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Preface

A Short Glance into the Past

Ionic liquids (ILs) are the less volatile, less flammable, less toxic so-called “room
temperature molten salts” encompassing a unique solubility for organic and inor-
ganic materials. The history of research on ILs is very interesting. The first room
temperature molten salt, ethylammonium nitrate, was reported in 1904, more than
100 years ago! [1]. However, no attention was given toward similar salts for the next
75 years. In 1979, Robinson et al. investigated the electrochemical properties and
spectroscopic behavior of a number of aromatic hydrocarbons in the
low-temperature molten salt system of AlCl3-n-butylpyridinium chloride [2]. In
1986, Wilkes and his coworkers demonstrated the first organic reaction, the Friedel–
Crafts reaction, using the same salt as both the solvent and the catalyst [3]. Since
these ILs were moisture-sensitive compounds, these reports were unable to trigger
any further IL chemistry. In 1992, the air and moisture stable IL, 1-ethyl-3-
methylimidazolium tetrafluoroborate ([Bmim][BF4]), was synthesized by Wilkes
[4], and Dupont prepared the moisture stable hydrophobic IL 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim][PF6]) in 1996 [5]. This was
followed by a milestone paper presented by Seddon and coworkers in 1999 [6];
the authors demonstrated the Heck reaction using an IL and clearly indicated the
merit of ILs as solvents for organic reactions. In the same year, Welton presented the
first review of ILs [7] wherein he defined the compounds that should be categorized
as ILs. These papers triggered the eruption of IL chemistry even in the field of
biotechnology. The first three examples of biotransformation in ILs were reported in
2000 [8–10]; since then, ILs have been implicated in numerous applications in the
field of bioscience and biotechnology, and the number of papers has reached more
than 7,000 in the last two decades [Number of publications in the field of ILs from
1975–2018 (searched by “Web of Science”, on March 27, 2018). 84,796 references
are listed for the topic of “ionic liquid�” in 99 fields of the database of Web of
Science Core Collections of THOMSON REUTERS, Ltd.]. The science of ILs is
considered as one of the highlights in modern chemistry, with 86,000 papers
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published by this year due to the wide application of ILs in various fields [Number of
publications in the field of ILs from 1975–2018 (searched by “Web of Science”, on
March 27, 2018). 84,796 references are listed for the topic of “ionic liquid�” in
99 fields of the database of Web of Science Core Collections of THOMSON
REUTERS, Ltd.].

Today and Future

The usages of ILs in biotechnology are not limited to their application as solvents/
cosolvents for enzyme or whole-cell catalyzed reactions but have extended to
various fields such as solvents/agents for extraction, isolation, and processing of
natural originated compounds (e.g., biopolymers, active pharmaceutical ingredients,
protein). In addition, to overcome the concerns regarding the environment and
toxicity of using IL in biological processes, many studies investigated the toxicity
mechanism and focused on the development of a new generation of ILs derived
totally from nature, which are inexpensive, biocompatible, and biodegradable with
low toxicity. These new ILs have the potential as alternatives for fossil originated ILs
in many biological applications as well as being used as the active pharmaceutical
ingredients in biomedical applications [11]. Based on the expectations that ILs may
produce a breakthrough in the fields of biotechnology, this book presents the current
state of the art in environmentally benign biotechnology using IL engineering, such
as application in the reaction media for biotransformation, stabilization and activa-
tion of biocatalysts, bioseparation processes, pretreatment of biomass for enzymatic
reactions, synthesis of biopolymer-based hydrogels, isolation of medicinal com-
pounds from bioresources, environmental concerns of ILs in biotechnical applica-
tions, and the development of ILs and their derivatives from nature. Compared to
conventional solvents, the unique properties of ILs have unlocked a wide range for
their applications in biotechnology. This book contains a number of trailblazing
reviews that describe the power of ILs in biotechnology and discuss the fields where
investigations need to be focused for utilizing ILs in biotechnology. We believe this
book will aid you in acquiring ideas for future research in the field of biotechnology.

Tottori, Japan Toshiyuki Itoh
Incheon, Korea (Republic of) Yoon-Mo Koo

References

1. Walden P (1914) Ueber die Molekulargrösse und elektriseche Leitfähigkeit
eunger geschmoltezenen Salze. Bull Acad Imper Sci (St. Petersburg), 405–422

2. Robinson J, Osteryoung RA (1979) An electrochemical and spectroscopic study
of some aromatic hydrocarbons in the room temperature molten salt system
aluminum chloride-n-butylpyridinium chloride. J Am Chem Soc 101:323–327

vi Preface



3. Boon JB, Levisky JA, Pflug L, Wilkes JS (1986) Friedel–Crafts reactions in
ambient-temperature molten salts. J Org Chem 51:480–483

4. Wilkes JS, Zaworotko M (1992) Air and water stable 1-ethyl-3-
methylimidazolium based ionic liquids. J Chem Soc Chem Commun, 965–966

5. Suarez PAZ, Dullius JEL, Sandra E, De Souza RF, Dupont J (1996) The use of
new ionic liquids in two-phase catalytic hydrogenation reaction by rhodium
complexes. Polyhedron 15:1217–1219

6. Carmichael AJ, Earle MJ, Holbrey JD, McCormac PB, Seddon KR (1999) The
Heck reaction in ionic liquids: a multiphasic catalyst system. Org Lett
1:997–1000

7. Welton T (1999) Room-temperature ionic liquids. Solvents for synthesis and
catalysis. Chem Rev 99:2071–2084

8. Cull SG, Holbre JD, Vargas-Mora V, Seddon KR, Lye GJ (2000) Room-
temperature ionic liquids as replacements for organic solvents in multiphase
bioprocess operations. Biotechnol Bioeng 69:227–237

9. Erbeldinger M, Mesiano AJ, Russell AJ (2000) Enzymatic catalysis of forma-
tion of Z-aspartame in ionic liquid – an alternative to enzymatic catalysis in
organic solvents. Biotechnol Prog 16:1129–1131

10. Lau RM, van Rantwijk F, Seddon KR, Sheldon RA (2000) Lipase-catalyzed
reactions in ionic liquids. Org Lett 2:4189–4191

11. Egorova KS, Gordeev EG, Ananikov VP (2017) Biological activity of ionic
liquids and their application in pharmaceutics and medicine. Chem Rev
117:7132–7189

Preface vii



Contents

Ionic Liquids in Bioseparation Processes . . . . . . . . . . . . . . . . . . . . . . . . 1
Diana C. V. Belchior, Iola F. Duarte, and Mara G. Freire

Natural Deep Eutectic Solvents and Their Applications
in Biotechnology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
Zhen Yang

Ionic Liquid Pretreatment of Lignocellulosic Biomass for Enhanced
Enzymatic Delignification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Muhammad Moniruzzaman and Masahiro Goto

Activation of Lipase-Catalyzed Reactions Using Ionic Liquids
for Organic Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
Toshiyuki Itoh

Whole-Cell Biocatalysis in Ionic Liquids . . . . . . . . . . . . . . . . . . . . . . . . . 105
Ngoc Lan Mai and Yoon-Mo Koo

Biopolymer-Based Composite Materials Prepared Using Ionic
Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
Saerom Park, Kyeong Keun Oh, and Sang Hyun Lee

Advances in Processing Chitin as a Promising Biomaterial from
Ionic Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Julia L. Shamshina, Oleksandra Zavgorodnya, and Robin D. Rogers

Synthesis of Ionic Liquids Originated from Natural Products . . . . . . . . . 199
Hiroyuki Ohno

Ionic Liquids as Stabilization and Refolding Additives and Solvents
for Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
Kyoko Fujita

ix



Extraction and Isolation of Natural Organic Compounds from Plant
Leaves Using Ionic Liquids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
Toyonobu Usuki and Masahiro Yoshizawa-Fujita

Environmental Concerns Regarding Ionic Liquids in Biotechnological
Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241
Chul-Woong Cho, Myung-Hee Song, Thi Phuong Thuy Pham,
and Yeoung-Sang Yun

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

x Contents



Adv Biochem Eng Biotechnol (2019) 168: 1–30
DOI: 10.1007/10_2018_66
© Springer International Publishing AG, part of Springer Nature 2018
Published online: 10 May 2018

Ionic Liquids in Bioseparation Processes

Diana C. V. Belchior, Iola F. Duarte, and Mara G. Freire

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 ILs in Liquid–Liquid Bioseparation Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2.1 Water-Immiscible ILs in Liquid–Liquid Extractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2 Water-Soluble ILs in Liquid–Liquid Extractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 ILs in Solid–Liquid Bioseparation Processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Abstract Bioseparation processes are a relevant part of modern biotechnology,
particularly regarding the development of efficient and biocompatible methods for
the separation and purification of added-value biologically active compounds. In this
field, ionic liquids (ILs) have been proposed, either in liquid–liquid extractions, in
which non-water miscible ILs or aqueous biphasic systems (ABS) formed by ILs can
be used, or in solid–liquid extractions, in which they are covalently attached to create
supported IL phases (SILPs). Aprotic ILs possess unique properties, such as
non-volatility and designability, which are valuable in their use in bioseparation
processes. In this chapter, we summarize and discuss bioseparation processes based
on ILs, including both liquid–liquid and solid–liquid extractions, applied to amino
acids and proteins. The most recent and remarkable advances in this area are
emphasized, and improvements brought by the use of ILs properly discussed. New
insights and envisaged directions with IL-based bioseparation processes are
suggested.

D. C. V. Belchior, I. F. Duarte, and M. G. Freire (*)
CICECO-Aveiro Institute of Materials, Chemistry Department, University of Aveiro, Aveiro,
Portugal
e-mail: maragfreire@ua.pt

http://crossmark.crossref.org/dialog/?doi=10.1007/10_2018_66&domain=pdf
mailto:maragfreire@ua.pt


Graphical Abstract

Keywords Amino acids, Ionic liquid, Liquid–liquid extraction, Proteins, Solid–
liquid extraction

1 Introduction

In bioengineering and biotechnological processes, the high cost associated with
downstream processing, aimed at the purification and recovery of target products,
is one of the major issues limiting the widespread use of many bio-based products.
Bioseparations are an important part of modern biotechnology, particularly regard-
ing the development of new and biocompatible methods for the separation and
purification of added-value amino acids, proteins, and enzymes. Biocompatibility
is, however, a crucial feature in the design of these separation platforms, mainly
when dealing with biologically active products [1].

Separation methods exploit the differences in physicochemical properties of
target compounds and contaminants present in the original media [2]. Separation
and purification stages in biotechnological processes usually require numerous steps,
associated with high energy and chemicals consumption, and typically represent
20–60% of the final cost of the product; this value may even reach 90% for particular
products [1]. In addition to the well-established chromatographic approaches, the
separation of bio-based products with liquid–liquid systems is typically carried out
using volatile organic solvents because of their immiscibility with aqueous media
[3]. However, the most commonly used organic solvents (e.g., toluene, ethyl acetate,
hexane) [3] present some disadvantages, such as high volatility and toxicity, and the
possibility of denaturing the proteins and enzymes to be recovered [1]. Aiming at
replacing the use of volatile organic solvents as extraction media, non-water soluble
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ionic liquids (ILs) and IL-based aqueous biphasic systems (ABS) have been investi-
gated [4]. ILs belong to the molten salts group; they are composed of inorganic or
organic anions and relatively large and asymmetric organic cations, which do not
easily form an ordered crystal and therefore may be liquid at or near room temper-
ature [5]. In addition to their negligible vapor pressure, non-flammability, and high
chemical stability [5], ILs present excellent solvation qualities [5] and have thus
proved to be effective in liquid–liquid separation methods [4]. In addition to these
features, which are valuable in the development of sustainable liquid–liquid separ-
ation processes, ILs are considered as designer solvents because of the large number
of cation–anion combinations [5]. Therefore, specific ILs can be designed to act as
enhanced extraction solvents for a wide variety of bio-based compounds.

Within the field of liquid–liquid separation techniques, ABS have been reported
as benign alternatives because of the possibility of combining two non-volatile
components in water-rich media [6]. ABS consist of two aqueous-rich phases that
coexist in equilibrium after dissolution, at given concentrations, of pairs of appro-
priate solutes, such as two polymers or a polymer and a salt [6]. The aqueous
two-phase extraction of biomolecules was first proposed by Albertsson [6] in the
1950s, and has been widely studied over the past decades. This technique has
attracted attention because it is able to combine several processing stages, such as
clarification, concentration, and primary purification, in one step [6]. ABS are consi-
dered a gentler and more biocompatible alternatives than other extraction techniques
as they are mainly composed of water. Moreover, ABS are amenable to be scaled-up,
and allow continuous operation and process integration. Iqbal et al. [7] recently
reviewed the potential and recent advances of ABS as separation platforms.

ABS have been investigated for the separation of a wide range of biologically
active substances, such as amino acids, proteins, including enzymes and antibodies,
and nucleic acids [8]. Most of the polymers used as phase-forming components of
traditional ABS have a stabilizing effect over the proteins tertiary structure [9], thus
contributing to the enhanced performance of these systems. More traditional ABS are
composed of two polymers or a polymer and a salt [6]. However, this type of systems
is limited in terms of the range of polarities offered by the coexisting phases, thus
making selective and enhanced separations difficult to achieve in a single step [10]. To
overcome this drawback, several approaches have been proposed, for example, the
functionalization of polymers [11, 12], the use of additives [13], designing hybrid
processes [14], among others. In 2003, ILs were proposed as alternative phase-
forming components of ABS, being able to replace conventional polymers and to
form ABS combined with inorganic salts [15]. Their large selection of chemical
structures allows the design of ILs for specific tasks or applications, which can be
extended to ABS. In addition to the possibility of forming ABS by combining ILs with
salts, polymers, amino acids, and carbohydrates [16], it has been demonstrated that
their separation performance can be tuned via the IL chemical structure [10]. The
number of estimated ILs is around one million, suggesting that almost any desirable
property may be obtained with a particular IL [5]. Even so, most reported IL-based
ABS are formed by imidazolium-based fluids, usually combined with the non-water
stable [BF4]

� anion [4]. This selection has however started to be used less, and some
recent works have been focused on the use of more attractive ILs to create ABS [4].

Ionic Liquids in Bioseparation Processes 3



Still taking advantage of the ILs unique properties, supported ionic liquid phase
(SILP) materials have been proposed as a more recent concept in separation pro-
cesses, where ILs are immobilized (covalently attached) in a solid phase, which
could be used as new chromatographic columns or in solid-phase extraction (SPE)
approaches [17]. Materials such as silica, polymers, magnetic nanoparticles, and
carbon nanotubes have been successfully modified by ILs [17]. Overall, ILs have
been reported as enhanced extraction solvents, both neat and in aqueous solutions,
being able to increase the stability of added-value biomolecules, such as proteins,
enzymes, and nucleic acids. SILPs also have been successfully used in the separation
of amino acids and proteins. Based on the high performance of ILs in bioseparation
processes, we present and discuss herein recent advances achieved by the use of ILs
in liquid–liquid extractions, employing hydrophobic ILs and ABS, and solid–liquid
extractions based on the use of IL-modified materials for the separation of
amino acids and proteins, including enzymes and biopharmaceuticals (Fig. 1).

2 ILs in Liquid–Liquid Bioseparation Processes

At the beginning of the twenty-first century, with the appearance of air and water-
stable ILs, and more recently with the synthesis and characterization of bio-based
ILs, research on novel ILs and their potential applications increased significantly.
The major reasons behind this trend are the ILs unique properties, which can be
tailored, including their ability to solvate a large array of compounds, coupled with
the need to find “greener” solvents to be used in separation processes. The research

Fig. 1 Overview of the use of ILs in liquid–liquid extractions, employing hydrophobic ILs and
ABS, and solid–liquid extractions based on IL-modified materials
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carried out to date in liquid–liquid extractions from aqueous media using water-
immiscible ILs and water-soluble ILs by the creation of ABS for the separation of
amino acids and proteins is reviewed and discussed below.

2.1 Water-Immiscible ILs in Liquid–Liquid Extractions

Table 1 lists the ILs investigated and discussed in this section, including their
description, abbreviations, and chemical structures. IL-based liquid–liquid
approaches employing hydrophobic ILs to separate amino acids were pioneered by
Carda-Broch et al. [18] using a crown ether (dibenzo-18-crown-6)-modified IL,
followed by a report on a similar modified IL [19], namely dicyclohexano-18-
crown-6-based, to extract the amino acids tryptophan, glycine, alanine, leucine,
arginine, valine, and lysine. Both groups of researchers showed that the partitioning
behavior of amino acids is pH-dependent, and that ILs enable partition coefficients
two orders of magnitude higher than those achieved without the respective crown
ether modifications [18, 19].

In addition to the functionalized ILs described above, more conventional
imidazolium-based ILs ([C4C1im][PF6], [C6C1im][PF6], [C6C1im][BF4], and
[C8C1im][BF4]) were also tested for the recovery of tryptophan, phenylalanine,
tyrosine, leucine, valine, lysine, alanine, and glutamic acid [20–22]. The authors
[20] proposed hydrophobic interactions as the driving forces responsible for the
enrichment of amino acids in the IL-phase, supported by a demonstrated correlation
between the logarithm function of the partition coefficient and the hydrophobicity of
the studied amino acids. In these works a pH-dependent partitioning behavior was
shown, where higher extraction efficiencies to the IL-rich phase are obtained at
lower pH values [20, 21]. These results therefore confirm the occurrence of electro-
static interactions between the cationic form of the amino acids and the IL anions in
addition to the proposed dispersive-type interactions. Besides the well-studied
imidazolium-based ILs, Tomé et al. [22] investigated the partition coefficients of
L-tryptophan between water and different ILs, including pyrrolidinium-,
piperidinium-, and pyridinium-based. The authors demonstrated that
pyrrolidinium-based ILs are the better extraction phases amongst the ILs investi-
gated [22]. These authors also demonstrated that the pH of the aqueous phase
strongly influences the success of the amino acids separation [22].

Huaxi et al. [23] synthesized a new hydrophobic amide-based functionalized IL,
[(CH2CONHC4H9)C2im][NTf2], and evaluated its performance in extracting amino
acids. Again, the partition coefficients were shown to be dependent on the medium
pH, and the new functionalized IL allowed a higher partition coefficient and
selectivity for L-tryptophan than more traditional ILs. Although contradicting in
part the previous findings on the relevance of dispersive-type and electrostatic
interactions [20–22], the IL-enhanced performance was explained by the favorable
hydrogen bonding interactions established between the acetyl group of the IL and the
amino acid NH2 group. All of the described works thus suggest that there are a large
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Table 1 Description, abbreviation, and chemical structure of non-water soluble ILs used in liquid–
liquid extractions

Description Abbreviation Chemical structure

1-Alkyl-3-methylimidazolium
hexafluorophosphate

[CnC1im][PF6]
(n ¼ 4, 6, 8) N+N P-

F

F
F

F

F
F

R

1-Alkyl-3-methylimidazolium
tetrafluoroborate

[CnC1im][BF4]
(n ¼ 6, 8) N+N B-F

F

F

F
R

1-Butyl-3-trimethylsilylimidazolium
hexafluorophosphate

[C4(C1C1C1Si)im]
[PF6] N+

N Si P-

F

F
F

F

F
F

1-Ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide

[C2C1im][Tf2N]

SF3C N S CF3

O

OO

ON

N

CH3

CH3

1-Butyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)imide

[C4C1C1im][Tf2N]
N+

N

CH3
H3C

H3C
SF3C N S CF3

O

OO

O

1,3-Diethylimidazolium bis
(trifluoromethylsulfonyl)imide

[C2C2im][Tf2N]

N+
N

CH3

H3C
SF3C N S CF3

O

OO

O

1-Propyl-3-methylpiperidinium bis
(trifluoromethylsulfonyl)imide

[C3C1pip][Tf2N]
N

H3C CH3

SF3C N S CF3

O

OO

O

1-Butyl-3-methylpyrrolidinium bis
(trifluoromethylsulfonyl)imide

[C4C1pyrr][Tf2N]
N+ CH3H3C

SF3C N S CF3

O

OO

O

3-(2-(Butylamino)-2-oxoethyl)-1-
ethylimidazolium bis
(trifluoromethylsulfonyl)imide

[(CH2CONHC4H9)
C2im][NTf2]

N+
N

O

N
H

SF3C N S CF3

O

OO

O

1-Ethyl-3-methylimidazolium
prolinate

[C2C1im][Pro]
(n ¼ 2, 6, 8) N+N

NH

O

O-

R

Tetrabutylphosphonium
N-trifluoromethanesulfonylleucine

[P4444][Tf-Leu]

P+

H
N

O O-

S

O

O

F
F

F
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number of interactions taking place, and that all are important for the separation of
amino acids. Tang et al. [24] further employed functional hydrophobic amino acid-
based ILs as both solvents and selectors for the extraction of racemic mixtures of
amino acids, being able to recover the L-enantiomer at the IL-rich phase. Most of the
works described before addressed the pH effect on the amino acids partition coef-
ficients, demonstrating that these biomolecules are better extracted to the IL-rich
phase at acidic conditions. This pH dependence was additionally found to be useful
to recover amino acids from the IL-rich phase [21, 23], which can be considered a
remarkable advantage in the recovery of target products from the non-volatile IL
solvents studied.

In addition to amino acids, hydrophobic IL-water systems have been investigated
for the separation of proteins. It should, however, be noted that only a limited
number of works on proteins extraction has been reported, which is probably
because of the labile nature of proteins and the requirement for a water-rich medium.
Shimojo et al. [25] were the first to investigate the extraction of heme proteins using
hydrophobic ILs from an aqueous phase through the addition of dicyclohexano-18-
crown-6 (DCH18C6), demonstrating a high peroxidase activity of the cytocrome-c-
DCH18C6 complex in the IL-phase. Tzeng et al. [26] used an imidazolium-based IL
([C4C1im]Cl) merged with a dye [silver salt Cibacron Blue 3GA (CB)] for the
extraction of lysozyme, cytochrome-c, ovalbumin, and bovine serum albumin
(BSA). As observed with amino acids, the authors demonstrated that the proteins
partitioning behavior is pH-dependent, where an increase in pH leads to lower
extraction efficiencies [26]. Accordingly, the authors discussed the relevance of
electrostatic interactions between the solvent and the positive surface charge of
lysozyme [26]. Finally, the recyclability of the ILs used was addressed, showing
that the IL phase could be reused at least eight times without losses on the system
extraction performance [26].

