segment activity coefficient (COSMO-
SAC). Additionally, the equation of state (EOS) was incorporated into COSMO-RS
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Table 8.1 Conventional predicting models

S. No Model Name Advantages Disadvantage Reference

1. NRTL-SAC 1. Very efficient to
predict the
experimental results

2. Gives an insight of
the molecular
interactions

1. Large experimental
data required

2. Time-consuming

Diedenhofen et al.
(2010)

2. UNIQUAC 1. Efficient for the large
experimental
available data

Large experimental
data needed
Evaluates interaction
based on functional
groups

Alevizou et al.
(2014)

3. UNIFAC 1. Fast and accurate
2. Can be used for a

wide range of
functional groups

Limited number of
combinations can be
predicted at particular
time.
Unable to predict the
hydrogen bonding
ability
For lesser values of
solubilities (<0.5), it is
inefficient

Bouillot et al.
(2011)

and COSMO-SAC. Figure 8.2 shows the COSMO and its applications in various
sectors employed for the selection of solvents. Box 8.1 shows the advantages of
COSMO.

Fig. 8.2 COSMO tools
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Box 8.1 Advantages of COSMO over conventional predicting tools
The use of COSMO is beneficial as it has following advantages as compared to conventional
methods:
1. The only key in information needed is the molecular structure for the drug molecule and the

solvents under the study.
2. Minimum adjustable parameters required for computation.
3. Gives the real insight of the interaction between solute and solvent.
4. Able to provide the intermolecular interaction associated with the bonding nature particularly

hydrogen bonding.
5. Very helpful in the synthesis of new ILs for specific application.
6. Can evaluate various parameter for thousands of ionic combinations in a day.
7. Enormous cation-anion combinations can be estimated using only the structural ion files in

COSMO

8.3.1 COSMO-RS

COSMO-RS is an efficient method widely used for finding the solubility and other
properties of molecules. It can also be termed as “property explorer” as it is advan-
tageous in predicting the properties of innumerous solvents and solutes. The appli-
cation extends to solvent screening, liquid–liquid equilibrium (LLE), vapor–liquid
equilibrium (VLE), solid–liquid equilibrium (SLE) studies, thermodynamic prop-
erty calculation for drugs, organic solvents, ionic liquids, hydrocarbons, and deep
eutectic solvents (DES) (Khan et al. 2020) (Hilmy et al. 2020).Additionally, COSMO
provides significant results for evaluating the enthalpies, bonding energies, heat of
reaction, and heat of fusion, which help in designing a hazard preventive process
design (Wichmann et al. 2019). It has been used in chemical, petrochemical, agro-
chemical, pharmaceutical, and biochemical industries. Figure 8.3 shows the various
properties that can be evaluated using COSMO-RS. COSMO-RS has been prac-
ticed in the pharmaceutical industries to predict the solubility of drug molecules, to
screen solvents for drug development and processing, prediction of free energies for
the reaction occurring in solutions, as well to screen cocrystals. In the design and
production of drugs, solubility prediction is important because compounds in the
early design process are often virtually taken into account by computational design
methods (Wichmann et al. 2019).

In COSMO-RS calculation, the solute (drug molecule) is placed in the cavity
formed in molecular form and the surrounding solvent is considered as a continuum.
COSMO uses scaled conductor boundary conditions instead of using the dielectric
boundary conditions and takes place in the ideal conductor. In the conductor, which
is the reference state for COSMO-RS calculation, the solute electron density and
geometry are thus converged to its energetically ideal state. The resulting surface
screening charge densities “σ”, energy is stocked up in the COSMO files (Dieden-
hofen et al. 2010). Sigma surface is represented in the form of colors red, blue,
and green. These colors signify the negative, positive, and neutral sites on the drug
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Fig. 8.3 COSMO-RS property prediction desktop view version COSMOtherm 18.0

molecule (Khan et al. 2020). The solvent is viewed as a mixture of interactive surface
segments COSMO. In terms of screening charge densities σ and σ’ in the respective
surface segments, the interaction energies of surface pairs are defined.

These results are used for further COSMO predictions σ (σ acceptor) and σ′ (σdonor),
if the sections belong to H-bond donor or acceptor atom. The σ profile and poten-
tials depict the H-bonding nature of the molecule under study (Diedenhofen et al.
2010). In COSMO-RS, the IL can be defined as the mixture of cation and anion, and
calculations are made distinctly.

A study was conducted to evaluate the solubility of 31 pharmaceuticals consid-
ering sigma profiles. The sigma profiles gave an idea about the nature of bonding and
this helped select appropriate solvents for the molecules under consideration. The
results were further used in the determination of QSPR (Niederquell et al. 2018).

Hydrogen bond energy EHB, misfit EMF, and van der Waal energy EvdW are the
interaction energies that tell us about the bonding nature of molecules (Diedenhofen
et al. 2010). These can be represented as:

EMF=αe f f

α
′

2
(σ + σ ′)2 (8.1)
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EHB=αe f f CHBmin(0;min(0; σdonor + σHB)max (0; σacceptor − σHB) (8.2)

EvdW = αe f f (τvdW + τ ′
vdW ) (8.3)

α′ = an interaction parameter.
αeff = the effective contact area.
CHB = strength of hydrogen bond.
σHB = hydrogen bonding cutoff.
τvdW = interaction parameter for a specific element.
Using these interaction parameters, the chemical potential is calculated which is

further used in the estimation of ACid. The chemical potential and ACid is evaluated
using the following equation:

μX
S = μX

C,S +
∫

PX (σ )μS(σ )dσ (8.4)

Thermodynamic properties can be derived using Eq. 8.5. The activity coefficient of
component “i” is strongly linked with solute’s affinity and can be obtained by defini-
tion from the values of chemical potential in the mixture and pure state (Paduszyński
2017):

γ = exp

(
μ − μ0

RT

)
(8.5)

μ = chemical potential of the solvent.
μ0 = chemical potential in a compound.
The capacity is defined as the amount of IL needed for the removal of solute from

solution during extraction (Rashid et al. 2018).

C∞
12 =

(
1

γ ∞
1

)IL phase

(8.6)

The selectivity is defined as the ratio of the amount of solute IL-rich phase to the
amount in the aqueous phase (IL lean phase) (Paduszynski 2017)

S∞
12 = γ ∞

2

γ ∞
1

(8.7)

Subscripts 1 and 2 refer to water and the solute (target solute), respectively.
The higher the capacity, the lesser is the amount of IL required. Likewise, selec-

tivity reflects the extraction ability of the IL understudy for the recovery of the drug
molecule. For the IL selection capacity and selectivity, values must be high whereas
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ACid must be as low. Another important property that is sufficient to determine
the potency of IL is the performance index (PI). It is the product of capacity and
selectivity and can be represented by equation

P I = C∞
12 ∗ S∞

12 = γ ∞
2

γ ∞2
1

(8.8)

ACid, capacity, selectivity, and PI are enough to determine the potency of IL for its
selection as a carrier (Khan et al. 2020).

Using COSMO-RS, the bonding energies and thus excess enthalpies can be
predicted. In the evaluation of the energetic contributions of all possible unique inter-
actions formed by each species and their contribution to the total excess enthalpy,
excess enthalpy is important (Gonfa et al. 2018). Excess enthalpy is advantageous to
estimate the strength of solvent–drug molecule interaction in the mixtures. Further-
more, it also gives an idea about the cocrystal formation (Loschen et al. 2016). In
COSMO-RS it is represented as follows:

HE
m = HE

m,MF + HE
m,HB + HE

m,vdW (8.9)

where
HE

m =mixture excess enthalpy.
HE

m,MF=misfit energy.
HE

m,HB=hydrogen bonding energy.
HE

m,vdW=van der Walls energy.
Table 8.2 shows some of the studies that used COSMO-RS for selecting solvents

for pharmaceuticals.
Quantum calculations are to be performed on the basis of density functional theory

(DFT) using resolution identity approximation. The energy calculations have to be
accomplished using Becke and Perdew (BP) functional and triple-zeta valence polar-
ized basis. For each molecule solvent (ILs) or solute (drug molecule), the quantum
calculations are to be performed separately (Diedenhofen et al. 2010). The quantum
calculations initially can be performed using various packages such as TURBO-
MOLE (TMOLE-X), DMOL3, GAMESS, etc. Once these calculations are made the
results are stored asCOSMOfiles. Further estimations aremade usingCOSMOtherm
software. Figure 8.4 shows the step-by-step calculation procedure using the COSMO
tool.

8.3.1.1 COSMO-RS in ILs Screening

ILs are composed of cation and anion. Figure 8.5 denotes the IL representation on
COSMO-RS. Initially, the IL is treated as a compound consisting of σ-profiles, area,
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Table 8.2 Application of COSMO-RS in pharmaceuticals

S. No. Drug name Solvent/ILs Finding Reference

1. Quercetin
Curcumin
Gallilic acid

DES
(combination of
cholinium
chloride and
xylitol)

Positive
correlations (+5)
between
predicted
COSMO results
and Pearson
correlation
analysis were
observed

Oliveira et al.
(2020)

2. Alverine [Alv][Tos]
[Alv][Sa]
[Alv][cin]
[Alv][Oct]
[Alv][amp]
[Alv][ffm]

The predicted and
experimental
results were quite
close with an
error of ± 0.27

Stefanuto et al.
(2020)

3. 5-Hydroxymethylfurfural Conventional
solvents

RMSE was found
to be 2.85%
between COSMO
and experimental
values

Esteban et al.
(2020)

4. Gamavuton-0 Conventional
solvents

Both
experimental and
COSMO results
showed that
GMV possesses
two pKa values

Kurnia et al.
(2019)

5. Ibuprofen
Cinnarizine
Naproxen
paracetamol

API-DES RMSE of 1.042
was observed
between
experimental and
COSMO-RS
solubility

Palmelund
et al. (2019)

6. Cyclosporin
Loratadine
Simvasatin Zafirlukast

Conventional
solvents

R2 value for
COSMO and
observed results
was found to be
0.855

Niederquell
et al. (2018)

7. Acyclovir Biodegradable
ILs

The experimental
and predicted
results differ only
by 7%

(Lotfi et al.
2017)

8. Aspirin
Paracetamol
Ibuprofen

Conventional
solvents

RMSE of 4.98%
was observed for
COSMO-RS
results

(Hahnenkamp
et al. 2017)

(continued)
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Table 8.2 (continued)

S. No. Drug name Solvent/ILs Finding Reference

9. Methotrexate [TMAm][Ac]
[TMAm][Cl]
[TMAm][Br]

- (Lotfi et al.
2016)

10. Danazol Conventional
solvents

The predicted and
experimental
solubility results
were in good
agreement

(Pozarska et al.
2013)

11. Phenol Cyanex 923
TBP
TOA
[CYPHOS 105]
[CYPHOS 109]

KD
sim and KD

exp

were in good
correlation with
each other

(Burghoff et al.
2008)

12. Diclofenac DMSO The predicted and
experimental
results were
satisfactory

(Zilink et al.
2007)

13. Aspirin
Caffeine
Mannitol etc.

Conventional
solvents

The results were
helpful in
predicting the
solubility of
drugs and carry
out the study
further

(Ikeda et al.
2005)

and volumeof the ions involved. Then the calculations aremade in the formof cation–
anion pair at the COSMO level. But in COSMO-RS calculation the ions are supposed
to form a neutral mixture [e.g. [TMAm][Cl][(50:50)]. Taking into consideration
lactic acid (LA) as model drug molecule, [TMAm][Cl] as IL in COSMO calculation.
Initially, the COSMOfiles for IL and LA are generated using TMOLE-X. The further
calculation was performed using the COSMOtherm software (version 18.0.2).

After inserting the files into COSMOtherm, COSMO predictions by σ-surface
and σ-profiles are made. The σ-profiles help in predicting the chemical nature of
the molecule. The σ-profiles in the form of histograms depict the surface charge
densities and polarity of the solute (Diedenhofen et al. 2010). Also, it gives an insight
into the bonding nature and can be used for the determination of thermodynamic
properties (Rashid et al. 2018). Figure 8.6 shows the σ-surface of the LA molecule
(model compound) along with σ-profile. It reveals that LA consists of both positive,
negative, and neutral sites, i.e., it can behave both as HBD and HBA nature. σ-profile
is divided into three segments σ < 1.0 e/nm2, σ > 1.0e/nm2, and –1.0 < σ < 1.0
e/nm2 signifying HBD, HBA, and neutral region (Khan et al. 2020). The HBD sites
will be attracted toward HBA ILs while HBA sites toward HBD ILs. This trend is
visible in Fig. 8.7 depicting the σ-potential of the LA molecule. These results are of
great help in selecting suitable cation–anion combinations for the formation of ILs.
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Table 8.3 COSMO-SAC in pharmaceuticals

S. No. Drug molecule Solvents/EOS Parameter evaluated Reference

1. Thioglycolic acid [OMIm][Otf]
[OMIm][ClO4]
[OMIm][PF6]
[OMIm][AlCl4]

RMSD was found to
be less than 1%

(Zhou et al. 2018)

2. Paracetamol
Testosterone
Benzil etc.

Conventional
solvents

RMSE was found to
be 0.76–0.78

(Shu et al. 2011)

3. Fragrances Alcohol
Ketones
Ether

AAD using
COSMO-SAC and
experimental was
found to be
0.26–10.08%

(Xavier et al.
2020)

4. Ibuprofen
Paracetamol
Benzoic acid
Salicylic acid
4-Aminobenzoic
acid
Anthracene

Polar solvents MSD was found to be
29–64%

(Bouillot et al.
2013)

5. Paracetamol ILs RMSD was found to
be 0.65 between
predicted and
COSMO results

(Lee et al. 2017)

6. Ibuprofen
Acetaminophen
Benzoic acid
Salicylic acid
4-Aminobenzoic
acid

Conventional
solvents

RMSE of 1.9 was
observed using
COSMO-SAC results

(Bouillot et al.
2011)

After selecting cations–anions for the screening, property calculation can be carried
forward.

Solubility prediction using COSMO-RS

To estimate the solubility SX
S of a liquid compound in solvent S, the data required

only the chemical potential of the compound in a solvent and its pure state. The
chemical potential in a solvent and pure liquid is represented by μX

S and μX
X . The

logarithmic of solubility is represented by Eq. 8.10 (Wichmann et al. 2019):

logSX
S = log

(
Molwt.XρS

Molwt.S

)
− ln(10)

kT
�X

S (8.10)

where
ρ=density of solvent.
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Fig. 8.4 Step-by-step COSMO procedure for property prediction in pharmaceuticals

Fig. 8.5 COSMO-RS IL representation
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Fig. 8.6 σ-surface and
σ-profile of the lactic acid
molecule

Fig. 8.7 σ-Potential of the
lactic acid molecule

�X
S =difference in the chemical potential.

Equation 8.10 is used to predict the solubility of the drug molecule.
Drugs are mostly solid at room temperature. The difference in phase transition is

expressed by the Gibbs energy of fusion �G f us . For solids solubility is given by the
following equation 8.11:
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logSX
S = log

(
Molwt.XρS

Molwt.S

)
+ ln(10)

kT
[−�X

S − max
(
0,�GX

f us

)] (8.11)

For solids �GX
f us is positive whereas for liquids �GX

f us is negative. Macro drug
molecules will have greater �GX

f us than the smaller ones (Wichmann et al. 2019).
Additionally, the relative solubility of drug molecules can be predicted directly

using COSMOtherm software without any alterations. COSMO calculations for the
drug molecule can be achieved even when the compound is not available in the
laboratory. Melting point and free energy fusion of �H f us can be obtained using
differential scanning calorimetry (DSC). �GX

f us can be calculated using Eq. 8.12 :

�G f us(T ) = �H f us

(
1 − T

Tmelt

)
(8.12)

A recent study carried out the synthesis of alverine-based API-ILs. COSMO-
RS was employed to screen suitable anions for the IL combinations. The screened
pairs were coupled with alverine to form API-ILs. The synthesized API-ILs were
found to have high solubility as compared to alverine. [Av][Tos] proved to be highly
soluble in water (Stefanuto et al. 2020). In another study, the solubility of 51 drug
molecules in lipase-based solvents and their mixtures in glycerides using COSMO-
RSwas predicted. Significant results were observed for most of the drug components
except formacromolecules in long-chain triglycerides (Alsenz et al. 2019). Solubility
of mefenamic acid was predicted in conventional solvents using COSMO-RS. The
results conclude that HB was dominant in predicting the solubility of MFA (Abdul
Mudalip et al. 2019). Solubility of ACV was predicted in biodegradable and non-
toxic ILs using COMSO-RS. ILs diethylammonium acetate and triethylammonium
showed enhanced solubility of ACV (Lotfi et al. 2017).

Additionally, COSMO-RS prediction for 18 APIs and 240 cation–anion combina-
tions for ILs was carried out to carry the solubility studies. The results were evaluated
on the basis of the hydrogen bond (donor/acceptor) nature of APIs. The authors
concluded that for hydrogen bond donor (HBD) APIs, hydrogen bond acceptor
(HBA) ILs were found to be favorable and vice versa (Kruse et al. 2016). A study
on predicting the solubility of MTX was completed using COSMO-RS. The results
suggest that type of anion was dominant upon the solubility of MTX (Lofti et al.
2016). In another study, COSMO-RSwas applied to screen solvents particularly to be
used for the early stages of drug formulation for seven drug molecules. COSMO-RS
results were very effective in the selection of solvents for drug formulation (Pozarska
et al. 2013).

The traditional way to predict the solubility of drug molecules is the prediction
of the octanol/water coefficient KO,W . When pharmaceutical compounds dissolve in
two immiscible liquid phases containing octanol andwater, the components distribute
between two phases. The distribution of component i between two phases, octanol
(O) and water (W) at infinite dilution, measured by partition coefficient is as follows
(Hsieh et al. 2011):



8 Design and Selection of Ionic Liquids … 153

K O,W
i = xO

i

xWi
= γ W

i

γ O
i

(8.13)

Therefore, the octanol/water partition coefficient for component i was defined as
follows (Hsieh et al. 2011):

logKO,W,i = log

(
CO,Wγ

W,∞
i

CO,Oγ
O,∞
i

)
(8.14)

where
xO
i = mole fraction on the octanol-rich phase.
xWi = mole fraction in the water-rich phase.
γ W
i = ACid in the water phase.

γ O
i =ACid in the octanol phase.

CO,W = concentration in the water-rich phase.
CO,O=concentration in the octanol-rich phase.
KO,W is a widely used parameter in the initial predictions of solubility. If the

solvent (conventional/IL/API-IL/DES) possesses a value greater than 1, it indicates
that the drug molecule would be soluble in the organic phase rather than water
and vice versa (Stefanuto et al. 2020). Furthermore, to investigate the solubility
of ILs derived from the highly insoluble drug ampicillin, KO,W was evaluated. The
derived ILs with enhanced solubility were employed in the formulation of antibiotics
possessing similar functions as ampicillin (Florindo et al. 2013). In another study
KO,W was predicted for the drugs possessing acidic groups. The results conclude that
even a minute change in the concentration of salt can affect the KO,W significantly
(Ingram et al. 2011).

COSMO-RS can be used to predict the equilibrium results for LLE/VLE/SLE
etc. It is used for predicting ILs as an extractant for drug molecules. In a recent
study, COSMO-RS was used to screen 800 cation–anion combinations forming ILs.
The results suggest that trioctylammonium [TOAm] with long-chain anions was a
better extractant for phenol (Khan et al. 2021). Another study was carried out for the
removal of lactic acid (LA) from aqueous streams. In this work, 140 cation–anion
combinations were screened. The results suggest that quaternary ammonium cation
[TMAm] along with [SO4], [Ac] anions are promising extractants for LA extraction
(Khan et al. 2020). COSMO-RS was used for the screening of docosahexaenoic acid
(DHA) from microalgae. A total of 352 different cation–anion combinations were
used to screen the potential IL combination. The results suggest that quaternary
ammonium along with hydrophilic anions such as SO4 and Cl are potential for the
extraction of DHA (Motlagh et al. 2020). In a similar work, ILs were screened for
the extraction of eicosapentaenoic acid (EPA) from microalgae. The results suggest
that non-aromatic cations along with non-coordinating anions were favorable for the
extraction of EPA (Motlagh et al. 2019).

Screening of ILs for the extraction of β-carotene was carried out using COSMO-
RS. The authors conclude that [Ac]-based ammonium ILs are very promising for the
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extraction of β-carotene (Rajabi et al. 2017). COSMO-RS screening was carried out
for the extraction of methylxanthines from plants. A total of 874 IL combinations
comprising different cations and anions were screened to select the potential one
with the best extraction efficiency (Jelinski et al. 2017). In another study, ILs for
the extraction of DDT were screened. In total, 1015 IL combinations were screened
using COSMO-RS. The results show that non-aromatic cations prove better extrac-
tants (Pilii et al. 2012). In a similar study, screening of ILs for the extraction of
monoethylene glycol (MEG) was done. COSMO-RS was employed to predict the
σ-profile, selectivity and distribution coefficient to screen the best IL for extraction
(Chavez et al. 2012). In another work with a similar objective for the extraction of
cresol, 360 IL combinations were screened. It was observed that ILs with long alkyl
chains gave better selectivity and hence are favorable to be used as extractants (Kumar
et al. 2011). COSMO-RSwithmolecular dynamicswas used for the screening of lipo-
somes and micelles. It was concluded that COSMO-RS is the potential for screening
in complex systems (Ingram et al. 2013).

8.3.1.2 COSMO-RS-EOS

A study was carried out to predict the solubility of phenacetin, acetanilide, and
paracetamol using non-random hydrogen bonding (NRHB) EOS. Also, the result of
these models was compared with the COSMO-RS prediction. The EOS and COSMO
model results were found to be in good agreement (Tsivintzelis et al. 2009).

8.3.1.3 COSMO-RS/cocrystal Formation

In accordance with the assumptions that the interactions in a crystal form are similar
to a virtual supercooled liquid, the formation of cocrystals can be represented via
liquid-phase thermodynamics. In comparison with pure reactants, the strength of
cocrystal interactions can be calculated through the mixing of enthalpy �Hmix . It is
the rough approximation to the free energy of cocrystal formation �Gco and can be
represented by Eq. 8.15 (Loschen et al. 2015):

�Gco = �Hmix − T�Smix − ��G f us ≈ �Hmix (8.15)

where
�Smix=mixing entropy.
��G f us=difference between the free energy of fusion between cocrystal and

reactants. It is assumed to be zero.
A study was conducted for the prediction of the solubility of several drug

molecules and their cocrystal formers. The results for solvent and cocrystals
screening were found to be accurate and efficient (Loschen et al. 2015). In another
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study, COSMO-RS was used to screen solvents for cocrystal formation in super-
cooled liquids. COSMO-RS proved to be potential for the selection of solvents for
cocrystal formation (Abramov et al, 2012).

8.3.1.4 COSMO-RS-DES

The application of COSMO-RS extends to a new class of solvents referred to as deep
eutectic solvents (DES). ADES is a combination of HBD andHBA salts. The studies
report DES as a favorable alternative to conventional solvents in pharmaceutical
applications (Perna et al. 2020). In very recent research work, quaternary ammonium
chlorides DES were coupled with selected APIs. COSMO-RS was employed to find
the interactions between APIs and DES through SLE. COSMO-RS was helpful in
predicting SLEpoints forDES-APIs (Martins et al. 2021). In another study,COSMO-
RSwas employed to screen HBD and HBA combinations to formDES. COSMO-RS
and experimental results suggest that the solubility of selected drug molecules under
study was higher in DES as compared to conventional solvents and water (Palmelund
et al. 2019). In another study, choline chloride-based eutectic solvents were screened
for the early formulation of several drug molecules. Using COSMO-RS the eutectic
temperatures were calculated and the screening was carried out. The results were
verified experimentally using SLE and were found to be promising (Abranches et al.
2019).

8.3.2 COSMO-SAC

Modification of COSMO-RS using the Staverman–Guggenheim equation was estab-
lished by Lin and Stanley, resulting in an improved combinatorial contribution in the
activity coefficient (Paese et al. 2020). They established a model focused on activity
coefficient that solves the problems that arise in COSMO-RS. The advantage of this
approach is it evaluates the representation of chemical potential for segments that
meet the boundary conditions. The expression for the activity coefficient obtained
is thermodynamically consistent. COSMO-SAC model based on surface segment
contributions is useful for making a prior phase equilibrium prediction (Lin et al.
2002).

The main activity coefficient is given by Eq. 8.16 (Paese et al. 2020):

lnγi = lnγ res
i + lnγ comb

i (8.16)

where
lnγ res

i =residual activity coefficient.
lnγ comb

i =combinatorial activity coefficient.
Using discrete segments, the residual contribution can be calculated as Eq. 8.17:
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lnγ res
i =

∑
mεi

Qi
m

aef f
.(lnγ m

s − lnγ m
i (8.17)

where
Qi

m=segment area in molecule i.
aef f =standard segment surface area.
lnγ m

s =logarithmic of the activity coefficient for segment m.
lnγ i

s =logarithmic of activity coefficient in pure liquid.
The probability of finding segment m in a pure liquid i (σ-profile of the pure

compound) is:

pim = Qi
m

Qi
(8.18)

where
Qi=

∑
m∈i Qi

m is the total cavity surface area of molecule i.
The interaction energy in COSMO-SAC �Wm,n can be computed using different

assumptions. Lin and Sandler computed it as a function of surface charge densities
σm and σn , where m and n are the segments (Lin et al. 2002):

�Wm,n = α′

2
(σm + σn)

2 + chbmax[0, σacc − σhb] ∗ min[0, σdon − σhb] (8.19)

where
α′=misfit energy constant.
chb=hydrogen bonding (HB) constant.
σhb=cut-off hydrogen bonding sigma value.
σacc=larger sigma value of segment m.
σdon=smaller sigma value of segment n.
A study validated the sigma profile database for 2434 files consisting of 1356

drug molecule–solvents pair, 160 solvents, and 194 drug molecules and provided
FORTRANcodes for sigma profiles and activity. This databasewas applied to predict
SLE, VLE, and other thermodynamic properties (Mullins et al. 2008). In another
study, the σ-profile database was created using GAMES software. The results helped
predict ACid and other properties (Ferrarini et al. 2018). In terms of solvation energy,
the activity coefficient is assessed �Gx

sol, which is the change in free energy when
a solute moleculex is transferred from a static position in an ideal gas to a solution
S at constant temperature and pressure. Activity coefficient is determined by using
the following equation (Lin et al. 2002):

lnγ x,S = �Gsol
x/S − �Gsol

x/x

RT
+ ln

Cs

Cx
(8.20)

where
Cx=molar concentration of fluid x (which may be pure fluid x).
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CS=molar concentration of solution S.
Calculation of �Gx

sol takes place in the stepwise form. Initially, the charges of
the solute (drug molecule) under study are turned off, and the remaining core particle
is placed into the solvent. After that, the charges are turned on, and the electronic
configuration of the drug molecule is activated. The difference in the energy for
these two steps is the cavity formation energy and �Gcav and the charging free
energy �Gchg, respectively (Bouillot et al. 2011).

In a recent study, the authors investigated the efficacy of the COSMO-SACmodel
in SLE for different pharmaceuticals. The results predicted solubilities in parent and
mixed solvents, KO,W and the formation of cocrystals. The results of the original
COSMO-SAC 2002 and modified COSMO-SAC 2010 were compared and found to
be compatible (Zarei et al. 2020). In another study, the solubility of paracetamols in
2624 cation–anion combinations and binary IL using the COSMO-SAC model was
estimated. The results conclude that in pure ILs the solubility of paracetamol is higher
as compared to IL mixtures (Lee et al. 2017). The effect of pH on the KO,W was
predicted using COSMO-SAC for 41 ionizable drugs. The acid dissociation constant
pKa was calculated using the solvation model. The effect of pH was significant on
KO,W (Chen et al. 2016).

To improve the accuracy of the COSMO-SAC model for the improvement of
drug molecule solubility, some amendments have been done. In order to perform
this analysis for 352 drug molecules, σ-profiles were modified using a probability
function. In polar solvents, an increase in drug solubility was observed, which helped
evaluate the drug’s crystallization rate (Bouillot et al. 2013, part 2). In their previous
work, the modification of COSMO-SACwas carried out for six drug molecules in 35
solvents and their mixtures. Mean quadratic error and temperature dependence were
key parameters to analyze the efficacy of revised COSMO-SAC. The results proved
relevant for SLE, but for HB, further modifications are required (Bouillot et al. 2013,
part 1).

A study was conducted to estimate the solubility of six drug molecules using
conventional solvents. The results show that for smallermolecules such as anthracene
COSMO-SAC predictions were accurate but for larger molecules, due to the HB
involvement, some deviation was observed (Bouillot et al. 2011). Another study
aimed to combine solubility data obtained experimentallywithCOSMO-SAC.Along
with 127 different solvent combinations, 33 drug molecules were selected.

It was found that the application of COSMO-SAC along with experimental data
reduced the predictive error remarkably from 442 to 88% (Shu et al. 2011). In a
similar work, the solubility of 51 drug molecules using 37 pure and mixed solvent
combinations was predicted using COSMO-SAC. The results from COSMO-SAC
proved advantageous and it was concluded that COSMO-SAC is an efficient tool for
making prior predictions of the properties of drug which are not available initially
(Hsieh et al. 2010).

Recently, a research work was conducted for the extraction of isopropyl alcohol
(IPA) using [Im]-based ILs. The selection of ILs for the extraction of IPA was done
through the analysis of σ-profile of IPA using COSMO-SAC. The authors concluded
that the predicted and experimental results were in good agreement (Zhu et al. 2020).
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In another study, COSMO-SAC was used to predict VLE, odor, and intensity for
mixtures containing fragrances. Stevens’ power law was used for calculating odor
intensity. Promising results were obtained for VLE (Xavier et al. 2020). Another
study was conducted to screen 285 cation–anion combinations for the separation of
acetone from n-hexane. UsingCOSMO-SAC the σ-profiles for the cations and anions
were evaluated. The results suggest that short-chain [Im] ILs are better extractants
for acetone (Wang et al. 2020). A study was conducted for the screening of [Im]-
based ILs using COSMO-SAC for the extraction of thioglycolic acid. ACid, capacity,
selectivity, and PI were predicted. It was found that ILs with a long alkyl chain were
favorable for extraction (Zhou et al. 2018).

8.3.2.1 COSMO-SAC/EOS

Quantum chemistry models were added to COSMO-SAC and the estimation of
different properties was carried out. In a recent study on ILs, the Pitzer-Huckel-
Debye model was modified to predict the long-chain interactions of ILs. COSMO-
SAC was used for predicting the initial values of parameters required. The results
show an improvement in the thermodynamic properties of ILs using the extended
PDH model (Chang et al. 2019). Another study applied Peng-Robinson (PR) EOS
along with COSMO-SAC to predict the VLE for the binary mixtures (Lee et al.
2007). EOS was employed to predict the solubility of 46 drug molecules possessing
ring structures employing supercritical CO2 as a solvent. PR was applied along with
COSMO-SAC for the predictions. The findings indicate that PR-EOS/COSMO-SAC
is a beneficial tool for predicting the solubility of solid drug molecules prior to
analysis (Wang et al. 2014).

8.3.2.2 COSMO-SAC/DES

In a study with the objective to remove isopropanol from an azeotropic mixture
using DES, COSMO-SAC was used for screening. It was explored that [Ch][Cl] and
triethylene glycol were a suitable combination to formDES. The results were verified
usingVLE for the isopropanol-azeotropic-DESmixture (Jiang et al. 2019). COSMO-
SAC was used for the screening of hydrophobic DES to extract ethanol, propanol,
butanol from azeotropic alcoholic mixtures. The findings suggest that predicted and
experimental results were quite complimentary (Verma et al. 2018).

8.4 Limitations of COSMO-RS for Pharmaceuticals

The only constraint on using COSMO for solubility predictions and in newly devel-
oped drug molecules is the quantum chemistry calculations. This step requires time
and skills which are not available in the early formulation stages. But after this
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process of creating a database profile is a success, it can be further used for predicting
the solubilities of drug molecules. The chemical structure optimization particularly
for complex drug molecules is difficult and hence requires extra effort. Once this
constraint is solved COSMO-RS is successful for screening purposes.

8.5 Conclusions and Future Outlook

With the rapid growth and advancements in drug design and development in phar-
maceutical industries, it is important to select task-specific ILs. The resulting ILs
must possess good bonding properties, thereby increasing the solubility and avoiding
cocrystal formation. To save time and energy, predictive methods such as COSMO-
RS/COSMO-SAC are advantageous and reliable. The use of these methods results
in the screening of potential cation–anion combinations from millions of ILs combi-
nations. In this chapter, we discussed the application of COSMO in pharmaceutical
and medicinal applications. This chapter summarizes COSMO-RS and COSMO-
SAC applications carried out for the screening of ILs. An important advantage of
COSMO is that it requires only the chemical structure of the molecule for making
further predictions. Furthermore, the method can be considered reliable cause of
its validation using experiments. The capability of COSMO in pharmaceuticals for
various applications has been tested and proved practically.Hence it can be concluded
that COSMO is an efficient and advantageous tool that screens suitable solvents,
cocrystals with minimum information-theoretically. Figure 8.8 shows the summary
of the use of COSMO for screening purposes in pharmaceuticals and medicine.

Fig. 8.8 COSMO application in pharmaceutics and medicine
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However, there occurs some obstacles while making computations for complex
drug molecules. These obstacles can be overcome easily by taking into account the
essence of bonding. For drug molecules, especially for complex new formulations,
the structure drawing and optimization must be done well so that further predictions
are effective. The screening of σ-profile/σ-potential must be considered the key step
for further predictions. Overall, the use of COSMO is favorable in pharmaceutical
applications. This chapter highlighted the benefits and potential usage of COSMO for
screening ILs as solubilizer, extractant, and also as preventing agent for any cocrystal
formation.
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Chapter 9
Surface-Active Ionic Liquids for Medical
and Pharmaceutical Applications

Md Korban Ali , Rahman Md Moshikur , and Masahiro Goto

Abstract Surfactant-based systems have been used in various fields such as food,
cosmetics, detergents, and pharmaceuticals. However, many traditional surfactants
are not eco-friendly or biodegradable. Recently, surface-active ionic liquids (SAILs)
have attracted significant attention as alternatives to traditional surfactants owing
to their non-volatility, negligible vapor pressure, high thermal stability, and superior
surface activity. The physicochemical properties of SAILs canbe tunedby controlling
the nature of both the cations and anions. Four main categories of cations—imida-
zolium, ammonium, pyridinium or pyrrolidinium, and phosphonium—are often
paired with various anions in the design of SAILs. These SAILs generally have
better surface-active properties than traditional surfactants and have also been used
to create molecular assemblies such as micelles, reverse micelles, and vesicles. In
addition, SAILs can be used as surfactants/co-surfactants that help to form stable
microemulsions (MEs) in aqueous or non-aqueous media. SAIL-based MEs are
potential smart drug delivery vehicles for topical and transdermal drug delivery
owing to their ability to dissolve water-insoluble drugs. SAILs have also been used as
surfactants for the extraction and separation of various proteins and enzymes owing
to the facile adaptability of their properties. Finally, this chapter presents SAILs
as a potent biocompatible alternative to conventional surfactants and details why
SAIL-based drug formulations represent favorable target drug delivery systems for
pharmaceutical applications.
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Keywords Surface-active ionic liquid · Micellar system · Microemulsion ·
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Abbreviations

[C4MIM] [C12SO4] 1-Butyl-3-methylimidazolium dodecyl sulfate
[C4MP][C12SO4] N-butyl-N-methylpyrrolidinium dodecyl sulfate
SDS Sodium dodecyl sulfate
[C12MIM][Br] 1-Dodecyl-3-methylimidazolium bromide
[C12MP][Br] N-dodecyl-N-methylpyrrolidinium bromide
[C12mim][Br] 1-Dodecyl-3-methylimidazolium bromide
[C14MIM][Br] 1-Tetradecyl-3-methylimidazolium bromide
[C16MIM][Br] 1-Hexadecyl-3-methylimidazolium bromide
[C4MIM][(C12H2)5SO3] Dodecyl sulfonate
SDDS Sodium dodecyl sulfonate
[C4MIM][(C12H2)5SO4] 1-Butyl-3-methylimidazolium dodecyl sulfonate
[Na][DBS] Sodium dodecyl benzene sulfonate
[N1114][DBS] N-butyltrimethylammonium dodecyl benzene sulfonate
[C4MIM][DBS] 1-Butyl-3-methylimidazolium dodecyl benzene

sulfonate
[C4Py]DBS N-Butylpyridinium dodecyl benzene sulfonate
[C4MIM][BF4] 1-Butyl-3-methylimidazolium tetrafluoroborate
DH Dopamine hydrochloride
AC Acetylcholine chloride
TTAB Tetradecyltrimethylammonium bromide
ME Microemulsion
[C1MIM][(MeO)2PO2] 1-Methyl-3-methylimidazolium dimethyl phosphate
[C6MIM][Cl] 1-Hexyl-3-methylimidazolium chloride
[C4MIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate
[C4MIM][Br] 1-Butyl-3-methylimidazolium bromide
[C10MIM][Br] 1-Decyl-3-methylimidazolium bromide
[C4MIM][PF6] 1-Butyl-3-methylimidazolium hexafluorophosphate
[C14MIM][Br] 1-Tetradecyl-3-methylimidazolium bromide
[C8MIM][C12OSO3] 1-Methyl-3-octylimidazolium dodecylsulfate
[C10MIM][Cl] 1-Decyl-3-methylimidazolium chloride
[C16MIM][Br] 1-Hexadecyl-3-methylimidazolium bromide
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9.1 Introduction

Ionic liquids (ILs) are extraordinary chemical compounds that have novel applica-
tions in various fields of modern sciences. Because of their extraordinary physico-
chemical properties and highly tunable nature, ILs have been developed as impor-
tant components in the areas of synthesis, catalysis, electrochemistry, extraction,
analytics, and biotechnology (Earle and Seddon 2007).However, the biological activ-
ities of ILs and their application in pharmaceutics and medicine are newly emerging
(Ghandi 2014; Moshikur et al. 2019). It has been well described that most pharma-
ceutical industries are facing unprecedented challenges for designing the smart drug
delivery systemsof poorlywater-soluble drugs over the years due to their limited solu-
bility, stability, bioavailability, and polymeric transformation (Dobler et al. 2013a;
Kalepu and Nekkanti 2015; Ratti 2014; Zhang et al. 2014; Moshikur et al. 2020a).
To solve this issue, ILs are used as solvents, co-solvents, surfactants, and/or for
the formation of API-ILs (Moshikur et al. 2020b; Moshikur et al. 2018). ILs have
subsequently been reported as tunable green candidates for biological applications
such as enzymatic processes, whole-cell biocatalysis, and protein stabilization (W.
Jin et al. 2015; C.-Z. Liu et al. 2012; Q.-P. Liu et al. 2012). Recently, surface-active
ILs (SAILs) have attracted significant interest as possible alternatives to traditional
surfactants owing to their controllable properties. In some cases, these ILs showbetter
surface-active behavior than traditional surfactants and are used to form supramolec-
ular nano to giant aggregates such as vesicles, multilayered vesicles, micelles, and
wormlike micelles, and are also used in chemical, industrial, and pharmaceutical
applications (Gehlot et al. 2017a; Ghosh and Dey 2015; Wang et al. 2013a; Ali et al.
2021). SAIL compounds are also finding extensive applications inDNAstabilization,
micellar catalysis, drug encapsulation, and enzyme/protein stabilization in detergent
development.

SAILs can be synthesized by modifying the structure of the anion or cation.
This tunability has enhanced the development of numerous surfactants as it allows
for significant structural variation leading to control of the general aggregation
behavior. It has been shown that when the carbon number of the anion or cation
exceeds eight (n > 8), SAILs show surfactant-like behavior because of their intrinsic
amphiphilicity (Chen et al. 2010). The amphiphilicity of SAILs can be improved by
linking the medium-to-long alkyl chains to cations and/or anions and using them as
surfactants. These long chain-containing SAILs can form micelles by self-assembly
in aqueous solutions. The aggregation into micelles is observed when SAILs with
long alkyl chains as substituents of the cationic head group are dissolved in water
(Fig. 9.1). In recent years, several research groups have established and examined
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Fig. 9.1 Formation of a micelle in an aqueous medium

the self-assembly in water and IL media of various types of SAILs that are similar to
conventional surfactants such as cationic, anionic, zwitterionic and bi-amphiphilic,
or catanionic surfactants (Banjare et al. 2017; Y. Jin et al. 2015; Srinivasa Rao et al.
2014; Zhou and Zhao 2009). SAILs of imidazolium have been used to stabilize metal
nanoparticles by covering the surface charge (Banjare et al. 2017; Jiao et al. 2012).
The head group of imidazolium has been stabilizing capability in the chemical and
photochemical synthesis of gold nanoparticles through oxidizing itself to a ketone
(Banjare et al. 2017; Liu et al. 2013; Wang et al. 2013b). Bio-based amino acid-
derived SAILs have shown numerous advantages; for example, in the synthesis of
shape-controlled nano-compounds and the reduction of unsafe algal blooms. These
types of SAILs have been used to improve the emulsifying capacity—particularly in
the preparation of IL-containingmicroemulsions—in cases where traditional anionic
surfactants are insoluble (Bordes et al. 2009; Bordes and Holmberg 2011).

The impetus to investigate SAILs stemmed from their potential for application in
themedical and pharmaceutical fields. The development of such applications depends
on the relationship between the molecular structure of the surfactant and the charac-
teristics of its solution. SAILs have been effectively used as alternatives to traditional
organic solvents in extraction procedures and as modifiers of the sorbent molecular
structure, with excellent performance (Heidarizadeh and Majdi-nasab 2015). SAILs
have also attracted attention as potential smart drug delivery vehicles for topical and
transdermal drug delivery due to their exceptional ability to dissolve a wide range
of compounds such as hydrophobic and hydrophilic molecules for skin delivery of
water-soluble drugs (Goindi et al. 2015;Mahajan et al.2012;Zhou et al. 2014;Tourné-
Péteilh et al. 2014). SAILs are also considered potential surfactants for the extraction
(Mao et al. 2014; Sun et al. 2014; Wang et al. 2015) and separation (Hasan et al.
2015; Ventura et al. 2012) of various biomacromolecules such as proteins because
of their structure, which can be easily altered to introduce tunable characteristics.
Thus, SAILs are considered potential candidates for the development and refinement
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of pharmaceutics, for delivery of low solubility drugs, and as DDSs. This chapter
presents the current progress in themedical and pharmaceutical application of SAILs
in the previous decade. We also believe that our summary will provide a platform
for new readers and researchers to obtain a grounding in the biomedical application
of SAILs in the pharmaceutical industry.

9.2 Surface-Active Ionic Liquids

Surface-active compounds or surfactants are an interesting class of chemical
compounds that are used in different areas of industry, including pharmaceuticals,
food, petroleum, and cosmetics. The main properties of these substances are their
ability to reduce interfacial and surface tension and to form and stabilize oil-in-water
or water-in-oil or non-aqueous emulsions (Gehlot et al. 2017b; Pillai et al. 2017).
Surfactants are generally amphiphilic molecules that contain both hydrophilic and
hydrophobic groups; the long alkyl carbon chain-containing part is described as
apolar, while the polar part is more variable and can be ionic (cationic or anionic) or
non-ionic (Galgano and El Seoud 2011; Gehlot et al. 2017b; Pillai et al. 2017). The
high market demand for surfactants is presently met by several synthetic, principally
petroleum-based or chemical surfactants. They are generally known to be toxic to
the environment and are not biodegradable. These compounds also form unstable
micelles in aqueous media when using a large amount of surfactant (Shah et al.
2018a). To address these limitations, researchers have attempted to enhance their
surface-active behavior by changing the physicochemical conditions. SAILs are
environmentally friendly surfactants that have attracted considerable attention as
promising substitutes for traditional surfactants owing to their favorable properties,
for example, high thermal stability, negligible vapor pressure, biodegradability, non-
volatility, and non-flammability (Gehlot et al. 2017b; Trivedi et al. 2011). It is well
known that various ILs are dependent on mixtures of cations and anions that show
surfactant-like behavior, which places them in the category of ionic surfactants, so
they are usually termed SAILs (Y. Jin et al. 2015). These SAILs occasionally have
better surface-active properties than conventional surfactants and have also been
used for creating various kinds of molecular assemblies such as reverse micelles,
normal micelles, and vesicles (Chauhan et al. 2017; Galgano and El Seoud 2011;
Singh and Kumar 2007). In 2004, Sirieix-Plenet and Bowers et al. first investigated
the amphiphilic nature of ILs in water (Bowers et al. 2004; Le Vot et al. 2014).
Sirieix-Plenet et al. also described the formation of micelles of IL C10MIM-Br in
water. They found that the IL aggregated and formed micelles at low concentrations,
but at higher concentrations, it assumed a multifaceted structure with interpenetrated
domains of the water and electrolyte. SAILs have therefore been used as possible
alternatives to conventional surfactants for different industries. SAILs also have
numerous advantages over conventional surfactants of analogous alkyl chain length
(Box 9.1).
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Box 9.1 Advantages of SAILs in Comparison to Traditional Surfactants
• ILs are user-friendly because of their melting temperatures or glass transition temperatures
below 100 °C

• SAILs are tunable substances owing to the potential variety of cation and anion combinations
• Some SAILs have a comparatively higher viscosity than surfactant solutions, which is
beneficial to change in the ratio of mobility

• SAILs are more thermally and chemically stable over wide liquid ranges
• Sometimes co-surfactants are needed with surfactants to improve micelle stability. However,
SAILs are able to form stable micelles without co-surfactants because of their strong cohesive
forces

• Generally, SAILs have a wide range of miscibility and solubility
• SAILs are considered non-flammable
• The nature of the micellar solution can be easily changed by altering the molecular structure
of the cation–anion pair.