Kohno et al. [27] studied an IL with an anion derived from leucine, [P4444]
[Tf-Leu]. Although hydrophobic, this IL still dissolves a high water content and,
with 21 wt% of water, cytochrome-c was completely extracted into the IL-rich
phase. Other proteins (lysozyme, myoglobin, chymotrypsin, laccase, hemoglobin,
horseradish peroxidase, and BSA) were also investigated, leading to the conclusion
that this IL is not capable of extracting laccase and horseradish peroxidase. Ohno and
co-workers [28] investigated the cytochrome-c extraction using a phosphonium-type
zwitterion, attempting to control the water content at the zwitterion phase. By
combining different zwitterions, the authors [28] were able to increase the water
content from 0.4% to 62.7%, helping to increase the dissolution and partition of the
target protein. Finally, the authors demonstrated back-extraction of the protein by the
addition of an inorganic salt, without significant changes in the structure of the
recovered protein [28]. Two works regarding the extraction of recombinant proteins
using a triazacyclononane-IL phase were recently published [29, 30]. The authors
demonstrated that the selective partitioning of hexahistidine-tagged (His-tagged)
proteins between the IL and aqueous phases is governed by the proteins’ affinity
to the IL, the presence and nature of coordinated metal ions, and the medium ionic
strength.
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In addition to the studies carried out with pure and model proteins discussed
above, Cheng et al. [31] reported the direct extraction of hemoglobin from human
whole blood using [C4(C1C1C1Si)im][PF6]. The same non-water miscible IL was
used in the extraction of cytochrome-c from an aqueous solution [32]. In both works
[31, 32], a pH-dependent back-extraction process to recover proteins and the IL was
developed. In the same line, Hu et al. [33] addressed the separation of bacteriorho-
dopsin from Halobacterium salinarium using the IL [C6C1im][PF6], where it was
shown that this IL displays a strong ability to remove the main contaminants (lipids,
proteins, and sugars). Imidazolium-based hydrophobic ILs ([C4C1im][NTf2] and
[C4C1im][PF6]) were also used to separate lactoferrin from bovine whey [34]. It
was found that the IL extraction efficiency is enhanced at neutral pH, low ionic
strength, and low concentration. Even so, the maximum extraction efficiencies
reported to the IL-rich were around 20%. Hydrophobic ILs therefore seem more
attractive to tailor the extractions selectivity than to obtain enhanced extraction
efficiencies.

Overall, the aforementioned works show that, under appropriate conditions and
using adequate IL chemical structures, hydrophobic ILs are enhanced extraction
media for recovering amino acids and proteins from aqueous solutions. The range of
hydrophobic ILs is, however, more limited than hydrophilic (water-soluble) ILs
typically used in the formation of IL-based ABS, discussed in the next section,
which may impose some constraints in the design of effective separation processes.
Furthermore, most of the studies described above focused on ILs formed by
imidazolium-based cations, mainly combined with fluorinated anions, thus raising
concerns in terms of the ILs biocompatibility. When dealing with proteins, water
content seems to be a relevant issue, which may also justify the scarce number of
works dealing with hydrophobic ILs to separate proteins.

2.2 Water-Soluble ILs in Liquid–Liquid Extractions

The limited number of hydrophobic ILs when compared to hydrophilic (water-
soluble) ILs and its impact in terms of chemical structure design, coupled with the
low water content in the first set, are the main reasons for the significantly larger
number of studies found with IL-based ABS for the separation of amino acids and
proteins. In fact, a much greater number of water-miscible ILs can be considered for
the formation of ABS, and their environmental and toxicity impact is also reduced
[16]. The fundamentals and applications of IL-based ABS were recently reviewed
[4]. In this section we only focus on their use for the separation of amino acids and
proteins, highlighting some recent and innovative works. The descriptions, abbre-
viations, and chemical structures of the ILs used and discussed in this section are
given in Table 2.

The extraction of a wide range of amino acids (Fig. 2) has been investigated using
IL-based ABS, and the pioneering works in this field were demonstrated in 2009
[35, 36]. ABS formed by [CnC1im][C1CO2] (n¼ 4, 6, 8) or [CnC1im]Br (n¼ 4, 6, 8)
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Table 2 Description, abbreviation, and chemical structure of the ILs used in the formation of ABS
for liquid–liquid extractions

Description Abbreviation Chemical structure

1-Alkyl-3-methylimidazolium bromide [CnC1im]Br
(n ¼ 2, 4,
6, 8)

N+N

Br-

R

1-Alkylimidazolium chloride [Cnim]Cl
(n ¼ 1, 2)

NH+N

Cl-

R

1-Alkyl-3-methylimidazolium chloride [CnC1im]Cl
(n ¼ 2, 4, 6,
8)

N+N

Cl-

R

1-Butyl-2,3-dimethylimidazolium
chloride

[C4C1C1im]
Cl N+

N

Cl-

1-Allyl-3-methylimidazolium chloride [amim]Cl
N+

N

Cl-

1-Hydroxyethyl-3-methylimidazolium
chloride

[OHC2mim]
Cl N+

N
OHCl-

1-Benzyl-3-methylimidazolium
chloride

[C7H7C1im]
Cl N+

N

Cl-

1-Alkyl-3-methylimidazolium acetate [CnC1im]
[CH3CO2]
(n ¼ 2, 4, 6)

N+N
O

O-

R

1-Ethyl-3-methylimidazolium
alkylsulfate

[C2C1im]
[CnSO4]
(n ¼ 1, 2)

N+

N S

O

O

O

O-
R

1-Alkyl-3-methylimidazolium
trifluoromethanesulfonate

[CnC1im]
[CF3SO3]
(n ¼ 2, 4, 6)

N+N S

O

O

O-

F

F

F
R

1-Alkyl-3-methylimidazolium
methanesulfonate

[CnC1im]
[CH3SO3]
(n ¼ 2, 4)

N+N S

O

O

O-
R

1-Butyl-3-methylimidazolium
hydrogensulfate

[C4C1im]
[HSO4] N+

N
O-S

O

O

HO

Tetraalkylammonium chloride [Nnnnn]Cl
(n ¼ 2, 4) N+

R
R

R
R

Cl-

Tetraalkylammonium bromide [Nnnnn]Br
(n ¼ 2, 4) N+

R

R
R

R Br-

(continued)
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Table 2 (continued)

Description Abbreviation Chemical structure

Tetrabutylphosphonium chloride [P4444]Cl

P+
Cl-

Tetrabutylphosphonium bromide [P4444]Br

P+
Br-

Triisobutyl(methyl)phosphonium
tosylate

[Pi(444)4]
[Tos]

P+

O-

S

O

O

Tributyl(methyl)phosphonium
methylsulfate

[P4441]
[MeSO4]

P+

S

O

O

O

O-

1-Butyl-3-methylimidazolium
tetrafluoroborate

[C4C1im]
[BF4] N+

N
B-F

F

F

F

1-Butyl-3-methylimidazolium
thiocyanate

[C4C1im]
[SCN] N+

N
S-N

1-Butyl-3-methylimidazolium
dicyanamide

[C4C1im][N
(CN)2] N+

N N

CN

CN

1-Butyl-3-methylimidazolium tosylate [C4C1im]
[TOS]

N+

N

O-

S

O

O

1-Ethyl-1-methylpyrrolidinium
trifluoromethanesulfonate

[C2C1pyr]
[CF3SO3] N+ S

O

O

O-

F

F

F

1-Ethyl-3-methylimidazolium
butylsulfate

[C2C1im]
[C4SO4] N+

N
S

O

O

O

O-

1-Ethyl-3-methylimidazolium
dimethylphosphate

[C2C1im]
[DMP]

N+

N
P

O

OO
O-

Tri(butyl)methylphosphonium
methylsulfate

[P4441]
[MeSO4]

P+

S

O

O

O

O-

N,N-Dimethylethanolamine alkanoate [N011(2OH)]
[CnCO2]
(n ¼ 3, 4, 5,
6)

NH
HO R

O

O

(continued)
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Table 2 (continued)

Description Abbreviation Chemical structure

N,N-Diethylethylenediamine alkanoate [N022(2OH)]
[CnCO2]
(n ¼ 3, 4, 5,
6)

NH
HO

R

O

O

Tetraalkylammonium glycine [Nnnnn][Gly]
(n ¼ 1, 2, 4,
5)

N+R

R

R

R

H2N

O

O-

Tetrabutylphosphonium glycine [P4444][Gly]

P+
H2N

O

O-

Cholinium 2-[4-(2-hydroxyethyl)
piperazin-1-yl]ethane sulfonate

[N111(2OH)]
[HEPES]

N

N
HO

S

O

O
OH

HO
N+

Cholinium N-[tris(hydroxymethyl)
methyl]glycine

[N111(2OH)]
[Tricine] H

N

O

OH

OH

HO

HO

HO
N+

Cholinium 2-(cyclohexylamino)
ethanesulfonate

[N111(2OH)]
[CHES]

N
H

S

O

O
OH

HO
N+

Cholinium 2-(N-morpholino)
ethanesulfonate

[N111(2OH)]
[MES]

O

N
S

O

O
OH

HO
N+

Cholinium 2-[(2-hydroxy-1,1-bis
(hydroxymethyl) ethyl)amino]
ethanesulfonate

[N111(2OH)]
[TES]

H
N

HO

OH

HO

S

O

O
OHHO

N+

Cholinium chloride [N111(2OH)]
Cl N+

HO
Cl-

Cholinium alkanoate N111(2OH)]
[CnCO2]
(n ¼ 2, 3, 4) HO

N+
R

O

O-

Cholinium bitartrate [N111(2OH)]
[Bit]

HO
N+

O-

O

OH

OH

O

HO

Cholinium dihydrogen citrate [N111(2OH)]
[DHCit]

HO
N+

OH

O

OH

O OH
O

-O

Cholinium dihydrogen phosphate [N111(2OH)]
[DHP]

HO
N+ P

O

HO

OH

O-

(continued)
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Table 2 (continued)

Description Abbreviation Chemical structure

Cholinium glycolate [N111(2OH)]
[Gly]

HO
N+

HO

O

O-

Cholinium lactate [N111(2OH)]
[Lac]

HO
N+

OH

O

O-

Cholinium benzoate [N111(2OH)]
[BE]

HO
N+

O

O-

Di-cholinium oxalate [N111

(2OH)]2[Ox]
HO

N+

O

-O

O

O- 2

Tri-cholinium citrate [N111

(2OH)]3[cit]

OH

O
O

O

-O

O-

O-

HO
N+

3

Fig. 2 Chemical structures of amino acids separated with IL-based ABS
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and inorganic salts (K3PO4, K2HPO4, and K2CO3) were further explored for the
separation of tryptophan, glycine, alanine, 2-aminobutyric acid, valine, leucine,
threonine, methionine, and tyrosine [37, 38]. In these works [37, 38] it was found
that ILs with more hydrophobic cations lead to the best extraction results, which
contradicts the results of Louros et al. [39] with ABS formed by phosphonium-based
ILs. Additional investigations on the separation of amino acids (L-tryptophan,
L-phenylalanine, L-tyrosine, L-leucine, and L-valine) by IL-based ABS were carried
out by Zafarani-Moattar and Hamzehzadeh [40]. The authors concluded that hydro-
phobic interactions are the main forces responsible for the amino acids’ preferential
migration to the IL-rich phase, although other parameters, such as amino acid size,
accessible surface area, and polarizability, were also described as relevant. ABS
formed by several types of ILs, namely imidazolium-, pyrrolidinium-,
phosphonium-, and ammonium-based ILs, for the separation of L-tryptophan, were
then investigated [41]. A high extraction performance was displayed by these
systems, with extraction efficiencies of 72–99% [41]. In contrast to the trend
observed with hydrophobic ILs, with IL-based ABS lower partition coefficients
were observed at lower pH values. This trend is, however, predictable because in
the studied ABS a citrate-based salt is used, which at lower pH values is protonated
and thus acts as a weaker salting-out species. Furthermore, two imidazolium-based
chiral ILs were synthesized to separate racemic amino acids [42]. Results showed
that D-enantiomer amino acids partition to the IL-rich phase, whereas L-enantiomer
amino acids are transferred into the Na2SO4-rich phase. Overall, all these works
combining ABS formed by ILs and salts lead to significantly higher extraction
efficiencies than those observed with more conventional ABS formed by polymers
and salts [43].

Aiming at the design of biocompatible ABS, Zafarani-Moattar and Hamzehzadeh
[44] proposed ABS formed by polypropylene glycol (PPG) 400 (instead of salts) and
hydrophilic ILs, [CnC1im]Br (n ¼ 2, 4), for the extraction of L-tryptophan and L-
tyrosine. In this type of polymer-IL-based ABS, and in contrast to the behavior
observed in IL-salt ABS, L-tyrosine displays a preferential partition toward the
polymer-rich phase, whereas L-tryptophan preferentially migrates to the IL-rich
phase. This difference was explained by the lack of one pyrrole ring in L-tyrosine
when compared to L-tryptophan [44]. Nevertheless, it should be noted that in this
type of systems the strong salting-out species (i.e., salts) were replaced by polymers,
and thus there is a more tailored balance between the nature and properties of the
phase-forming components and the target amino acids partition between the
coexisting phases. Focused on the same goal, Xie et al. [45] investigated novel
ABS formed by biocompatible ILs, composed of the cholinium cation and anions
derived from long-chain carboxylic acids. The authors [45] showed that ILs with
long-chain carboxylate anions are suitable for improving the systems’ extraction
performance. Freire et al. [46] also replaced the typically used inorganic/organic
salts by mono- and disaccharides combined with [C4C1im][CF3SO3] to form ABS,
and evaluated the performance of these systems in extracting amino acids. Despite
the advantages of the biodegradable and nontoxic nature of carbohydrates, the
extraction efficiencies obtained in this work were significantly lower (around 50%)
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than those previously discussed with ABS formed by ILs and salts. Organic biolog-
ical buffers, namely Good’s Buffers, were later used in combination with ILs to form
ABS to recover L-tryptophan and L-phenylalanine from aqueous media [47]. In these
systems, L-phenylalanine completely partitions to the GB-rich phase, whereas L-
tryptophan shows a preferential migration to the opposite phase. These systems [47]
and those reported by Zafarani-Moattar and Hamzehzadeh [44] can thus be used in
the fractionation of amino acids from complex mixtures, such as fermentation broths
or hydrolyzed peptide mixtures, and should be explored in such a direction. With this
idea in mind, recently, Capela et al. [48] demonstrated the formation of IL-amino
acid-based systems, which allow the selective separation of mixtures of aliphatic and
aromatic amino acids in one step (Fig. 3). These systems were designed based on the
particular ability of aliphatic amino acids to form ABS with ILs. Finally, the authors
[48] used a solid-phase extraction approach, by means of a cation exchange column,
to retain the ILs used in ABS formation and thus recover the target amino acids.

In addition to IL-salt and IL-polymer ABS, the use of ILs as additives in polymer-
salt systems have been explored to tailor the separation of amino acids. Pereira et al.
[13] investigated several imidazolium-based ILs added at 5 wt% to an ABS formed
by polyethylene glycol (PEG 600) and NaSO4. The authors [13] demonstrated that
both an increase and decrease in the extraction efficiencies can be obtained, and that
these depend on the chemical structure of the IL employed. [C4C1im]Br was also
investigated as an adjuvant in PEG 400 + potassium citrate ABS to tailor the parti-
tion of amino acids toward the polymer-rich phase [49].

In summary, a large number of IL-based ABS and amino acids have been
investigated in the past decade, and in most cases high extraction efficiencies to
the IL-rich phase are obtained in a single step. However, with ABS not employing
salts, but instead polymers or biological buffers, there is a more suitable amino acid
partitioning, which could be useful to separate mixtures of amino acid from real
matrices. With systems not composed of strong salting-out species there is a better
balance between the nature and properties of the phase-forming components and the
target amino acids partition between the coexisting phases. In terms of effectiveness
and cost, the most effective systems for extracting amino acids are those using ILs as

IL + Mixture of amino acids

IL +

Aliphatic
amino Acids

Aromatic
amino Acids

Fig. 3 Schematic
representation of the
selective separation of
aliphatic and aromatic
amino acids mixtures
(adapted from [48])
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adjuvants, mainly because they also allow high extraction efficiencies associated
with reduced costs by the low amounts of ILs used. Although poorly investigated,
Capela et al. [48] demonstrated the potential of ILs to be added directly to
aqueous mixtures of amino acids and allowing their direct fractionation. The same
authors demonstrated the amino acid recovery from the IL-rich phase by applying a
cation exchange column, allowing the IL reuse, which is a scarcely investigated
strategy [48].

In addition to amino acids, IL-based ABS have been investigated as separation
strategies for several proteins, namely BSA, hemoglobin, ovalbumin, lysozyme,
myoglobin, immunoglobulin Y, immunoglobulin G, cytochrome c, trypsin, pepsin,
and rubisco. Because of the labile nature of proteins, they are easily denatured by
organic solvents or hydrophobic ILs, and therefore ABS are more appropriate media
because of their high water content. Proteins are highly sensitive biomolecules and
can lose their native structure through slight changes in the surrounding environ-
ment, such as changes in pH, temperature, and ABS phase-forming component
compositions. Several works have been conducted in this direction, that is, investi-
gating the effect of several parameters and phase-forming components on the
partition behavior of proteins in IL-based ABS. For instance, the influence of pH,
IL concentration, temperature, protein size, conformation, and surface structure was
studied for large number of proteins. Studies at variable pH values showed that the
extraction efficiency of cytochrome-c decreases as the pH increases [50], but the
water content in the coexisting phases also plays a role [51]. Pei et al. [52] explored
IL-based ABS to recover proteins from wastewater, using BSA, lysozyme, and
hemoglobin as model proteins. In this work, hydrophobic interactions were identi-
fied as the driving forces in the proteins partitioning between the coexisting phases,
as the complete extraction into the IL-rich phase was only achieved when the pH of
the systems was close to the proteins pI [52]. The authors [52] further demonstrated
that higher temperatures favor protein extraction, contradicting previous results on
the extraction of BSA using [C10C1im]Cl-based ABS [53], meaning that both
endothermic and exothermic processes may occur, and that these depend on the
protein and phase-forming components used. Lin et al. [54] described the effect of
IL-protein complexes on the extraction performance of IL-based ABS, in agreement
with the findings of Pei and co-authors [55]. An additional study on the partitioning
of model proteins (lysozyme, myoglobin, BSA) was performed in IL + salt ABS,
although using a dye (Reactive Red-120) as ligand to afford affinity-induced parti-
tions [56]. The authors demonstrated that the nature of the proteins, pH, temperature
and ABS composition are parameters that influence the partition coefficients. In this
work [56], the hydrophilic IL used was recovered by adding a hydrophobic IL
[C4C1im][PF6] that acted as extractant.

In addition to the well-studied imidazolium-based ILs, the separation of BSA,
ovalbumin, and hemoglobin was addressed using a series of protic ammonium-based
ILs [57]. Under optimum conditions, N,N-dimethylethanolamine propionate [N11

(2OH)][C2CO2] allows extraction efficiencies up to 99.5% in a single step [57]. How-
ever, it has been reported that the stability of lysozyme in ammonium-based ILs
decreases with IL concentration [58]. The separation of cytochrome-c was
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investigated by Santos et al. [59] using a quaternary system formed by PEG 8000,
sodium poly(acrylate) (NaPA8000), water, and ILs as electrolytes. With these
systems, cytochrome-c is enriched in the NaPA8000-rich phase (extraction effi-
ciency >96%).

Foreseeing the development of biocompatible IL-based ABS, Wu et al. [60]
employed amino acid-based ILs combined with K2HPO4 to separate cytochrome-
c, which preferentially partitions to the IL-rich phase. In the same line, [N111(2OH)]Cl
and related ILs were used in the design of ABS to extract and purify proteins (BSA,
trypsin, papain, and lysozyme) [61, 62]. With an ABS formed by [N11(2OH)(3OH)]Cl
and KH2PO4, BSA is mainly enriched in the IL-rich phase (extraction yield of
84.3%), thus representing better alternatives to ABS formed by imidazolium-based
fluids (extraction yields of 60–68%) [61]. ILs formed by the cholinium cation and
anions derived from carboxylic acids, namely [N111(2OH)][C1CO2], [N111(2OH)]
[C2CO2], [N111(2OH)][C3CO2], [N111(2OH)][Glyc], [N111(2OH)][Lac], [N111

(2OH)]2[Oxa], and [N111(2OH)]3[Cit], were combined with PPG400 (a non-toxic,
biodegradable and thermo-sensitive polymer) to form ABS, demonstrating how
these are enhanced systems to separate proteins [62]. Cholinium-based ILs and
PPG400 were used in three other works to extract BSA [63–65]. The preferential
partition of BSA to the IL-rich phase was always observed, with two of these works
reporting the complete extraction of BSA into the IL phase in a single step
[63, 64]. In both works, the partition of BSA seems to be dictated by specific
interactions occurring between the protein and the IL, such as hydrogen bonding
and dispersive interactions. The remarkable extraction efficiencies obtained
(92–100% for the IL-rich phase) were far superior to those observed with typical
polymer-based ABS, and without evidence of protein denaturation in concentrations
at the aqueous media up to 10 g/L [64]. The authors further corroborated their results
by extracting BSA from bovine serum, where the extraction efficiencies for the
target protein were kept at 100% in a single step. The BSA partition behavior in ABS
formed by ILs composed of cholinium as cation and amino acid-derived anions was
then investigated by Song et al. [65]. In this work, the authors manipulated the
interactions between the phase-forming components and the proteins by changing
their surface charge through pH variations. When the pH of the system is higher than
the pI of the proteins and the amino acid anions, proteins mainly partition to the IL
phase, whereas the reverse occurs at lower pH values [65].

In most of the works described, a buffered salt aqueous solution was used to
maintain the medium pH. Recently, ILs with self-buffering characteristics, namely
Good’s buffer ILs (GB-ILs), were suggested, and their ability to form ABS and to
extract BSA evaluated [66]. Remarkably, extraction efficiencies of 100% of BSA to
the GB-IL rich phase were obtained in a single step. Authors also found that GB-ILs
display a higher stabilizing effect over the studied protein when compared to
conventional ILs [66]. Recently, protic ILs were proposed to form thermoreversible
ABS when combined with polymers [67]. In contrast to imidazolium-based ILs, the
phase diagrams of ABS formed by protic ILs are highly dependent on temperature,
thus allowing monophasic–biphasic transitions through small changes in tempera-
ture. The complete extraction of cytochrome-c and azocasein was accomplished in a
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single step using these systems and maintained along three cooling-heating cycles,
with no stability losses [67].