9.3 Self-Assembly Properties of SAILs

Self-assembled and self-organized structures ofmolecules are considered an essential
research area. SAILs are amphiphilic molecules with one or more tails comprising
long alkyl hydrophobic chains and a hydrophilic charged head group like traditional
surfactants. The self-assembly behavior of SAILs into different aggregated forms
is controlled by their dual nature of polar and apolar groups (Bowers et al. 2004;
Vanyur et al. 2007; Miskolczy et al. 2004; Jungnickel et al. 2008; Geng et al. 2010).
Different SAILs with various cations such as morpholinium, imidazolium, pyri-
dinium, and pyrrolidinium have been widely investigated to determine their micellar
and interfacial behavior owing to their improved effectiveness in numerous fields
such as food, cosmetics, detergents, and pharmaceuticals. The self-organizing char-
acteristics of ILs have been studied using computational simulations (Smirnova and
Safonova 2010; Jiang et al. 2007). Simulation studies indicate the formation of two
kinds of domain—positively charged imidazolium rings and anions organized in a
three-dimensional arrangement aided by strong electrostatic interactions and alkyl
groups that form non-polar regions with short-ranged van der Waals interactions. A
brief description of the numerousmodes of self-assembly of SAIL systems, including
micellar formation, vesicle/gel formation, and IL-microemulsion systems, will be
given.

9.3.1 SAILs in Micellar Systems

The aggregation behavior of SAILs in water plays a vital role in micellar forma-
tion. The self-aggregation of surfactants in solutions produces micelles, which only
form when the concentration of surfactant reaches the critical micelle concentration
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(CMC). According to colloidal and surface chemistry, the concentration of surfac-
tants above which micelles are formed and all added surfactants to the system will
form micelles is defined as the critical micelle concentration (CMC). Characteriza-
tion of theCMCallows exact features of SAILs that affect the properties of these ionic
liquids to be identified. The CMCs of SAILs in water have been investigated using
different experimental and computational techniques such as conductivity measure-
ments, surface tension (ST), potentiometry, fluorescent probes, nuclear magnetic
resonance spectroscopy (NMR), isothermal titration calorimetry, mass spectrom-
etry, dynamic light scattering (DLS), molecular dynamics simulations (MD), and
small-angle X-ray and neutron scattering (SAXS and SANS), among others. All of
the techniques indicate that the CMC is extremely dependent on the structure of
the ionic liquid, and a linear connection between the number of carbon atoms in
the alkyl chain and the logarithm of the CMC has been established (Gehlot et al.
2017b; Pillai et al. 2017; Shah et al. 2018b; Singh et al. 2016; Singh and Kumar
2007). For example, 1-alkyl-3-methylimidazolium salts formed spherical or elon-
gated micelles in water at low concentrations but the shape of the micelles altered as
the concentrations increased (Galgano and El Seoud 2011; Poh et al. 2019). Jingjing
et al. (2012) reported that the SAILs [C4MIM][C12SO4] and [C4MP][C12SO4] had
superior surface activity at a given temperature compared with the conventional ionic
surfactant SDS. The formation of micelles in both SAILs was assisted by the reduced
hydration of the large imidazolium or pyrrolidinium cations, which minimized the
electrostatic repulsion between the IL head groups. Rao et al. (2015) made the same
observation for SAILs containing three different cationic moieties with dodecyl-
benzenesulfonate—[N1114]DBS, [C4MIM]DBS, and [C4Py]DBS—when compared
with [Na]DBS.

The CMC values of gemini dicationic SAILs are much lower than those of mono-
cationic SAILs owing to the presence of two hydrophobic alkyl chains. Baltazar et al.
(2007) reported that the CMC values of imidazolium gemini surfactants are twofold
lower than those of the monocationic surfactants. Hence, the nature and structure of
gemini SAILs have a significant effect on CMC values. The CMC values decrease
with the increasing alkyl chain length of the spacer because the spacers penetrate
into the hydrophobic core of the micelles as well as increasing the intramolecular
hydrophobic interaction (Zana et al. 1996). In a recent study, Goto and co-workers
synthesized several cholinium fatty acid-based SAIL surfactants and investigated
their aggregation behavior and cytotoxicity (Ali et al. 2019). They reported that
the CMC and surface tension values of SAILs are significantly lower than those of
the traditional surfactants sodium dodecylbenzene sulfate (SDS) and sodium dode-
cylbenzene sulfate (SDBS), implying that the cholinium fatty acid-based SAILs
are highly efficient surfactants. This result is relatively interesting for designing
systems using limited amounts of surfactants. The formation of micelles in SAILs is
summarized in Table 9.1.
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Table 9.1 Critical micelle concentration (CMC) (mM) and surface tension γ cmc (mN/m)
measurement in aqueous solution at T = 298 K

No SAILs CMC (mM) γ cmc (mN/m) References

1 [C12MIM]Br 10.9 39.4 Bin et al. (2008)

2 [C14MIM]Br 2.8 39.2

3 [C16MIM]Br 0.55 39.1

4 [C4MIM] [C12SO4] 1.8 31.9 Jingjing
et al. (2012)5 [C4MP] [C12SO4] 2.7 34.3

6 [C12MP]Br 13.5 42.4

7 [C4MIM][C12H25SO3] 4.4 36.9 Yanxin et al. (2015)

8 SDDS 7.4 37.6

9 [C4MIM][C12H25SO4] 1.8 31.9

10 [Na]DBS 2.75 32.49 Rao et al. (2015)

11 [N1114]DBS 1.34 29.11

12 [C4MIM]DBS 1.08 29.18

13 [C4Py]DBS 0.92 29.69

14 SALSIL 1 2.42 39.6 Mustahil et al. (2019)

15 SALSIL 2 2.44 37.1

16 SALSIL 3 2.62 36.31

17 SALSIL 4 2.67 36.24

18 SALSIL 5 2.79 31.72

19 SALSIL 6 2.8 33.40

20 SALSIL 7 2.46 27.3

21 SALSIL 8 1.15 29.81

22 SALSIL 9 1.02 30.63

23 [Cho][Ole] 1.7 24.4 Ali et al. (2019)

24 [Cho][Lin] 2.0 26.6

25 [Cho][Eru] 0.8 23.2

26 [Cho][NLS] 3.5 37.1 Moshikur et al. (2020c)

27 [Cho][NLG] 2.4 36.5

28 [Cho]2[NLA] 1.5 34.5

29 [C12-2-C12IM]Br2 0.55 33.6 Ao et al. 2009

30 [C12-4-C12IM]Br2 0.72 35.7

31 [C12-6-C12IM]Br2 0.78 39.5

32 [C10-4-C10IM]Br2 4.5 35.2 Ao et al. 2008

33 [C14-4-C14 IM]Br2 0.1 37.2

34 [12-(S-2-S)-12]IM 0.4 39.7 Bhadani et al. 2011

35 [12-(S-4-S)-12]IM 0.31 40.8

36 C6[C10ArOCH2IM]2•2Br 0.00302 39.8 Sunitha et al. 2011

(continued)
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Table 9.1 (continued)

No SAILs CMC (mM) γ cmc (mN/m) References

37 C6[C12ArOCH2IM]2•2Br 0.0002 42.8

9.3.2 SAILs in Vesicle Systems

Bilayer surfactant systems are known as vesicles and are formed by dispersing
surface-active molecules in an aqueous phase; various vesicle sizes can be achieved
depending on the production method. Vesicular systems have been widely used
in pharmaceutical research owing to their similarity to biological membranes and
are mainly used in drug delivery systems and drug encapsulation (Huiyong et al.
2013; Rao et al. 2015; Qi and Shiping 2015). Classical vesicular systems were
first introduced in the 1960s but they were not used for drug delivery purposes
until the 1980s. Vesicles (i.e., liposomes) have been reported to exist as small or
large unilamellar vesicles, oligolamellar and multilamellar vesicles, or multivesic-
ular liposomes. Liposomes generally comprise one or more phospholipid bilayers
that surround an aqueous core. The Kimizuka and Nakashima (2001) groups demon-
strated an unprecedented vesicle that is formed owing to the tendency of ILs to spon-
taneously assemble. Because of the variety and a huge number of possible cation and
anion combinations, these ILs are known as designer solvents and have the potential
to encapsulate pharmaceutically active compounds or facilitate the encapsulation of
drugs in the micellar phase before vesicle formation (Rao et al. 2015). Sarkar and
co-workers (2017) synthesized cholesterol-based SAILs that were used in the prepa-
ration of vesicles in water and reported that these SAILs have potential as biomimetic
models and drug carriers. Moshikur et al. (2020) synthesized amino acid-based
SAILs—choline N-lauroyl glycinate ([Cho][NLG]) and dicholine N-lauroyl aspar-
tate ([Cho]2[NLA])—which exhibited efficient hydrophobic ion pairing between
the SAILs and the macromolecular drug heparin by primarily forming as unil-
amellar vesicles in water. The formation of micelles and vesicles using SAIL-based
surfactants is depicted in Fig. 9.2.

9.3.3 SAILs in Microemulsion Systems

Microemulsions (MEs) are of great interest because of their remarkable properties
such as the ability to solubilize both polar and non-polar molecules, poor interfacial
tension, a large interfacial region, spontaneous formation, and good microstructures,
which render them promising candidates for various applications (Hejazifar et al.
2020; Kandasamy et al. 2018; Kuchlyan et al. 2016; Moniruzzaman et al. 2010a, b).
MEs are microheterogeneous systems consisting of two immiscible fluids stabilized
through an interfacial film of surfactants, often with co-surfactants (Hejazifar et al.
2020). TheWinsor classification (Fig. 9.3) groups them into four different categories
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Fig. 9.2 Formation of micelles and vesicles in an aqueous phase using choline N-lauroyl amino
acid-based SAILs. Figure reproduced with permission from (Moshikur et al. 2020c)

Fig. 9.3 The Winsor classification of microemulsions. Figure reproduced with permission from
(Hejazifar et al. 2020)

depending on their microstructure—such as oil-in-water (Winsor I), water-in-oil
(Winsor II), and bicontinuous (Winsor III)—which is influenced by their physico-
chemical properties and the proportions of their components (Hejazifar et al. 2020;
Moniruzzaman et al. 2010a). In addition, Winsor IV MEs can be prepared where the
components are not in excess. In recent years, an increasing number of studies have
focused on MEs in which an ionic liquid is utilized as the oil phase, the aqueous
phase, and the surfactant. Moreover, ILs are considered, as a rule, to be amphiphilic,
which aids the development of MEs in aqueous or non-aqueous phases because of
their special surface activity. Recently, SAIL-based MEs have been developed that
are receiving increased interest compared with the other two kinds of MEs.

Water-in-oil MEs with the aerosol OT (AOT) surfactant have been compre-
hensively reported in the literature (Srinivasa Rao et al. 2014). Nevertheless, it is
very unusual to form IL/oil MEs using the AOT surfactant. The formation of w/o
microemulsions using the AOT surfactant is facile because of the favorable interac-
tion between the water molecules and the inorganic cation of AOT (Na+, NH4

+,
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etc.). When water is replaced by an IL, this kind of interaction does not exist
(Kuchlyan et al. 2016; Srinivasa Rao et al. 2014). However, when the inorganic
cation containing AOT surfactant is substituted by an organic cation, the forma-
tion of an IL in oil (IL/o) ME is possible. Utilizing this idea, Sarkar et al. used an
anion exchange reaction to synthesize [C4MIM][AOT] by combining NaAOT and
1-butyl-3-methylimidazolium bromide [C4MIM]Br and they succeeded in formu-
lating an IL/o ME using [C4MIM][AOT] as the surfactant, various types of IL
as polar solvents, and benzene as the non-polar solvent (Rao et al. 2012a). DLS
measurements, a phase diagram, and Coumarin-480 emission spectra were used
to characterize the ternary formulate ME system. Rao et al. further reported that
the uptake efficacy of double-chained SAIL was improved by extending the chain
length of the SAIL (Rao et al. 2013b, 2012a). The loading capacity of the IL also
increased as the anion/cation interaction strength of the added ILs was reduced and
followed the order [C4MIM][TF2N] > [C4MIM][PF6] > [C4MIM][BF4]. Conse-
quently, they established that the quantity of IL in the center of an ME can be easily
controlled by altering the behavior of the IL (Rao et al. 2012b). One of the biggest
advantages of IL/o MEs is their high thermal stability at a wide range of temper-
atures. Sarkar et al. prepared a high temperature stable ME using a SAIL of N,N-
dimethylethanolammonium 1,4-bis(2-ethylhexyl) sulfosuccinate (DAAOT) where
the ILwas the polar medium and IPMwas the non-polar solvent (Rao et al. 2013a). In
addition,Banerjee and co-workers prepared the triple chain SAIL [BHD][AOT] using
the anion exchange reaction between benzyl-nhexadecyldimethylammonium chlo-
ride (BHDC) and Na-AOT(Rao et al. 2012b). The two triple chain-containing SAILs
synthesized effectively created an IL-basedME in IPM and two hydrophobic ILs, N-
methyl-N-propylpyrrolidinium bis(trifluoromethanesulfonyl) imide ([P13][TF2N])
and N,N,N trimethyl-N-propylammonium bis-(trifluoromethanesulfonyl) imide
([N3111][TF2N]). Moreover, these SAILs also formed large unilamellar vesicles
(LUVs) in aqueous media with non-polar solvents (Kuchlyan et al. 2016). AOT-
free SAIL-based MEs have also been reported in the literature. Kunz et al. prepared
MEs using a SAIL-based surfactant (1-hexadecyl-3-methylimidazolium chloride
([C16MIM]Cl)), decanol co-surfactant, RTILs (ethyl-ammonium nitrate (EAN),
and ([BMIM]BF4)) as the polar medium, and dodecane as the non-polar medium
(Zech et al. 2009). The formation of spherical aggregates was demonstrated using
SAXS measurements. The rigidity of the MEs altered when the IL was changed
from EAN to [BMIM]-BF4. Like cationic SAILs, long chain-containing anion-based
SAILs could also be used to formulate IL MEs. A recent study showed that IL/o
MEs can be prepared using the SAIL 1-butyl-3-methylimidazolium dodecyl sulfate
([BMIM][DodSO4]), 1-ethyl-3-methylimidazolium ethylsulfate ([EMIM][EtSO4]) as
the polar solvent, and toluene as a non-polar solvent (Rojas et al. 2013). The use
of polar solvents such as [EMIM][EtSO4] has certain advantages over various ILs
including low toxicity, a relatively wide window of fluidity, and low melting temper-
ature. The swelling ofMEswith the gradual addition of IL can be demonstrated using
SAXS and DLS experiments (Kuchlyan et al. 2016). Goto and co-workers have
developed non-aqueous MEs IL[C1MIM][(CH3O)2PO2]/(SAIL + Span-20)/IPM
and IL/(SAIL[Cho][Ole] + Span-20)/IPM systems using SAILs. They reported that
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the SAILs are promising alternatives to traditional surfactants for biomedical appli-
cations (Ali et al. 2020). Hence, SAILs that have a certain surface activity due to
long alkyl chain groups and that can self-aggregate have increased the use of ILs in
MEs. In addition, MEs containing ILs show flexibility acting as polar or non-polar
phases, and the amphiphilic nature of ILs allows their use as additives or surfactants
that stabilize themicroemulsion systems. Owing to their superior surface activity and
tunable properties, IL and SAIL-based microemulsions have potential applications
in a wide range of pharmaceutical and biomedical fields.

9.4 Application of SAILs in Medical and Pharmaceutical
Systems

9.4.1 Pharmaceutical Applications of SAILs

The development of efficient drug delivery systems (DDSs) for managing diseases
without compromising the safety and efficacy of drugs is a challenge. Researchers are
continuing to develop new formulations and improve current formulations so that the
therapeutic potential of drugs can be realized. Nearly 40% of the top 200 oral drugs
marketed in the US and Europe; almost 90% of the developed pipeline drugs; 75%
of compounds under development; and 33% of FDA drugs have been reported to be
poorly soluble compounds (Gao et al. 2017; Rodriguez-Aller et al. 2015; Shamshina
et al. 2013). In addition to poor solubility, some marketed drugs have shown low
permeability, rapid metabolism and elimination from the body, as well as poor safety
and tolerability (Hodgson 2001; Homayun et al. 2019; Kalepu and Nekkanti 2015).
Thus, it is essential to formulate drugs with organized polymorphic forms as well
as precise crystal size and product solubility. ILs are increasingly being considered
environmentally safe and green solvents and can comprise biodegradable, biocom-
patible, and natural ions, such as amino acids and choline, or ions with recognized
biological activity (Klein et al. 2013; Li et al. 2013; Trivedi et al. 2011). Therefore,
ILs have shown promise for addressing the potential challenges of solid pharmaceu-
ticals for effective drug delivery. Because of their surprising solvating power and
superior surface activity, ILs can improve the solubility of various sparingly soluble
drugs and significantly improve the drug penetration over biological obstacles to
improve the therapeutic efficacy.

Numerous reports have discussed the interaction between drugs and SAIL surfac-
tants (Enache and Volanschi 2011; Sharma and Mahajan 2012). The solubility of
sparingly water-soluble drugs can be improved using SAILs because of their ability
to reduce the interfacial tension between the solution and the drug. In addition, SAILs
have been used as permeation enhancers in the skin delivery of poor lipid solu-
bility drugs, acting as an essential component of emulsion-based formulations that
increased drug permeation and absorption. For example, Patra and Barakat (2011)
reported the association of drug-surfactants where the SAIL [C4MIM][BF4] acts as
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a modulator. The association between anionic surfactants such as sodium dodecyl
sulfate (SDS) and curcumin was greater than that for SDS in the absence of SAILs.
Without SAILs, there was repulsion between the negative charge of the deprotonated
form of curcumin and the negative charge of the head group (sulfate ion) of SDS.
In addition, the association between curcumin and neutral Triton X-100 (TX100)
was improved by the addition of SAIL. This may be because of the presence of
hydrogen bond and dipole–dipole interactions in the positive charge group of the
SAIL with TX100, which increase the interactions or intense associations between
the curcumin and neutral surfactant solution. Mahajan et al. (2012) demonstrated
the drug binding ability between the SAIL [C14MIM][Br] and acetylcholine chlo-
ride (AC) and dopamine hydrochloride (DH)—drugs that are widely used to treat
various heart diseases. The results were compared with those for a cationic surfac-
tant, tetradecyltrimethylammonium bromide (TTAB), which is structurally similar,
and found that SAIL [C14MIM][Br] was a better carrier for delivery of AC and DH.
DH binds more strongly with [C14MIM][Br] than AC because of the π-cation inter-
actions between the aromatic part of DH and the positive charge of the surfactant
components. In addition, the binding ability of SAIL [C14MIM][Br] with DH was
higher than that of TTAB owing to the presence of π–π interactions between the π

system of the imidazolium ring of [C14MIM][Br] and DH. However, the CMC value
of SAIL [C14MIM][Br] was lower than that of TTAB because of the variation in
their head groups. Moreover, the positive charge of TTAB behaves as a point charge,
whereas the charge is delocalized in the imidazolium ring of SAIL [C14MIM][Br],
which creates a steric hindrance to the formation of aggregates.

MEs have recently attracted significant attention in pharmacological research
because of their ability to act as drug delivery vehicles, as well as their biocom-
patibility, long-term stability, nanometer-sized aggregations, and their straightfor-
ward preparation. Moniruzzaman et al. (2010) reported IL-based ME systems (IL-
in-oil microemulsions) in which the drug-loaded IL was dispersed in oil in the pres-
ence of a surfactant and assessed their ability to solubilize drugs such as acyclovir,
methotrexate, and dantrolene sodium, which are insoluble and/or poorly soluble
in aqueous media. The solubility study demonstrated that the solubility of acyclovir
increased 500 times in dimethylimidazoliumdimethylphosphate IL and increased the
transdermal delivery six times compared with those of commercial acyclovir creams.
Dobler et al. (2013) subsequently investigated the impact of ILs—[C4MIM][PF6] and
[C6MIM][Cl]—on traditionalwater-in-oil (w/o)MEs andoil-in-water (o/w)MEs and
showed that both ILs were successfully absorbed into the core of MEs and formed
stable formulations. In addition, [C6MIM][Cl] caused a significant reduction of the
surface tension of the ME, which depended on its concentration in water, and the
addition of [C4MIM][PF6] enhanced the excellent penetration of the drug into the
skin as a result of its hydrophobicity.

IL-basedMEs have shown greater efficacy in skin cancer treatment than commer-
cially available DDSs. An effective drug, 5-fluorouracil (5-FU), which is currently
available in an ointment form, exhibits low skin permeation efficacy and disagreeable
dermal side effects that lead to the non-compliance of patients in treatment (Hejaz-
ifar et al. 2020). Unwanted skin reactions, like erythema and pain, were avoided
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using IL-based MEs because the drugs were encapsulated in the internal core of
the ME. Goindi et al. (2014) established an IL/o ME system, which was used in
ex vivo permeation studies of a poorly water-soluble drug, 5-fluorouracil, for trans-
dermal delivery using 1-butyl-3-methylimidazoliumbromide IL [C4MIM][Br]. They
demonstrated 2.3- and 1.6-fold greater transport of the drugs than by oily solution
and o/w ME, respectively. Furthermore, Goindi et al. (2015) reported an IL/w ME
formulation that was used in ex vivo permeation studies of a sparingly water-soluble
drug, etodolac (ETO), for topical delivery using [C4MIM][PF6]. They showed that
the IL/w ME effectively increased the solubility and permeability of ETO. In vivo
anti-inflammatory and anti-arthritic studies of these IL/w formulations showed that
ETO containing IL/w ME was more effective for controlling inflammation than o/w
ME, oily solutions, and a marketed formulation of ETO. Moreover, histopatholog-
ical studies showed that the system did not cause any anatomical or pathological
abnormalities in the skin. In a recent study, the Goto group proposed a SAIL-based
IL/o ME system for the transdermal delivery of poorly water-soluble drugs such
as celecoxib, acyclovir, methotrexate, and dantrolene sodium (Ali et al. 2020). The
IL/o MEs consisted of the SAIL cholinium oleate, SAIL [Cho][Ole], as a surfactant
with Span-20 as a co-surfactant (Fig. 9.4a). The IL/o ME created a twofold greater
ME area than a conventional Tween-80-based IL/o ME, as well as 4.7- and 5-fold
higher encapsulation of CLX and ACV, respectively. The higher encapsulation effi-
ciency for SAIL-based MEs is due to the presence of hydrogen-bonding interaction
between the electron-donating groups of the drugs and the positively charged group
of cholinium ([Cho + ]) (Bhat et al. 2019; Singla et al. 2018). H-bonding, as well as
π-type interactions, plays essential roles in encapsulating groups in the core of MEs
owing to the interaction between the electron-rich conjugated π-system of the drugs
and the electron-deficient π-system of the [Cho + ] (Matthews et al. 2014; Schulz
et al. 2014; Singla et al. 2018; Zheng et al. 2007).

Skin is considered the most important barrier for protecting the human body;
however, it also offers a suitable route for pharmaceutical delivery as a result of
sustained and controlled delivery, good patient compliance, greater local concen-
tration, and avoidance of first-pass metabolism (Aboofazeli et al. 2002; Monti et al.
2017). Nevertheless, the quantity of drug that infiltrates through the skin is extremely
low because of multilayers of dermal obstacles, particularly the stratum corneum
(SC) (Monti et al. 2017; Wang et al. 2018). The SC—known to be a formidable
barrier to the delivery of drug molecules—is made up of structurally well-organized
corneocytes with lipid layers. Therefore, many hydrophilic or macromolecule drugs
(> 500 Da) cannot penetrate through the skin without reducing the barrier properties
by disturbing the SC and varying the structure of lipids through the use of phys-
ical (device-based) or chemical (formulation-based) permeation improvement tech-
niques. Recently, ILs and IL microemulsions have been found to be able to improve
the penetration of drugs across the skin barrier; therefore, many studies have been
carried out to determine their fundamental mechanisms of action (Kubota et al. 2016;
Moshikur et al. 2019;Wang et al. 2018; Zakrewsky et al. 2014). The physicochemical
properties of ILs are the key factor related to permeation enhancement (Zhang et al.
2017).Many of the proposedmechanisms depend primarily on the chemicalmake-up
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Fig. 9.4 a Formation of poorly soluble drug-loaded microemulsions with SAIL-based surfactant
that improved the solubility of drugs. b Transdermal delivery of acyclovir (ACV) using various IL/o
MEs where ME1 and ME6 are SAIL and conventional surfactant-based MEs, respectively. Figure
reproduced with permission from (Ali et al. 2020; Islam et al. 2020)

of the ILs. Monti et al. (2017) reported that the degree of penetration depends on the
structure of the IL. Conversely, the mechanism of permeation is tremendously wide-
ranging and does not represent all IL permeation improvement profiles. All perme-
ation enhancer ILs are classified as either hydrophilic or hydrophobic. Hydrophobic
ILs can promote separation into the epithelial membrane by providing channels,
advancing transcellular transport in the lipid sections, whereas hydrophilic ILs act
by opening tight connections inside the SC, improving paracellular transport by
increasing fluidization principally within protein and lipid sections (Agatemor et al.
2018). Among the best reported is 1-octyl-3-methylimidazolium-based ILs, which
act by disrupting the structural integrity as a result of inserting into the membrane
(Lim et al. 2015). It has also been shown that ILs enhance the fluidization of cell
membranes. This was particularly observed for hydrophilic imidazolium-based ILs
and lipid removal in the SC. Recently, choline and geranic acid-based ILs have
shown high penetrability, antibacterial activity, and assisted transdermal delivery of
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proteins, and an RNAi-like cholinium-malic acid-based IL acts as a skin penetration
enhancer (Aboofazeli et al. 2002; Dobler et al. 2013b; Singh 2019). Toxicity is a
crucial factor in the therapeutic or biomedical application of any technology. Bio-
based ILs can be used to overcome this hurdle owing to their biodegradation and low
toxicity profiles. Islam et al. (2020) developed biocompatible cholinium propionate
[Cho][Pro] and choliniumoleate [Cho][Ole]-based IL/oMEs to study the transdermal
delivery of ACV. These SAIL-based MEs showed less skin irritation and increased
the transdermal and topical delivery by 9- and 8-fold, respectively, compared with
conventional w/oMEs (Fig. 9.4b). This finding will doubtlessly pave the way forME
formulations that are not traditional surfactant-based systems, although the delivery
of largemolecules and themechanism of delivery of the drug through the skin require
further investigation.

9.4.2 Protein and Enzyme-Based Applications of SAILs

In the last few decades, ILs have been shown to act as potential solvents/co-solvents
or surfactants/co-surfactants to dissolve substances such as proteins, salts, fats, and
a wide range of other organic substances. Mao et al. (2014) developed a dual-IL-
based microemulsion where BMIM PF6 was used instead of organic solvents and
1-decyl-3-methylimidazolium bromide (DMIMBr) acted as a surfactant. This type of
ME system was shown to be efficient for protein extraction with an excellent extrac-
tion efficiency (EF) for hemoglobin compared with pure BMIMPF6. In addition, the
EF of hemoglobin was increased by increasing the concentration of DMIMBr because
the aggregation number of DMIMBr increased, which was effective for separating
the hemoglobin from human blood. A copper-incorporating enzyme such as laccase
showed catalytic activity when it was dissolved in water/ionic liquid (w/IL) ME.
Sun et al. (2014) used a mixed surfactant blend of Triton X-100 and 1-tetradecyl-
3-methylimidazolium bromide ([C14MIM]Br) for the preparation of w/IL MEs. The
formation of w/IL ME was detected by measuring electrical conductivity. In this
ME system, the electrical conductivity increased linearly with increasing water
concentration. Subsequently, Adak et al. (2015) investigated the thermal stability
and activity of lipase from Rhizopus oryzae using imidazolium-based SAILs such as
1-hexadecyl-3-methylimidazolium bromide (C16MIM)Br. The deactivation temper-
ature of the Rhizopus oryzae lipase (rhL) increased as a result of the introduction of
(C16MIM)Br, and the thermal stability of the enzyme increased. At low (C16MIM)Br
concentration (100 μM), the enzyme activity was enhanced up to 80%.

Gene therapy by replacement of imperfect genes at the transcriptional level
has become more attractive as an effective therapeutic approach as a result of
the development of potential safe delivery systems (Qasba et al. 1971; Robbins
et al. 1998). The efficiency of gene transfection can be improved by changing the
structure of amphiphiles of self-assembled delivery systems. Recently, a novel IL-
based gemini surfactant has received particular attention owing to its interaction
with DNA molecules. Pyridinium-based gemini surfactants contain two positive
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charges and show high charge/mass ratios and high molecular adaptability. The
Bhadani and Singh (2009) groups reported that pyridinium-based gemini surfac-
tants with an ethane-1,2-dithiol spacer had low cytotoxicity by MTT assay and
chain length-dependent DNA binding properties by agarose gel electrophoresis. The
imidazolium-based gemini surfactants showed more propensity for self-aggregation
and strong π–π interaction between the aromatic rings and surfactants. In addition,
the insertion of histidine molecules into the DNA condensing groups was shown to
assist gene transfection by improving the proton-sponge effect. For example, with
the addition of SAIL surfactants like [Cn-4-CnIM]Br2 (n = 10, 12, 14), the DNA
molecules experience the action from densification to multimolecular condensation
by changing the conformation, which is then compared with surfactants containing
various chain lengths to describe the significant contribution of the interaction of
hydrophobicity (Zhou et al. 2012). In addition, the [C12-4-C12IM]Br2 can condense
with DNAmolecules in the exact charge ratio to give spherical particles with a diam-
eter of 100 nm.We have also observed that [C12-4-C12IM]Br2 shows less cytotoxicity
at the concentration of transfection point, which indicates that [C12-4-C12IM]Br2 acts
as an efficient gene vector (Zhou et al. 2013). Recently, S. Mitragotri and co-workers
showed effective dermal delivery of therapeutic RNAi robed with IL-moieties for
treating skin diseases (Zakrewsky and Mitragotri 2016).

9.5 Conclusion

In recent years, ILs have increasingly been considered to be among the most
promising emerging materials and technologies. In addition to providing substi-
tutes in established procedures, ILs are also regarded as important candidates for
solving critical problems such as achieving clean and efficient energy. Researchers
are facing unparalleled challenges in the development of effective drug delivery
systems for many drugs owing to their polymorphism, and limited solubility, perme-
ability, and bioavailability. IL-based formulations provide a promising approach for
addressing these limitations through the design of smart delivery systems. In partic-
ular, ILs have been found to play a unique role in the pharmaceutical field owing
to their clean and multifunctional properties including negligible vapor pressure at
comparatively ambient conditions, high thermal and chemical stability, high surface
activity and electrochemical stability, and broadly tunable properties in terms of
polarity, hydrophobicity, and solvent miscibility. One of the major problems in the
pharmaceutical industry is the increasing number of active pharmaceutical ingre-
dients (APIs) with low water solubility, class II drugs in the biopharmaceuticals
classification system. In recent years, ILs have been considered solvents and/or mate-
rials with the potential to enhance therapeutic performance by increasing solubility
and stability and improving drug delivery. In the past decade, IL-based microemul-
sions have been investigated as promising nanocarriers for TDD. ILs are considered
tunable designer solvents and play a significant role in all phases of microemul-
sion systems by providing alternatives to the water, oil, and surfactant components.
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Recently, researchers have prepared surface-active ILs (SAILs) to act as surfactants
by combining cations and anions containing long alkyl chains. These SAILs allow the
formation of various organized assemblies and improve the physicothermal stabili-
ties of MEs compared with traditional aqueous systems. In this chapter, we primarily
focused on surface-active ionic liquids (SAILs) and evaluated their feasibility for
medical and pharmaceutical applications.
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Chapter 10
Ionic Liquids for Transdermal
Vaccination

Yoshiro Tahara

Abstract Ionic liquids (ILs) are attractive vehicles for the effective delivery of
biopharmaceuticals. This chapter focuses on transdermal vaccination using ILs.
Transdermal vaccination is the administration of vaccines through the skin. Because
it is needleless and avoids the requirement for professional medical support, trans-
dermal vaccination has become an important research field. However, in this form of
vaccination, the antigens need to be captured by antigen presenting cells in the skin
upon delivery. It is difficult to deliver antigens through the skin because antigens
consist of proteins and peptides, which are hydrophilic and high molecular weight
species. Recently, ILs have been reported as solvents for sparingly soluble drugs or
skin penetration enhancers, and thus, transdermal vaccination using ILs has attracted
much attention.

Keywords Ionic liquid · Transdermal delivery · Vaccination · Antigen peptide

10.1 Introduction

An ionic liquid (IL) is a salt that exists in a liquid state at room temperature and atmo-
spheric pressure (Wasserscheid and Keim 2000). Research into ILs is an attractive
field that started in the 1990s (Wilkes and Zaworotko 1992). High vapor pressure
and designability are well-known advantages of ILs. Pharmaceutical applications of
ILs have attracted much attention since the 2000s (Hough et al. 2007). One of the
most important properties of ILs for pharmaceutical applications is their solubiliza-
tion of sparingly soluble drugs. Moniruzzaman et al. reported that acyclovir, which
is difficult to dissolve in water and various organic solvents, can be dissolved in
ILs such as dimethylimidazolium dimethylphosphate. Additionally, acyclovir was
successfully delivered through the skin using a microemulsion system (Moniruz-
zaman et al. 2010a; b). After these pioneering studies, drug delivery systems using
ILswere reported and quickly regarded as one of themost attractive IL research fields
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(Adawiyah et al. 2016; Md Moshikur et al. 2020). Recently, ILs have been used for
drug delivery systems involving not only small molecular drugs but also biophar-
maceuticals such as siRNA (Zakrewsky and Mitragotri 2016), peptides (Tahara
et al. 2020), and proteins (Araki et al. 2015; Banerjee et al. 2017, 2018; Tanner
et al. 2018). These biopharmaceuticals are usually delivered as an aqueous solution
and thus, deactivation by the IL is a major concern. However, an IL-robed siRNA
targeted against an esterase down regulated the target enzyme in artificial skin tissues
(Zakrewsky and Mitragotri 2016), and an insulin-loaded IL decreased the blood
glucose level after oral administration (Banerjee et al. 2018; Tanner et al. 2018).
Therefore, these studies suggested that ILs do not always deactivate biopharmaceu-
ticals. Another use of ILs in the biopharmaceuticals is for transdermal vaccination
as summarized at the end of this chapter.

10.2 Transdermal Drug Delivery and Vaccination

Transdermal delivery is drug delivery into the skin (Zaffaroni 1981). Compared with
the injection route, transdermal delivery is a non-invasive administration method that
avoids the accident risk related with needles. In the case of oral delivery, which is
another painless method, after drug administration through the mouth, the degrada-
tion and loss of drugs in the gastrointestinal tract and liver need to be considered.
First-pass metabolism by the liver is the major disadvantage of oral drug delivery.
By comparison, during transdermal administration, drugs are directly delivered to
the blood or lymph vessels under the skin making it is a simple and ideal route for
drug administration.

Preventive vaccines containing viral or bacterial antigens are administered to
healthy people to induce immunity against the virus or bacteria causing the infection.
The COVID-19 pandemic (2020–2021) has globally reconfirmed the importance of
vaccines. Transdermal vaccination is the delivery method of vaccines through the
skin. Its advantages include avoiding the use of needles and the involvement of the
healthcare professionals and is the one of the best methods for widespread vaccine
administration. In the 1970s, Langerhans cells in the epidermis of the skin (Fig. 10.1)
were reported to be stimulated by adjuvants (Silberberg et al. 1976) and research
into the immunology of the skin was developed. Subsequent studies indicated that
the Langerhans cells in the epidermis and dermal dendritic cells show robust antigen
presentation effects, and thus, transdermal vaccinations have attractedmuch attention
(Bal et al. 2010).

Transdermal drug delivery, including skin vaccination, is known as an excellent
drug delivery system. Nevertheless, it is difficult to deliver drugs through the skin.
The stratum corneum (SC) is the outer most layer and functions as the main barrier
of the skin (Fig. 10.1). The SC consists of the lipids derived from keratinocytes
and as a hydrophobic barrier, and it protects the skin from exogenous materials
(Madison 2003). Therefore, transdermal delivery of biopharmaceuticals including
vaccine antigens (peptides, proteins and RNAs) are difficult because most of them
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Fig. 10.1 Skin structure

are hydrophilic macromolecules. In 1998, Glenn et al. reported that it was possible to
produce antigen-specific antibodies by transdermal vaccination (Glenn et al. 1998).
At this stage, antigen delivery into the skin was accomplished through the removal
of the SC by tape stripping. Over the following two decades, various approaches
including ultrasound (Tezel et al. 2005), jet immunizations (Roberts et al. 2005),
microneedles (Sullivan et al. 2010), liposomes (Paul et al. 1995), and hydrogel
patches (Ishii et al. 2008) were reported as transdermal vaccine delivery systems.
In the following sections, transdermal drug delivery and transdermal vaccination
using ILs are summarized.

10.3 Ionic Liquids as Skin Penetration Enhancers

In the research field of ILs for pharmaceutical applications, transdermal delivery is
one of the most studied areas. In 2010, Moniruzzaman et al. reported that acyclovir,
a sparingly soluble drug, could be dissolved in several ILs (Moniruzzaman et al.
2010a). Hydrophilic ILs are more suitable for increasing the solubility of acyclovir
than hydrophobic ones. Although acyclovir is a drug used against a herpes virus that
causes skin shingles, it is usually administered orally. The low solubility of acyclovir
in not only water but also organic solvents is one reason why acyclovir is not used as
a skin external medicine. ILs are novel solvents for acyclovir because of their high
polarity. However, the skin permeability of acyclovir by delivery using hydrophilic
ILs is low. Thus, acyclovir in an IL was emulsified with an oil phase and surfactants,
which are well-known as skin penetration enhancers, and transdermal delivery of
acyclovir was achieved. In the companion report, the skin irritation of the IL and the
IL-in-oil emulsion were investigated using an artificial skin model, and cytotoxicity
of the hydrophilic IL alone to skin cells was relatively high while that of the IL-in-oil
emulsion containing 4% IL was low (Moniruzzaman et al. 2010b). Similar results
were obtained using methotrexate where it was not delivered across the skin by IL
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alone or oil enhancer alone, but it was delivered by an IL-in-oil emulsion (Yoshiura
et al. 2013).

In the 2010s, the effects of ILs as skin penetration enhancers were investigated. In
2013, Doblar et al. prepared an emulsion loaded with model small molecular drugs
and ILs. The skin permeability of the drugs were improved by the hydrophobic
IL (1-butyl-3-methylimidazolium hexafluorophosphate) (Dobler et al. 2013). In
2018, Wang et al. reported that dencitine was delivered through the skin by emul-
sions containing ILs (1-hydroxyethyl-3-methylimidazolium chloride and 1-butyl-3-
methylimidazolium dodecanesulfate) (Wang et al. 2018). One of the most attractive
and well-studied ILs in 2010 was choline-geranate reported by the Mitragotri group.
It was first recognized as a deep eutectic solvent because it consisted of a 1:2 molar
ratio of choline and geranic acid, but is now recognized as an IL. The skin penetration
enhancement effect provided by choline-geranate was very high. It can be used to
deliver not only small molecules such as mannitol and cefadroxil (Zakrewsky et al.
2014) but also proteins including insulin and albumin (Banerjee et al. 2017; Tanner
et al. 2018).

10.4 Skin Vaccination by Ionic Liquids Using Antigen
Protein and a Solid-in-Oil Nanodispersion

10.4.1 The Solid-in-Oil Nanodispersion

In the 1990s, the improvement of enzyme activity in non-aqueous solutions was
studied. For example, the catalytic effect of enzymes for a typical esterification to
formanester bond fromanalcohol and an acid is very low in aqueous solutionbecause
water shifts the esterification equilibrium to hydrolysis. Therefore, approaches to
dissolve enzymes in organic media is important technology. Goto et al. reported
a method for modification of enzymes with hydrophobic surfactants (Tahara et al.
2012). An oil-based solution containing solid complexes consisting of enzymes and
surfactants was called a solid-in-oil (S/O) nanodispersion, and this technology was
used in transdermal delivery systems in the 2000s (Piao et al. 2008; Tahara et al.
2008). Transdermal vaccination using a S/O nanodispersion was first reported in
2010 and shown to be successful for delivery of antigens of cancer immunotherapy
(Wakabayashi et al. 2018) and treatment of Japanese cedar pollinosis (Kitaoka et al.
2015).
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10.4.2 Collaboration of Ionic Liquids with a Solid-in-Oil
Nanodispersion

In 2015, Araki et al. reported that the transdermal vaccination of a
S/O nanodispersion was improved by an IL (1-dodecyl-3-methylimidazolium
bis(trifluoromethylsulfonyl) amide) (Araki et al. 2015). Transcutaneous delivery of
a model antigen (ovalbumin, molecular weight: 45 kDa) into the skin was enhanced
using ILs. The in vitro release ratio of antigens from the S/O nanodispersion to the
water phase is the most important factor in transdermal protein delivery into the
skin using S/O nanodispersions (Kitaoka et al. 2014). However, the antigen release
ratios were not significantly increased with ILs. This result suggested that ILs acted
as skin penetration enhancers. Finally, a transdermal vaccination study in vivo was
performed using an antigen-loaded S/O nanodispersion with or without ILs. The
antigen-specific antibody production was enhanced by the ILs. This is early evidence
that the biological response by ILs was reported in vivo. The potential of using ILs
as a transdermal vaccination enhancer was confirmed.

10.5 Skin Vaccination of Antigen Peptides Enhanced
by Ionic Liquids

In 2020, Tahara et al. reported transdermal vaccination using an antigen peptide
and biocompatible ILs (Tahara et al. 2020). The molecular weight of an antigen
peptide is usually over 500 Da, and thus, transdermal antigen peptide delivery is
difficult. Imidazolium-based ILs were known as skin penetration enhancers (Dobler
et al. 2013; Araki et al. 2015; Wang et al. 2018), but their cytotoxicity is concerning
(Moniruzzaman et al. 2010b). Tahara et al. prepared ILs consisting of choline-fatty
acids (C8, C10, C14, C16, C18, and C18:1), in which both the cation and anion are
derived from natural products. The investigation of skin irritation and penetration
enhancement effect suggested that choline-oleate (Fig. 10.2a) is suitable for trans-
dermal peptide delivery. Themodel antigen peptide SIINFEKL (an ovalbumin (OVA)
epitope peptide) is soluble in choline-oleate, an IL, and is miscible with ethanol
(EtOH) and isopropyl myristate (IPM). The in vitro skin penetration of SIINFEKL
was dramatically enhanced, and the flux generated by the IL/EtOH/IPM system
was 28-fold higher than with EtOH/PBS alone. The preventive cancer vaccination
effect was evaluated in vivo using E.G7-OVA cells (OVA-expressing cancer cells).
One week after two vaccinations, E.G7-OVA cells were inoculated into mice. The
tumor growthwas prevented by the SIINFEKL antigen peptide-loaded IL/EtOH/IPM
system, while it was not by injection of the antigen peptide alone (Fig. 10.2b). These
results suggested that the biocompatible IL choline-oleate is a promising enhancer
for transdermal peptide delivery and vaccination.
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Fig. 10.2 Skin vaccination of antigen peptides enhanced by ionic liquids. a Choline-oleate is a
suitable IL for transdermal drug delivery. bTumor growthwas prevented by transdermal vaccination
with the SIINFEKL antigen peptide-loaded IL/EtOH/IPM system ( ) but not with the antigen
peptide alone by injection ( ) compared with the control ( ). Reproduced with permission from
our previous work (Tahara et al. 2020). Copyright (2020) American Chemical Society

10.6 Summary

Transdermal vaccination is a safe and easy administration route and has been globally
prioritized as an effective transdermal delivery method for antigens. Biocompatible
ILs such as choline-geranate and choline-oleate were reported as efficient skin pene-
tration enhancers and solvent mediators. These are important candidates for further
study as transdermal delivery additive agents and skin vaccination enhancers during
the next generation of biopharmaceutical research.
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Chapter 11
Ionic Liquids-Based Antibiotics
for Resistant Microbial Strains and Drug
Polymorphism

Amal A. M. Elgharbawy, Muhammad Moniruzzaman, Normi Ismail,
and Shiva Rezaei Motlagh

Abstract Ionic liquids (ILs) are a large group of so-called green solvents with
extensive uses in medicine, drug delivery, stabilization of proteins and enzymes, and
industrial applications. Active Pharmaceutical Ingredients ionic liquids (API-ILs)
are the third generation of ILs. Because of their role precision, biodegradability, and
biocompatibility, this class of ILs is gaining interest. This chapter, therefore, aims
to recognize the antimicrobial action of non-toxic and biocompatible antibiotics
targeting API-ILs that could respond to resistant strains. The World Health Organi-
zation (WHO) has published a priority list of pathogens for antibiotic research and
development. Among the pathogens are Enterobacteriaceae (Escherichia coli,Kleb-
siella pneumonia, Serratia spp., Enterobacter spp., Proteus spp., Providencia spp,
andMorganella spp), carbapenem-resistant, 3rd generation cephalosporin-resistant,
Pseudomonas aeruginosa (carbapenem-resistant), and Acinetobacter baumannii
(carbapenem-resistant). The application of API-ILs could assist in overcoming the
challenges correlated to the pharmaceutical industry including drug solubility and
polymorphism. At present, biocidal characteristic of large cations, such as imida-
zolium and benzalkonium species are mostly utilized to hinder growth of yeast or
bacteria. In this context, this chapter introduces a background on the applications
of ILs as antimicrobial agents for microbial resistance. Their corresponding mech-
anism of ILs and their effect as an antimicrobial agent was investigated, as well.
Since the selection of the organic cations and anions in the ILs formulation can tube
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the biological properties of the ILs, we aim to unveil some of the recent studies that
focused on the antimicrobial activities of ILs toward some resistant strains.