Most studies discussed above were carried out with pure/model proteins, and only
the extraction efficiency of IL-based ABS and their impact on protein stability and
enzyme activity were addressed. Nevertheless, proteins of biological, clinical, phar-
maceutical, and industrial relevance are produced in complex media, therefore
requiring downstream processing for their purification and recovery. Even so, few
works are to be found on the application of IL-based ABS to separate proteins from
real matrices. Among these, Taha et al. [68] prepared novel ABS by using self-
buffering cholinium-based ILs and PPG 400 for the separation of immunoglobulin Y
(IgY) from chicken egg yolk. The combination of the investigated ILs with PPG
400 to form ABS allows the preferential partitioning of IgY to the IL-rich phase,
with extraction efficiencies of 79–94% in a single step. However, the greatest chal-
lenge was to purify IgY, as the total separation of IgY from the major contaminant
proteins was not achieved [68]. Still focused on antibodies and biopharmaceuticals,
Ferreira et al. [69] investigated the separation of immunoglobulin G (IgG) from a
rabbit serum source, using ABS composed of PEG of different molecular weights
and potassium citrate, with 5 wt% of ILs as adjuvants. The tuning ability of ILs was
confirmed because the complete extraction (100%) of the target antibody was
obtained in a single step, as well as higher recovery yields and enhancements in
the IgG purity, by applying ILs (as compared to the IL-free ABS). More recently,
ABS formed by cholinium-based ILs + PPG 400 were investigated in the separation
of IgG from rabbit serum [70, 71]. These systems allowed an efficient extraction
performance and recovery yields >80%, with a purity level up to 66% [71].

Still dealing with more complex matrices, Desai and co-workers [72] addressed
the recovery of rubisco from plant extracts using ABS formed by ammonium-based
ILs (Ammoeng 110) and phosphate salts. Rubisco migrates to the IL-rich phase with
partition coefficients three to four times higher than those obtained with PEG-based
systems. However, at high concentrations of ILs (>50%), the studied protein starts
to aggregate, demonstrating that there is a limited range of appropriate ILs concen-
trations that can be used in protein extraction [72]. Pei and co-workers applied
IL-based ABS to separate proteins from polysaccharides [55]. BSA was successively
separated into the IL-rich phase, with saccharides preferentially enriched in the
opposite phase. Similar studies were further published, aiming at the fractionation
of sugars and proteins from plant extracts [57, 73, 74]. In order to decrease the
environmental and economic impact of IL-based ABS as separation strategies for
proteins, some studies attempted to recover the ABS phase-forming components
after the extraction of proteins [73–75]. For instance, Pereira et al. studied the
recyclability and reusability of phosphonium- and ammonium-based ILs after the
extraction of BSA into the IL-rich phase by recovering the protein by dialysis
[75]. Extraction efficiencies were kept at 100% in three-step sequential extractions
comprising both the BSA recovery and the IL reusability. With the same aim, Li
et al. used a thermosensitive polymer in the formulation of ABS, allowing its
recovery by temperature increase (Fig. 4) [62].

IL-based ABS were also investigated in the separation of lipases [76–82]. Deive
et al. [76] explored the partition behavior of Thermomyces lanuginosus lipase (TLL)
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where, under optimized conditions, the authors recovered 99% of TLL from aqueous
solutions, preserving the enzyme biocatalytic activity [76]. The same research group
employed ABS formed by ILs and inorganic salts to separate Candida antarctica
lipase A (CaLA) [77]. The results revealed that ABS formed by [C2C1im][C4SO4]
allow extraction efficiencies higher than 99%. Additional investigations on lipase
(C. antarctica lipase B, CaLB) partitioning were carried out by Ventura et al. using a
wide variety of IL-based ABS [78]. With IL + salt ABS, the enzyme recovery
efficiencies are higher than 97%, with a maximum purification factor of 2.6. The
same group of researchers then applied IL-ABS as downstream processes to purify
an extracellular lipolytic enzyme produced by Bacillus sp. ITP-001 from its fermen-
tation broth [79]. The best results were obtained with ABS formed by [C8C1im]Cl
(recovery ¼ 92.2% and purification factor (PF) ¼ 51). Finally, the authors applied
ABS formed by polymers and salts, using ILs as adjuvants [80]. With this type of
system, a significant increase in the PF was achieved (PF ¼ 245) when compared
with IL-based ABS (PF � 51–137) [78, 81] and with polymer-based ABS
(PF ¼ 202) [79]. This last type of ABS also allows a decrease of the concentration
of the IL employed, thus resulting in a more sustainable separation process.
Recently, the same group of researchers [82] investigated the impact of different
cations and anions of self-buffering ILs to form ABS when conjugated with salts or
polymers aiming at recovering lipase produced via submerged fermentation by
Burkholderia cepacia ST8. The authors showed that lipase preferentially partitions
toward the IL-rich phase in both types of systems investigated, with a recovery yield
of 94% [82].

In addition to lipases, other enzymes have been investigated with IL-based ABS.
ABS formed by [C4C1im]Cl or [C4C1im]Br + K2HPO4 have been investigated in the
separation of papain [83]. The increase of [C4C1im]Br and K2HPO4 concentrations
allow a maximum extraction of 98% to the IL-rich phase [83]. A similar ABS has

Fig. 4 Schematic representation of the separation and recovery steps of the ABS phase-forming
components and proteins, by temperature increase (adapted from [62])
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been applied to the extraction of horseradish peroxidase, with a recovery of 80% into
the IL-rich phase and preservation of more than 90% of the enzyme activity
[84]. Several ABS (polymer-polymer, polymer-salt, alcohol-salt, and IL-salt) were
studied for the recovery of superoxide dismutases (SOD) by Simental-Martinez et al.
[85]. The authors found that, although IL-based ABS allow a better enzyme recov-
ery, a polymer-salt ABS is more useful in terms of SOD recovery, enzyme specific
activity maintenance, and purification. Santos et al. recently demonstrated an effi-
cient integrated downstream process for the purification of L-asparaginase (ASNase)
using IL-based ABS (Fig. 5) [86]. This work evaluated the use of polymer-salt ABS
employing ILs as adjuvants, combined with the permeabilization of cell membrane
using n-dodecane and glycine for the in situ purification of periplasmatic ASNase
from Escherichia coli cells. The results show that ASNase partitions mostly to the
PEG-rich phase, which was explained based on hydrophobic interactions established
between the polymer and the enzyme. With the addition of 5 wt% of [C4C1im]
[CH3SO3], recoveries of the enzyme up to 88% have been reported.

Jiang et al. evaluated IL-based ABS for the extraction and purification of wheat
esterase [87]. It was demonstrated that the enzyme preferentially partitions to the
IL-rich phase, and under optimized conditions an extraction yield of 88.93% and a
purification factor of 4.23 were obtained [87]. Aiming at the purification of proteins
in continuous mode, Novak et al. [88] addressed the intensification of BSA purifi-
cation by IL-based ABS using microfluidic devices. By adjusting the fluid flow
pattern, the BSA extraction within the microchannels was successfully carried out,
yielding partition coefficients of 14.6, 20-fold greater than those achieved with
conventional ABS composed of polymers and salts [88]. Among the several

Fig. 5 Schematic representation of the in situ purification of enzymes with the recycling of the
ABS phase-forming components (adapted from [86])
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advantages of IL-based ABS over more conventional systems, the low viscosity of
the coexisting phases was reported as the most significant to the microfluidics
approach [88].

With regard to IL-based ABS for the separation of proteins, it is clear that the
largest fraction of published works is devoted to studies on the partition of model
proteins and enzymes, which give no indications of the behavior of contaminants
and how these systems are useful to purify proteins from complex matrices. How-
ever, some works started to appear on the application of IL-based ABS to separate
proteins from biological-based media, showing that IL-based ABS represent a
promising alternative to deal with complex matrices. Nevertheless, the major chal-
lenge is still to optimize the ILs chemical structures to separate target proteins, which
differ for each protein and matrix.

3 ILs in Solid–Liquid Bioseparation Processes

Solid-phase extraction (SPE) is the most widely used sample-preparation technique
for liquid samples, belonging to the group of sorptive-based extraction techniques
[89]. The development of new materials as effective and selective adsorbents in
sample preparation has been explored in the past few years [89, 90]. Taking advan-
tage of the chemical versatility and designer ability that ILs can impart, in recent
years IL-modified materials (also known as supported IL phases – SILPs) have been
the focus of a great deal of attention [17]. However, their use for the separation of
amino acids and proteins is still limited.

IL-based SPE methods aimed at extracting and separating amino acids, although
scarce, comprise ILs immobilized on silica and the use of ILs on the preparation of
molecularly imprinted polymers (MIPs). Marwani et al. [91] immobilized a chiral IL
[C2(L-Phe)][NTf2] on silica, envisioning the enantioselective separation of D-phe-
nylalanine from aqueous solutions. The determined adsorption isotherms revealed
that the adsorption capacity of the solid support for D-phenylalanine was 97.35% at
pH 3.0 for an initial concentration of the amino acid at 0.1 g/L. The authors
examined the enhanced performance of the prepared material by applying it to real
water samples (ground water, lake water, seawater, waste water) with satisfactory
results [91].

Yang et al. applied the IL 1-butyl-3-methylimidazolium aminohydrocinnamic
acid in acetonitrile to prepare surfaces of MIPs for the selective recovery of L-
phenylalanine [92]. Studies on the adsorption kinetics, SPE application, and the
chiral resolution of racemic phenylalanine mixtures were performed. The IL-based
copolymerizing process carried out in acetonitrile, when compared with the tradi-
tional imprinting process with acetonitrile/H2O, allows a higher adsorption of L-
phenylalanine, further resulting in the selective separation of L-phenylalanine from
other amino acids (L-tryptophan and L-histidine). Although these materials appear
promising for recovering amino acids, with recovery values above 91% as reported
[92], no further studies for amino acids are so far available.
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In the field of proteins, Shu and co-workers immobilized [C1im]+ moieties onto
polyvinyl chloride (PVC), forming [C1im]Cl–PVC materials [93]. The authors
demonstrated that the immobilization of the IL strongly depends on the [C1im]/
PVC molar ratio during the reaction step. A maximum immobilization ratio of
15.1% was obtained with a 4:1 M ratio of [C1im]:PVC, further showing that these
materials adsorb lysozyme, cytochrome-c, and hemoglobin with efficiencies of 97%,
98%, and 94%, respectively. On the other hand, this material was found not to be
promising for the removal of BSA, transferrin and IgG [93]. These results were
justified based on the pH and pI of the proteins and ionic strength of the solutions.

The selective isolation of hemoglobin was also studied using imidazolium-
modified polystyrene materials [94]. In this work, imidazolium cations were grafted
onto the surface of a chloromethyl polystyrene, forming PS-CH2-[C1im]+Cl�, which
is a crosslinked rigid polymer that can act directly as a support [94]. Adsorption
efficiencies of this material to hemoglobin reached values up to 91% [94]. Two other
polymer materials were synthesized and used for protein separation, in which
1-allyl-3-butylimidazolium chloride and 1-vinyl-3-octylimidazolium bromide were
used as functional monomers, and acrylamide as a co-functional monomer [95]. The
first ionic liquid polymeric material has a high binding capacity for hemoglobin,
whilst the former possesses a high binding capacity for BSA. These results suggest
that these materials can be tailored to adsorb specific proteins, and thus can be
envisioned as promising strategies to separate target proteins from complex matrices.
IL-modified magnetic nanoparticles (ILs-MNPs) were recently proposed to recover
BSA (Fig. 6), leading to extraction efficiencies of 86.9% [96]. The recovery of the
protein from the material was also addressed; with NaCl at concentrations higher
than 1.1 mol/L the desorption ratio of BSA reaches 95.3%. Moreover, almost 95% of
the prepared MNPs were recovered, with no significant losses on their extraction
efficiency over four cycles [96]. Recently, Wen et al. [97] investigated the perfor-
mance of an amino functional dicationic ionic liquid (AFDCIL) coated on the
surface of magnetic graphene oxide (Fe@GO) as a magnetic adsorbent
(Fe@GO@AFDCIL) for proteins. The authors reported that, compared with con-
ventional Fe@GO@IL composites, the Fe@GO@AFDCIL composite exhibits the
highest extraction capacity for bovine hemoglobin. It was also suggested that this
magnetic adsorbent could be successfully employed in extraction of bovine hemo-
globin from real samples [97].

Although all described works highlight the potential of SILPs to recover proteins,
there are no indications regarding their selective nature or performance when applied
to real and complex matrices, in which a large number of proteins or other meta-
bolites may be present. The use of SILPs for the separation of proteins is at an early
stage. Based on the versatility of ILs transferred to SILPs, it is predicted that further
work in this arena should confirm the potential of these materials in protein down-
stream processing.
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4 Conclusions

In the past decade increased attention has been given to the use of ILs in
bioseparation processes. This chapter provides an overview of the potential and
suitability of IL-based liquid–liquid extractions, employing hydrophobic ILs and
ABS, and solid–liquid extractions, based on the use of IL-modified materials, for the
separation of amino acids and proteins, including enzymes and biopharmaceuticals.
Most published works show that IL-based strategies lead to improved extraction and
separation performance when compared to more traditional approaches. This trend is
a direct result of the ILs tailoring ability, which is transferrable to bioprocesses in
which they are used, thus allowing the design of specific ILs and processes for target
separations.

Most of the works discussed are based on imidazolium-based ILs, majorly
combined with fluorinated anions. However, more recently, other classes of ILs
have been considered, such as with cholinium- and amino acid-based ILs, bringing
additional biocompatible features to bioseparation processes. Furthermore, most
works dealing with the separation of amino acids and proteins employing ILs are
focused on ABS, which may be explained by the advantages of these liquid–liquid
systems over the application of hydrophobic ILs. ABS are water-rich and usually
lead to improved extraction efficiencies and recovery yields – a result also directly

Fig. 6 Schematic representation of magnetic solid phase extractions of proteins [96]
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connected to the second phase-forming component of ABS that most of the time is a
strong salting-out species. In addition to liquid–liquid extractions, SILPs seem to be
a promising option. However, works on SILPs are still scarce, with no reports on
their use to purify amino acids and proteins from complex/real matrices.

In summary, this chapter aims to provide an overview of the application of ILs in
bioseparation processes. From the works discussed it is clear that the use of appro-
priate ILs leads to high extraction efficiencies, recovery yields, and purification
factors. However, a number of requirements need to be addressed before their
application in scaled-up separation processes becomes a reality, namely to: (1) find
efficient and low-cost ILs able to compete with common organic solvents;
(2) develop integrated processes, particularly focused on decreasing the number of
steps involved and the process cost; (3) develop strategies for biomolecules recovery
and IL recycling; (4) perform scale-up studies of the optimized processes; and
(5) carry out economic and life cycle analysis of the developed processes. Although
there is still a path to follow, IL-based separation processes display several advan-
tages to become an industrial reality in the following decades.

Acknowledgments This work was developed in the scope of projects CICECO – Aveiro Institute
of Materials (Ref. FCT UID/CTM/50011/2013) and MultiBiorefinery (POCI-01-0145-FEDER-
016403), financed by national funds through Fundação para a Ciência e a Tecnologia (FCT,
Portugal)/MEC and co-financed by FEDER under the PT2020 Partnership agreement. The authors
acknowledge financial support from the European Union Framework Programme for Research and
Innovation HORIZON 2020, under the TEAMING Grant agreement No 739572 – The Discoveries
CTR. D.C.V. Belchior acknowledges financial support from Conselho Nacional de
Desenvolvimento Científico e Tecnológico – CNPq for the PhD grant [202337/2015-4]).
I.F. Duarte acknowledges the FCT/MCTES for a research contract under the Program ‘Investigador
FCT’. M.G. Freire acknowledges the European Research Council under the European Union’s
Seventh Framework Programme (FP7/2007-2013) /ERC grant agreement n� 337753.

References

1. Martínez-Aragón M, Burghoff S, Goetheer ELV, de Haan AB (2009) Guidelines for
solvent selection for carrier mediated extraction of proteins. Sep Purif Technol 65:65–72.
https://doi.org/10.1016/j.seppur.2008.01.028

2. Ahamed T, Ottens M, Nfor BK et al (2006) A generalized approach to thermodynamic prop-
erties of biomolecules for use in bioseparation process design. Fluid Phase Equilib 241:
268–282. https://doi.org/10.1016/j.fluid.2005.12.011

3. Bhawsar CM, Pandit B, Sawant B, Joshi B (1994) Enzyme mass transfer coefficient in a
sieve plate extraction column. Chem Eng J 55:B1–B17. https://doi.org/10.1016/0923-0467
(94)87012-8

4. Ventura SPM, Silva FA, Quental MV et al (2017) Ionic-liquid-mediated extraction and sepa-
ration processes for bioactive compounds: past, present, and future trends. Chem Rev 117:
6984–7052. https://doi.org/10.1021/acs.chemrev.6b00550

5. Plechkova NV, Seddon KR (2008) Applications of ionic liquids in the chemical industry.
Chem Soc Rev 37:123–150. https://doi.org/10.1039/B006677J

Ionic Liquids in Bioseparation Processes 23

https://doi.org/10.1016/j.seppur.2008.01.028
https://doi.org/10.1016/j.fluid.2005.12.011
https://doi.org/10.1016/0923-0467(94)87012-8
https://doi.org/10.1016/0923-0467(94)87012-8
https://doi.org/10.1021/acs.chemrev.6b00550
https://doi.org/10.1039/B006677J


6. Albertsson P (1986) Partition of cell particles and macromolecules: separation and purification
of biomolecules, cell organelles, membranes, and cells in aqueous polymer two-phase systems
and their use in biochemical analysis and biotechnology.3rd edn. Wiley, Chichester

7. Iqbal M, Tao Y, Xie S et al (2016) Aqueous two-phase system (ATPS): an overview and
advances in its applications. Biol Proced Online 18:1–18. https://doi.org/10.1186/s12575-016-
0048-8

8. Grilo AL, Aires-Barros MR, Azevedo AM (2014) Partitioning in aqueous two-phase systems:
fundamentals, applications and trends. Sep Purif Rev 45:68–80. https://doi.org/10.1080/
15422119.2014.983128

9. Azevedo AM, Fonseca LP, Prazeres DMF (1999) Stability and stabilisation of penicillin acy-
lase. J Chem Technol Biotechnol 74:1110–1116. https://doi.org/10.1002/(SICI)1097-4660
(199911)74:11<1110::AID-JCTB149>3.0.CO;2-B

10. Pereira JFB, Rebelo LPN, Rogers RD et al (2013) Combining ionic liquids and polyethylene
glycols to boost the hydrophobic-hydrophilic range of aqueous biphasic systems. Phys Chem
Chem Phys 15:19580–19583. https://doi.org/10.1039/c3cp53701c

11. Li J, Kao WJ (2003) Synthesis of polyethylene glycol (PEG) derivatives and PEGylated -
peptide biopolymer conjugates. Biomacromolecules 4:1055–1067. https://doi.org/10.1021/
bm034069l

12. Rosa PAJ, Azevedo AM, Ferreira IF et al (2007) Affinity partitioning of human antibodies in
aqueous two-phase systems. J Chromatogr A 1162:103–113. https://doi.org/10.1016/j.chroma.
2007.03.067

13. Pereira JFB, Lima ÁS, Freire MG, Coutinho JAP (2010) Ionic liquids as adjuvants for the
tailored extraction of biomolecules in aqueous biphasic systems. Green Chem 12:1661. https://
doi.org/10.1039/c003578e

14. Dhadge VL, Rosa SASL, Azevedo AM et al (2014) Magnetic aqueous two-phase fishing: a
hybrid process technology for antibody purification. J Chromatogr A 1339:59–64. https://doi.
org/10.1016/j.chroma.2014.02.069

15. Gutowski KE, Broker GA, Willauer HD et al (2003) Controlling the aqueous miscibility of
ionic liquids: aqueous biphasic systems of water-miscible ionic liquids and water-structuring
salts for recycle, metathesis, and separations. J Am Chem Soc 125:6632–6633. https://doi.org/
10.1021/ja0351802

16. Freire MG, Cláudio AFM, Araújo JMM et al (2012) Aqueous biphasic systems: a boost brought
about by using ionic liquids. Chem Soc Rev 41:4966–4995. https://doi.org/10.1039/c2cs35151j

17. Abd A, Ahmed A, Xiashi Z (2017) Developments/application of ionic liquids/poly ionic liquids
in magnetic solid-phase extraction and solid phase microextraction. Colloid Surf Sci 2:
162–170. https://doi.org/10.11648/j.css.20170204.15

18. Carda-Broch S, Berthod A, Armstrong DW (2003) Solvent properties of the 1-butyl-3-methyl-
imidazolium hexafluorophosphate ionic liquid. Anal Bioanal Chem 375:191–199. https://doi.
org/10.1007/s00216-002-1684-1

19. Smirnova SV, Torocheshnikova II, Formanovsky AA, Pletnev IV (2004) Solvent extraction of
amino acids into a room temperature ionic liquid with dicyclohexano-18-crown-6. Anal Bioanal
Chem 378:1369–1375. https://doi.org/10.1007/s00216-003-2398-8

20. Wang J, Pei Y, Zhao Y, Hu Z (2005) Recovery of amino acids by imidazolium based
ionic liquids from aqueous media. Green Chem 7:196–202. https://doi.org/10.1039/b415842c

21. Absalan G, Akhond M, Sheikhian L (2010) Partitioning of acidic, basic and neutral amino acids
into imidazolium-based ionic liquids. Amino Acids 39:167–174. https://doi.org/10.1007/
s00726-009-0391-z

22. Tomé LIN, Catambas VR, Teles ARR et al (2010) Tryptophan extraction using hydrophobic
ionic liquids. Sep Purif Technol 72:167–173. https://doi.org/10.1016/j.seppur.2010.02.002

23. Huaxi L, Zhuo L, Jingmei Y et al (2012) Liquid–liquid extraction process of amino acids by a
new amide-based functionalized ionic liquid. Green Chem 14:172–1727. https://doi.org/10.
1039/c2gc16560k

24 D. C. V. Belchior et al.

https://doi.org/10.1186/s12575-016-0048-8
https://doi.org/10.1186/s12575-016-0048-8
https://doi.org/10.1080/15422119.2014.983128
https://doi.org/10.1080/15422119.2014.983128
https://doi.org/10.1002/(SICI)1097-4660(199911)74:113.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-4660(199911)74:113.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-4660(199911)74:113.0.CO;2-B
https://doi.org/10.1002/(SICI)1097-4660(199911)74:113.0.CO;2-B
https://doi.org/10.1039/c3cp53701c
https://doi.org/10.1021/bm034069l
https://doi.org/10.1021/bm034069l
https://doi.org/10.1016/j.chroma.2007.03.067
https://doi.org/10.1016/j.chroma.2007.03.067
https://doi.org/10.1039/c003578e
https://doi.org/10.1039/c003578e
https://doi.org/10.1016/j.chroma.2014.02.069
https://doi.org/10.1016/j.chroma.2014.02.069
https://doi.org/10.1021/ja0351802
https://doi.org/10.1021/ja0351802
https://doi.org/10.1039/c2cs35151j
https://doi.org/10.11648/j.css.20170204.15
https://doi.org/10.1007/s00216-002-1684-1
https://doi.org/10.1007/s00216-002-1684-1
https://doi.org/10.1007/s00216-003-2398-8
https://doi.org/10.1039/b415842c
https://doi.org/10.1007/s00726-009-0391-z
https://doi.org/10.1007/s00726-009-0391-z
https://doi.org/10.1016/j.seppur.2010.02.002
https://doi.org/10.1039/c2gc16560k
https://doi.org/10.1039/c2gc16560k


24. Tang F, Zhang Q, Ren D et al (2010) Functional amino acid ionic liquids as solvent and selector
in chiral extraction. J Chromatogr A 1217:4669–4674. https://doi.org/10.1016/j.chroma.2010.
05.013

25. Shimojo K, Kamiya N, Tani F et al (2006) Functional conversion of cytochrome c in
ionic liquids via crown ether Complexation. Anal Chem 78:7735–7742. https://doi.org/10.
1021/ac0612877

26. Tzeng YP, Shen CW, Yu T (2008) Liquid-liquid extraction of lysozyme using a dye-modified
ionic liquid. J Chromatogr A 1193:1–6. https://doi.org/10.1016/j.chroma.2008.02.118

27. Kohno Y, Saita S, Murata K et al (2011) Extraction of proteins with temperature sensitive and
reversible phase change of ionic liquid/water mixture. Polym Chem 2:862–867. https://doi.org/
10.1039/c0py00364f

28. Ito Y, Kohno Y, Nakamura N, Ohno H (2013) Design of phosphonium-type zwitterion as an
additive to improve saturated water content of phase-separated ionic liquid from aqueous phase
toward reversible extraction of proteins. Int J Mol Sci 14:18350–18361. https://doi.org/10.
3390/ijms140918350

29. Xu W, Cao H, Ren G et al (2014) An AIL/IL-based liquid/liquid extraction system for the
purification of His-tagged proteins. Appl Microbiol Biotechnol 98:5665–5675. https://doi.org/
10.1007/s00253-014-5737-0

30. Ren G, Gong X, Wang B et al (2015) Affinity ionic liquids for the rapid liquid-liquid extraction
purification of hexahistidine tagged proteins. Sep Purif Technol 146:114–120. https://doi.org/
10.1016/j.seppur.2015.03.025

31. Cheng DH, Chen XW, Shu Y, Wang JH (2008) Selective extraction/isolation of hemoglobin
with ionic liquid 1-butyl-3-trimethylsilylimidazolium hexafluorophosphate (BtmsimPF6).
Talanta 75:1270–1278. https://doi.org/10.1016/j.talanta.2008.01.044

32. Cheng D-H, Chen X-W, Shu Y, Wang J-H (2008) Extraction of cytochrome C by ionic liquid
1-butyl-3-trimethylsilylimidazolium hexafluorophosphate. Chinese J Anal Chem 36:
1187–1190. https://doi.org/10.1016/S1872-2040(08)60066-3

33. Huh YS, Jeong CM, Chang HN et al (2010) Rapid separation of bacteriorhodopsin using a
laminar-flow extraction system in a microfluidic device. Biomicrofluidics 4:14103(10)–14103
(1). https://doi.org/10.1063/1.3298608

34. Alvarez-Guerra E, Irabien A (2012) Extraction of lactoferrin with hydrophobic ionic liquids.
Sep Purif Technol 98:432–440. https://doi.org/10.1016/j.seppur.2012.08.010

35. Ventura PM, Neves CMSS, Freire MG et al (2009) Evaluation of anion influence on the
formation and extraction capability of ionic-liquid-based aqueous biphasic systems. J Phys
Chem B 113:9304–9310. https://doi.org/10.1021/jp900293v

36. Neves CMSS, Ventura SPM, Freire MG et al (2009) Evaluation of cation influence on the
formation and extraction capability of ionic-liquid-based aqueous biphasic systems. J Phys
Chem B 113:5194–5199. https://doi.org/10.1021/jp900293v

37. Li Z, Pei Y, Liu L, Wang J (2010) (Liquid+liquid) equilibria for (acetate-based ionic liquids +
inorganic salts) aqueous two-phase systems. J Chem Thermodyn 42:932–937. https://doi.org/
10.1016/j.jct.2010.03.010

38. Pei Y, Li Z, Liu L, Wang J (2012) Partitioning behavior of amino acids in aqueous two-phase
systems formed by imidazolium ionic liquid and dipotassium hydrogen phosphate.
J Chromatogr A 1231:2–7. https://doi.org/10.1016/j.chroma.2012.01.087

39. Louros CLS, Claudio AFM, Neves CMSS et al (2010) Extraction of biomolecules using
phosphonium-based ionic liquids + K3PO4 aqueous biphasic systems. Int J Mol Sci 11:
1777–1791. https://doi.org/10.3390/ijms11041777

40. Zafarani-Moattar MT, Hamzehzadeh S (2011) Partitioning of amino acids in the aqueous
biphasic system containing the water-miscible ionic liquid 1-butyl-3-methylimidazolium bro-
mide and the water-structuring salt potassium citrate. Biotechnol Prog 27:986–997. https://doi.
org/10.1002/btpr.613

Ionic Liquids in Bioseparation Processes 25

https://doi.org/10.1016/j.chroma.2010.05.013
https://doi.org/10.1016/j.chroma.2010.05.013
https://doi.org/10.1021/ac0612877
https://doi.org/10.1021/ac0612877
https://doi.org/10.1016/j.chroma.2008.02.118
https://doi.org/10.1039/c0py00364f
https://doi.org/10.1039/c0py00364f
https://doi.org/10.3390/ijms140918350
https://doi.org/10.3390/ijms140918350
https://doi.org/10.1007/s00253-014-5737-0
https://doi.org/10.1007/s00253-014-5737-0
https://doi.org/10.1016/j.seppur.2015.03.025
https://doi.org/10.1016/j.seppur.2015.03.025
https://doi.org/10.1016/j.talanta.2008.01.044
https://doi.org/10.1016/S1872-2040(08)60066-3
https://doi.org/10.1063/1.3298608
https://doi.org/10.1016/j.seppur.2012.08.010
https://doi.org/10.1021/jp900293v
https://doi.org/10.1021/jp900293v
https://doi.org/10.1016/j.jct.2010.03.010
https://doi.org/10.1016/j.jct.2010.03.010
https://doi.org/10.1016/j.chroma.2012.01.087
https://doi.org/10.3390/ijms11041777
https://doi.org/10.1002/btpr.613
https://doi.org/10.1002/btpr.613


41. Passos H, Ferreira AR, Cláudio AFM et al (2012) Characterization of aqueous biphasic systems
composed of ionic liquids and a citrate-based biodegradable salt. Biochem Eng J 67:68–76.
https://doi.org/10.1016/j.bej.2012.05.004

42. Wu D, Zhou Y, Cai P et al (2015) Specific cooperative effect for the enantiomeric separation of
amino acids using aqueous two-phase systems with task-specific ionic liquids. J Chromatogr A
1395:65–72. https://doi.org/10.1016/j.chroma.2015.03.047

43. Salabat A, Abnosi MH, Motahari A (2008) Investigation of amino acid partitioning in aqueous
two-phase systems containing polyethylene glycol and inorganic salts. J Chem Eng Data 53:
2018–2021. https://doi.org/10.1021/je700727u

44. Zafarani-Moattar MT, Hamzehzadeh S, Nasiri S (2011) A new aqueous biphasic system
containing polypropylene glycol and a water-miscible ionic liquid. Biotechnol Prog 28:
146–156. https://doi.org/10.1002/btpr.718

45. Xie Y, Xing H, Yang Q et al (2015) Aqueous biphasic system containing long chain anion-
functionalized ionic liquids for high-performance extraction. ACS Sustain Chem Eng 3:
3365–3372. https://doi.org/10.1021/acssuschemeng.5b01068

46. Freire MG, Louros CLS, Rebelo LPN, Coutinho JAP (2011) Aqueous biphasic systems
composed of a water-stable ionic liquid + carbohydrates and their applications. Green Chem
13:1536–1545. https://doi.org/10.1039/c1gc15110j

47. Luis A, Dinis TBV, Passos H et al (2015) Good’s buffers as novel phase-forming components
of ionic-liquid-based aqueous biphasic systems. Biochem Eng J 101:142–149. https://doi.org/
10.1016/j.bej.2015.05.008

48. Capela EV, Quental MV, Domingues P et al (2017) Effective separation of aromatic and
aliphatic amino acid mixtures using ionic-liquid-based aqueous biphasic systems.
Green Chem 19:1850–1854. https://doi.org/10.1039/C6GC03060B

49. Hamzehzadeh S, Vasiresh M (2014) Ionic liquid 1-butyl-3-methylimidazolium bromide as a
promoter for the formation and extraction capability of poly(ethylene glycol)-potassium citrate
aqueous biphasic system at T¼298.15K. Fluid Phase Equilib 382:80–88. https://doi.org/10.
1016/j.fluid.2014.08.029

50. Lu Y, Lu W, Wang W et al (2011) Thermodynamic studies of partitioning behavior of
cytochrome c in ionic liquid-based aqueous two-phase system. Talanta 85:1621–1626. https://
doi.org/10.1016/j.talanta.2011.06.058

51. Dreyer S, Salim P, Kragl U (2009) Driving forces of protein partitioning in an ionic liquid-based
aqueous two-phase system. Biochem Eng J 46:176–185. https://doi.org/10.1016/j.bej.2009.05.
005

52. Pei Y, Li L, Li Z et al (2012) Partitioning behavior of wastewater proteins in some ionic liquids-
based aqueous two-phase systems. Sep Sci Technol 47:277–283. https://doi.org/10.1080/
01496395.2011.609241

53. Yan H, Wu J, Dai G et al (2012) Interaction mechanisms of ionic liquids [Cnmim]Br (n ¼ 4, 6,
8, 10) with bovine serum albumin. J Lumin 132:622–628. https://doi.org/10.1016/j.jlumin.
2011.10.026

54. Lin X, Wang Y, Zeng Q et al (2013) Extraction and separation of proteins by ionic liquid
aqueous two-phase system. Analyst 138:6445–6453. https://doi.org/10.1039/c3an01301d

55. Pei Y, Li Z, Liu L et al (2010) Selective separation of protein and saccharides by ionic liquids
aqueous two-phase systems. Sci China Chem 53:1554–1560. https://doi.org/10.1007/s11426-
010-4025-9

56. Sheikhian L, AkhondM, Absalan G, Goltz DM (2013) Dye-affinity partitioning of acidic, basic,
and neutral proteins in ionic liquid-based aqueous biphasic systems. Sep Sci Technol 48:
2372–2380. https://doi.org/10.1080/01496395.2013.804086

57. Chen J, Wang Y, Zeng Q et al (2014) Partition of proteins with extraction in aqueous two-phase
system by hydroxyl ammonium-based ionic liquid. Anal Methods 6:4067–4076. https://doi.org/
10.1039/c4ay00233d

26 D. C. V. Belchior et al.

https://doi.org/10.1016/j.bej.2012.05.004
https://doi.org/10.1016/j.chroma.2015.03.047
https://doi.org/10.1021/je700727u
https://doi.org/10.1002/btpr.718
https://doi.org/10.1021/acssuschemeng.5b01068
https://doi.org/10.1039/c1gc15110j
https://doi.org/10.1016/j.bej.2015.05.008
https://doi.org/10.1016/j.bej.2015.05.008
https://doi.org/10.1039/C6GC03060B
https://doi.org/10.1016/j.fluid.2014.08.029
https://doi.org/10.1016/j.fluid.2014.08.029
https://doi.org/10.1016/j.talanta.2011.06.058
https://doi.org/10.1016/j.talanta.2011.06.058
https://doi.org/10.1016/j.bej.2009.05.005
https://doi.org/10.1016/j.bej.2009.05.005
https://doi.org/10.1080/01496395.2011.609241
https://doi.org/10.1080/01496395.2011.609241
https://doi.org/10.1016/j.jlumin.2011.10.026
https://doi.org/10.1016/j.jlumin.2011.10.026
https://doi.org/10.1039/c3an01301d
https://doi.org/10.1007/s11426-010-4025-9
https://doi.org/10.1007/s11426-010-4025-9
https://doi.org/10.1080/01496395.2013.804086
https://doi.org/10.1039/c4ay00233d
https://doi.org/10.1039/c4ay00233d


58. Bisht M, Kumar A, Venkatesu P (2015) Analysis of the driving force that rule the stability of
lysozyme in alkylammonium-based ionic liquids. Int J Biol Macromol 81:1074–1081. https://
doi.org/10.1016/j.ijbiomac.2015.09.036

59. Santos JHPM, E Silva FA, Coutinho JAP et al (2015) Ionic liquids as a novel class of
electrolytes in polymeric aqueous biphasic systems. Process Biochem 50:661–668. https://
doi.org/10.1016/j.procbio.2015.02.001

60. Wu C, Wang J, Li Z et al (2013) Relative hydrophobicity between the phases and partition of
cytochrome-c in glycine ionic liquids aqueous two-phase systems. J Chromatogr A 1305:1–6.
https://doi.org/10.1016/j.chroma.2013.06.066

61. Huang S, Wang Y, Zhou Y et al (2013) Choline-like ionic liquid-based aqueous two-phase
extraction of selected proteins. Anal Methods 5:3395–3402. https://doi.org/10.1016/B978-1-
895198-85-0.50012-1

62. Li Z, Liu X, Pei Y et al (2012) Design of environmentally friendly ionic liquid aqueous
two-phase systems for the efficient and high activity extraction of proteins. Green Chem 14:
2941. https://doi.org/10.1039/c2gc35890e

63. Taha M, Quental MV, Correia I et al (2015) Extraction and stability of bovine serum albumin
(BSA) using cholinium-based Good’s buffers ionic liquids. Process Biochem 50:1158–1166.
https://doi.org/10.1016/j.procbio.2015.03.020

64. Quental MV, Caban M, Pereira MM et al (2015) Enhanced extraction of proteins using
cholinium-based ionic liquids as phase-forming components of aqueous biphasic systems.
Biotechnol J 10:1457–1466. https://doi.org/10.1002/biot.201500003

65. Song CP, Ramanan RN, Vijayaraghavan R et al (2015) Aqueous two-phase systems based on
cholinium aminoate ionic liquids with tunable hydrophobicity and charge density. ACS Sustain
Chem Eng 3:3291–3298. https://doi.org/10.1021/acssuschemeng.5b00881

66. Taha M, e Silva FA, Quental MV et al (2014) Good’s buffers as a basis for developing self-
buffering and biocompatible ionic liquids for biological research. Green Chem 16:3149–3159.
https://doi.org/10.1039/C4GC00328D

67. Passos H, Luís A, Coutinho JAP, Freire MG (2016) Thermoreversible (ionic-liquid- based)
aqueous biphasic systems. Sci Rep 6:1–7. https://doi.org/10.1038/srep20276

68. Taha M, Almeida MR, Francisca A, Domingues P (2015) Novel biocompatible and self-
buffering ionic liquids for biopharmaceutical applications. Chem Eur J 21:4781–4788. https://
doi.org/10.1002/chem.201405693

69. Ferreira AM, Faustino VFM,Mondal D et al (2016) Improving the extraction and purification of
immunoglobulin G by the use of ionic liquids as adjuvants in aqueous biphasic systems.
J Biotechnol 236:166–175. https://doi.org/10.1016/j.jbiotec.2016.08.015

70. Ramalho CC, Neves CMSS, Quental MV et al (2018) Separation of immunoglobulin G using
aqueous biphasic systems composed of cholinium-based ionic liquids and poly(propylene
glycol). J Chem Technol Biotechnol. https://doi.org/10.1002/jctb.5594

71. Mondal D, Sharma M, Quental MV et al (2016) Suitability of bio-based ionic liquids for the
extraction and purification of IgG antibodies. Green Chem 18:6071–6081. https://doi.org/10.
1039/C6GC01482H

72. Desai RK, Streefland M, Wijffels RH, Eppink MHM (2014) Extraction and stability of selected
proteins in ionic liquid based aqueous two-phase systems. Green Chem 16:2670–2679. https://
doi.org/10.1039/C3GC42631A

73. Tan ZJ, Li FF, Xu XL, Xing JM (2012) Simultaneous extraction and purification of aloe poly-
saccharides and proteins using ionic liquid based aqueous two-phase system coupled with
dialysis membrane. Desalination 286:389–393. https://doi.org/10.1016/j.desal.2011.11.053

74. Yan JK, Ma HL, Pei JJ et al (2014) Facile and effective separation of polysaccharides and
proteins from Cordyceps sinensis mycelia by ionic liquid aqueous two-phase system. Sep Purif
Technol 135:278–284. https://doi.org/10.1016/j.seppur.2014.03.020

75. Pereira MM, Pedro SN, Quental MV et al (2015) Enhanced extraction of bovine serum albumin
with aqueous biphasic systems of phosphonium- and ammonium-based ionic liquids.
J Biotechnol 206:17–25. https://doi.org/10.1016/j.jbiotec.2015.03.028

Ionic Liquids in Bioseparation Processes 27

https://doi.org/10.1016/j.ijbiomac.2015.09.036
https://doi.org/10.1016/j.ijbiomac.2015.09.036
https://doi.org/10.1016/j.procbio.2015.02.001
https://doi.org/10.1016/j.procbio.2015.02.001
https://doi.org/10.1016/j.chroma.2013.06.066
https://doi.org/10.1016/B978-1-895198-85-0.50012-1
https://doi.org/10.1016/B978-1-895198-85-0.50012-1
https://doi.org/10.1039/c2gc35890e
https://doi.org/10.1016/j.procbio.2015.03.020
https://doi.org/10.1002/biot.201500003
https://doi.org/10.1021/acssuschemeng.5b00881
https://doi.org/10.1039/C4GC00328D
https://doi.org/10.1038/srep20276
https://doi.org/10.1002/chem.201405693
https://doi.org/10.1002/chem.201405693
https://doi.org/10.1016/j.jbiotec.2016.08.015
https://doi.org/10.1002/jctb.5594
https://doi.org/10.1039/C6GC01482H
https://doi.org/10.1039/C6GC01482H
https://doi.org/10.1039/C3GC42631A
https://doi.org/10.1039/C3GC42631A
https://doi.org/10.1016/j.desal.2011.11.053
https://doi.org/10.1016/j.seppur.2014.03.020
https://doi.org/10.1016/j.jbiotec.2015.03.028


76. Deive FJ, Rodríguez A, Pereiro AB et al (2011) Ionic liquid-based aqueous biphasic system for
lipase extraction. Green Chem 13:390–396. https://doi.org/10.1039/C0GC00075B

77. Deive FJ, Rodríguez A, Rebelo LPN, Marrucho IM (2012) Extraction of Candida antarctica
lipase A from aqueous solutions using imidazolium-based ionic liquids. Sep Purif Technol
97:205–210. https://doi.org/10.1016/j.seppur.2011.12.013

78. Ventura SPM, Sousa SG, Freire MG et al (2011) Design of ionic liquids for lipase purification. J
Chromatogr B Anal Technol Biomed Life Sci 879:2679–2687. https://doi.org/10.1016/j.
jchromb.2011.07.022

79. Ventura SPM, de Barros RLF, de Pinho Barbosa JM et al (2012) Production and purification of
an extracellular lipolytic enzyme using ionic liquid-based aqueous two-phase systems.
Green Chem 14:734–740. https://doi.org/10.1039/c2gc16428k

80. Souza RL, Ventura SPM, Soares CMF et al (2015) Lipase purification using ionic liquids as
adjuvants in aqueous two-phase systems. Green Chem 17:3026–3034. https://doi.org/10.1039/
C5GC00262A

81. Souza RL, Lima RA, Coutinho JAP et al (2015) Aqueous two-phase systems based on
cholinium salts and tetrahydrofuran and their use for lipase purification. Sep Purif Technol
155:118–126. https://doi.org/10.1016/j.seppur.2015.05.021

82. Lee SY, Khoiroh I, Coutinho JAP et al (2017) Lipase production and purification by self-
buffering ionic liquid-based aqueous biphasic systems. Process Biochem 63:221–228. https://
doi.org/10.1016/j.procbio.2017.08.020

83. Bai Z, Chao Y, Zhang M et al (2013) Partitioning behavior of papain in ionic liquids-based
aqueous two-phase systems. J Chem 2013:1–6. https://doi.org/10.1155/2013/938154

84. Cao Q, Quan L, He C et al (2008) Talanta partition of horseradish peroxidase with maintained
activity in aqueous biphasic system based on ionic liquid. Talanta 77:160–165. https://doi.org/
10.1016/j.talanta.2008.05.055

85. Simental-Martínez J, Rito-Palomares M, Benavides J (2014) Potential application of aqueous
two-phase systems and three-phase partitioning for the recovery of superoxide dismutase from a
clarified homogenate of Kluyveromyces marxianus. Biotechnol Prog 30:1326–1334. https://
doi.org/10.1002/btpr.1979

86. Santos JHPM, Santos JC et al (2018) In situ purification of periplasmatic L-asparaginase by
aqueous two phase systems with ionic liquids (ILs) as adjuvants. J Chem Technol Biotechnol.
https://doi.org/10.1002/jctb.5455

87. Jiang B, Feng Z, Liu C et al (2015) Extraction and purification of wheat-esterase using aqueous
two-phase systems of ionic liquid and salt. J Food Sci Technol 52:2878–2885. https://doi.org/
10.1007/s13197-014-1319-5