Keyword Ionic liquid · Antimicrobial · Antibiotics resistance · Active
ingredients · Mechanism

Abbreviations

WHO The World Health Organization
APIs Active pharmaceutical ingredients
ILs Ionic liquids
API-ILs Active pharmaceutical ingredients Ionic liquids
ICU Intensive Care Unit
NSAIDs Nonsteroidal anti-inflammatory drugs
SILs Switchable ionic liquids
RILs Reversible ionic liquids
PIL Poly (ionic liquid)
MDR Multidrug-resistant
AMX Amoxycillin
Pen Penicillin
OSILs Organic salt ionic liquids
AMP Ampicillin
[TMAm] Trimethylammonium
[BMPyr], [HMPyr], [OMPyr] Butyl, hexyl, octyl pyridinium
[CnQuin] 1-Alkyl-quinoline
[CDIM] 1-Decyl-3-cinnamylimidazolium
[Br], [Cl] Bromide, Chloride
[CnPyr] 1-Alkylpyridine
[HDPyr] Cetyl pyridinium
[HDPyr][Amp] Cetyl pyridinium based on ampicillin
[Na] Novel active
[NTf2] Bis (trifluoro-methanesulfonyl) imide
[EMIM] 1-Ethyl-3-methylimidazoloium
[BMIM] 1-Butyl-3-methylimidazolium
[OMIM] 1-Octyl-3-methylimidazolium
[DMIM] 1-Decyl-3-methylimidazolium
[EOHDMIM] 1-(2-Hydroxyethyl)-2,3-dimethylimidazolium
[MMF] Monomethyl Fumarate
[MBF] Monobutyl Fumarate
[MOF] Monooctyl Fumarate
[MDF] Monododecyl Fumarate
[Ch] Choline
[Met] Methionine
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[Gln] Glutamine
[TBO] 2-Mercaptobenzoxazole
[TBT] 2-Mercaptobenzothiazole
[TBI] 2-Mercaptobenzimidazole
[DODMA] Dioctyldimethylammonium
[HDPyr] Cetyl pyridinium
[PyroCx] Pyrrolidinium
[P6,6,6,14] Trihexyltetradecylphosphonium
[TMBA] Trimethyl butylammonium
[TMOA] Trioctyl methylammonium
[TMDA] Trimethyl decylammonium
[TMDOA] Trimethyl dodecylammonium
[TMHDA] Trimethyl hexadecylammonium
[TBMA] Tributyl methylammonium
[TOMA] Trioctyl methylammonium
[DODMA] Dioctyl dimethylammonium
[EMMor] 4-Etyl-4-methylmorpholinium
[TMPnA] Trimethyl propanammonium
[EMpip] 1-Ethyl-1-methylpiperidinium
[TBMP] Tributyl methylphosphonium

11.1 Introduction

The World Health Organization (WHO) created a Global Priority Pathogen List
(GPL) of bacteria resisting antibiotics to help prioritize new and efficient antibiotic
drugs for research and development (R&D). To date, small and large pharmaceutical
companies have primarily been driven by the selection of pathogens for R&D activi-
ties based on a set ofmetrics, such as investor pressure, apparent patient needs,market
size, availability of specific technologies, and scientific innovation potential. In line
with that, to contribute to solving the problem, efforts are required to develop new
antibiotics (Goossens et al. 2006; Goossens 2009; CDC 2019). Bacterial antibiotic
resistance is a global public health concern, and in 2017, the World Health Organi-
zation (WHO) has drawn up a list of 12 genera, which were prioritized in the critical,
high, and medium categories for the creation of alternative antimicrobial drugs.

At the turn of the twenty-first century, the emergence of ILs represents levels of
biological activities. This category includes examples of ILs that, for example, are
used as active pharmaceutical precursors or ingredients in medicine (APIs). There-
fore, the pharmaceutical industry is also engaged in exploring alternative medicines,
such as solvents, active liquid forms, co-crystals, or solvents, to prevent the risk of
complications of polymorphism (Flieger and Flieger 2020). Since the harmful impact
of ILs on the growth of bacteria and fungi has been demonstrated by some studies,
this can eliminate the resistance of pathogenic microbes toward antibiotics and other
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Fig. 11.1 The number of publications in the period between 2010 and 2020 based on Scopus search
of the keywords “ionic liquid” and “antimicrobial”, as of 26 February 2021

drugs. In medicine, there are several avenues in ILs that can be used, including deter-
gents or dressing substance additives. They are also constituents of the so-called
retarded action drugs (Flieger and Flieger 2020).

Even though there are limited reports on ionic liquids’ antimicrobial activities,
there is a clear growing interest based on the data obtained from Scopus search in
the period between 2010 and 2020 (Fig. 11.1).

11.2 Antimicrobial Resistance

In the last two decades, antibiotics have significantly decreased mortality and
morbidity and from opportunistic and classical infections (Johnson 2015). Accel-
erated global use of antibiotics and lapses in the prevention and management of
infections has escalated the incidence and extent of antibiotic resistance (AR) rela-
tive to the advances achieved. In the United States, an average of two million indi-
viduals are infected, and 23,000 died per year with antibiotic-resistant bacteria. In
the European Union, AR leads to 25,000 deaths and a further 2.5 million healthcare
days at hospitals a year (CDC 2019). The highest prevalence of AR is reported by
the Mediterranean countries. Comparably, the average consumption of antibiotics
(regular doses per 1000 individuals) in the Mediterranean, eastern, and southern
countries appears to be greater than in northern European countries (Goossens et al.
2006; Goossens 2009).

Germs such as bacteria and fungi cause antibiotic resistance to the antibiotics
intended to inhibit them. This implies that the antibiotics could not destroy the germs,
and they continue growing. The cure of infections caused by antibiotic-resistant
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germs is complex and sometimes difficult. In most cases, the antibiotic-resistant
infection needs long-termhospital admission, additional supervision, follow-up tests,
and toxic and extensive therapy. Antibiotic tolerance does not mean the human body
gets resistant to antibiotics; it is that the microbe becomes tolerant to the treatment
intended to inhibit or kill it (CDC 2019). Bacterial that have been immune to antibi-
otics are described as ‘susceptible’ to ‘intermediate’ or ‘resistant’ as a susceptibility
pattern alteration or from ‘intermediate’ to ‘resistant’. The key drivers of AR are
overuse and misuse of antibiotics which result in presumptive treatment and mishan-
dling of antibiotics with excessive doses. Other drivers include the spread of resis-
tant bacteria from patient-to-patient, medical personnel to patients and vice-versa,
prophylactic application in animal husbandry, and lack of antibiotics regulation and
policy. The World Bank report warned that the global economy could encounter
antimicrobial resistance that causes as much damage as the 2008 financial crisis
(Asokan et al. 2019).

The resistance of bacteria to antibiotics is a worldwide health challenge; hence,
WHO developed 12 families of microbes in 2017 that have been categorized in
the critical, high, and medium classes for the production of alternate antimicrobial
agents (Havenga et al. 2019). One of the major “priority 1: critical group” species is
Acinetobacter baumannii (A. baumannii) since it is the predominant opportunistic
pathogen involved in nosocomial infections. Several strains of P. aeruginosa were
also sampled from hospital facilities and are involved in nosocomial infections. Table
11.1 shows some common bacteria with high antibiotic resistance.

11.3 Ionic Liquids as an Antimicrobial Agent for Resistant
Microbes

ILs are typically classified as salts below 100 °C with melting points (Flieger and
Flieger 2020). The twenty-first century is the advent of third-generation ionic liquids
that integrate attractive biological characteristics with physicochemical characteris-
tics. This category includes ILs that, for instance, are utilized as active pharmaceu-
tical ingredients or precursors in medicine (APIs). Cations with proven low toxicity
and beneficial action (local anesthetic, anticholinergic, antibacterial, antifungal) and
anions with certain properties (antibiotics, emollients, NSAIDs, vitamins) have been
utilized to obtain a variety of the essential biological properties of ILs. The category
of compounds referred to as ILs is currently divided into a variety of sub-categories.
The switchable IL group (SILs), also called reversible ILs (RILs), is an important
group of ILs. Exposure to external factors, such as oil refining, sulfur dioxide, carbon
dioxide captures, and pine hemicellulose extraction, could change the constituents’
state from neutral to ionic (Flieger and Flieger 2020). Various studies have demon-
strated that in species ranging from bacteria to higher animals, ILs display various
levels of toxicity, which largely depends on the cations and their side-chain length.
Moreover, anions were proven to relate to toxicity. Compared to traditional organic
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Table 11.1 List of some common microbes with high antibiotic resistance with critical threats
(CDC 2019, 2020)

Pathogen Antibiotic
resistance

Type of infection Resistance notes

Acinetobacter Multi-drug
resistant
Carbapenem

Pneumonia and wound,
bloodstream and
urinary tract infections
Appears mostly with
patients in the ICU

It can spread from
hospitals and ICU
Can be transmitted by
direct contact and can be
found on the skin, in the
dirt, water or food
Acinetobacter baumannii
is extremely infectious and
responsible for 80% or so
of infections
withAcinetobacter

Candida auris Multi-drug
resistant

C. Auris has induced
serious illnesses in
inpatients. C. Auris
causes wound
infections, ear
infections and
infections in the
bloodstream. It has also
been isolated from
urinary and respiratory
samples

It is immune to multiple
antifungal agents widely
used to treat infections of
Candida. With traditional
laboratory procedures, it is
difficult to differentiate and
can be misidentified in
laboratories without
specific technology

Enterobacteriaceae
• Klebsiella
pneumoniae and
other species

• Escherichia coli (E.
coli) species

Carbapenem Lung infections,
pneumonia (pulmonary
diseases), infections of
the upper respiratory
tract, urinary tract
(UTI), stomach, febrile
neutropenia,
meningitis, infections
of surgical wounds

Enterobacteriaceae, which
may become immune to a
class of antibiotics known
as carbapenems, are a
natural, typically harmless
part of our digestive tract
bacteria

Neisseria
gonorrhoeae

Fluoroquinolone
antibiotics like
ciprofloxacin

It causes gonorrhoea, a
sexually transmitted
disease. The lack of
successful drugs to cure
at least 95% of the
gonorrhoea population
could contribute to
major public health
issues

Resistance to most drugs
used for its
treatment. These bacteria
are now immune to the
antibiotic fluoroquinolone
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solvents such as methanol and dichloromethane, most imidazole-based ILs demon-
strate higher toxicity (Stasiewicz et al. 2008). The capacity to inhibit several enzymes
was also reported. The effect of inhibiting acetylcholinesterase, which results in
certain neuronal mechanisms being distorted, tends to be especially harmful. Pyri-
dinium and imidazolium-based ILs have been shown to be responsible for inhibiting
the activity of enzymes (Thuy Pham et al. 2010).

As they engage in the nitrogen and carbon cycles, microorganisms are indispens-
able to the ecosystem.Many studies about the toxicity of ILs of bacteria can be found
in the literature. For instance, the evaluation of the toxicity of ILs to Escherichia coli,
Vibro fischeri, Pichia pastoris, Bacillus cereus and lactic acid-producing bacteria,
and others are described in several reports (Flieger and Flieger 2020) (Table 11.2). In
contrast to traditional solvents such as phenol, toluene, benzene, the ILs toxicity is
more harmful to bacteria and varies according to the organisms. Gouveia et al. (2014)
have proposed that the same rules developed for higher organisms do not regulate
toxicity against bacteria. The authors found that soil bacteria’s susceptibility, namely,
B. subtilis and E. coli, varies significantly with ILs originating from imidazolium,
pyridinium, and amino acid-choline. It seemed that ILs were less lethal to E. Coli
(Gram-negative), tested for inhibition by [Ch][Met] and [Ch][Gln], as opposed to B.
Subtilis (Gram-positive). More studies have also verified that, compared to Gram-
negative, ILs aremore lethal toGram-positive bacteria because of various interactions
of ILs with lipid components and peptidoglycan of the cell wall (Saadeh et al. 2009;
Gouveia et al. 2014). Existing studies have shown that three major elements should
be considered to assess various microorganisms’ toxicity, involving bacteria. Those
elements are the head group, the head group substituents, and the anion type (Flieger
and Flieger 2020). With increasing the alkyl chain length of the imidazolium cations,
the bacterial activity decreases. This theory, however, is not substantiated by other
reports. In 2014, a number of benzoazole ILs were tested by Czekański et al. (2014),
and their antimicrobial activitywas evaluated. Among the ILs synthesized, only a few
exhibited inhibition of B. subtillis and P. aeruginosa (Gram-positive), specifically,
[EMIM][TBI] and [HMIM][TBT], [BMIM][TBO]. It is important to mention that
the ILs head group alteration or the alkyl chain length that is bound to the head group
had no effect on the antibacterial behavior with respect to the bacteria examined.
About 50% of drugs are being used as salts. It is why the requisite drug properties
can be precisely tuned by pairing suitable ions. Any essential drug characteristics,
such as melting temperature and solubility, are important in drug manufacturing
processes and pharmacodynamics (Black et al. 2007). However, crystal polymor-
phism in medicinal compounds, which may alter the active ingredient’s solubility
in a lethal dosage or ineffectual dose, continues to be the most important issue
for the pharmaceutical industry. Additional drawbacks related to the solid-state of
the drug were identified, as were low solubility and limited bioavailability, besides
polymorphic conversions. Consequently, the pharmaceutical industry is still keen
to discover alternative types of pharmaceuticals to prevent polymorphism problems
(Flieger and Flieger 2020). The therapeutic effectiveness, bioaccessibility, and low
solubility of drugs via semi-permeable membranes are generally limited. This will
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result in administering higher doses of the drug to achieve medicinal benefits (Myles
et al. 2010; Egorova et al. 2017).

Therefore,APIILs offer an option for the enhancement of solubility and stability in
conventional drug delivery systems. Recent studies have shown that many ILs boost
protein shelf-life in a solution, preserving the perfect folded structure. It is why the
solvents for protein treatment seem to have promising stability. ILs are capable of
replacing water for intravenous injection for costly lyophilized drugs in protein-
based pharmaceutical formulations. Suitable components would offer an appro-
priate viscosity, polarity, conductivity, and potential for hydrogen bonding (Myles
et al. 2010; Egorova et al. 2017). Antibacterial and antifungal processes have been
tested in ILs. Most of them displayed activity against Gram-positive and Gram-
negative bacteria, paving the way for the use of these ILs as chemotherapeutics (Lim
et al. 2014). As some researchers have demonstrated IL’s negative effect on bacterial
and fungal growth, we can use these as the solution to eliminate antibiotic-resistant
microbes (Flieger and Flieger 2020).

11.4 Mechanism of Action of Ionic Liquids
as Antimicrobial Agent

11.4.1 Cations and Anions and ILs Structure

In a study by Madaan and Tyagi (2008), pyridinium ILs exhibits no odor or toxicity
when utilized in proper concentrations. They are stable and contain no contaminants
such as active chlorine, iodine, phenol, mercury, copper, or other heavy metals. The
growth of bacteria, viruses, fungi, protozoa, and other microorganisms is limited by
their activities. Therefore, they do not accomplish the necessities of a “universal”
antimicrobial agents. Moreover, they do not always provide the whole annihilate
of different microorganisms under certain conditions. The past literature presented
that the pyridinium-based IL activities are controlled by different mechanisms. They
could be adsorbed on the microorganisms’ cell membranes and improve different
functions in their cell structure. Changes may include the alteration in cell structure
and restraint in glycolysis and respiration of microorganisms, principally hindrance
of the oxidation system. Generally, these ILs may be adsorbed on the cell wall and
bind to one of the biochemical components. Sufficiently binding causes disruption
of cell structure and halt the growth of the bacteria, which leads cells to death. It has
also been stated that there could be leakage of free glycine, nitrogen, and phosphorus
due to the presence of the ILs on the microorganisms (Pernak and Branicka 2003).

A study by Pernak and Branicka (2004) examined the antimicrobial activity
of alkylpyridinium IL. They found that an enhance in the length of cation alky
chain could improve the antimicrobial activity. On the other hand, nature of the
cations (aromatic/non-aromatic) and their position at which they are replaced with
the pyridine head group. Additionally, the assessment of both electrostatic impact
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and antimicrobial activity showed that ILs containing dimethylamino group at 3-
position presented greater inhibition activity toward microbes and high electrostatic
impact in contrast with the ILs possessing a hydroxy group at 3-position. The head
group substituted with pyridinium amphiphiles exposed the significant effect on the
antimicrobial activity and increment of the number of head-groups played a role
in enhancing the activity. Moreover, a study by LaDow et al. (2011) examined the
antimicrobial features of two novel cationic amphiphiles with triple pyridinium and
trimethylammonium headgroups. It was stated that to destroy both Gram-positive
and Gram-negative bacteria, the amphiphiles ILs holding triple head-groups were
most efficient. On the other hand, ILs with triple head-groups could kill and destroy
them in shorter duration time in comparison with the single headed ILs. In another
study N,N-hexamethylene bis(4-carbamoyl-1-decylpyridinium bromides) and their
derivatives exhibited in vitro antimalarial activity toward thePlasmodium falciparum
FCR-3. The antimalarial activity of amphiphilic ILs were obtained at around 3.5–
10 µM. The finding demonstrated that antimalarial activity relies upon the length
the cation’s alkyl chain. The cation with 8C presented was the most suitable for the
application (Fujimoto et al. 2006). Higher hydrophobicity could be achieved with
longer alkyl chains, leading to higher cytotoxicity and higher antimicrobial activity
of quaternary ammonium compounds and ILs (Gindri et al. 2016).

The antimicrobial activity of C4, C6, and C8 of [Pyr][Br] based ILs toward pure
cultures of P. fluorescens, S. cerevisiae, B. subtilis, E. coli, and S. aureuswas detected
by Docherty and Kulpa (2005). Conversely, the ILs containing shorter alkyl chain,
namely butyl pyridinium bromide, showed less antimicrobial resistant as compared
with longer alkyl chain cations among the microbes tested. Dissimilarly, degree of
oligomerization could improve the antibacterial and even anti-cholinesterase activi-
ties (Mancini et al. 2004). Moreover, the antibacterial activity behavior towards the
Gram-positive, Cocaceae, is comparable to other salts from imidazolium-based IL.
Furthermore, a study by Busetti et al. (2010) described ILs antibacterial activities,
namely 1-alkyl-quinoline bromide ([CnQuin][Br]), with chain length of C8, C10,
C12, C14, C16, and C18. They found that the antimicrobial activities were enhanced
with the increase in the chain length. They stated the values of minimal inhibitory
concentration (MIC) around 121.2 µ M against S. aureus for IL containing alkyl
carbon chain (C10). Meanwhile, the value of MIC was around 31.25 µ M using
[CDIM][Cl] with the same bacteria. Cornellas et al. (2011) achieved the inhibition
at 940 µ M for the Gram-positive bacteria, S. epidermidis utilizing 1-alkylpyridine
bromide ([CnPyr][Br]). Additionally, they obtained the values of MIC against S.
epidermidis at 250 µ M using the short chain imidazolium-based IL, [CMIM][Cl].
This shows that the length of alkyl chains of cation based ILs is not the mere factor
that can affect the antibacterial activity. Concerning this, a study by Łuczak et al.
(2010) evaluated the ILs with the long carbon chain (C10 or, >C10) to promote a less
threshold of human cells. This is directly link to the surface tension produced by the
IL which could impact its viability through the membrane shock (Cornellas et al.
2011). On the other hand, the presence of a hydroxyethyl group (the C14 to C16 linker)
in choline-based ILs improved their antimicrobial action and lowered the cytotoxic
effects of this category of ILs (Siopa et al. 2016). The group reported antimicrobial
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effect toward Mycobacterium smegmatis, B.subtilis, E. coli, C. albicans and many
others.

11.4.2 Solubility of Active Ingredients

Another study investigated the antibacterial activity of pyridinium-based ILs on S.
epidermidis and S. aureus. They have shown that when the ILs are in combination
with antibiotics, the values of MICs could reduce. For instance, the values of MICs
for S. aureus were around 0.5 and 0.005 µM for [HDPyr][Cl] and [HDPyr][Amp]
(ampicillin-coupled IL), respectively. These findings are in agreementwith numerous
examinations, wherever ILs were utilized as proteins carriers or another molecule
transporter in plasma (Cybulski et al. 2008). The physicochemical characteristics
of ILs showed that it could increase the solubility of hydrophobic antibiotics due
to the occurrence of the hydrocarbon chains which produce the lipophilia feature
(Neves et al. 2020). Furthermore, in another study ampicillin ILs were able to reverse
the resistance in some medical strains that were earlier isolated and examine as
persistence. For instance, E. coli TEM CTX M9, CTX M2, and AmpC MOX are
good examples of this. The ampicillin ILs exhibited bactericidal effect and growth
inhibition on several delicate bacteria, particularly some Gram-negative resistant
bacteria as in comparison with the [Na][Amp] and the initial [Br]− and [Cl]− (Ferraz
et al. 2014).