88. Novak U, Pohar A, Plazl I, Žnidaršič-Plazl P (2012) Ionic liquid-based aqueous two-phase
extraction within a microchannel system. Sep Purif Technol 97:172–178. https://doi.org/10.
1016/j.seppur.2012.01.033

89. Vidal L, Riekkola ML, Canals A (2012) Ionic liquid-modified materials for solid-phase
extraction and separation: a review. Anal Chim Acta 715:19–41. https://doi.org/10.1016/j.aca.
2011.11.050

90. Fumes BH, Silva MR, Andrade FN et al (2015) Recent advances and future trends in
new materials for sample preparation. TrAC Trends Anal Chem 71:9–25. https://doi.org/10.
1016/j.trac.2015.04.011

91. Marwani HM, Bakhsh EM, Al-Turaif HA et al (2014) Enantioselective separation and detection
of D-phenylalanine based on newly developed chiral ionic liquid immobilized silica gel surface.
Int J Electrochem Sci 9:7948–7964

92. Yang L, Hu X, Guan P et al (2015) Molecularly imprinted polymers for the selective recog-
nition of L-phenylalanine based on 1-buty-3-methylimidazolium ionic liquid. J Appl Polym Sci
132:42485(1)–42485(9). https://doi.org/10.1002/app.42485

93. Shu Y, Chen XW, Wang JH (2010) Ionic liquid-polyvinyl chloride ionomer for highly selective
isolation of basic proteins. Talanta 81:637–642. https://doi.org/10.1016/j.talanta.2009.12.059

28 D. C. V. Belchior et al.

https://doi.org/10.1039/C0GC00075B
https://doi.org/10.1016/j.seppur.2011.12.013
https://doi.org/10.1016/j.jchromb.2011.07.022
https://doi.org/10.1016/j.jchromb.2011.07.022
https://doi.org/10.1039/c2gc16428k
https://doi.org/10.1039/C5GC00262A
https://doi.org/10.1039/C5GC00262A
https://doi.org/10.1016/j.seppur.2015.05.021
https://doi.org/10.1016/j.procbio.2017.08.020
https://doi.org/10.1016/j.procbio.2017.08.020
https://doi.org/10.1155/2013/938154
https://doi.org/10.1016/j.talanta.2008.05.055
https://doi.org/10.1016/j.talanta.2008.05.055
https://doi.org/10.1002/btpr.1979
https://doi.org/10.1002/btpr.1979
https://doi.org/10.1002/jctb.5455
https://doi.org/10.1007/s13197-014-1319-5
https://doi.org/10.1007/s13197-014-1319-5
https://doi.org/10.1016/j.seppur.2012.01.033
https://doi.org/10.1016/j.seppur.2012.01.033
https://doi.org/10.1016/j.aca.2011.11.050
https://doi.org/10.1016/j.aca.2011.11.050
https://doi.org/10.1016/j.trac.2015.04.011
https://doi.org/10.1016/j.trac.2015.04.011
https://doi.org/10.1002/app.42485
https://doi.org/10.1016/j.talanta.2009.12.059


94. Zhao G, Chen S, Chen XW, He RH (2013) Selective isolation of hemoglobin by use of
imidazolium-modified polystyrene as extractant. Anal Bioanal Chem 405:5353–5358. https://
doi.org/10.1007/s00216-013-6889-y

95. Liu Y, Ma R, Deng Q et al (2014) Preparation of ionic liquid polymer materials and their
recognition properties for proteins. RSC Adv 4:52147–52154. https://doi.org/10.1039/
C4RA05713A

96. Chen J, Wang Y, Ding X et al (2014) Magnetic solid-phase extraction of proteins based on
hydroxy functional ionic liquid-modified magnetic nanoparticles. Anal Methods 6:8358–8367.
https://doi.org/10.1039/C4AY01786B

97. Wen Q, Wang Y, Xu K et al (2016) Magnetic solid-phase extraction of protein by ionic liquid-
coated Fe@graphene oxide. Talanta 160:481–488. https://doi.org/10.1016/j.talanta.2016.07.
031

Ionic Liquids in Bioseparation Processes 29

https://doi.org/10.1007/s00216-013-6889-y
https://doi.org/10.1007/s00216-013-6889-y
https://doi.org/10.1039/C4RA05713A
https://doi.org/10.1039/C4RA05713A
https://doi.org/10.1039/C4AY01786B
https://doi.org/10.1016/j.talanta.2016.07.031
https://doi.org/10.1016/j.talanta.2016.07.031


Adv Biochem Eng Biotechnol (2019) 168: 31–60
DOI: 10.1007/10_2018_67
© Springer International Publishing AG, part of Springer Nature 2018
Published online: 24 May 2018

Natural Deep Eutectic Solvents and Their
Applications in Biotechnology

Zhen Yang

Contents

1 Green Solvents: ILs, DESs, and NADESs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2 An Introduction to NADESs: Formation, Structure, and Roles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.1 Preparation of NADESs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
2.2 Structure of NADESs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3 Roles of NADESs in Organisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 Physicochemical Properties of NADESs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.1 Thermal Behavior . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.2 Density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
3.3 Viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3.4 Surface Tension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.5 Refractive Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.6 Conductivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.7 Polarity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.8 Solubilizing Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.9 Reactivity of Glycerol in ChCl/Glycerol DES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.10 Effect of Water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4 Toxicity and Biodegradability of NADESs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.1 Cytotoxicity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2 Biodegradability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5 Applications of NADESs in Biotechnology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.1 Use of NADESs for Biocatalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
5.2 Use of NADESs for Extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
5.3 Use of NADESs for Biomass Pretreatment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
5.4 Use of NADESs for Clinical Therapy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
5.5 Use of NADESs for Preparation of Nutraceutical/Pharmaceutical Products . . . . . . . . . . 54
5.6 Use of NADESs for Electrochemical Detection of Bioactive Materials . . . . . . . . . . . . . . 55

6 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

Z. Yang (*)
College of Life Sciences and Oceanography, Shenzhen University, Shenzhen, Guangdong, P. R.
China
e-mail: zyang@szu.edu.cn

http://crossmark.crossref.org/dialog/?doi=10.1007/10_2018_67&domain=pdf
mailto:zyang@szu.edu.cn


Abstract Following the appearance of ionic liquids (ILs) and deep eutectic solvents
(DESs), natural deep eutectic solvents (NADESs) have emerged as a new type of
truly green solvents with many excellent advantages such as cheapness, sustainabil-
ity, biocompatibility, environmental friendliness, and, in particular, remarkable
solubilizing power and outstanding designability. Although only at an early stage,
research on NADESs has started to blossom with exponential growth, showing
attractive and promising potentials for applications in various areas. In this chapter
we focus on an introduction to what is currently known about NADESs: their
formation, structure and roles in nature, their physical/chemical properties, their
toxicity and biodegradability, and, more importantly, their beneficial applications in
biotechnology.
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ChAc Choline acetate
ChCl Choline chloride
DES Deep eutectic solvent
IL Ionic liquid
NADES Natural deep eutectic solvent

1 Green Solvents: ILs, DESs, and NADESs

Continuous searching for inexpensive, sustainable, and eco-friendly solvents for
chemical and biochemical processes has always been a tremendously important
issue. Ionic liquids (ILs) were regarded as potential green alternatives to conven-
tional organic solvents mainly because of their negligible vapor pressures and
excellent chemical/thermal inertness [1], but their biotoxicity and biodegradability
have been more and more questioned by later research [2].

First described in 2003 by Abbott’s group [3], deep eutectic solvents (DESs)
make up a new class of nonaqueous solvents derived from ILs. DESs are eutectic
mixtures of ammonium salts (such as choline chloride, ChCl) and hydrogen bond
donors (HBDs, such as urea and glycerol) with melting points lower than those of
any of their individual components. A typical example is given by mixing ChCl
(Tm ¼ 302�C) and urea (Tm ¼ 133�C) at a molar ratio of 1:2, resulting in a liquid-
form DES with a rather low freezing point of 12�C [3].

DESs are found to share some attractive IL-like solvent properties such as low
melting point, low volatility, high thermal stability, high solubility for various
substances, and the “designer solvent” property (i.e., the physicochemical properties
of the solvent can be fine tuned by altering the DES components) [4]. Because the
components used to prepare DESs are rich in nature and DESs are easily prepared by
mixing the components through freeze-drying or thermal mixing, DESs are consid-
ered a potentially greener alternative to ILs with some additional advantages such as
(1) lower price, (2) easier preparation with higher purity, (3) higher biodegradability
and lower toxicity, and (4) outstanding designability with a broader selection (with
choices of cations, anions, and HBDs at different salt/HBD molar ratios). Therefore,
DESs are currently attracting widespread academic and industrial interest, with a
broad range of applications in catalysis, organic synthesis, dissolution and extraction
processes, electrochemistry, material chemistry, biocatalysis and biotransformation,
etc. [5, 6]. Very recently, the applications of DESs in biocatalysis, biotechnology,
and bioengineering have been extensively reviewed in [7, 8].

In 2011, a new type of DESs, natural deep eutectic solvents (NADESs), emerged
when Choi et al. [9] noticed that many plant primary metabolites such as choline,
sugars, and amino acids, which are also potential ingredients of normal ILs and
DESs, can form a DES-like liquid when being mixed in certain combinations. They
assigned the term “natural deep eutectic solvents” for these mixtures. Although only
at a nascent stage, NADESs have shown great potential for many applications
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because of their superior nontoxicity, sustainability, and environmental friendliness
relative to ILs and DESs [10, 11], and the numbers of publications on NADESs have
grown exponentially (see Fig. 1 for the number of papers published on NADES).

This chapter is focused on the introduction of NADESs: their formation, struc-
ture, and roles in nature, their physicochemical properties, their toxicity and biode-
gradability, and their applications in biotechnology and bioengineering. It has to be
noted that there is no clear line between DESs and NADESs; some eutectic mixtures
prepared from natural metabolites, such as ChCl/glucose, can be deemed as both a
DES and an NADES.

2 An Introduction to NADESs: Formation, Structure,
and Roles

2.1 Preparation of NADESs

NADESs can be prepared from ubiquitous natural compounds, including ChCl,
sugars, polyols, amino acids, and organic acids (Scheme 1). These compounds in
the solid state become liquid when mixed at a specific combination and a proper
molar ratio. Similar to DES preparation, three methods can be used for preparing an
NADES:

1. Thermal mixing [12]: the components are mixed at about 80�C for 1–2 h on a hot
plate with magnetic stirring until a colorless clear liquid is formed

2. Vacuum evaporation [12]: the components are dissolved in water before being
evaporated at 50�C with a rotary evaporator

3. Freeze-drying [13]: the components are dissolved in water and then subjected to
freeze-drying
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All three methods result in the formation of the same NADES, as has been
demonstrated by the 1H nuclear magnetic resonance (NMR) spectra [12], but
comparatively speaking the first one is both cheaper and safer.

2.2 Structure of NADESs

In the case of a DES, the main driving force for the significant depression of the
freezing point upon its formation involves the interaction between the HBD and the
salt anion through hydrogen bonding, and the existence of this H-bonding has been
observed using NMR spectroscopy [3]. Other factors responsible for depression of
the freezing point include the lattice energies of the ionic species of the DESs, the
nature and asymmetry of the organic salts, and the charge delocalization that occurs
through hydrogen bonding.

A similar situation is believed to occur in NADESs. By utilizing 1H-1H-nuclear
Overhauser enhancement spectroscopy, heteronuclear Overhauser spectroscopy, and
Fourier transform infrared spectroscopy (FTIR), Choi’s group [9, 12, 14] has suc-
cessfully demonstrated the existence of intensive H-bonding interactions between the
components within NADESs such as sucrose/malic acid, 1,2-propanediol/ChCl/H2O,
and proline/malic acid (PMH)/H2O, allowing them to form a supermolecular struc-
ture with an extensive H-bond network. This may also account for the fact that in
some NADESs water is present as part of the solvent and cannot simply be removed
by evaporation. The 1H-NMR and FT-IR results obtained by Xin et al. [15] have also
confirmed the existence of intensive H-bonding interactions between trehalose and
ChCl in the NADES formed by these two components.

However, experiments also verified that for the NADES formed with ChCl and
1,2-propanediol, the H-bonds between its two components could be progressively
ruptured by excessive addition of water, eventually leading to the complete disap-
pearance of the H-bonds and consequent loss of the supramolecular structure when
the water content reached 50 vol% [14]. This suggests that the supramolecular
complex of the NADES remains intact if the volume of added water is less than
50%. Passing the threshold, the resulting mixture may consist merely of dissociated
NADES ingredients. However, this threshold may vary from NADES to NADES, as
the eutectic networks of two other NADESs, citric acid/sucrose (1:1) and malic acid/
fructose/glucose (1:1:1), appear to be well-maintained upon dilution up to 1:200 [16].

2.3 Roles of NADESs in Organisms

NADESs are actually ubiquitous in nature. For example, maple syrup is a liquid
composed mainly of sucrose and minor amounts of other sugars and malic acid,
although all these individual components are solid at ambient temperature. In fact,
the compounds that can be used to form NADES (Scheme 1) are all abundantly
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available as metabolites and cellular constituents in all types of cells and organisms,
and different combinations of these compounds can yield over 100 different
NADESs [12]. In their pioneering paper, Choi and coworkers [9] hypothesized
that these NADESs form a third type of liquid phase in cells, in addition to water
and lipids. Much circumstantial evidence has been collected to demonstrate that
NADESs do play important roles in cellular metabolism. Many biological phenom-
ena become explainable when NADESs are taken into account. For instance, so
many poorly water-soluble metabolites and macromolecules can be synthesized,
stored, and transported in plants simply because of the presence of NADESs as
solvent/co-solvent, and the cells and organisms can survive in extreme drought
and/or cold conditions simply because the membranes, enzymes, and metabolites
remain stable in a cellular system rich in NADESs, in which water is strongly
retained and freezing is prohibited by the very low melting point of the deep eutectic
mixtures. In this way, cell rupture caused by the presence of ice crystals is avoided
and osmotic effects are overcome [17].

3 Physicochemical Properties of NADESs

Similar to conventional ILs and DESs, NADESs are also chemically tailorable sol-
vents, that is, their physical/chemical properties can be fine-tuned by altering their
compositions, such as the choice of the components and theirmolar ratios.Other factors
affecting the properties of NADESs include temperature and water content.

3.1 Thermal Behavior

In their early study of NADESs, Francisco et al. [18] reported the glass transition
temperatures of 26 NADESs, which varied from �78 to �13�C. No melting points
were found. Dai et al. [12] have also examined the thermal behavior of 13 NADESs
using thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). All 13 NADESs have decomposition temperatures higher than 135�C and
glass transition temperatures below �50�C, and again no melting points were
observed. This implies that NADESs are suitable to be used as solvents in the
temperature range 0–100�C.

3.2 Density

The densities of NADESs are all higher than that of water [12, 19–21], and they
decrease linearly as either the temperature [15, 19, 20] or the water content [14]
increases. Among the two sets of NADESs made up of ChCl with fructose [19] or
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glucose [20], the variation of their densities upon a change in the molar ratios
between the two components is not the same: For the fructose-based set, the
NADESs have a higher density with a higher ChCl/fructose molar ratio, whereas
for the glucose-based set, no such correlation was observed.

3.3 Viscosity

Viscosity is related to the molecular cohesive forces in a fluid, determining its
fluidity and hence the mass transfer limitations in it. Similar to ILs and DESs,
most NADESs exhibit higher viscosity than many conventional organic solvents.
For example, among the 13 NADESs tested by Dai et al. [12] only four have their
kinetic viscosities falling in the range 33–86 mm2/s at 40�C and the values for the
rest were all higher than 138 mm2/s, even up to 720 mm2/s (for comparison, water’s
viscosity is ~ 1 mm2/s). The fact that all DESs and NADESs are always so viscous,
implying a low fluidity, is believed to result mainly from the extensive H-bonding
network within the eutectic mixture and, to a lesser extent, the van der Waals and
electrostatic interactions. It is therefore reasonable to expect that an NADES may be
more viscous if one of its components has extra hydroxyl groups acting as the
H-bond donor, thus creating more H-bonds within the eutectic mixture. For example,
the dynamic viscosity of ChCl/glycerol at 30�C (0.177 Pa�s) is much lower than that
for ChCl/xylitol (3.867 Pa�s), because xylitol has two more hydroxyl groups com-
pared to glycerol [21]. The low fluidity of NADES can also be explained by the
“hole theory” [22].

A comparison of the viscosity data of the two sets of NADESs (ChCl/fructose
[19] and ChCl/glucose [20]) reveal that the viscosity of an NADES may be less
related to the molar ratio of its components and more to the freezing point of the
eutectic mixture. However, according to the study on the ChCl/glycerol DES by
Abbott et al. [23], the viscosity increases in the presence of a higher ChCl/glycerol
molar ratio.

A high viscosity is always a big obstacle for an NADES to be used as a solvent for
any application, but fortunately it can be significantly lowered by raising either the
temperature or the water content [12, 15, 19–21]. For instance, the kinetic viscosity
of glucose/ChCl/H2O (2:5:5) at 40�C is 397.4 mm2/s, which drops to ~1 mm2/s,
similar to that of pure water, when the temperature is enhanced to 60�C or when the
water content is increased to 25 vol% [12]. The sharp decrease in viscosity upon
dilution with water can be attributed to the breakage of the H-bonds, which has been
verified by the 1H-NMR studies [14]. The variation of the viscosity upon a change in
the temperature seems to fit the Arrhenius model [15, 20]:

ln η ¼ ln η0 þ Ea=RT

where η is the viscosity, η0 is a pre-exponential constant, Ea is the activation energy,
R is the ideal gas constant, and T is the temperature in Kelvin.
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3.4 Surface Tension

Surface tension is an important fluid property, mostly used in applications of
emulsions and surfactants. The values at room temperature of the two sets of
sugar-based NADESs prepared by Hayyan et al. [19, 20] fall in the range
70–75 mN/m, and they decrease linearly with an increase in the temperature in
Kelvin. A reduction in surface tension upon an increase in temperature was also
reported by Abbott et al. [23].

3.5 Refractive Index

Refractive index (RI) is also an important solvent property, which is rarely reported
for ILs and DESs. The values for ChCl/fructose [19] and ChCl/glucose [20] lie in the
ranges 1.5071–1.5228 and 1.6574–1.6661, respectively within the temperature
range 25–85 �C. Again, the RI values decrease linearly with an increase in the
temperature in Kelvin.

3.6 Conductivity

Dai et al. [14] have determined the conductivity of 14 NADESs at room temperature
and found that all except 1 are much more conductive than water. The data seem to
be dependent on the compositions of the NADESs, varying in the order of base/
polyalcohol > base/organic acid ~ base/sugar > organic acid/amino acid
(non-polar) > organic acid/sugar > sugar/sugar. Abbott et al. [23] have reported
that the conductivities of ChCl/glycerol DESs increase as a function of the ChCl
composition.

The conductivity of an NADES can also be tailored by changing the temperature
or the water content. A linear increase in the conductivity upon an increase in
temperature has been reported by Abbott et al. [23] and Zhao et al. [21]. As for
the influence of water content, although Dai et al. [14] observed a bell-shaped
relationship between conductivity and water content, all five NADESs tested by
Aroso et al. [24] showed a decreased conductivity when the water content in the
NADES increased from 0 to 5 wt%. On the other hand, it is worth noting that a plot
of the conductivity data obtained by Dai et al. [14] against the viscosity data
presented by Dai et al. [12] for the same set of 14 NADESs does not show a clear
relationship, which is in disagreement with the comments claimed by both Dai et al.
[14] and Zhao et al. [21] that the conductivities of NADESs are inversely correlated
with their viscosities.
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3.7 Polarity

Polarity is a key parameter for a solvent, determining its solubilizing power. The
solvent polarity is usually determined based on the shift of the charge-transfer
absorption band of a solvatochromic probe, such as Nile Red used by Dai et al.
[12], in the presence of the solvent. Dai et al. [12] have measured the polarity of
13 typical NADESs made up of different components, and discovered that organic
acid-based NADESs are most polar (44.8 kcal/mol), followed by amino acid-based
NADESs (48.0–49.55 kcal/mol), and the NADESs composed of sugars and polyols
are the least polar (48.2–50.1 kcal/mol), with a polarity close to that of water
(48.21 kcal/mol) and methanol (51.89 kcal/mol). A similar trend was observed by
Craveiro et al. [25] for the 11 NADESs they tested, and all these NADESs showed a
polarity higher than [BMIm][BF4], a conventional IL used as a reference. As for
ChCl/glycerol DESs, a higher ChCl composition favors an increased polarity
[23]. The polarity of an NADES can also be enhanced by water addition [12, 26].

3.8 Solubilizing Power

The excellent solubilization ability is undoubtedly one of the most attractive features
of NADESs. They are capable of dissolving a wide range of poorly water-soluble
metabolites or natural products with low (e.g., rutin, paclitaxel, ginkgolide B,
quercetine) or high (e.g., starch, DNA, proteins) molecular weights. For instance,
the flavonoid rutin is 50–100 times more soluble in various NADESs than in water,
whereas the non-water-soluble polysaccharide, starch, shows a solubility of 17.2 mg/
mL in the NADES ChCl/glucose (1:1) [9]. Faggian et al. [27] determined the
solubility of rutin in 30 different NADESs: 28 of them dissolve rutin much better
than water, three showing a solubility even higher than ethanol.

The solubility of a compound in NADES may be related to the polarity of the
solvent, and can be further increased by adding water or increasing the temperature
[12]. In fact, there is a bell-shaped relationship between the solubility of a solute and
the water content in the NADES, and the optimal water content varies from solute to
solute. An NMR study has suggested that the hydrogen bonding between the
NADES and the solute should be responsible for the enhanced solubility of these
compounds [12].

Choi’s group has demonstrated that NADESs are good solvents for the above-
mentioned natural products, not only because of their great solubilizing power but
also because of their excellent stabilizing ability. Natural pigments such as carthamin
from safflower are found to be more stable against light, high temperature, and
storage time in several sugar-based NADES than in water or 40% ethanol solution,
which may be ascribed to a reduced water content and an increased viscosity
[28]. The same NADES-induced stabilizing effect on anthocyanins extracted from
Catharanthus roseuswas also observed in [29]. NMR and FT-IR spectra [12, 14, 28]
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have shown that there are intensive H-bonding interactions between solute and
NADES, which may be responsible for the strong solubilizing and stabilizing ability
of NADES.

3.9 Reactivity of Glycerol in ChCl/Glycerol DES

In order to assess the reactivity of glycerol incorporated in the eutectic mixture with
ChCl, Abbott et al. [23] carried out the esterification reaction with lauric acid in
glycerol and three ChCl/glycerol DESs with different molar ratios (1:2, 1:1.5, and
1:1). The esterification between the acid and glycerol did occur, implying that
glycerol actively participated in the reaction, regardless of whether it was present
as the pure solvent or incorporated in the DES as the reaction medium. Results show
that the content of ChCl in the DES have a marked effect on the product distribution
(monoester, diester, and triester), and that the rate of the consumption of lauric acid
follows the trend 1:2 DES ~ 1:1.5 DES >1:1 DES > glycerol only. Plausible
explanations may include a decrease in viscosity caused by the increasing ChCl
content and an increased nucleophilicity of glycerol caused by the H-bond between
the chloride anion and the hydroxyl group in the glycerol.

3.10 Effect of Water

As mentioned above, water plays an important role in affecting the properties and
structure of an NADES. Dilution with water leads to a reduction in both density and
viscosity of the NADES and an increase in polarity. Water affects the solubility of
various solutes in an NADES and conductivity of the NADES with a bell-shaped
relationship. Meanwhile, NMR studies have revealed that addition of water results
in the breakage of H-bonds in the eutectic mixture, eventually leading to a rupture of
its supramolecular structure. A detailed study regarding the impact of adding water
on the physicochemical properties of NADES has been reported by Dai et al. [14].
Basically, the solvent properties of an NADES can be tailored by dilution with water,
accompanied by a change in its chemical structure.

4 Toxicity and Biodegradability of NADESs

Because NADESs are prepared solely by using raw materials of natural origin, they
are usually considered to be “truly green,” and even greener than DESs. However, a
lack of toxicological data seriously hinders their application. As the question “are
deep eutectic solvents benign or toxic?” was raised by Hayyan’s group [30], a few
studies have been carried out to investigate the toxicity and biodegradability of DESs
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and NADESs. Although it is still far from complete, this research can provide us
with useful information regarding the biosafety of using DESs and NADESs. Here
we focus on a brief review of the research data obtained for NADESs.

4.1 Cytotoxicity

The first cytotoxicity test on NADES was reported by Paiva et al. [10], in which a
model cell line of L929 fibroblast-like cells was treated with 11 NADESs in
comparison with two typical ILs, [BMIm][Ac] and [BMIm][Cl]. Four of the
NADES composed of tartaric acid and citric acid yielded an extremely low viability,
the same as for the two ILs. This suggests that the presence of an organic acid may
exert a detrimental effect on the cells, which was later confirmed by Zhao et al. [21],
Radošević et al. [31], and Hayyan et al. [32]. A major reason for this may be the
reduction in pH induced by the organic acid [21].

Zhao et al. [21] carried out the toxicology assessment on NADESs using the
bacterial growth inhibition method. Twenty (NA)DESs were prepared as a eutectic
mixture of ChCl with amines, alcohols, sugars, and organic acids, and their toxicity
was evaluated toward two Gram-positive (Staphylococcus aureus and Listeria
monocytogenes) and two Gram-negative (Escherichia coli and Salmonella
enteritidis) bacteria. All the amine-, alcohol-, and sugar-based DESs did not inhibit
the growth of the four bacteria, whereas all seven organic acid-based DESs had a
significant inhibitory effect, suggesting that these acid-containing (NA)DESs pos-
sess antibacterial properties. The finding that the acid-based DESs were more
detrimental to the Gram-negative bacteria than to the Gram-positive bacteria is
interesting, because the former possess an extra outer lipopolysaccharide membrane
on the cell wall, making it more protective. Huang et al. [26] have also used the
above four bacteria to evaluate quantitatively the cytotoxicity of 13 different
NADESs prepared with ChCl, sugars, alcohols, and amino acids. All except the
NADES arginine/glycerol showed extremely low toxicity toward growth of the four
bacteria. On the other hand, the 24 DESs and 21 NADESs tested in our recent studies
were shown to possess a significant antibacterial activity [33, 34].

Radošević et al. [31] have evaluated three ChCl-based DESs with glucose,
glycerol, and oxalic acid as H-bond donor for their cytotoxicity toward fish (CCO)
and human tumor (MCF-7) cell lines and phytotoxicity on wheat. Their results reveal
that all three DESs do not inhibit wheat seed germination and show low to moderate
cytotoxicity. During treatment of the CCO cells with the ChCl/oxalate DES, forma-
tion of calcium oxalate crystals was observed, which may be cell damaging and
therefore can partly account for the relatively higher cytotoxicity exhibited by this
DES. Later in their further study [35], by testing the cytotoxicity against two human
tumor cell lines (HeLa and MCF-7), five ChCl-based NADESs were again verified
to be non-toxic.

In their recent study of NADES cytotoxic profiles, Hayyan et al. [32] prepared
five NADESs using ChCl as the salt and glucose, fructose, sucrose, glycerol, and
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malonic acid as the H-bond donor, and tested their cytotoxicity toward three human
(HelaS3, CaOV3, and MCF-7) and one mouse (B16F10) cancer cell lines. The IC50

values obtained have revealed that all five NADESs exhibit some degrees of toxicity
to the cells, and the order of the cytotoxicity may be associated with the following
factors:

1. pH. ChCl/malonic acid is the most toxic among all five NADESs, and one of the
major reasons is the lowered pH induced by the presence of the organic acid.

2. Cellular metabolic pathways. The cells may have a high tolerance of those
ingredients that are essentially required for cellular metabolism, such as choline,
sugars, and glycerol. As a result, NADESs made from these components are less
toxic. On the other hand, malonic acid is known to inhibit metabolic pathways
such as the citric acid cycle, and this may account for the high toxicity exerted by
NADESs made from this acid. Therefore, safe NADESs should be obtained by
using biomaterials of cellular necessity.

3. Physical properties of the NADES, especially viscosity. It is believed that high
viscosity is often related to an increased lethality. Among the five NADESs
tested, ChCl/glycerol/H2O (1:2:1) is the least toxic to all three cell lines, and
coincidently it also has the lowest viscosity.

4. Interaction of NADES with the cellular membrane. The authors have tried to
work out a mechanism for explaining the NADES cytotoxicity by employing the
COSMO-RS (conductor-like screening model for real solvent) simulation. The
model suggests a strong interaction between NADESs and some functional
groups on the cellular membrane, leading to their penetration into the cells or
accumulation and aggregation on the cell surface, thus possibly defining their
cytotoxicity.

More recently, Hayyan’s group [36] furthered their cytotoxicity studies by
assessing two NADESs (namely ChCl/fructose (2:1) as NADES1 and ChCl/glucose
(2:1) as NADES2) and one DES (N,N-diethyl ethanolammonium chloride/
triethylene glycol (1:3) as DES1) using six human cancer cell lines. Cytotoxicity
lies in the order of NADES2 < NADES1 < DES1, as can be compared from their
EC50 values, thus providing evidence that NADESs are less toxic than DESs, and the
results also reinforce the importance of the above-mentioned four factors in
unraveling the cytotoxic mechanism. In particular, although glucose and fructose
can both be taken as energy sources for cells, their high-level uptake may trigger an
increase in the synthesis of advanced glycation end products and subsequently the
synthesis of the reactive oxygen species (ROS). This situation is more severe for
fructose and for cancer cells.

The membrane permeability assay has also verified that both DES and NADES
are capable of perforating the cellular membranes, with DES being more destructive.
This may be related to the cellular requirement. Entry of choline and choline-based
moieties (such as those in NADES1 and NADES2) is naturally required in eukary-
otic cells, although the DES1 species (i.e., N,N-diethyl ethanolammonium chloride
and triethylene glycol) are not indigenous to the cell or perhaps are not required in
similar amounts. Nevertheless, over a specified threshold concentration these
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ammonium cations may accumulate on the cellular membranes, disrupting the lipid
bilayers and eventually leading to cellular necrosis. By comparing the EC50 values of
the aqueous solutions of the two NADES and their raw materials (glucose, fructose,
and choline), it can be ascertained that NADESs remain intact when crossing the
cellular membrane.

The assessment of oxidative stress verifies that ROS were produced by the cells
after the treatment with DESs or NADESs. Comparatively, the NADES-treated cells
are less strenuous.

The in vivo toxicity assessment performed in mice presented a trend
(NADES2 > NADES1 > DES1) that is opposite to the one obtained above after
the in vitro assays. Here the higher toxicity of NADESs relative to DESs may be
attributed to their high viscosity and the overall threshold concentrations, which are
often lethal.

In a word, NADESs may be toxic to both bacterial and mammalian cells,
implying that NADESs may possess antibacterial properties and can also be taken
as potential anti-cancer agents. In terms of designing less toxic NADESs, the above-
mentioned four factors have to be seriously considered.

4.2 Biodegradability

To date very few studies have been reported regarding the biodegradability of DESs/
NADESs. The closed bottle test is the commonly used method to evaluate their
aerobic biodegradability. According to the OECD guideline, all 20 DESs/NADESs
tested by Zhao et al. [21] are readily biodegradable, with their biodegradation
following the order of amine-based DESs � sugar-based DESs > alcohol-based
DESs> acid-based DESs. All 13 NADESs assessed by Huang et al. [26] can also be
deemed as ‘readily biodegradable.’ Radošević et al. [31] have also reported that the
three ChCl-based DESs they tested are all biodegradable, following the order ChCl/
glycerol > ChCl/glucose > ChCl/oxalic acid, the same as found in [21].

However, among the eight DESs tested in our group [33], only two (i.e., ChCl/
urea (1:1) and ChCl/acetamide (1:1)) could be considered as readily biodegradable.
Comparatively, ChCl-based DESs were more biodegradable than ChAc-based
DESs, and the DESs with urea and acetamide as the HBD were more susceptible
than those with glycerol and ethylene glycol, which is in good agreement with the
findings of Zhao et al. [21]. The fact that lower degradabilities were obtained in our
study may be related to reasons such as reaction conditions, sources of the waste-
water microorganisms obtained, and concentrations of the DESs and activated
sludges used.
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5 Applications of NADESs in Biotechnology

5.1 Use of NADESs for Biocatalysis

To date there are only three papers reporting the introduction of NADES into
biocatalytic reaction systems: two for a free enzyme system [37, 38] and one for a
whole-cell system [34].

5.1.1 Effect of NADESs on Enzyme Activity and Stability

Early in 2011 in their pioneering paper, Choi et al. [9] stated that laccase was
completely dissolved but inactive in an NADES such as malic acid/ChCl (1:1),
and that adding water to 50 vol% can turn the enzyme active again.

Khodaverdian et al. [38] examined the activity and stability of laccase in aqueous
systems (pH 4.2) containing different betaine-based NADESs. Eight NADESs were
prepared by mixing betaine with glycerol, urea, sorbitol, malic acid, oxalic acid, and
citric acid. Upon addition of NADES, both activity and stability of the enzyme
varied over a wide range, depending on the choice and content of the NADES added.
Four of the NADESs could accelerate the enzymatic reaction. A maximal activity
was obtained, which was three times as high as the activity obtained in the NADES-
free system, when glycerol/betaine (2:1) was added (20 vol%). The effects of these
NADESs on the kinetic parameters of the enzyme were further studied, and the
results show that addition of these NADESs led to an increase in both Km and kcat,
leading to a decrease in kcat/Km. In terms of stability, the half-life of the enzyme at
80�C was doubled when in the presence of sorbitol/betaine/H2O (1:1:1). By com-
paring the activity and stability of the enzyme in the presence of the NADES and
when the individual components of the NADES were added, the authors concluded
that these activation and stabilization effects were caused by the NADES itself rather
than by the presence of its separate components. These results are in good agreement
with our previous studies regarding the impacts of DESs on the activity and stability
of Penicillium expansum lipase [39] and horseradish peroxidase [40]. Interestingly,
for the three betaine-based NADESs containing organic acids, malate-betaine-H2O
can enhance the laccase activity but the other two containing citric acid and oxalic
acid seriously inhibit the enzyme. It is worth noting that a choline-based NADES
(glycerol/ChCl (2:1)) was also tested in this study, and upon its addition both activity
and stability of laccase dropped dramatically. Regarding the impact of the NADES
on enzyme structure, the fluorescence spectroscopy of the enzyme in the presence of
the NADES was monitored. Upon addition of three different betaine-based
NADESs, the fluorescence intensity (Imax) was either enhanced, decreased, or
unchanged, but the maximal emission wavelengths (λmax) were all blue shifted,
indicative of a more compact structure. In summary, this study appears to infer that
laccase may be more compatible with betaine-based NADESs than with choline-
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based ones, and that the favorable betaine-based NADESs are capable of activating
and stabilizing the enzyme.

Slightly earlier, the same research group [37] also demonstrated that the stability
of chondroitinases ABCI (cABCI) can be significantly enhanced by addition of
NADESs, varying in the order glycerol/ChCl (2:1) > glycerol/betaine (2:1) > no
NADES. cABCI is an important clinical enzyme for treatment of spinal cord injuries,
but its commercial application is seriously limited by the fact that this enzyme
quickly loses its activity during storage. Therefore NADES addition provides a
useful means of stabilizing the enzyme, which is beneficial to its clinical applica-
tions. The finding that the betaine-based NADES triggered more stable cABCI than
the ChCl-based NADES is the opposite of what was observed in the above case of
laccase. This suggests that the impact of NADESs on enzymatic performance may
vary from enzyme to enzyme, depending on many factors, including protein struc-
ture and catalytic mechanism.

However, we have to admit that these are only very preliminary results so far,
because there are still a lot of uncertainties and puzzles remaining unsolved. Typi-
cally, are there any correlations between activity, stability, and structure of the
enzyme, and between the catalytic performance of the enzyme and the composition
and combination of the NADES? Undoubtedly many more investigations have to be
carried out to provide convincing insights into the mechanisms about how NADESs
affect enzymatic performance.

5.1.2 Effect of NADESs on Whole-Cell Biocatalysis

In our very recent study [34], bioconversion of isoeugenol to vanillin catalyzed by
Lysinibacillus fusiformis CGMCC1347 cells (Scheme 2) was taken as the model
reaction to investigate whether whole-cell biocatalysis can be improved by adding
DES/NADES. Twenty-one NADESs were prepared by mixing ChCl with a series of
organic acids, polyols, and sugars. Twenty-four DESs were prepared by mixing two
cholinium salts (ChCl and ChAc) and four H-bond donors (urea, acetamide, glyc-
erol, and ethylene glycol) at a molar ratio of 1:2, 1:1, and 2:1, respectively.

As shown in Fig. 2, more than half of the NADESs tested (20 vol%) were capable
of improving the production yield, and ChCl/lactic acid (4:1) and ChCl/raffinose
(11:2) were the two that gave the highest conversions (132% and 131%, respectively
relative to the yield obtained in the NADES-free solution). The yields seem to be
sensitive to the choice of component selected for the preparation of the NADESs,
varying in the order of organic acids < polyols < sugars. The low yields obtained in
the presence of acid-containing NADESs are mainly caused by the significantly
lowered pH they induced. The acceleration of the whole-cell catalyzed bioconver-
sion was also observed with addition of all 24 DESs prepared.

To justify our assumption that one major impact of these additives (DESs/
NADESs) on the bioconversion might be through their interaction with the cells,
we took DESs as the affecting agents to treat the cells, and used confocal laser
scanning microscopy and flow cytometry tests to assess their membrane integrity
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and cellular viability, respectively. Results from both tests have verified that addition
of DES did to some degree disrupt the membrane of the cells, leading to their death,
and the disruption became much more severe at a higher DES concentration.
Determination of the change in OD260 and OD280 after removal of the
DES-treated cells offers more evidence for the damage to the cell membranes, as
an increase in both absorbances can be taken as a measure of the release of
intracellular components (primarily nucleic acids and proteins) into the medium.

Results from all the above three tests agreed well with the bioconversion data,
suggesting that addition of DES/NADES is beneficial to whole-cell biocatalysis,
presumably by disrupting the cellular membranes and enhancing their permeability.
The ruptured cellular membranes allow the substrate to get a better access to the
enzyme responsible for the bioconversion by easily diffusing into the cells, also
facilitating the product to pass more easily out of the cells. Additionally, because the
enzyme may leak out through the disrupted/broken cellular membranes, it may have
a direct contact with the substrate outside the cells for the reaction to occur.

CH
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CH-CH3 CHO
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OH

L. fusiformis
CGMCC 1347 cells

Isoeugenol Vanillin

Scheme 2 Bioconversion
of isoeugenol to vanillin,
catalyzed by Lysinibacillus
fusiformis CGMCC1347
cells
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Fig. 2 Impact of NADES (1 vol% in aqueous solution) on the transformation of isoeugenol to
vanillin catalyzed by Lysinibacillus fusiformis CGMCC1347 cells [34]
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It is to be noted that our conclusion above is somewhat in contrast to what was
reported by Xu et al. [41]. In their study on ketone reduction catalyzed by
Acetobacter pasteurianus G1.158 cells in DES/aqueous solutions, they found that,
among the seven DESs tested, ChCl/ethylene glycol (1:2) gave the fastest initial
reaction rate and highest production yield, also being biocompatible and triggering
the cells to maintain relatively high cell membrane integrity.

We have to admit that the impact of (NA)DESs on whole-cell biocatalysis
involves a complicated mechanism that cannot be simply explained by a single
interpretation. In addition to the cellular membrane permeability, other important
factors may also count, including viscosity and polarity of the reaction medium,
toxicity of the additives to the cells, and direct interactions of these additives with the
cells, with the enzymes responsible for the reaction, and with the substrates and/or
the products. This reinforces the importance of carrying out more investigations to
work out the mechanisms.

We also tried to immobilize the cells in PVA-alginate beads. The immobilized
cells exerted both good activity and excellent operational stability. They offered an
enhanced production yield in the presence of DES and NADES again, up to 181% of
the yield obtained in a pure water system (Fig. 3), and their catalytic activity was
well-maintained after being used for at least 13 cycles (each cycle lasting 72 h).

5.2 Use of NADESs for Extraction

Green and efficient extraction of natural products from biomass is considered an
important field in the pharmaceutical and biochemical industries. Because of the
unique merits of NADESs (such as sustainability, biodegradability, low toxicity, and
adjustable solvent properties), especially their extraordinary solubilizing power for
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Fig. 3 Impact of NADES (20 vol% in aqueous solution) on the production of vanillin from
isoeugenol, catalyzed by immobilized Lysinibacillus fusiformis CGMCC1347 cells [34]
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natural products of diverse polarity, interest in using them for extraction of bioactive
substances from natural sources has been increasing. Ruesgas-Ramón et al. [22]
have written a review article extensively introducing the use of DES for extraction of
phenolic compounds. In this chapter we focus on recent development in extraction
with NADESs. This has recently been explored but is currently only limited to
extraction of a few polyphenolic compounds such as rutin, anthocyanins, and other
flavonoids/isoflavonoids [42].

A major obstacle to hinder the efficiency of NADESs as extraction solvents is
their high viscosity. Fortunately this can be improved by addition of a certain amount
of water and increasing the temperature to a certain degree, as has been mentioned
above. Meanwhile, the polarity of NADESs also has to be considered as an impor-
tant property affecting their extraction efficiency.

5.2.1 Extraction of Pigments from Flowers

The first report of applying NADESs to extraction was given by Choi’s group
[43]. They prepared seven NADESs composed of ChCl, organic acids, amino
acids, sugars, and alcohols, and endeavored to: (1) compare their extractability of
natural pigments of diverse polarity (e.g., hydroxysafflor yellow A, cartormin,
carthamin) from safflower, (2) optimize the extraction parameters, and (3) recover
the phenolic pigments from the NADESs extracts. Three of the NADESs, namely
lactic acid/glucose (LGH), PMH, and sucrose/ChCl, were the most efficient ones in
extraction, much better than ethanol, and major phenolic compounds were recovered
from NADESs with a yield of 75–97%. This is the first example showing the
potential of using NADESs as solvent for extraction and isolation of natural products
from biomaterials.

In their next study [29], a green extraction method using NADESs was developed
for extraction of anthocyanins from Catharanthus roseus, and their subsequent
analysis was performed in combination with HPLC-DAD-based metabolic profiling.
Among the seven NADESs tested, three (i.e., LGH, 1,2-propanediol/ChCl (PCH),
and fructose/glucose/sucrose) presented an extractability similar to that of acidified
methanol, the conventional solvent normally used for this extraction. The LGH
extract was at least three times more stable than the pigments extracted from conven-
tional organic solvents.

5.2.2 Extraction of Rutin

Inspired by the pioneering work of Choi’s group indicating that rutin is 50–100 times
more soluble in NADESs than in water, Zhao et al. [21] started to investigate the
possibility of extracting rutin from Sophora japonica with DES and NADES.
Among the 20 eutectic mixtures tested, 9 of them showed a better extractability,
with ChCl/triethylene glycol the best, better than methanol and ethanol, the organic
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solvents traditionally used for rutin extraction. However, the five sugar-based
NADESs did not give a high extraction yield.

Huang et al. [26] have also evaluated the extractability of rutin from tartary
buckwheat hull with 13 NADESs. The solubility of rutin can be increased up to
1,577 times when placed in these NADESs, as compared to that in water. Among the
13 NADESs tested, 8 of them can extract more rutin than 80% ethanol. ChCl/
glycerol (1:1) is the most efficient, producing a maximum extraction yield of
9.8 mg/g after optimization by adding water (optimal water content 20 vol%).
Rutin can be recovered from this NADES with a recovery yield of 95% by using
water as the most efficient antisolvent. After rutin recovery, the NADES can also be
regenerated simply by vacuum evaporation. Recycling the NADES at least three
times does not yield a significant loss in extraction efficiency. This extraction
method is highlighted by several excellent features, such as the great solubilizing
and extracting power of NADESs for rutin, simplicity and the ‘green’ nature of rutin
recovery, and efficient NADES recycling, hence rendering this extraction process
highly attractive.

5.2.3 Extraction of Other Phenolic Compounds

Table 1 lists some other examples of the use of NADESs for extracting bioactive
phenolic compounds from natural sources. Among them, four have involved an
evaluation of the bioactivity of the NADES extracts and are therefore discussed
further below.