A study by He et al. (2013) highlighted the effect of anions, fumarate in this case.
They showed that fumarate alkyl group tuned the ILs lipophilicity when altering
the chain length. On the other hand, fumarate carboxylic terminal promoted the ILs
hydrophilicity. Therefore, it is concluded that the number of alkyl chains relates with
the ILs lipophilicity, while water solubility is enhanced by the carboxylate ion. It is
also noted that balancing these two drivers may have a significant effect on activities
toward microbes (He et al. 2013).

With the suitable choice of organic cation, significant biological alternatives could
be attuned with antibacterial effects. Also, this study discloses the influence of ion-
pair on the mechanism of ampicillin. The hydrophobic ampicillin counter-ions are
needed, as well. The maximum enhancement of activity is attained versus Gram-
negative resistant bacteria. These findings are undoubtedly encouraging and appoint
to the useful influence of drug delivery aided by IL via exterior membrane of Gram-
negative bacteria, creating potentials for novel similar purposes and investigations
particularly in reversing drug resistance.

11.4.3 Integration of ILs with Antibiotics

ILs formation by combining ionizable APIs with biocompatible organic counter-
ions (API-ILs) has proved its value as it improves the biological availability of
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poorly water and lipid-soluble substances, decreases, or removes the polymorphism
which creates more efficiently developed commercial medicines. In this context, for
instance, improved antimicrobial activity was achieved using hydrolysed Amoxi-
cillin (AMX) and Penicillin (Pen) in the form of OSILs over the neat ILs or the
antibiotics alone. The combined formula (Pen-OSIL) was 100-fold better against
S.aureus and E.coli. Moreover, integrating the hydrolysed form of the antibiotics
(AMX-OSIL and Pen-OSIL) with the cation [HDPyr], [P6,6,6,14], and [Ch] effec-
tively constrained the growth of resistant MRSA and E. coli strains (Ferraz et al.
2020). Additionally, Santos et al. (2020) reported the possibility to develop highly
bioavailable modified formulation of fluoroquinolones with low toxicity against
healthy cells and commensal bacteria while possessing antimicrobial activity. They
found that [HDPyr]-based OSILs containing norfloxacin and ciprofloxacin were
selective toward distinct bacterial strains, S. aureus (11-fold) and K. pneumo-
niae (20-fold), respectively at subtoxic concentrations. They have also found that
combining ciprofloxacin with [EOHDMIM] or [EMIM] improved the antimicrobial
activity. Another study by Siddiquee et al. (2021) has combined levofloxacin and
imidazolium-based ILs such as [BMIM][Cl] and [DMIM][Cl] and found that the
effect is preferable with longer alkyl chain ILs. Moreover, they reported greater effi-
ciency of bactericidal activity with IL with longer alkyl chains. A low cytotoxicity
against HEK-293 (Human embryonic kidney cells) was observed with the applica-
tion of levofloxacin combined with ILs, while the activity against both E. coli and
S. aureus was enhanced. Similar findings were reported by Yang et al. (2021) were
they have used [CxMIM]Cl in combination with tetracycline against S. cerevisiae, E.
coli, P. aeruginosa, and S. aureus. This shows that synergistic interaction between
ILs and antibiotics could enhance their antimicrobial activities.

11.4.4 Cell Destructions and Enzymatic Activity

The corrosion inhibition of pyridinium ILs was also investigated in a study by (Wang
and Free 2004). Pyridinium-based ILs as cathodic inhibitors could associate incre-
ment in cell resistance, polarization, and reduction in common pathways. Adsorption
and constitution of insoluble films are usually associated with inhibition. It is through
the interaction between the atoms of the metal and salts on the surfaces. Quaternized
pyridinium salts are considered as valuable restraint due to the combination with
different cationic surfactants in an acidic medium of ferrous surfaces, which could
hinder their corrosion by creating a bilayer. In a study presented by (Rezki et al. 2019)
the innovative dicationic ILs (DiILs) containing pyridinium hydrazone and phenoxy
side chain hybrids were assessed for their antimicrobial activity versus various kinds
of vast persistent strains. It includes two fungal strain, twoGram-negative bacteria and
two Gram-positive bacteria. The antibacterial screening was accomplished through
themethod ofmicrodilution. The growth inhibition was also detected byMIC values.
The tested DiILs displayed bactericidal effect toward methicillin resistant E.coli
and S. aureus (MRSA). The result showed that DiILs have some influence on the
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Fig. 11.2 Posing of molecular docking of the active DiIL, [4-Pyridyl][BF4], in the binding pocket
of E. coli glucosamine-6-P synthase with two-dimension scheme (Reprinted with permission from
Elsevier (Rezki et al. 2019). DiIL: dicationic IL

Gram-positive bacteria as the increase in chain of phenoxy linker resulted in higher
MIC values. This could be due to the increment in the hydrophobicity of the DiILs.
Figure 11.2 presents the simulation of molecular dynamic in two-dimension via the
interactionwith surfacemembrane as a generalmechanism of ILs. Also, the chemical
structure and binding of ILs as inhibitors might be included in the obstruction of the
cell membrane via this mechanism. Therefore, it is validating the docking protocol
by means of the high resolution of E. coli glucosamine-6-P synthase as the targeted
protein (Rezki et al. 2019).

Ineffective sanitation usually results in higher colonization of Streptococcus
mutants. Biofilms are syntrophic group of microbial cells attach to each and may
also attach to a surface. ILs have been utilized to decrease the formation of biofilm
and to inhibit demineralization at vulnerable sites in orthodontic equipment (Martini
Garcia et al. 2019). Using [BMIM] [NTf2], the biofilm formation decreased without
influencing the cytotoxicity and the physicochemical properties of the orthodontic
resin. The research group suggested that on the one hand, the positive charge of
imidazole group is accountable for an electrostatic interaction with the negative
components of the bacterial cell wall, for instance, N-acetylmuramic and lipoteichoic
acids. While on the other hand, the hydrophobic components of the ILs, [NTf2] and
alkyl chain, could result in disorganization of the membrane. See Fig. 11.3. In addi-
tion, some studies explained that membranes of prokaryotic cells such as bacteria
are composed of negative charges, which facilitates the interaction with IL. Mean-
while, cell membranes of mammals constitute of sterols, sphingolipids, and lecithins
leading to neutral net charge. Therefore, the electrostatic attraction between positive
imidazole group, for instance, and mammalian is obstructed, which leads to better
biocompatibility (Yeaman and Yount 2003; Pendleton and Gilmore 2015).

Moreover, ILs may precipitate and coagulate components of the cytol, including
nucleic acids, and result in enzyme denaturation (Fig. 11.4). Hence, pathways that are
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Fig. 11.3 Mechanism of ionic liquids as antimicrobial agents based on electrostatic interactions.
Created by Biorender.com

Fig. 11.4 Mechanism of ionic liquids as antimicrobial agents based on the effect on enzymes of
some pathways. Created by Biorender.com
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Scheme 11.1 “Synthesis route toward MeIm-3.1-PP4: (i) 1.1 molar equivalents (eq) of MeIm,
1.0 eq of propargyl bromide (80% in toluene), 40 °C, 24 h; (ii) 5 eq of Fmoc-protected
amino acid, 10 eq of N-ethyl-N,N-diisopropylamine (DIEA), and 5 eq of O-(benzotriazol-1-yl)-
N,N,N′,N ′-tetramethyluronium hexafluorophosphate (HBTU) in N,N-dimethylformamide (DMF),
1 h, room temperature (r.t.); (iii) 20% piperidine in DMF, 15 min, r.t.; (iv) trifluoroacetic acid
(TFA)/triisopropylsilane (TIS)/distilled water (95:2.5:2.5 v/v/v), 2 h, r.t.; (v) 5 eq of azido acetic
acid, 10 eq of DIEA, and 5 eq of HBTU in DMF, 1 h, r.t.; (vi) 1 eq sodium L- ascorbate, 10 eq of
DIEA, 10 eq of 2,6-lutidine, 1 eq of Pr-MeIm, and 1 eq ofcopper(I) bromide in DMF:acetonitrile
(MeCN) (3:1 v/v). Reprinted with permission from (Gomes et al. 2020), International Journal of
Molecular Science; published by MDPI, 2020

depending on enzymes such as glycolysis, substrate oxidation, andATP synthesis and
will be hindered, leading to negative impact on cellular respiration (Denyer 1995).

In this context, coupling of antimicrobial methylimidazolium ILs to the N-
terminus of peptide was investigated by Gomes et al. (2020) to study the stability,
antibiofilm, and antibacterial activities on the resistant strain, K. pneumoniae. See
Scheme 11.1.

The group highlighted the importance of some enzymes such as tyrosinase in the
wound site. Tyrosinase is unstable in an infected wound. However, the addition of
MeIm-3.1-PP4 demonstrating a significant increase in stability achieved by coupling
IL to theN-terminal of the peptide, which prevented the enzyme degradation (Gomes
et al. 2020).

11.5 Conclusions and Future Perspectives

ILs are tremendously utilized in a broad diversity of applications as they are consid-
ered tuneable and designer solvents. Various ILs are extended for employment as
solvents in the chemical industry, and their applications offer plenty of benefits
over utilizing conventional solvents. Their benefit goes beyond greater efficiency,
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recyclability of catalysts and reactants, and enhancing product recovery. ILs from
the third generation appear to be the most utilized ILs, in accordance with active
pharmaceutical ingredients (APIs) and called API-ILs. API-ILs can overcome the
obstacles correlated to the pharmaceutical industry, including drug solubility and
polymorphism. The usages of ILs in the biotechnologies were challenging due to
their toxicity, though more lately, they were revealed less toxic and hence had less
influence on humans and the environment. At present, large cations’ biocidal char-
acteristics, such as imidazolium and benzalkonium species, are mostly utilized to
inhibit yeast and bacterial growth.

It was also discovered that ILs with organic groups containing one or more
hydrophobic chains led to structural and functional analogies shared for these mate-
rials. One of the functional properties gained is the antimicrobial activity toward
certain microorganisms. Additionally, utilizing antibiotics that have been reported
ineffective and resulting in resistance with ILs opens up a new approach to enhance
the antibiotic’s effectiveness. It is also concluded that ILs would enhance the antibi-
otics’ solubility, yielding more bioavailability of the formulation. Therefore, future
prospects of this research include:

1. Although ILs have been studied and proved to be successful in several applica-
tions, there are still gaps to be explored and reported, such asmicrobial resistance
studies.

2. Even though some recent studies have reported the antimicrobial activities of
some API-ILs, the mechanism of activity is still complex and uncertain and
based mostly on speculations and theories. Hence, it is necessary to conduct
studies to unveil the mechanisms of antimicrobial activities toward resistant
strains.

3. More research on the combination of API-ILs with antibiotics is highly
encouraged.

4. Most experiments on API-ILs are conducted at lab-scale considering the high
cost of constitutes. However, as API-ILs demonstrated prominent activity
toward highly resistant microbes, additional large-scale studies are required to
evaluate those substances’ practicality as disinfectants of hospitals, for instance.

5. The past literature focused on investigating the effect of cations of ILs as
antimicrobial agents; hence, the effect of anions as antimicrobial agents may be
assessed further to enhance the effect against resistant microbial strains.

6. It is highly recommended to consider the effect on human cells, thermal stability,
and shelf-life ofAPI-ILs to improve the effect against resistantmicrobial strains.

7. To date, there is still uncertainty regarding the potential risks and the environ-
mental impacts of ILs categories. Therefore, future studies should consider the
prominence on the waste of chemical and pharmaceutical industries, treatment
implication, and inspecting the ecotoxicology to focus on underlying issues and
better utilization of ILs in medicine.
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Chapter 12
Ionic Liquid Assisted Microemulsions
for Drug Delivery

Alireza Salabat

Abstract In this chapter after the definition of traditional microemulsions, a new
type of microemulsion system, namely, ionic liquid based microemulsion, has been
introduced. Ionic liquids comprising microemulsions may be acting as polar or non-
polar phases as well as surfactant agent. Then, three types of ionic liquid based
microemulsions will be formed as non-aqueous IL microemulsions, aqueous IL
microemulsions, and IL/oil/water microemulsions. It has been discussed that the
ionic liquid based microemulsions are able to overcome the inabilities of conven-
tional microemulsions to dissolve a number of chemicals which are water insoluble
and result in better pharmacological activities of drugs. Most importantly, in the
drug delivery field, ionic liquid based microemulsions can serve better bioavail-
ability, permeation, and stability. Additionally, one of the most important applica-
tions of ionic liquid based microemulsions, as drug nanocarrier, has been discussed
in details. The mechanism of solubility enhancement of an active pharmaceutical
ingredient and transdermal drug delivery by using ionic liquid based microemulsion
is highlighted. It is also discussed that hydrophobic nontoxic ionic liquids can be used
to prepare novel ionic liquid based microemulsions for intravenous administration.
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SFME Surfactant free microemulsion
O/W Oil-in-water
W/O Water-in-oil
IL/W Ionic liquid-in-water
W/IL Water-in-ionic liquid
IL/O Ionic liquid-in-oil
O/IL Oil-in-ionic liquid
BC Bicontinuous phase
DLS Dynamic light scattering
API Active pharmaceutical ingredient
TDD Transdermal drug delivery
UV-vis UV–vis spectroscopy
TEM Transmission electron microscopy
AFM Atomic force microscopy
TEWL Trans-epidermal water loss values
ATR-FTIR Attenuated total Reflectance Fourier Transform Infrared
MMA Methyl methacrylate
AOT Sodium bis(2-ethylhexyl)sulfosuccinate
IPM Isopropyl myristate
ACV Acyclovir
MTX Methotrexate
Den Dencichine
Ars Artemisinin
SC Stratum corneum
Ch Cholinium
CA Carboxylic acids
[C2mim][BF4] 1-ethyl-3-methylimidazolium tetrauoroborate
[C4mim][BF4] 1-butyl-3-methylimidazolium tetrauoroborate
[C8mim][BF4] 1-octyl-3-methylimidazolium tetrauoroborate
[C4mim][PF6] 1-butyl-3-methylimidazolium hexauorophosphate
[C8mim][NTf2] 1-octyl-3-methylimidazoliumbis(triuoromethylsulfonyl)imide
[Ch][Ole] Choline oleate
[Ch][Lin] Choline linoleate
[Ch][Eru] Choline erucate
[Ch][For] Choline formate
[Ch][Lac] Choline lactate
[Ch][Pro] Choline propionate
[C1mim][(CH3O)2PO2] Dimethylimidazolium dimethylphosphate
[HOEmim][Cl] 1-hydroxyethyl-3-methylimidazolium chloride
[C4mim][C12SO3 1-butyl-3-methylimidazolium dodecanesulfate



12 Ionic Liquid Assisted Microemulsions for Drug Delivery 219

12.1 Introduction

Active pharmaceutical ingredients (APIs) usually commercialized in several dosage
forms inwhich crystalline forms have been the preferred option. However, about 70%
of the drugs present low water solubility, which may compromise the bioavailability
and therapeutic efficacy and, thus, fail in the later stages of development. The irregular
gastrointestinal absorption of solid forms along with the low therapeutic efficiency
and possible toxicity and side effects of polymorphs are major concerns to overcome.
On the other hand, the APIs’ solubility in aqueous solution, dissolution, and bioavail-
ability is also dependent on particle size and properties. Attempting to improve the
drugs solubility in water as well as their bioavailability, several strategies have been
investigated (Kalepu andNekkanti 2015; Savjani et al. 2012).Micro-structured fluids
such as microemulsions or nanoemulsions, nanoparticles and vesicles could be a
suitable choice for this purpose.

Much research in recent years has focused on the microemulsion method, a
system generally comprised of water, oil, and surfactants which are said to be
the modern colloidal carriers. The microemulsion system is seen to be exquisite
as the biocompatible and stable system with high solubilization capacity for drug
molecules. ILs basedmicroemulsions are a newly emerging carriers with great poten-
tial in pharmaceutics and drug delivery (Pedro et al. 2020). In recent years, ionic
liquids (ILs) or green/designer solvent have attracted much attention in contrast to
the conventional solvents (usually organic solvents and water) as environmentally
benignmedia for reaction, separation, andmultidisciplinary chemistry (Smiglak et al.
2007; Chaturvedi 2011). ILs are unique class of designable and tunable solvents
with wide electrochemical window, essentially zero volatility, high thermal stability,
nonflammability, extremely high electrical conductivities, and wide liquid range. ILs
usually are 1-1 electrolyte containing a huge organic cation and an inorganic anion,
which the ions can be varied by a simple ion-exchange procedure. ILs have melting
points below 100 °C, and at below room temperature are known as room temperature
ionic liquids (RTILs) (Petkovic et al. 2011).

In drug delivery systems, ILs may be applied as novel pharmaceutical forms
of API-ILs. ILs are excellent solvents for a wide range of biopolymers, such as
proteins, DNA, and polysaccharides, being used in their processing into films and
micro and nanoparticles with potential for drug delivery. Drug delivery systems using
ILs can be categorized as follows: Nanocarriers, nanoparticles, nanofibers, ionogels,
polymerizable systems, membranes, and vesicles (Pedro et al. 2020). The design
of IL-excipient with tunable lipophilicity/hydrophilicity character is advantageous,
especially when used as solubility-enhancing agent or as nanocarrier for complex
amphiphilic APIs. Ionic liquid based microemulsion droplets formed in continuous
oil or aqueous phase using nontoxic surfactants could be efficient carriers for spar-
ingly soluble drugs which are dissolved in ILs phases in microemulsions. Some
relevant reviews and book chapters recognizing the advances of ILs in different
areas of pharmaceuticals development, spanning from their formulation, biological
activity, and application on drug delivery are available (Egorova et al. 2017; Tanner
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et al. 2019). However, there is no review paper or book on the application of IL based
microemulsion systems in drug delivery or pharmaceutical field.

In this chapter, after definition of traditional microemulsion systems, three types
of IL based microemulsions namely non-aqueous IL microemulsions, aqueous IL
microemulsions, and IL/oil/watermicroemulsionswill be introduced in details. Then,
IL based microemulsions as drug nanocarriers will be discussed.

12.2 Ionic Liquid Based Microemulsions

Microemulsions are defined as a systemofwater, oil, and amphiphilewhich is a single
optically isotropic and thermodynamically stable liquid solution (Eastoe 2005). In
practice, the key difference between emulsions and microemulsions are that the
former, while they may exhibit excellent kinetic stability, are fundamentally ther-
modynamically unstable, and will eventually phase separate (Salabat et al. 2008).
Then emulsions are cloudy solutions, while microemulsions are clear or translu-
cent. Basically, when surfactants are incorporated into immiscible mixtures of oil
and water, the surfactant molecules can locate at the oil/water interface which is
thermodynamically very favorable (Kale and Deore 2017).

The free energy of microemulsion formation can be considered to depend on the
extent to which surfactant lowers the surface tension of the oil–water interface and
the change in entropy of the system such that

�G f = γ�A − T�S, (12.1)

where �Gf is the free energy of formation, γ is the surface tension of the oil–water
interface, �A is the change in interfacial area on microemulsification, �S is the
change in entropy of the system which is effectively the dispersion entropy, and T is
the temperature. When a microemulsion is formed, the change in �A is very large
due to the large number of very small droplets formed. On dispersion, the droplet
number increases and �S is positive. If the surfactant can reduce the interfacial
tension to a sufficiently low value, the energy term in Eq. (12.1) (γ�A) will be
relatively small and positive, thus allowing a negative free energy change, that is,
spontaneous microemulsification.

Awell-known classification of themicroemulsions (MEs) is that ofWinsor (1948)
who identified four general types of phase equilibria. InWinsor type I, the surfactant-
rich water phase coexists with the oil phase where surfactant is only present as
monomers at small concentration and oil-in-water (o/w) MEs form. Alternatively, in
Winsor type II, the surfactant is mainly in the oil phase and water-in-oil (w/o) MEs
form. The surfactant-rich oil phase coexists with the surfactant-poor aqueous phase.
Type III corresponds to a three-phase system, where a surfactant-rich middle-phase
co-exists with both excess water and oil surfactant-poor phases, while Winsor type
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Fig. 12.1 Winsor classification of microemulsions

IV is a single phase isotropic solution which forms upon addition of higher amount
of surfactant. Both Winsor III and IV are bicontinuous (BC) MEs (Fig. 12.1).

A literature survey shows that numerous reviews and books have been published
summarizing studies focused on the formulation of MEs, as well as their character-
ization and their applications in different fields (Gradzielski 2008; Callender et al.
2017; Lawrence and Rees 2012; Stubenrauch 2008). Recently, it has been demon-
strated that the polar and non-polar phases of the classical microemulsions, which
are water and oil, can be replaced by ILs (Kunz et al. 2011). The use of ILs as
dispersed or continuous phases in MEs makes them attractive due to their unique
and unusual properties. Greaves et al. in a review paper mentioned that ILs with long
alkyl chains behave like amphiphiles, which introduce them suited for the develop-
ment of targetedMEs (Greaves and Drummond 2008). Recently, in many researches,
it is well identified that ILs, depending on their cation and anion properties, can be
used as polar as well as non-polar solvents to form stable MEs. ILs as dispersed
or continuous phases form the different types of ionic liquid base MEs, including
(a) non-aqueous IL MEs, which water replaced by ILs, (b) aqueous IL MEs, which
organic solvent replaced by ILs and (c) IL/oil/water MEs, which ILs act as surface
active agent (Hejazifar et al. 2020).

12.2.1 Non-Aqueous IL MEs

Basically, many organic compounds and APIs are only slightly soluble or may be
unstable in water phase. Then new ME formulations are demanded to replace water
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Fig. 12.2 Structures of non-aqueous MEs (yellow color for oil phase and green color for IL phase)

by a suitable polar compounds. Some ILs have the required properties to act as
polar phases in MEs; hence, the replacement of water by ILs is a currently active
application area especially in pharmaceutical sector. Therefore ILs are currently the
most intensely investigated type of non-aqueous IL based MEs. In general, non-
aqueous ionic liquid based MEs consist of an IL, an organic apolar solvent and an
additional surfactant (Eastoe et al. 2005). These compositions can form IL-in-oil
(IL/O), oil-in-IL (O/IL), and bicontinuous (BC) typical MEs structures, as shown
schematically in Fig. 12.2. Zech et al. presented a book chapter on non-aqueous
microemulsions containing ILs (Zech et al. 2011). They reviewed published research
works on these types of ME systems and investigated their properties in details and
some applications.