In the study carried out by Nam et al. [45], use of the NADES proline/glycerol
(2:5) for flavonoid extraction from Flos sophorae is shown to be attractive, not only
because it is more effective than methanol as an extraction solvent but also because
the NADES-extract displays a higher anti-oxidant activity. This extra antioxidant
activity derived from the NADES may be ascribed to its component, L-proline,
which is known to have ROS scavenging activity.

Rajan et al. [46] have carried out an extraction of ginger (Zingiber officinale
Roscoe) rhizome using 12 NADESs (prepared by different molar combinations of
sucrose/citric acid, proline/lactic acid, proline/oxalic acid, and trehalose/citric acid).
The bioactive constituents extracted from gingers were identified to be gingerols,
shogaols, and other minor related compounds. The NADES extracts display not only
a higher antioxidant activity relative to that of the organic solvent extracts but also a
prominent antimicrobial activity against seven bacterial species: Bacillus cereus,
Escherichia coli, Klebsiella pneumonia, Salmonella typhi, Vibreo cholera, Staphy-
lococcus aeureus, and Streptococcus viridans.

The other study conducted by Radošević et al. [35] demonstrated that NADESs
are beneficial solvents for extracting natural phenolic compounds from grapes.
Among the five ChCl-based NADESs, the one containing malic acid showed the
best performance in terms of extraction efficiency and antioxidant and
antiproliferative activities. Some organic acids, including malic acid, which are
good candidates for formation of NADESs are known to have various
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pharmacological effects including anti-oxidant and anti-cancer properties. A highly
positive correlation was found between the phenolics content, anti-oxidant activity,
and cytotoxicity toward cancer cells, indicating a potential anticancer property
present in the grape extracts.

Bakirtzi et al. [48] tried to use five lactic acid-based NADESs as solvents for
ultrasound-assisted extraction of antioxidant polyphenols from common native
Greek medicinal plants such as dittany, fennel, marjoram, mint, and sage. Their
data suggest that the NADES extracts with high polyphenol concentration may also
possess high anti-radical activity and reducing power.

The above four studies offer good examples to show that NADESs are truly
‘designer solvents’, because we are able to fine-tune not only the physicochemical
properties of the solvent but also the biological activities of the extracts. This may
shed light on our further exploration on NADESs, leading to novel applications in
the food and pharmaceutical industries.

5.2.4 Extraction of Gluten

Gluten is a composite of storage proteins that are stored together with starch in the
endosperm of various cereal grains such as wheat, rye, barley, and oats. It is
insoluble in water. In food processing, extraction of gluten from food is a critical
step, and ethanol-water solution is usually utilized as the extractant. Lores et al. [54]

Table 1 Examples of using NADESs for extracting bioactive phenolic products from natural
sources

Ref. Bioactive substances to be extracted
Natural source for the
extraction

The best NADES used
for the extraction

[44] α-Mangostin Mangosteen pericarp ChCl/1,2-propanediol
(1:3)

[45] Flavonoids (quercetin, kaempferol,
and isorhamnetin glycosides)

Flos sophorae Proline/glycerol (2:5)

[46] Gingerols, shogaols and other related
compounds

Ginger Proline/lactic acid (1:1)
etc.

[47] 14 phenolics with diverse polarity Cajanus cajan leaves ChCl/maltose (1:2)

[48] Total polyphenols Dittany, fennel, mar-
joram, mint, sage

Lactic acid/glycine
(3:1)

[49] Total phenolic compounds Extra virgin olive oil LGH/H2O (6:1:6)

[35] Total phenolics
Total anthocyanins

Grapes ChCl/fructose (1.9:1)

[50] Anthocyanins Wine lees ChCl/malic acid

[51] Isoflavones (daidzin, genistin, genis-
tein, daidzein)

Soy products ChCl/citric acid (1:1)

[52] Flavonoids (rutin, quercetin,
kaempferol, and daidzein)

NADES-containing
crude extracts

Glucose/ChCl/H2O
(2:5:5)

[53] Phenolic compounds Agro-food industrial
by-products

LGH (5:1)
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have employed an ultrasound-assisted extraction in combination with the use of
diluted NADESs as the solvents for extracting gluten, which was then determined by
a commercial immunoassay (ELISA). Their work demonstrated the feasibility of
replacing the ethanol-water solution used for gluten extraction by some of the
NADESs, especially the fructose/citric acid NADES. After extraction, the solubi-
lized proteins maintained their structures well without significant changes. An
inverse relationship was found between viscosity and solubilization ability of
NADES, and a solvent with a viscosity close to that of water appeared to be most
effective for gluten extraction. Additionally, the presence of citric acid in the
NADES can help to prevent proteins from oxidation, thus eliminating the need for
additional reducing agents such as β-mercaptoethanol, which is normally required
for the ethanol-water extraction.

5.2.5 Deacidification of Crude Palm Oil

Crude palm oil contains a certain amount of free fatty acids which have to be
removed by a process called deacidification; but the crude oil is also rich in natural
antioxidant compounds such as carotenes and tocopherols, which are beneficial to
human health and hence should be preserved during the refining process. In industry,
free fatty acids are removed by steam stripping, a major disadvantage being a loss of
the natural antioxidant compounds caused by the high temperatures used. In this
sense, deacidification by liquid-liquid extraction with ethanol is recommended [55],
but this solvent has a relatively lower extraction power for removing the free fatty
acids.

By testing 13 NADESs based on betaine monohydrate, Zahrina et al. [56] found
that betaine/glycerol (1:8) is highly selective as the solvent for liquid-liquid extrac-
tion of the crude palm oil because it has the highest distribution coefficient for
palmitic acid and the lowest one for the antioxidants, thus facilitating a preferable
selection. It has the ability to extract 34% of palmitic acid and still preserve 99% of
the antioxidants in the refined palm oil. A comparison of the 1H NMR spectra of the
palm oil before and after extraction has revealed that the oil is stable during the
whole extraction process. Infrared spectroscopy can confirm the interaction between
palmitic acid and the NADES, illustrating the high affinity of the NADES for the
fatty acid.

5.3 Use of NADESs for Biomass Pretreatment

Lignocellulosic biomass is the most abundantly available raw material on Earth for
the production of biofuels, mainly bioethanol. It is composed of carbohydrate poly-
mers (cellulose, hemicellulose) and a phenolic polymer (lignin). Pretreatment of
lignocellulosic biomass is a prerequisite step, and separation of lignin from cellulose
and hemicellulose fractions is critical for bioethanol production. However, these
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processes often involve the usage of organic solvents that are commonly used in
laboratories and industry that pose important concerns over safety, health issues, and
environmental pollution.

Francisco et al. [18] tried to test some NADESs as solvents for lignin, starch, and
cellulose. Among the 26 NADESs they tested, most have high solubility for lignin
and poor or negligible solubility for cellulose, showing a solubility for starch in
between. Therefore, the separation of lignin/cellulose has a broad selection. The
solubility can be tailored by carefully choosing the nature and ratio of constituents
used for the NADES preparation. For example, the lactic acid/ChCl mixture does not
dissolve cellulose at all but shows a good solubility for lignin, which increases with a
higher acid/ChCl ratio. This is presumably because a higher acid proportion in the
NADES allows stronger H-bonding to lignin. Preliminary tests on the solubility of
wheat straw raw biomass samples in some selected NADESs have also shown
promising results.

In another study, Kumar et al. [57] developed a recycling process in which the
rice straw biomass was pretreated with NADES so that lignin and holocellulose were
separated, NADES was recycled, and the residual holocellulose fraction was
subjected to subsequent enzymatic hydrolysis toward fermentable sugar production.
Five NADESs were prepared with lactic acid/betaine and lactic acid/ChCl combi-
nations, all having good solubility for lignin but no solubility for both cellulose and
semicellulose, making it practically feasible to proceed with delignification of rice
straw by NADES pretreatment. Among the five NADESs tested, the lactic acid/ChCl
(5:1) was the most efficient, achieving a maximum lignin extraction of 68 mg/g of
the biomass. This lignin extraction can be further enhanced by addition of 5.0 vol%
water during NADES pretreatment. The NADES can then be recovered and reused
three times without any alterations. For the NADES-pretreated biomass sample,
subtle structural alterations in the crystalline and amorphous regions of the cellulosic
fractions were demonstrated by X-ray diffraction studies, FTIR, and TGA. The
NADES-pretreated biomass can be further enzymatically hydrolyzed by cellulase
with a maximum saccharification efficiency of 36.0% with a reducing sugar yield of
333 mg/g. Although this is relatively lower than obtained by using other two
conventional pretreatment methods (621 mg/g and 356 mg/g for mild alkali
pretreatment and dilute acid pretreatment, respectively), NADES pretreatment offers
advantages such as no requirement for a post-process detoxification step because the
degradation products such as furfural and hydroxymethyl furfural are not produced,
and as a result a significant reduction in the overall process cost.

5.4 Use of NADESs for Clinical Therapy

Antibacterial photodynamic therapy (aPDT) is a form of phototherapy for bacterial
infection, involving light and a photosensitizing chemical substance, used in con-
junction with molecular oxygen to elicit cell death. Wilkene’s group has demon-
strated that photosensitizers (PS) such as curcumin (a hydrophobic PS) [58], THPP
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(5,10,15,20-tetrakis(4-hydroxyphenyl)-porphyrin, a neutral porphyrin) [59], and
TCPP (meso-tetra-(4-carboxyphenyl)-porphine, an anionic porphyrin) [60] can sig-
nificantly enhance their phototoxicity against bacterial cells when formulated in
NADES rather than in other aqueous preparations such as phosphate buffer saline.
Their recent study [16] has further confirmed the antibacterial effect of NADES as
solvent used in aPDT.

5.5 Use of NADESs for Preparation of Nutraceutical/
Pharmaceutical Products

Health-promoting products such as nutraceuticals, pharmaceuticals, and food sup-
plements obtained by solvent extraction from plants are widespread. However, there
are always two major issues to be concerned: safety of the solvent and bioavailability
of the product. In terms of safety, NADESs come to be a good choice because of
their well-known low toxicity.

Faggian et al. [27] selected rutin as the model compound to demonstrate the
feasibility of introducing NADES into pharmaceutical and nutraceutical prepara-
tions. Rutin has a very poor solubility in water (0.12 mg/mL). Among the
30 NADESs they tested, 3 of them, proline/glutamic acid (2:1), proline/ChCl
(1:2), and proline/ChCl (1:3), can dissolve more rutin than ethanol (solubility
2.4 mg/mL in ethanol), the solvent mostly used for rutin extraction. When proline/
glutamic acid (2:1) was selected as the solvent for preparing the rutin formulation
which was then administered orally to the Balb/c mice, a remarkable difference in
the pharmacokinetic profile was observed, relative to that obtained by the rutin-water
suspension. Rutin absorption was fast in both cases, but the rutin-NADES formula-
tion exerted a nearly doubled maximal rutin concentration (Cmax) and a much longer
terminal half-life (tmax) in plasma, indicative of a much better bioavailability. Very
recently, Sut et al. [61] also reported similar results after they tested NADES as
solvent for the alkaloid berberine and had the NADES-berberine solutions orally
administered to mice. These preliminary studies have thus showcased the potential
use of NADES as solubilizing and formulating agent for increasing the absorption of
poorly bioavailable natural products.

The great solubilizing power and intrinsic lack of toxicity have also enabled
NADES to be introduced into pharmaceutical formulations. Choi’s group [62] has
demonstrated the feasibility and benefits of dissolving the poorly water-soluble
salsalate in an NADES, 1,2-propanediol/ChCl/H2O (1:1:1) as an alternative to
DMSO for functional in vitro assays using brown cell adipocytes. Because of the
increase in salsalate solubility, the pharmacological dose-response curve of salsalate
activation can be greatly extended. In another study, Durand et al. [63] evaluated the
ROS inhibiting activity of six polyphenolic compounds when formulated in the
NADES 1,2-propanediol/ChCl/H2O (1:1:1) by using the fibroblast cell line. All six
antioxidants have their activity of ROS inhibition significantly improved, up to
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360% relative to the NADES-free formulation. This NADES-induced improvement
may result from an enhanced permeation capacity of the cellular membranes, or an
optimization of activity within the intracellular medium by mechanisms that are yet
to be found.

A recent trial showed that resveratrol, which is famous for its anti-oxidant and
anti-inflammatory effects on human health, can enhance its hormetic mode of action
by decreasing the matrix metalloprotease-9 (aMMP-9) activity, when formulated
with an NADES, 1,2-propanediol/ChCl/H2O (1:1:1) [64].

All the above studies have provided preliminary evidence of the feasibility of
introducing NADESs into pharmaceutical/nutraceutical preparations. Whether they
are really suitable to be used in vivo for drug administration still requires a lot more
substantial investigations into their physicochemical, pharmacokinetic, and thermo-
dynamic properties.

5.6 Use of NADESs for Electrochemical Detection
of Bioactive Materials

Another application for NADES is to use it as an enhancing agent for electrochem-
ical detection of bioactive materials such as polyphenols. Gomez et al. [65] devel-
oped a simple and sensitive electrochemical method for determining an important
antioxidant, quercetin, using phosphate buffer with addition of an NADES, citric
acid/glucose/H2O (1:1:2), as the electrolyte in combination with carbon screen-
printed electrodes. In the presence of 10 vol% of this NADES, the signal for
quercetin was increased almost four-times relative to the signal obtained in the
absence of the NADES. The proposed method exhibited a good analytical perfor-
mance in terms of sensitivity, detection limit, and repeatability, highlighted by
advantages such as sustainability, simplicity, fast speed, good stability, low cost,
and complete portability.

The same group [66] further designed a novel electrochemical method for
detection of oleuropein in complex plant matrices by a graphene oxide pencil
graphite electrode in combination with a buffer modified with an NADES, 10 vol
% of LGH/H2O (5:1:3). As a result, an impressive signal enhancement (5.3 times)
was obtained, relative to the signal obtained by the bare electrode with unmodified
buffer.

6 Concluding Remarks

We have described above what is currently known about NADESs and their
potential applications that have been explored in biotechnology and bioengineering.
Although only in their infancy, NADESs have displayed many outstanding
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advantages and valuable potentials when employed in different biotechnology-
related areas.

However, in order to take full advantage of the perceived benefits of NADESs,
such as their cheapness, greenness, sustainability, excellent designability, and
remarkable solubilizing power, it is necessary to carry out many more comprehen-
sive investigations regarding their full physicochemical characterization, biosafety
profiles, and correlations between the compositions and combinations of NADESs
and their physicochemical properties and performance in various applications. This
will undoubtedly give us a deeper understanding of this new solvent type at the
molecular level, thus fostering the exploration of rational design of novel NADESs
with specific properties and, in the meantime, unveiling their new applications.
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exploited as solvents and/or cosolvents and/or reagents in a wide range of appli-
cations, including pretreatment of lignocellulosic biomass for further processing. The
enzymatic delignification of biomass to degrade lignin, a complex aromatic polymer,
has received much attention as an environmentally friendly process for clean separ-
ation of biopolymers including cellulose and lignin. For this purpose, enzymes are
generally isolated from naturally occurring fungi or genetically engineered fungi and
used in an aqueous medium. However, enzymatic delignification has been found to
be very slow in these conditions, sometimes taking several months for completion.
In this chapter, we highlight an environmentally friendly and efficient approach for
enzymatic delignification of lignocellulosic biomass using room temperature ionic
liquids (ILs) as (co)solvents or/and pretreatment agents. The method comprises
pretreatment of lignocellulosic biomass in IL-aqueous systems before enzymatic
delignification, with the aim of overcoming the low delignification efficiency asso-
ciated with low enzyme accessibility to the solid substrate and low substrate and
product solubilities in aqueous systems. We believe the processes described here can
play an important role in the conversion of lignocellulosic biomass—the most
abundant renewable biomaterial in the world—to biomaterials, biopolymers,
biofuels, bioplastics, and hydrocarbons.

Graphical Abstract

Keywords Cellulose fibers, Enzymatic delignification, Ionic liquids, Laccase,
Lignin, Lignocellulosic biomass

1 Introduction

Plants are an abundant carbon-neutral renewable resource (“lignocellulosic bio-
mass”) for the production of bioenergy and biomaterials. In recent years the use of
renewable resources, particularly lignocellulosic biomass-based raw materials, to
replace synthetic materials/polymers for the manufacture of green materials has
gained increased worldwide interest because of growing global environmental
awareness, concepts of sustainability, and the absence of conflict between food
and chemical/materials production. Most lignocellulosic biomasses (including
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wood) mainly consist of three subcomponents: the rigid semicrystalline poly-
saccharide cellulose, the amorphous multicomponent polysaccharide hemicellulose,
and the amorphous aromatic polymer lignin. These three biopolymers are the primary
constituents of plant cell walls, in which the cross-linked matrix of lignin and hemi-
celluloses embeds the cellulose fibers, forming a tight, compact structure. Among
these biopolymers, celluloses—Earth’s most abundant biopolymers—have been
used extensively as a source of raw materials for biocompatible and biodegradable
materials/biocomposites production, and lignin—Earth’s second most abundant bio-
polymer—can be converted into value-added end products, especially fuel compo-
nents, via depolymerization. However, structural heterogeneity and the complexity
of cell wall microfibrils in most lignocellulosic biomass represent a big challenge in
the clean separation of celluloses and lignin with minimal polymer degradation.

A number of techniques, including physical (e.g., pyrolysis and mechanical
disruption) [1, 2], physicochemical (e.g., steam explosion and ammonia fiber explo-
sion) [3, 4], chemical (e.g., acid hydrolysis, alkaline hydrolysis, and oxidative
delignification) [5, 6], thermochemical [7], and enzymatic delignification methods
[8–10], have been investigated for separation of cellulose and lignin at both labo-
ratory scale and pilot plant levels. Most of these processes operate at high temper-
ature and pressure and required highly concentrated chemicals. The conventional
chemicals used for pulping processes, such as sulfate and sulfite, pose serious envi-
ronmental hazards themselves to air and water. Furthermore, high temperature-based
cooking processes result in the production of inhibitory chemicals of the products
and degradation products.

Although enzymatic delignification by enzymes isolated from naturally occurring
fungi, or using enzymes produced by genetically engineered fungi, can be performed
in mild reaction conditions, this approach has been found to be very slow in aqueous
systems, mainly because of difficulties in the enzymes accessing the solid substrate
and the poor solubility of the products [11, 12]. In the last few years, ionic liquids
(ILs)—a potentially environmentally benign, recyclable alternative to volatile
organic compounds (VOCs)—have received tremendous academic and industrial
attention as promising solvents for the pretreatment of lignocellulosic biomass
before further processing [13–15]. ILs are composed entirely of ions (generally
consisting of organic cations, namely derivatives of N,N0-substituted imidazolium,
N-substituted pyridinium, tetraalkylated ammonium, and tetraalkylated phospho-
nium, and either organic or inorganic anions) and are liquids at ambient temper-
atures. Not only are ILs more environmentally attractive than VOCs but they also
possess many attractive physicochemical properties, including high solvating power,
excellent chemical and thermal stability, and so on. Recently, many ILs have been
used to dissolve wood and other lignocellulosic biomass at high temperatures
(>100�C), and cellulose-rich materials and lignin can then readily be separated by
the addition of a variety of precipitating solvents [14, 16, 17]. It is reported that
hydrophilic ILs can solubilize wood completely at >100�C, and cellulose-rich
materials can readily be precipitated with an anti-solvent, such as water, acetone,
or ethanol. The degree of polymerization of the regenerated cellulose was found to
be reduced significantly compared to the cellulose in the original wood materials,
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which led to enhanced enzymatic cellulose hydrolysis, a desirable property for
biomass for biofuels technologies [18]. However, the production of high-strength
biomaterials and biocomposites requires strong cellulose nanofibers/microfibrils.
Thus, research into the design and development of IL-based technology that can
extract cellulose from lignocellulosic biomass with minimal structural alteration is
needed. Other notable limitations of direct wood dissolution in ILs are the significant
loss of cellulose during washing steps through the conversion of cellulose into sugars
and only partial delignification of the wood biomass [19]. It is therefore desirable to
develop an IL-assisted biomass pretreatment process that can extract strong cellulose
fibers to be used to make high strength biomaterials, and ‘pristine’ lignin that can be
converted into value-added products via depolymerization.

The enzymatic delignification of lignocellulosic biomass in IL or IL/water sys-
tems may be an efficient way to produce highly-purified cellulose nanofibers and
lignin. The use of enzymes such as laccases (produced from different white-rot
fungi) that can degrade lignin but leave the cellulose of the wood virtually untouched
in ILs could have significant efficiency advantages over aqueous systems because
the substrate and product solubility are expected to increase, notably in ILs. It should
be noted that laccases from various white-rot fungi have been used extensively for
lignin degradation from wood biomass [20]. It has been reported that laccases
maintain their activity and stability in ILs only in the presence of >80% water in
IL-water solutions [21], which is consistent with what was reported for other
enzymes such as cellulase in IL-water reaction media [22].

In this chapter we discuss the effect of using ILs as pretreatment agents and/or
solvents before enzymatic delignification of lignocellulosic biomass, including
wood biomass and oil palm biomass. Physicochemical characterization of untreated
and treated lignocellulosic materials is also discussed.

2 IL Pretreatment of Wood Biomass Followed by
Enzymatic Delignification: A One-Step Process

Conventional delignification is generally carried out in aqueous medium, which is
the best medium for enzymes. However, delignification in aqueous systems is very
slow, mainly because of difficulties in the enzyme accessing the solid substrate and
the poor solubility of the substrates and products, including lignin [12]. The poor
solubility of substrate and products during wood delignification in aqueous systems
can be overcome by using ILs as solvents/cosolvents. Unfortunately, the practical
obstacle to using ILs for enzymatic delignification is that many ILs, particularly
hydrophilic ones, have negative effects on enzyme structure, resulting in deacti-
vation of the enzyme [13, 23]. However, such effects could be balanced by the
increase in solubility of the substrates and products, leading to better overall process
performance in terms of enhanced yield. It is also well-recognized that ILs can be
used for effective pretreatment of lignocellulosic biomass before further enzymatic
delignification and hydrolysis [13, 24].
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2.1 IL Pretreatment of Wood Biomass for Enhanced
Enzymatic Delignification

Enzymatic delignification efficiency can be improved by IL pretreatment of wood
biomass (hinoki cypress, Chamaecyparis obtusa) before enzymatic delignification in
aqueous systems [25]. A simplified overview of the experimental method is shown
in Fig. 1. In this one-step process, pretreatment of wood biomass (hinoki cypress,
10 wt%) with IL [emim][OAc] (1-ethyl-3-methyl imidazolium acetate) was carried
out in moderate conditions (80�C, 1 h) to swell the wood cells by partial dissolution.
The selected IL [emim][OAc] can dissolve wood materials significantly [16, 19]. In
general, temperatures of 80–130�C have been used to dissolve wood materials in ILs
[19]. Although elevated temperatures (�100�C) lead to complete dissolution of
wood biomass, which favors delignification efficiency, the crystallinity of the
regenerated cellulose-rich materials is decreased and loss of biopolymer is increased
significantly [26, 27]. Thus, a moderate temperature was selected for this IL
pretreatment to minimize the loss of the major extracts with minimal structural
alteration. After completing pretreatment at 80�C with vigorous mechanical stirring,
the mixture became dark and its viscosity increased, indicating that partial dissolu-
tion of the wood had occurred. The mixture was then diluted with acetate buffer and
enzymatic delignification was carried out.