The most frequently used IL for the preparation of non-aqueous IL MEs is 1-
butyl-3-methylimidazolium tetrafluoroborate ([C4mim][BF4]), which for the first
time is introduced as a polar domain by Gao et al. (2004). Many research groups
studied the micropolarity of non-aqueous IL MEs by different methods (Gao et al.
2006a; Li et al. 2007; Xu et al. 2013a; Rojas et al. 2013). The [C4mim][BF4]-in-
toluene ME in the presence of the nonanionic surfactant Triton X-100 has also been
investigated by Gao et al. who applied various methods for its characterization,
including DLS, conductivity, UV–vis spectroscopy, and TEM (Gao et al. 2006a).
The results indicate that the initially formed ME droplets are enlarged by the addi-
tion of [C4mim][BF4], and successive addition of [C4mim][BF4] leads to evolution of
large-sizedMEdroplet clusters in the rangeof 200–400nm.NMRspectroscopic anal-
ysis reveals that the special structures and properties of [C4mim][BF4] and TX-100
combined with the apolar nature of toluene contribute to the formation of such self-
assemblies. The researches approved that ionic compounds, e.g., Ni(NO3)2, CuCl2,
CoCl2, or biochemical reagents, could be solubilized into the IL/O ME droplets,
suggesting their potential application in drugs formulation, nanomaterial synthesis,
biological extractions, or as solvents for enzymatic reactions.

A novel non-aqueous IL ME system containing [C4mim][BF4] and methyl
methacrylate (MMA) introduced as IL-in-MMAME, a soft template for synthesis of
poly(methyl methacrylate) (PMMA)-TiO2 nanocomposite (Mirhosseini and Salabat
2015). The photocatalytic activity of the prepared nanocomposite was studied, and
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the result showed that the IL acts as photo-sensitizer for TiO2. It is found that IL
can extend the photo response of TiO2 to the visible region and improve the photo-
catalytic efficiency of TiO2 nanoparticles under visible light in degradation of a
pollutant model. The photocatalytic-based antibacterial activity, for the destruction
of Escherichia coli and Staphylococcus aureus, of the prepared nanocomposite film
was also investigated (Salabat and Mirhoseini 2015).

12.2.2 Aqueous IL MEs

Organic solvents, which constitute the oil phase of MEs, are typically volatile, toxic,
and flammable; these properties are undesirable from an environmental perspec-
tive. Because of the unique and attractive physicochemical properties of ILs, water-
immiscible ILs appear to be an ideal replacement of the organic solvents used as the
oil phase in MEs. This type of microemulsions may be form IL-in-water (IL/W),
water-in-ILs (W/IL), or BC microstructures, as shown schematically in Fig. 12.3.

The most frequently used hydrophobic IL for the preparation of aqueous IL
microemulsions is [C4mim][PF6] because of their relatively simple preparation and
reasonable price (Gao et al. 2006b; Anjum et al. 2008; Sun et al. 2014; Mirhoseini
et al. 2018). Gao et al. introduced the first aqueous IL microemulsion comprising
[C4mim][PF6]/TX-100/water (Gao et al. 2005). They identified IL/W, BC, andW/IL
phase regions as well as hydrodynamic diameter of ME droplets, by cyclic voltam-
metry, dynamic light scattering, and UV–vis methods. 1-octyl-3-methylimidazolium
bis(triuoromethylsulfonyl)imide ([C8mim][NTf2]) as a hydrophobic IL was used
to form aqueous IL ME containing AOT/1-hexanol as surfactant/co-surfactant by
Moniruzzaman et al. (2008). They confirmed W/IL structure by DLS and protein
solubilization experiments. Hydrophobic interactions between the AOT tails and the
long hydrocarbon chain of the IL combined with the strong tendency of the AOT
head group to interact withwatermolecules result in aqueous droplet formation in the
IL. The enhanced green fluorescent protein was used as an indicator of the system’s
ability to solubilize protein molecules.

Fig. 12.3 Structures of aqueous MEs (blue color for aqueous phase and green color for IL phase)
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Fig. 12.4 Phase boundaries
of microemulsions: I) IPM +
Smix +Water, II)
[OMIM][PF6] + Smix +
Water, and III) [BMIM][PF6]
+ Smix +Water (Parsi and
Salabat 2020)

Recently, two hydrophobic ILs of [C4mim][PF6] and [C8mim][PF6] were used to
construct of IL/W microemulsion formulations containing nonionic surfactant/co-
surfactant of tween-80/transcutol®P (Smix), as potential carriers for sparingly soluble
celecoxib drug (Parsi and Salabat 2020). These IL MEs investigated precisely
and compared with a traditional ME system composed tween-80/transcutol®P as
surfactant/co-surfactant and isopropyl myristate (IPM) oil phase. Determining the
boundaries of the phase diagrams is an essential aspect in microemulsion systems.
For this purpose, the pseudo-ternary phase diagrams of the O/W microemulsion
and IL/W microemulsions have been obtained by titration method and compared in
Fig. 12.4.

As can be seen from Fig. 12.4, the stability region in IL/WMEs is larger than O/W
ME. It means that ME formation with ILs is more favorable than IPM. This observa-
tionmay be related to the role of ILs, both as oil and as surfactant in theME structures.
On the other hand, the stability region in the ME containing [C8mim][PF6], interest-
ingly, is smaller than the ME containing [C4mim][PF6]. It means that ME formation
with [C4mim][PF6] is more favorable than [C8mim][PF6]. This observation can be
analyzed considering the length of the alkyl chains and its aggregation. The longer
length of the alkyl chain makes greater possibility of aggregation. The aggregation
makes the system more systematic, increases the alkyl chain rotational barrier, and
hence the entropy of the system decreases. This behavior leads to sorting inside
the droplets and on the interface, which results a slight increase in surface tension
as mentioned. In [C8mim][PF6], the length of the alkyl chain is longer and then is
aggregated more than [C4mim][PF6], making the ME system organized, decreasing
entropy and unfavorable to ME formation. This unique behavior also confirmed by
measuring of other physicochemical properties such as density, refractive index,
viscosity, and surface tension of the ME systems.
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12.2.3 IL/oil/water MEs

As mentioned in the introduction section, the formation of stable MEs between two
immiscible liquids, e.g., oil and water, requires the presence of surfactants to reduce
the interfacial tension between two phases. Surfactants may be anionic, cationic,
non-ionic, or zwitterionic in nature. Despite the variety and wide application range
of these surfactants, they cause some notable drawbacks when used inME formation.
Stabilization of the ME system requires elevated concentrations of both surfactant
and co-surfactant.Monocationic alkyl imidazoliumbased ILs, as active surface agent,
mostly have been studied by many authors to understand their aggregation behavior
(Blesic et al. 2007, 2008; Sarac et al. 2017). A research also showed that different
counterions, namely, Cl−, PF6−, and NTf2−, have different effect on the aggregation
behavior of 1-dodecycl-3-methylimidazolium based ionic liquids in water. Forma-
tion of aggregates in aqueous solution was observed only when chloride anions were
employed as counterions, whereas phase separation was observed prior to the forma-
tion of aggregates when PF6− and NTf2−were employed (Blesic et al. 2008). Surface
active ionic liquids (SAILs) have a number of advantages compared to conven-
tionally employed surfactants and hence suitable for the formation of IL-oil–water
microemulsions.

It has been reported that the SAILs possessed better surface-active properties,
enhanced antimicrobial and skin permeation activity, and high temperature stability
and temperature insensitivity, and they even considered as environmentally friendly
surfactants (amino acids and choline containing SAIL) as compared to conventional
surfactants (Kaur et al. 2018). The SAILs also possess combined properties of ILs
and surfactants. Zech et al. formulated and characterized a ME containing SAIL
of 1-hexadecyl-3-methylimidazolium chloride where 1-butyl-3-methylimidazolium
tetrafluoroborate and ethylammonium nitrate were used as polar components and
dodecane as the nonpolar component (Zech et al. 2009). However, the use of
volatile organic solvents as the nonpolar phase in these types of MEs is unsuit-
able because of their high toxicity and nonbiodegradable nature. Safavi et al. have
investigated 3-octyl-1-methylimidazolium chloride as a SAIL-containing MEwhere
a hydrophobic IL, 1-butyl-3-methylimidazolium phosphate, was used as a substitute
for the organic solvent and water as the polar component (Safavi et al. 2010). Unfor-
tunately, the above-mentioned SAILs are not suitable for applications in biolog-
ical science because of existence toxic cations such as ammonium, imidazolium,
pyrrolidinium, and morpholinium. Recently, Goto et al. in their researches intro-
duced some biocompatible cholinium fatty acid IL surfactants as potential alter-
natives to conventional surfactants (Ali et al. 2019; Korban Ali et al. 2020). They
prepared three halogen-free and biocompatible choline fatty acid-based ILs with
different chain lengths of choline oleate ([Ch][Ole]), choline linoleate ([Ch][Lin]),
and choline erucate ([Ch][Eru]), and their micellar properties in aqueous solutions
have been investigated (Ali et al. 2019). The surface-active properties and thermo-
dynamic properties of micellization (�Go

m, �Ho
m, and �Som) of the SAILs were
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investigated by tensiometry, conductometry, and dynamic light scattering measure-
ments. The critical micelle concentration of the SAILs was found to be 2–4 times
lower than those of conventional surfactants. The cytotoxicity evaluation approved
that [Ch][Ole] has lower toxicity than the analogous ILs surfactants, and it is almost
similar to that of the conventional surfactant Tween 80. Their results clearly suggest
that these environmentally friendly SAILs can be used as a potential alternative to
conventional ILs for various purposes, including biological applications.

SAILs based MEs systems may be also called surfactant free (detergent-less)
microemulsion (SFME) contained no traditional surfactants. SFMEs have subse-
quently attracted much attention, and their phase and interfacial tension behavior
have been found to be similar to those of surfactant-based microemulsions. A
nonaqueous ILME containing [C4mim][BF4], toluene and ethanol, which referred as
SFME system by distinct microregions of IL-in-toluene, bicontinuous and toluene-
in-IL introduced by Xu et al. (2013a). Single-phase microemulsion and multiphase
regionswere also observed and confirmedwith differentmethods in the ternary phase
diagramof [C4mim][PF6],N,N-dimethylformamide, andwater SFMEsystem,which
containing no surfactant (Xu et al. 2013b). Such SFMEs are expected to have specific
applications, e.g., in nanocomposite synthesis, reaction engineering, drug delivery,
and separation, because of their IL-containing and surfactant-free natures.

12.3 Ionic Liquid Based Microemulsions as Drug
Nanocarriers

Drugability and bioavailability of APIs are extremely dependent to the solubility and
permeability factors. Dissolution of an API in the gastrointestinal tract is a prereq-
uisite for its absorption. The dissolved drug molecules then should be absorbed into
the blood circulation to perform their therapeutical effects, which requires perme-
ation of drugmolecules across various biomembranes, such as the epithelium for oral
or pulmonary absorption, the stratum corneum for transdermal absorption, and the
cornea for ocular absorption. It is found that the outstanding properties ofmicroemul-
sions include high solubilization capacity, thermodynamic stability, and straightfor-
ward preparation highlighted their great potential as modern colloidal carriers for
drug delivery. Nevertheless, conventional microemulsions are yet to fully attain their
true potential in this field because of low solubility or permeability of some drugs
in water and oil. Taking into account the tunable properties of ionic liquids (ILs),
notably hydrophobicity, viscosity, and solubility, studies postulated that ILs could be
a good prospect in the preparation of useful microemulsions in drug formulations.
In many research works, IL based microemulsions have shown potential for drug
delivery by improving both the solubility and permeability of APIs (Moniruzzaman
and Goto 2011). This is because with the correct structural selection of cations and
anions of ILs, it is possible to optimise the microemulsion formulation for specific
application.
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12.3.1 Ionic Liquid Based Microemulsions for Enhancing
Drug Solubility

In the pharmaceutical industry, it is well known that many promising drugs which are
sparingly soluble never enter a formulation stage due to their poor solubility aswell as
difficulties in delivery. Some methods have been employed to enhance the solubility
or permeation rate of such drugs, but many researches indicate that sparingly soluble
drugs need to be formulated with superior solvent systems and a novel delivery
technology. As green and tailorable solvents, ILs have shown potential for drug
delivery by improving both the solubility and permeability of drug substances. The
solvation capacity of ILs for various drugs, such as amphotericin B, albendazole,
danazol, itraconazole, coumarin, erythromycin, and paclitaxel, are tens of thousand-
fold more than water and conventional organic solvents.

The solubilizingmechanisms in ILs are not yet fully understoodbecause the results
are incompatible with the dictum ‘like dissolves like’. The solvation capability of
ILs has been considered to be related to the anions instead of the cations within ILs.
Hydrophilic ILs containing an acetate or dimethylphosphate anion were found to
have superior solvation capability compared with ILs containing noncoordinating
anions, such as tetrafluoroborate, hexafluorophosphate, and bis(trifluoromethylsul-
fonyl)imide.Themost important factor iswhether IL anions can formhydrogenbonds
with the drugmolecules. The hydrogen-bonding ability and delocalization of charges
between oxygen are attributed as the reasons for the different solvation capability of
ILs. Then, the solvation capability of ILs canbe tailored by tuning the cation and anion
combination (Huang et al. 2020). On the other hand, the use of surfactants above the
critical micelle concentration can be also an appealing alternative to increase API’s
solubility. By varying the cation type and alkyl chain length and the nature and size
of the counterion, it is possible to change the ILs’ hydrophilic-hydrophobic balance.
ILs with surfactant behavior are displaying high potential to increase the solubility
of pharmaceutical agents in aqueous media (Faria et al. 2017).

An IL based microemulsion (ME) have both the advantages of IL and ME, which
can overcome the inability of conventional ME to dissolve poorly water soluble
drugs, even for those poorly soluble in organic solvents. Moniruzzaman et al., for
the first time, reported that hydrophilic ILs having coordinating anions are very
effective in dissolution of acyclovir (ACV), which is practically insoluble in water,
and its solubility in pharmaceutical grade solvents is very limited (Moniruzzaman
et al. 2010a). As an interesting result, they suggested that although ACV-IL formula-
tion was not suitable for drug administration, IL-in-oil microemulsions (IL/O MEs)
could be used for ACV delivery. In a later study, the influence of ILs type on the
formation IL/OMEs, formation mechanism and drugs encapsulation efficiency were
studied (Moniruzzaman et al. 2010b). They constructed the nanometer-sized ionic
liquid droplets in isopropyl myristate were formed with a blend of nonionic surfac-
tants, polyoxyethylene sorbitan monooleate (Tween-80), and sorbitan laurate (Span-
20). Then, a set of ILs was tested as a dispersed phase. It was observed that ILs
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Table 12.1 Solubility of
drugs molecules in various
systems at 25 °C
(Moniruzzaman et al. 2010b)

Systems Drug solubility (mg mL−1)a

ACV MTX Dantrolene sodium

IL/O microemulsionb 4.98 6.90 3.65

IL free micellesc 0.10 0.85 0.03

W/O microemulsiond 0.30 1.20 0.18

Water 0.50 0.12 0.10

IPM 0.036 0.02 ND

aThe data represents the average of the three experiments
bMicroemulsion compositions are as follows: [surfactant] = 20
wt.%, where the weight ratio of Tween-80 to Span-20 was 2:3.
[IL] = 5 wt.%. [IPM] = 75 wt.%
cMicelle contains 20 wt.% surfactants (Tween-80:Span-20 = 2:3
(w:w)) in IPM
dMicroemulsion prepared with [surfactant] = 20 wt.%, where the
weight ratio of Tween-80 to Span-20 was 2:3. [Water] = 5 wt.%.
ND: not detectable

possessing coordinating anions with strong hydrogen bond acceptor weremost effec-
tive in forming microemulsion droplets. The solubility of three drug molecules of
ACV, methotrexate (MTX) and 1-[(5-(p-nitrophenyl) furfurylidene) amino] hydan-
toin sodium (dantrolene sodium), that are insoluble or sparingly soluble in most of
the conventional solvents was investigated. It was observed that such MEs are able
to solubilize higher amount of the drugs than their individual components and water.
The solubility data for various systems collected in Table 12.1.

As discussed before, the successful dissolution of such sparingly soluble drug
molecules in the IL/o microemulsion may be attributed to the formation of hydrogen
bonds between the IL anions and the polar groups of drug molecules like as cellulose
compounds. To check this phenomenon, they examined the solubility of ACV in
[C2mim][BF4]/tween-80/span-20/IPMmicroemulsions and found that the solubility
was essentially zero. In fact, BF4− anion is a weakly coordinating anion and conse-
quently, it has very poor ability to form hydrogen bonding with other molecules.
The effect of IL contents on the solubility of ACV in the microemulsions was also
investigated. The results showed that the solubility increases with the increase of IL
content. It is also approved that the solubility of ACV in IL/o microemulsions by
varying the overall surfactants concentrations at fixed IL content and no significant
difference in ACV solubilization was observed. These results once again support that
IL plays themain role in solubilization of drugs in IL-basedMEs. Since the solubility
of all drugs in IPM is very low, it can be assumed that the drugs molecules exist in
the hydrophilic IL core, which is stabilized by the surfactants mixtures creating an
interfacial film between IPM and IL. Figure 12.5 shows a schematic representation
of IL/O ME containing drug molecules.

Recently, solubility of celecoxib, as API with poor solubility in water
(0.0033 mg·ml−1 at 298.15 K), investigated in IL/WMEs containing [C4mim][PF6]
and [C8mim][PF6] and compared with a traditional O/W ME system (Parsi and
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Fig. 12.5 Schematic representation of ionic liquid-in-oil (IL/O) microemulsions containing drug
molecules (Moniruzzaman et al. 2010b)

Salabat 2020). The results showed that at the same composition the solubility in
the IL/W MEs is more than the solubility in the O/W ME, which can be related
to the interaction of surfactant/co-surfactant and ionic liquids (or oil) molecules
with celecoxib. This more interaction between ILs and celecoxib may be related to
the π orbitals of imidazolium ring in the structure of the ionic liquids with the π

orbitals of the celecoxib molecules. Comparison of the celecoxib solubility in two
types of IL/WMEs shows that ME containing [C8mim][PF6] dissolve celecoxib less
than ME containing [C4mim][PF6]. This interesting and unexpected result might be
again related to the higher organized structure of the [C8mim][PF6] compared to
[C4mim][PF6], as confirmed from density, refractive index, viscosity, and conduc-
tivity data. On the other word the hydrophobicity of the ILs does not appear to be a
predominant factor on the celecoxib solubility, as a hydrophobic active ingredient,
in IL/W systems. As a result, the special structures of the IL/WMEs, as approved by
physicochemical properties, can remarkably affect celecoxib solubility. This concept
is shown schematically inFig. 12.6. The results confirmed that physicochemical prop-
erties trend is in agreement with the solubility data. The remarkable results of this
research hint that the structure and then properties of the ILs molecules in a normal
solution or pure state may be extremely different to that in a ME template.

12.3.2 Ionic Liquid Based Microemulsions for Transdermal
Delivery

When considering the topical application of APIs, the drug delivery system must
target one or more different skin layers and underlying tissues or skin associated
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Fig. 12.6 Schematic diagram for solubility of celecoxib in different MEs: a) Solubility in O/W
ME of IPM + Smix + Water, b) Solubility in IL/W ME of [C4mim][PF6] + Smix + Water, and c)
Solubility in IL/W ME of [C8mim][PF6] + Smix +Water (Parsi and Salabat 2020)

structures. Transdermal drug delivery, in particular, aims to reach systemic circula-
tion, representing an alternative to parenteral and oral routes, while avoiding pre-
systemic metabolism. In the last two decades, ILs have been studied as promising
pharmaceutical agents or formulation components in order to tackle the challenges
in topical and transdermal delivery systems. In this respect, IL based MEs have
been investigated for delivery of poorly water-soluble drugs at topical and trans-
dermal level. The first IL-based microemulsion reported for transdermal delivery by
Moniruzzaman et al. aimed to improve membrane transport of a sparingly soluble
API, namely, the antiviral drug acyclovir (Moniruzzaman et al. 2010c). In this work,
a blend of two nontoxic surfactants, Tween-80 and Span-20, was used in combination
with imidazolium-based ILs to form stabilized IL droplets. As schematically shown
inFig. 12.5, the external phase (oil phase) of theME is constituted by isopropylmyris-
tate. It is found that, IL based ME containing dimethylimidazolium dimethyl phos-
phate ([C1mim][(CH3O)2PO2]) presented superior ability to dissolve the selected
API and form stable droplets in the formulation. This improvement was justified by
the hydrogen bonding interactions between the polar groups of acyclovir and the IL
anions. The in vitro study across Yucatan micropig porcine skin (performed on Franz
diffusion cells) allowed for verifying an increase in acyclovir’s skin permeability of
several orders of magnitude, as well as the API’s transdermal permeation when using
the IL/O system as drug carrier.

The obtained permeation results of ACV from IL/OMEs and others formulations
considered as control experiments (e.g., IL, IPM, surfactants + IPM, W/O MEs,
and commercially available ACV cream) have been reported in Table 12.2. Note that
ACVwas suspended in IPM, surfactants+ IPM, andW/OME formulations, whereas
ACV was solubilized in IL and IL/o MEs. As can be seen from Table 12.2, the skin
permeability of ACV increased by several orders of magnitude, when IL/O ME was
used. More significantly, application of IL/O system induced significant transdermal
permeation of ACV whereas other formulations showed essentially zero (below the
detection level).
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Table 12.2 Acyclovir
penetration into and across
the skin using various
formulations at 32.4ºCa; All
data are presented as mean ±
SD from three experiments
(Moniruzzaman et al. 2010c)

Formulations Topical delivery
(μg/cm3)

Transdermal
delivery (μg/cm2)

IL ND ND

IPMb 0.18 ± 0.34 ND

Surfactants + IPMc 3.86 ± 1.65 ND

W/O MEb,c,d 4.57 ± 3.17 ND

IL/O MEc,e 10.78 ± 3.12 1.95 ± 1.0

ACV creamf 1.21 ± 0.10 ND

aAll formulations contained 5 mg/mL ACV and penetration time
24 h
bAlmost all ACV remained as suspended powders in formulations
cIL/O ME2 as mention in Table 12.1 in which the weight fraction
of surfactants was 20 wt% (Tween-80: Span-20 = 3:2 (w/w)
dw/o emulsion contained 4 wt% water
eThe system containing 4 wt% IL
fACV herpecia topical cream (equivalent to 5 mg ACV) used for
penetration study

In fact, drugs are able to enter the skin only in a dissolved state and IL/O MEs
can solubilize a large ACV amount in the IL droplets which play the role of a
drug reservoir. Besides, lipophilic components of IL/O MEs can easily disrupt the
SC lipid structure to move nanometer size IL droplets containing solubilized drug
into the skin. The drug can easily be diffused from the IL droplets into external
phase when absorption (in vitro) takes place. In case of IL + ACV formulation,
although ACV was fully solubilized in the formulations, the diffusion of ACV into
the skin was hindered by the hydrophobic barrier function of the skin, provided
by the highly organized structure of the SC due to the highly hydrophilic nature
of IL. Besides, the formulations containing a large amount of IPM a well-known
enhancer to overcome the barrier of SC, the presence of a large amount of suspended
ACV probably obstructed the skin. Taking these results together, it is possible to
conclude that the excellent skin permeation rate was obtained using IL/O MEs due
to the following dual effects. Firstly, a large amount of ACV was totally dissolved in
nanometer-sized IL droplets, which led to larger concentration gradient toward the
skin. Secondly, IPM and surfactants were used to overcome the barrier of SC lipid
structure.

Ex-vivo diffusion of celecoxib loaded in IL-based MEs and microemulgels
(MEGs) through the rat skin by using Franz diffusion cell was investigated and
compared with traditional MEs by Salabat and Parsi ( 2021). The investigated
systems were composed of the same nonionic surfactant/co-surfactant of tween-
80/transcutol®P, and different oil phases of isopropyl myristate, [C4mim][PF6] and
[C8mim][PF6], for construction of O/W and ILs/W MEs, named as ME1, ME2, and
ME3 respectively. In order to prepare MEGs samples, the drug-loaded MEs were
mixed with carbopol gel solution at the ratio of 1:1 (v/v). The selected compositions,
from the phase diagrams, obtained by this research group (Parsi and Salabat 2020),
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were containing 5% of the oil or ILs and 55% surfactant/co-surfactant in all systems.
The permeation profiles of celecoxib from the ME formulations, as cumulative drug
release (μg/cm2) versus time, is shown in Fig. 12.7. As can be seen, drug releases
from IL/W MEs formulations are remarkably more than that of O/W ME formu-
lation. It means, as like as drug solubility that discussed in the previous section,
MEs containing ILs favor the transdermal delivery of celecoxib. On the other hand,
drug release from ME containing [C4mim][PF6] is more than the ME containing
[C8mim][PF6]. This interesting trend is exactly compatible with celecoxib solubility
in the ME systems and can be concluded that the thermodynamic activity of the
formulations should be arranged as follows: ME2 > ME3 > ME1. These differences
in thermodynamic activity among the various MEs may affect the drug permeation
through the skin because of the presence of imidazole group in the ILs which has
been reported to have penetration enhancing effect (Wang et al. 2018). It should be
noted that droplets of the microemulsions are in nanometer size and then diffusion
process is not in control of droplets size. It means that there is the same chance for
the number of vesicles that can interact with a fixed area of stratum corneum.

Themean cumulative flux valueswere also calculated for allME andMEG formu-
lations (Table 12.3). The improvedflux values forME2 andME3 as compared toME1
are again gave interesting results of this research. The cumulative flux formicroemul-
sion containing [C4mim][PF6] is extraordinary more than microemulsion containing
[C8mim][PF6] and then better penetration enhancer. The mean cumulative flux trend
from ILs/W MEG formulations is same as ILs/W ME formulations and remarkably
more than that of O/W MEG formulation. Another important ex-vivo permeation
parameter is lag time (the first of drug detection), which is calculated and reported in
Table 12.3. These values indicating the drug permeation characters through rat skin
was significantly affected by the composition of microemulsion formulation. As can

Fig. 12.7 Release of celecoxib from microemulsion formulations (Parsi and Salabat 2021)
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Table 12.3 Ex-vivo release parameters of average cumulative flux (J), lag time (LT), and release
percent for different microemulsion and microemulgel formulations (Salabat and Parsi 2021)

Formulations ME1 ME2 ME3 MEG1 MEG2 MEG3

J (μg.cm−2.h−1) 22.1 122.9 71.0 17.3 71.7 59.1

LT (h) 1.5 0.5 0.5 1.5 3 3

Release % after 7.5 h 14.0 80.4 56.1 11.1 41.8 35.1

Release % after 24 h 20.0 98.1 97.1 15.2 77.3 61.1

be seen the lag time of the ME1 is three times higher than the lag times of ME2 and
ME3. This result approves again the previous trend for permeation from ILs based
microemulsions.

An IL based ME containing 1-hydroxyethyl-3-methylimidazolium chloride
([HOEmim][Cl]) was developed for topical delivery of Dencichine by Wang et al.
(2018). Dencichine (β-N-oxalyl-L-α, β-diaminopropionic acid, Den) was found to
exert its hemostatic activities in a paracrine fashion, by increasing intracellular
calcium, reducting cAMP, and releasing TXA2 after binding to the AMPA receptors,
which resulted in platelet aggregation. This compound showed potential for clinical
usage for diseases characterized by hemorrhage. However, further applications were
limited by the low bioavailability, along with some side effects. Therefore, trans-
dermal administration could be an alternative way for Den to improve its bioavail-
ability, and also reduce the side effects. Due to the hydrophilic nature of Den, it
is exhibited a poor permeability in the lipophilic membrane of the stratum corneum
(SC), which led to a low efficiency in transdermal delivery (Li et al. 2015). Therefore,
acceleration and promotion methods, such as ME method, for the Den skin perme-
ation were needed to produce desired pharmacological effects. In this research, the
proposed IL based ME (O/W) was composed of 50% water/[HOEmim][Cl] mix
(1:1) as water phase, 20% tween 80/[C4mim][C12SO3] mix (1:1) as surfactant, 10%
propylene glycol as co-surfactant, and 20% IPM as oil phase. In vitro skin perme-
ation study carried out in a Franz diffusion cell through the skin of mice and skin
permeation parameters of J (steady permeation flux) and Q12h (cumulative amount
of Den which had permeated through the mice skin at 12 h) were calculated.

The formulations of IL-ME (ME1) and ME without IL (ME3) containing 1% of
Den and also a Den hydrogel and a drug aqueous solution, as the comparisons, have
been evaluated for skin permeation enhancement and the results appeared inFig. 12.8.
Aqueous solution of the drug produced a permeation rate of 3.1 × 10–2 mg/cm2/h
in the initial penetration stage. However, the flux was found to be reduced sharply
over time, and at the end of the permeation, it was only 0.241 × 10−2 mg/cm2/h.
These results were attributed to the rapid consumption of drug in the donor solution
and the barrier function of the SC. Once the Den reached saturated concentrations
in skin membranes, the diffusion process were retarded during the later stage (12–
24 h). The Q24h was determined to be only 0.27 mg/cm2. In Carbopol gel, after a
poor permeation at the initial stage, the drug was subjected to a sustained and accel-
erated permeation profile. Carbopol is one of the most common thickening agents
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Fig. 12.8 Skin permeation profiles of Den from different formulations (Wang et al. 2018)

for hydrogel. The cross-linking structures provided by the acrylic acid backbone are
responsible for water absorption, swelling and drug control-release and finally the
skin permeability significantly enhanced with the Q24h of 1.66 mg/cm2. In contrast,
as seen in Fig. 12.8, due to the low viscosity and molecular interference from the
vehicle, the microemulsion formulations (ME1 and ME3) produced the relatively
higher permeation rates during the entire penetration process. Following the rapid
drug permeation rate during the initial stage, the flux stayed in the stable ranges of
11.4 × 10–2 – 9.2 × 10–2 mg/cm2/h for the ME1, and 6.12 × 10–2 − 5.72 × 10–2

mg/cm2/h for the ME3. Additionally, the Q24h were approximately 2.57 mg/cm2

for the ME1 and 1.54 mg/cm2 for the ME3, respectively, which showed significant
improvements when compared to the aqueous solution.

In this research, two ILs, [HOEmim][Cl] and [C4mim][C12SO3], demonstrated
their enhancements on skin permeation and were incorporated into the aqueous and
surfactant phases respectively. Therefore, the Q24h of the Den from the ME1 was
significantly higher than that of the ME3, which suggested an enhancement of the
skin permeability. In transdermal methods IL based ME systems have been reported
as carriers for poorly soluble drugs. Due to the excellent solubilization abilities,
the vehicle greatly increased concentration gradients, leading to the intensifying of
driving force for drug diffusion. However, regarding the hydrophilic nature of Den,
the solubilization effects of ILs on the compound did not account. The enhancement
of skin permeability might be attributed to the moderation of the SC barrier proper-
ties. The influence of the ILs-ME on skin permeability was approved by evaluation of
trans-epidermal water loss values (TEWL). The results showed that after administra-
tion of normal saline, the TEWL value of the mice showed little changes with time.
However, the TEWL values of ME2 and ME4 groups were increased sharply at the
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initial stage, indicating the improvements in the skin permeability. DSC and ATR-
FTIR methods also confirmed the ability of IL based MEs to reduce the skin barrier
properties by disrupting the regular and compact arrangements of corneocytes, and
moderating the surface properties of the SC.

Zhang et al. proposed a ME system containing a transdermal enhancer IL of 1-
hydroxyethyl-3-methylimidazolium chloride ([HOEmim][Cl]) to improve the trans-
dermal delivery of artemisinin (Ars), as a poorly water soluble drug (Asbill and
Michniak 2000). In the studied IL based ME, deep eutectic lidocaine ibuprofen
(Lid-Ibu) was selected as the oil phase, tween-80/span-20 as surfactant mixture, and
ethanol as co-surfactant. The ingredients of MEwere selected based on the solvation
ability for Ars or their permeation capability.

In-vitro transdermal assay of the IL basedME showed a remarkable enhancement
of Ars transport through the skin, with the permeation flux being threefold of the
value for isopropyl myristate system in 6 h. The high permeation of IL based ME
could be due to the fact that [HOEmim][Cl] as an enhancer could permeate into
the SC layer quickly to disturb the regular arrangement of the skin, which led to a
massive permeation of the surfactant phase to further damage the tight arrangement
of SC. On the contrary, the systems without [HOEmim][Cl] possessed relatively
lower average permeation fluxes. The impact of IL-based ME on stratum corneum
(SC) was also investigated by DSC, ATR-FTIR, and AFM, which unveiled that this
ME type possesses the ability of reducing the SC barrier by disrupting the regular
arrangement of keratin, resulting in enhancement of transdermal delivery of Ars.
The obtained results suggested that this IL based ME, with low toxicity, has an
excellent capability to promote the transdermal delivery of Ars, which might also be
a promising vehicle for the skin delivery of other hydrophobic natural drugs.

Recently, by considering the two important factors, biocompatibility and toxicity,
cholinium (Ch)-based ILs comprising anions that derived from carboxylic acids (CA)
were used in IL/O microemulsions to increase the transdermal delivery of acyclovir
(Islam et al. 2020). Hydrophilic [Ch][CA] ILs (cholinium formate, cholinium lactate,
and cholinium propionate) were used as the non-aqueous polar phase and a surface-
active IL [Ch][Ole] (cholinium oleate) as the surfactant in combination with a co-
surfactant, Span 20, in a continuous oil phase. Based on the phase diagram, different
formulations of IL based MEs were prepared (Table 12.4).

The maximum solubility of ACV in the ILs was obtained as 203, 208, and
278 mg/mL for [Ch][For], [Ch][Lac], and [Ch][Pro], respectively, which was signif-
icantly higher compared with Milli-Q (0.41 mg/mL) and IPM (0.03 mg/mL). As
the ILs were hydrophilic in nature with strong H-bond accepting anions, ACV may
be dissolved in these ILs through the formation of H-bonds, van der Waals forces,
or π-π interactions between the polar groups of the drug and the IL anions. On the
other hand, though the ACV-loading capacity of the IL-free S/Comix/IPM systemwas
very low (0.15 mg/mL for S/Comix = 2:1, 15 wt.%), the capacity increased dramati-
cally by incorporating IL into this system (7.7 mg/mL). The ACV-loading capacity
was decreased with decreasing [Ch][Ole] content in the S/Co, and it was signifi-
cantly decreased when [Ch][Ole] < Span-20 in the S/Co mixture. The ACV-loading
capacity also depended on the type of IL. It was found that ME containing [Ch][Pro]
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Table 12.4 Contents of the microemulsion (ME) formulationsa (Islam et al. 2020)

Formulations ILs Surfactant: co-surfactant (Weight Ratio)

Surfactant co-surfactant

[Ch][Ole] Tween 80 Span 20

ME1 [Ch][Pro] 2 – 1

ME2 [Ch][Pro] 3 – 2

ME3 [Ch][Pro] 1 – 1

ME4 [Ch][Pro] 2 – 3

ME5 [Ch][Pro] 1 3

ME6 [Ch][Pro] 1 1 1

ME7 [Ch][For] 2 – 1

ME8 [Ch][Lac] 2 – 1

ME9b Milli-Q – 2 1

aMEs were prepared with overall 15 wt.% S/Comix and 3 wt.% [Ch][CA] ionic liquid (IL) in
isopropylmyristate (IPM). bME9was set as control where 3wt.%Milli-Qwas used as a replacement
for [Ch][CA] IL

had a significantly higher loading capacity, owing to the higher ACV solubilizing
capacity. It has also been reported that the drug loading capacity of IL/OMEs highly
depends on the categories of IL (Kandasamy et al. 2018).

In vitro drug permeation studies were performed using Yucatan micro pig (YMP)
skin. The topical and transdermal delivery of ACV from IL/O MEs has been inves-
tigated and compared with other formulations (Fig. 12.9a). The topical delivery of
ACV from IPM, S/Comix/IPM, and W/O MEs was very low, while the transdermal
delivery was below the detection limit. Interestingly, compared with the other formu-
lations, the IL/O ME demonstrated significantly enhanced topical and transdermal
delivery with values of 36.47 and 45.05 μg/cm2, respectively. This dramatically
enhanced permeation using the IL/O MEs was found because of their high drug
solubilizing capacity and promising drug conveyances technique. Generally, drugs
are administrated into the skin in a solubilized state. A large amount of drug was
loaded into the core of the IL/O ME solubilized by IL, which could act as a drug
reservoir and provide a greater concentration gradient to the skin. Whereas, IPM as a
potential enhancer disrupts the barrier function of the skin, which facilitated to enter
the nano-sized drug-loaded IL droplets into the skin. Nonetheless, ACV was solubi-
lized state in IL, but as it is hydrophilic in nature, IL alone could not deliver ACV due
to of the strong hydrophobic barrier functions of the skin. On the other hand, though
IPM, S/Comix/IPM, and W/OMEs disrupt the barrier function as they contain IPM,
ACV could not permeate across the skin from these formulations because ACV was
suspended in these systems, which probably obstructed the access of ACV to the
skin (Moniruzzaman et al. 2010c).

It has been reported that the molar of individual surfactants can influence drug
delivery by controlling the physicochemical properties of the MEs (Huang et al.
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Fig. 12.9 a Topical and transdermal delivery of ACV from various drug carriers after 48 h, where
S/Comix/IPM: 15 wt.% S/Comix at a 2:1 ratio in IPM.W/O:ME9. IL/O:ME1; b transdermal perme-
ation profile of ACV from various IL/O MEs with S/Co ratios; c the total (topical + transdermal)
delivery of ACV from various IL/O MEs with varying S/Co ratios after 48 h. All the drug carriers
contained 5 mg/mL ACV (Islam et al. 2020)

2008). Therefore, the delivery of ACV from various MEs with varying S/Co ratios
was studied. From the cumulative permeation profiles (Fig. 12.9b), it can be seen that
ME1 enhanced the transdermal delivery significantly compared with the other MEs.
Other permeation parameters, including transdermal flux, permeability coefficient,
diffusion coefficient, and skin partition coefficient were determined from the cumu-
lative permeation profile. It was found that all these parameters were increased with
increasing [Ch][Ole] content in the MEs. In fact, the transdermal delivery of drug
mainly depends on the transdermal flux and permeation coefficient. The highest
transdermal flux (1.43 μg/cm2/h) and permeation coefficient (2.86 × 10–4 cm/h)
were both found for ME1 because of the higher skin partition and diffusion coeffi-
cients (indicating better solvent distribution ability into the deeper layers of the skin)
resulting in ME1 having the highest transdermal delivery of ACV.

In addition, the topical delivery of ACV was investigated. The total (topical and
transdermal) delivery after 48 h is presented in Fig. 12.9C. It was observed that,
as for transdermal delivery, topical delivery was also favored using ME1, having a
higher [Ch][Ole] content, resulting in the highest drug delivery. This result could be
explained based on the higher interfacial area and stability of ME1. It has been
reported that a larger stable interfacial area of ME droplets favors transdermal
and topical delivery. Comparing the transdermal delivery between ME1 and ME6,
it was revealed that [Ch][Ole] significantly enhanced the permeability compared
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with Tween-80. Since ME1 has shown the significantly higher transdermal flux and
permeation coefficient with higher drug delivery results, topically and transdermally
(Fig. 12.9C), than otherMEs, this formulation has been proposed as themost suitable
nano-carrier. Additionally, cytotoxicity tests revealed a high cell survival rate (>90%)
in comparison with Dulbecco’s phosphate-buffered saline solution, highlighting the
potential of these formulations as low toxic drug carriers.

12.3.3 Ionic Liquid Based Microemulsions for Intravenous
Delivery

Intravenous drug administration is a preferable choice when aiming to bypass biolog-
ical absorption barriers. The selection of this route offers several advantages since
it provides the most complete drug bioavailability with a minimal delay. Fore-
seeing intravenous drug delivery applications, ILs have recently been explored for
the development of polymer nanocomposites such as conjugation of SAILs with
chitosan (Bharmoria et al. 2013). In another approach, polydopamine nanoparticles
that were loaded with doxorubicin and the IL [C4mim][PF6] were recently devel-
oped for cancer treatment (Tang et al. 2016). The IL was employed as a microwave
sensitizer to prepare these novel nanoplatforms for combined chemotherapy and
microwave thermal therapy by intravenous administration. The antitumor efficacy of
doxorubicin-loaded IL-polydopamine nanoparticleswas demonstrated in in vitro and
in vivo experiments in the treatment of tumors in mice, after intravenous injection via
tail vein. The referred nanoparticles exhibited high inhibition effect when combined
with themicrowave thermal irradiation, acting in the tumor ablationwithout inducing
significant tissue toxicity.

The possibility to manipulate and design the IL structure allows for the use of IL-
based MEs as novel carriers of low-water soluble APIs. Accordingly, hydrophobic
nontoxic ILs were used to prepare novel IL/WMEs for intravenous administration of
amphotericin B (Esson et al. 2020). Amphotericin B is an antifungal agent that, due
to its low water solubility (<1.0 μg mL−1) and self-aggregation in aqueous media,
presents undesired side effects, thus being its intravenous drug delivery a challenge.
In a preliminary study, high contents (>5.0mgmL−1) of theAPIwere solubilized in a
new hydrophobic dicholinium-based IL with the bis(trifluoromethanesulfonyl)imide
([NTf2]−) anion. The mixture of this hydrophobic IL with a hydrophilic cholinium-
based IL resulted in the solubilization of the drug, preventing the concentration-
dependent aggregation with controlled release of the API. Despite the maintenance
of the antifungal activity of the API, and the low toxicity toward embryo-larval
zebrafish models, further studies are required in order consider this formulation
adequate for intravenous administration.
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12.4 Conclusions and Outlook

Microemulsion is a kind of single optically isotropic and thermodynamically stable
dispersion containing oil, surfactant, and aqueous phases. MEs have many advan-
tages, such as enhanced drug transdermal ability, good solvation ability for active
pharmaceutical ingredients, excellent thermodynamic stability, and easy fabrication,
which make MEs widely used in TDD, extraction, cosmetic production, and so on.
However, solubility of APIs in traditional solvents usually used as the ingredients of
MEs is quite limited. In the past decade, ILs based MEs have been developed and
tested as potential nanocarriers for drug solubility enhancer, TDD, and intravenous
delivery.

In this chapter, the different types of IL based ME systems have been introduced
and compared with traditional ME systems. ILs comprising MEs exhibit flexibility
acting as polar or non-polar phases. Apart from that, the amphiphilic properties of
some ILs allow them to function as additives or surfactants that stabilize the formed
ME systems. The combination of all these properties, renders IL based MEs much
more versatile than conventional MEs or even pure ILs. The IL based MEs are able
to overcome the inabilities of conventional MEs to dissolve a number of chemicals
which are water insoluble and result in better pharmacological activities of the drugs.
Most importantly, in the drug delivery field, ILs can serve as permeation enhancers.

It is discussed that the hydrogen-bonding ability and delocalization of charges
between oxygen attributed as the reasons for the different solvation capability of
ILs in the ME composition. Then, the solvation capability of ILs can be tailored by
tuning the cation and anion combination. On the other hand, by varying the cation
type and alkyl chain length and the nature and size of the counterion, it is possible
to change the ILs’ hydrophilic-hydrophobic balance. ILs with surfactant behavior
are displaying high potential to increase the solubility of pharmaceutical agents in
aqueous media. Many researches on the transdermal drug delivery by using IL based
MEs have been showed remarkable enhancement of APIs transport through the skin.
The high permeation of IL based ME could be due to the fact that IL as an enhancer
could permeate into the SC layer quickly to disturb the regular arrangement of the
skin, which led to a massive permeation of the surfactant phase to further damage the
tight arrangement of SC. Additionally, it is also discussed that hydrophobic nontoxic
ILs can be used to prepare novel IL based MEs for intravenous administration of
APIs.

Some advanced researches introduced new IL based MEs by considering the two
important factors, biocompatibility and toxicity. These new nontoxic systems, called
cholinium based ILs MEs, comprising anions that derived from carboxylic acids
and used to increase the transdermal delivery of APIs with little irritation in the
skin. Overall, IL based MEs have potential to overcome solubility, bioavailability,
permeation, and stability concerns that are associated to traditional pharmaceuti-
cals. Moreover, the pharmaceutical application of IL based MEs primarily focuses
on transdermal drug delivery. Thus, a huge development space is offered for oral,
pulmonary, ocular, and parenteral drug delivery in this field.
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