For delignification, aqueous solution containing enzyme (1,000 U/g commercial
laccase Y120 [EC.1.10.3.2] from Trametes sp.) was added directly to the IL/wood
mixture. The catalytic cycle of a laccase-mediator lignin degradation system is
shown in Fig. 2. Wood delignification was performed in the presence of O2 bubbles
with a small stirrer bar at 50�C for 24 h when 1-hydroxybenzotriazole (1.5 wt% of
wood biomass) was added as the mediator. The results clearly demonstrated that
enzymatic delignification of wood biomass swollen by IL prior to the enzymatic
delignification could be an efficient method for the removal of lignin to extract
cellulose fibers (see Table 1). It was also found that delignification efficiency was
highly dependent on the IL content in the IL-aqueous media (see Table 1, entries
3 and 4). Lower delignification at higher IL contents in IL-aqueous systems was

Particle Size
Reduction

Swollen in 
Ionic Liquids

Biological 
Pretreatment

Wash and 
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Fig. 1 Flowchart of ionic liquid (IL)-assisted enzymatic delignification of wood biomass
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obtained because of the denaturing effect of IL on enzymes, which is a very common
trend in the field of IL-based biocatalysis and biotransformations [23]. Compared to
IL [bmim][Cl], IL [emim][OAc] was more suitable for pretreatment of wood bio-
mass for enhanced enzymatic delignification [28], possibly because of its great
ability to dissolve wood and its compatibility with enzymes. Another possible reason
for the lower delignification efficiency when using IL [bmim][Cl] was the well-
known adverse effect of Cl� on enzyme performance [29].

2.2 Effect of IL Pretreatment on Enzymatic Delignification

As discussed in Sect. 2.1, delignification efficiency may be enhanced by a combi-
nation of factors. First, the swelling of wood biomass increases the surface area of
the biomass available to the enzyme(s) [30]. A schematic diagram (Fig. 3) shows the

O2

H2O

Laccase

Oxidized
laccase Mediator

Oxidized
mediator

Lignin

Oxidized
lignin

Fig. 2 Catalytic cycle of a laccase-mediator lignin degradation system

Table 1 Lignin extraction from wood biomass using various methods [25]

Entry
Delignification
methods Reaction media

ILs swollen prior to
reactiona

Extracted ligninb

(%)

1 Enzymaticc Acetate buffer No 10.85 � 2.36

2 IL pretreatedd 20 wt% IL in
buffer

Yes 7.05 � 1.84

3 Enzymatice 20 wt% IL in
buffer

Yes 28.93 � 3.54

4 Enzymaticf 10 wt% IL in
buffer

Yes 39.46 � 4.60

5 Enzymaticg 5 wt% IL in
buffer

Yes 50.10 � 3.20

aGround wood (200 mg) was incubated in 2 g IL at 80�C with vigorous magnetic stirring for 1 h
bResults are expressed as the percentage of extracted lignin relative to the lignin content in the
original ground wood
cReaction conditions: 200 mg wood chips, 10 mL of 100 mM sodium acetate buffer (pH 4.5), 50 U
laccase, 50�C, 24 h, 500 rpm, 3 mg 1-hydroxybenzotriazole
dWood (200 mg) swollen by 2 g IL, 8 mL acetate buffer, 50�C, 23 h and 500 rpm
eWood (200 mg) swollen by 2 g IL, buffer 8 mL, 24 h, other reactions conditions the same as for
entry 1
fAll the conditions were the same as for entry 3 except for the addition of 18 mL of buffer instead of
8 mL
gAll the conditions were the same as for entry 3 except for the addition of 38 mL of buffer instead of
8 mL
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advantages of IL-assisted enzymatic delignification over conventional enzymatic
delignification in aqueous systems. In addition, during swelling at 80�C, ILs can
dissolve some lignin, which can further increase enzyme accessibility [18, 31]. Sec-
ond, the substrate and product solubility are expected to increase notably when using
ILs, which is certainly beneficial for overcoming the low delignification efficiency
associated with poor substrate and product solubility in aqueous systems.

To understand the correlation of wood biomass enzymatic delignification with IL
pretreatment time, various samples of IL [emim][OAc]-pretreated wood biomass
were prepared by changing the treatment time in the IL [28]. Generally, longer
cooking time increases delignification efficiency [19], although use of energy
becomes very important with long cooking times. The incubation time for
pretreatment of wood in IL varied between 0.5 and 3 h at 80�C (Fig. 4). It was

Addition of aqueous 
enzyme solution

Fast delignification

Very slow

Aqueous enzyme
solution Delignification

Swollen in IL

Cellulose rich 
fiberWood fiber

Conventional route

New route proposed in this study

Fig. 3 Comparison of IL-assisted enzymatic delignification to conventional enzymatic
delignification in aqueous systems [25]
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Fig. 4 Effect of cooking time in IL [emim][OAc] on delignification of wood biomass; 200 mg of
ground wood were incubated in 2 g IL at 80�C with vigorous magnetic stirring [28]
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found that the delignification efficiency increased with increasing pretreatment time.
For example, on increasing the pretreatment time from 0.5 to 3 h, the delignification
efficiency for wood biomass increased from 24.1 to 64.8%. This result is consistent
with other reports in the literature [18].

2.3 Characterization of Untreated and Treated Materials

Extracted cellulose-rich wood fibers and untreated wood fibers were characterized
by acid hydrolysis using Fourier-transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM), and X-ray diffractometry (XRD) to reveal the compo-
sitional and structural impacts better [25]. As shown in Fig. 5, SEM images revealed
that that, after pretreatment, wood cell networks composed of cellulose, hemi-
cellulose, and lignin were broken down and cellulose fibers were partially separated
into individual microsized fibers. Magnified images revealed that the surfaces of
untreated fibers were very rough, possibly because of the coating of cellulose fibers
with lignin, whereas those of treated fibers were smooth. This indicates the removal
of lignin from the surface of the wood fibers during enzymatic treatment. FTIR
results indicated that the cellulose-rich wood fibers produced from IL-pretreated
wood fibers were richer in carbohydrates, consistent with the chemical composition
study [25]. The XRD patterns of the untreated and treated wood fibers were
examined to investigate the crystalline properties of the fibers [25]. There was a

Fig. 5 SEM images of (a) untreated ground wood and (b) the corresponding enzymatic treated
wood fibers [25]
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higher degree of crystallinity in the structure of the treated fibers, which is undoubt-
edly caused by the partial removal of lignin and hemicellulose. This trend contrasts
with that for cellulose fibers regenerated after dissolution in ILs at higher
temperatures [18].

3 IL Pretreatment of Lignocellulosic Biomass Followed by
Enzymatic Delignification of Recovered Biomass:
A Two-Step Process

As discussed above, delignification efficiency can be improved by IL pretreatment of
wood biomass before enzymatic reaction. However, in the one-step processes, IL
remains in the wood cell wall, and thus enzyme performance was decreased by the
well-known negative effects of IL on enzyme activity [22, 23]. To address this
limitation, wood materials recovered after IL pretreatment can be used to accelerate
enzymatic delignification [27, 32]. An effective pretreatment method for ligno-
cellulosic biomass (e.g., wood and oil palm biomass) for isolating cellulose fibers
via enzymatic delignification following IL pretreatment and a recovery step has been
reported [33, 34].

3.1 IL Pretreatment of Wood Biomass Before Enzymatic
Delignification: A Two-Step Process

3.1.1 Chemical Composition of Untreated and IL-Treated Wood
Materials

A simplified flowchart of the IL pretreatment of wood biomass before enzymatic
delignification is shown in Fig. 6. Pretreatment of wood materials with IL was
carried out in moderate conditions (80�C for 1 h) to swell the wood cells by partial
dissolution, and the product solids were recovered by addition of an anti-solvent
[34]. The chemical compositions of untreated wood materials (UWMs) and recov-
ered wood material (RWMs) after IL treatment are compared in Table 2. The yield of
RWMs after IL treatment was about 87% of the untreated wood biomass weight.
During IL treatment, swelling of wood cell walls occurs caused by partial breaking
of the bonds between the major biopolymers in the wood matrix [18, 35]. Conse-
quently, a small portion of the hemicellulose and lignin is solubilized, resulting in the
decrease of their content in the wood material after the IL treatment. Thus, compared
to the untreated sample, RWMs after IL treatment had a somewhat higher cellulose
content caused by the removal of hemicellulose, lignin, and water/IL/acetone soluble
extractives during the pretreatment/recovery processes.
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3.1.2 Enzymatic Delignification of RWMs After IL Treatment

To examine the effects of IL pretreatment on the subsequent enzymatic
delignification, the RWMs were subjected to biological treatment (at 50�C for
24 h) using laccase as the catalyst. The reaction was carried out in acetate buffer
containing 2.5 wt% IL [emim][OAc]. This small amount of IL was used during
delignification because it was found that, although the initial activity of laccase
decreased slightly in the presence of such IL concentrations, the stability of the
enzyme at 50�C was significantly enhanced [34]. Another possible advantage of
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Fig. 6 Simplified schematic diagram for the delignifying process of wood biomass. Enzymatic
delignification was performed in buffer with or without a small amount of IL and O2 bubbles. The
ionic liquid was [emim][OAc] [34]

Table 2 Chemical composition of untreated and treated wood materialsa [34]

Materials α-Cellulose (%) Hemicelluloses (%) Total lignin (%)b

Untreated wood materials 41.2 � 1.3 25.2 � 1.1 29.3 � 1.7

RWMs after IL treatment 46.3 � 2.1 15.3 � 1.2 25.2 � 3.2

Cellulose rich fibers (CRFs) 73.1 � 3.5 8.5 � 1.0 9.8 � 1.4

(IL + enzymatic treatment)
aThe data are the average from three experiments and the standard deviation
bTotal lignin ¼ Klason lignin + acid soluble lignin
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including the IL is to promote the dissolution of substrates and products, resulting in
better overall process efficiency. To ensure these phenomena, the delignification
efficiency of RWMs in aqueous media without IL was examined. The results
indicated that the cellulose fibers produced only an aqueous medium contained
16.5 wt% lignin, whereas only 9.8 wt% lignin remained in the fibers obtained
from aqueous medium containing 2.5% IL [34]. As Table 2 shows, after the
enzymatic delignification of RWMs the α-cellulose content of the cellulose-rich
materials obtained increased from 41.2 to 73.1%, whereas the hemicellulose and
lignin contents were significantly decreased to 8.5 and 9.8%, respectively. This was
as expected, because IL pretreatment swells the wood structure, allowing access of
the enzyme deep into the wood biomass for improved delignification. Furthermore,
the presence of IL may accelerate delignification efficiency by promoting the
dissolution of substrate and products [36]. As shown in the process flow chart
(Fig. 6), after the enzymatic delignification the sample was diluted with 0.1 M
NaOH to extract the lignin. It was expected that a portion of the hemicellulose
would also be leached in this step, which was reflected in the chemical composition
of the final product cellulose-rich fibers (CRFs).

3.1.3 Characterization of Treated and Untreated Wood Fibers

Treated biomass mentioned in Sect. 3.1.1 and untreated wood materials were
characterized by SEM, FTIR, XRD, TGA, and chemical methods [34]. SEM results
indicated that RWMs after IL treatment have a relatively homogeneous macrostruc-
ture with more porosity compared to untreated materials, possibly caused by the
fusing of wood fibers during the IL pretreatment. Interestingly, CRFs obtained after
the enzymatic delignification had smooth, clean surfaces because most of the
non-cellulosic materials (e.g., lignin) were removed during the IL and biological
treatments. It was also found that wood cell networks RWMs composed of cellulose,
hemicellulose, and lignin were broken down and cellulose fibers were partially
separated into individual microsized fibers similar to the cellulose fibers obtained
from wood by others chemical pretreatment [37]. As shown in Fig. 7, the lignin
characteristic FTIR peaks at 1592/1503 cm�1 (C¼C stretching vibration), 1,256 cm�1

(asymmetric bending in CH3), and 1,251 cm�1 (C–O vibration in the syringyl ring)
[38] remained (compared to untreated material) in the RWM sample, indicating that
lignin in the wood biomass was not removed significantly during IL pretreatment.
However, these peaks disappeared after enzymatic delignification because of the
removal of most of the lignin.

The powder X-ray diffraction patterns of the UWMs, RWMs, and CRFs clearly
showed that IL pretreatment did not significantly change the crystallinity of the
wood fibers [34]. This is in contrast to other reports, where the degree of crystallinity
of regenerated wood materials after dissolution in ILs at higher temperatures (100�C
and higher) reduced significantly [26, 39]. Compared to UWMs and RWMs, CRFs
showed increased intensity in the X-ray diffraction patterns. One possible expla-
nation is that, because of the mild IL pretreatment conditions (80�C for 1 h), the
crystalline regions of cellulose are unaffected but amorphous parts are partially
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destroyed. If so, one would expect a higher degree of crystallinity in the structure of
the CRFs, which is undoubtedly caused by the removal of most of the hemicellulose
and lignin in the IL pretreatment followed by enzymatic delignification [37]. Investi-
gation of the thermal properties of natural fibers is important to gauge their utility in
biocomposite processing, in which the processing temperature for thermoplastic
polymers rises above 200�C. The TGA results obtained for UWMs, RWMs, and
CRFs clearly illustrated that the thermal stability of the wood fibers increased after
IL treatment and further increased after enzymatic delignification [34].

3.2 IL Pretreatment of Oil Palm Biomass Before Enzymatic
Delignification

As discussed in Sect. 3.1, the performance of an enzymatic delignification process
can be improved significantly after swelling hinoki cypress wood in IL [emim]
[OAc]. However, pretreatment performances vary with feedstock type, IL type,
and pretreatment conditions (e.g., temperature and time). Oil palm fronds biomass
(OPFB), an abundant agricultural waste in Malaysia, can be converted to the value-
added product CRF for biomaterial/biocomposite production. Financie et al. [33]
reported a pretreatment method for OPFB for separation of CRFs via enzymatic
delignification with prior IL pretreatment and recovery steps.
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Fig. 7 Fourier-transform infrared spectra of (a) untreated wood materials, (b) recovered wood
materials (RWMs) after IL pretreatment, and (c) cellulose-rich fibers after enzymatic delignification
of RWMs. Vertical solid lines represent characteristic peaks of cellulose and hemicelluloses,
vertical dashed lines mark characteristic peaks from lignin [34]
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3.2.1 Effect of Treatment Temperature and Time on IL OPFB
Pretreatment

Pretreatment of OPFB with IL [emim][dep] (1-ethyl-3-methylimidazolium-diethyl
phosphate) was carried out in moderate conditions (70–100�C for 4 h) to swell the
OPFB cells by partial dissolution, and the product solids were recovered by the
addition of an anti-solvent [33]. IL [emim][dep] was suitable as a pretreatment agent
because it has a greater ability to dissolve OPFB compared to other ILs, possibly
because of its low viscosity and well-known high hydrogen bonding acceptor ability,
which can facilitate dissolution of the biomass [40, 41]. The lignin and holocellulose
(cellulose + hemicellulose) contents of untreated and IL-treated OPFB at various
temperatures as well as different IL-pretreatment times (Fig. 8) were investigated.
All recovered OPFB materials after IL treatment had a considerably lower lignin
content than untreated OPFB. The lowest lignin content (about 7.5%) was found in
OPFB treated with IL [emim][dep] at 100�C for 4 h, followed by 90�C (about
13.0%). However, recovered OPFB treated at 100�C contained less holocellulose
than samples treated at 90�C, because the higher pretreatment temperature favored
cellulose and hemicellulose degradation and the resulting products were easily
washed out during separation steps [19]. To obtain materials with higher cellulose
content, OPFB samples pretreated at 90�C for 4 h were used for subsequent enzy-
matic delignification processes.

Fig. 8 Chemical composition of untreated and IL-treated oil palm fronds biomass (OPFB) with
different pretreatment temperatures [33]
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3.2.2 Enzymatic Delignification of IL-Treated and Untreated OPFB

After IL pretreatment, OPFB was subjected to enzymatic delignification at 50�C for
24 h using laccase in acetate buffer. Chemical compositions of various treated and
untreated OPFBs are listed in Table 3. The results clearly indicated that combined
pretreatment methods (IL treatment followed by enzymatic delignification) (Table 3,
entry 4) were more effective than individual treatments (entries 2 and 3). As shown
in entry 3, the conventional enzymatic approach did not have a significant effect on
non-IL-pretreated OPFB. This trend is consistent with results reported for enzymatic
delignification of wood biomass [12]. Pretreatment of OPFB with IL enhanced the
enzymatic delignification efficiency significantly. After the enzymatic delignifi-
cation of IL-treated OPFB, the α-cellulose content was increased from 45.7 to
68.5.1 wt%, whereas the lignin and hemicellulose content were reduced to 8.5 and
12.1 wt%, respectively. Indeed, improved enzymatic delignification of IL-treated
OPFB was expected because IL pretreatment swells the OPFB structure to create a
larger (more accessible) surface area for the enzyme, allowing deeper access into the
OPFB for improved delignification [25]. Treated and untreated OPFB were charac-
terized by SEM, FTIR, XRD, TGA, and chemical methods. The cellulose-rich OPFB
fibers obtained from treated OPFB exhibited higher thermal stability than those from
untreated OPFB, possibly because of the removal of lignin [33].

3.2.3 Recycling of ILs

Because ILs are considered expensive solvents, recycling of used ILs from the
mixture after extraction of CRFs and lignin is very important for the development
of an economic, energy-saving process [33]. After the separation of CRFs, the filtrate
contains a solution of lignin, IL, acetone, and water. After evaporating acetone,
lignin was precipitated, leaving IL in aqueous solution. Then water was evaporated
from the solution under reduced pressure using a rotary evaporator to recover the
IL. Recovered ILs were vacuum dried at 80�C. Over 90% of the IL was successfully
recovered. 1H NMR analysis was conducted to check for any changes in the

Table 3 Chemical composition of untreated and treated OPFB [33]

Entry Pretreatment method
Total lignin
(%)

α-Cellulose
(%)

Hemicellulose
(%)

1 Untreated 24.0 � 2.5 45.7 � 3.4 20.0 � 2.9

2 Only IL pretreatmenta 13.0 � 0.5 65.1 � 3.6 18.2 � 3.6

3 Only enzymatic delignificationb 19.6 � 1.1 54.4 � 2.0 15.1 � 1.5

4 IL treatment followed by enzymatic
delignificationc

8.5 � 1.7 68.5 � 0.3 12.1 � 1.7

aOPFB:IL ¼ 1:10 (w/w) at 90�C for 4 h with vigorous magnetic stirring
bEnzymatic delignification of untreated OPFB with laccase in sodium acetate buffer, pH 4.5, at
50�C for 24 h
cOPFB pretreated with IL at 90�C for 4 h, followed by enzymatic delignification in sodium acetate
buffer, pH 4.5, at 50�C, for 24 h
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recovered [emim][dep] structure compared with pure [emim][dep] but there was no
structural change in the recovered [emim][dep] (Fig. 9). It can therefore be con-
cluded that IL [emim][dep] can be reused for biomass pretreatment to reduce the
process cost.

4 Conclusions

This chapter describes highly effective and clean pretreatment methods for isolation
of cellulose fibers from wood biomass and oil palm biomass with minimum struc-
tural alteration. The delignification efficiency of IL-treated lignocellulosic biomass is
notably improved in both one- and two-step processes. Characterization studies
clearly indicate that, although IL pretreatment does not significantly change the
cellulose chemical composition, crystal structure, or thermostability, it does change
the structure to render a more accessible surface area, leading to enhanced enzymatic
delignification. The cellulose fibers obtained have a higher degree of crystallinity
and thermal stability than the native wood fibers.

Acknowledgment We thank Edanz Group (www.edanzediting.com/ac) for editing a draft of this
chapter.

Fig. 9 1H NMR spectra of (a) original IL [emim][dep] and (b) IL [emim][dep] recovered after
OPFB pretreatment [33]
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Activation of Lipase-Catalyzed Reactions
Using Ionic Liquids for Organic Synthesis

Toshiyuki Itoh

Abstract The use of ionic liquids to replace organic or aqueous solvents in bio-

catalysis processes has recently received great attention, and much progress has been
made in this area; the lipase-catalyzed reactions are the most successful. Recent
developments in the application of ionic liquids as solvents in lipase-catalyzed
reactions for organic synthesis are reviewed, focusing on the ionic liquid mediated
activation method of lipase-catalyzed reactions.
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1 Introduction

The value of the enzymatic reaction in organic synthesis is highly respected from an
environmentally-friendly aspect and has now reached an industrially-proven level in
the pharmaceutical and food industries [1]. This chapter focuses on topics concerned
with the improved performance of lipase-catalyzed reactions using ionic liquid
engineering, because lipase (triglycerol acylhydrolases EC 3.1.1.3) is the most
popular biocatalyst for organic chemists and the enzyme can catalyze a number of
reactions, including hydrolysis, transesterification, alcoholysis, acidolysis, esterifi-
cation, and aminolysis [1–3]. It is well known that both the reactivity and the
enantioselectivity of lipase-catalyzed reactions are dependent on the solvent system
[3]; the lipase-catalyzed reaction can proceed in many types of organic solvents or
ionic liquids. Ionic liquids (ILs) have very good properties as reaction media for
chemical reactions; they are non-volatile, non-flammable, have a low toxicity, and
display a unique solubility for many organic and inorganic materials [4–8]. Based on
these properties, numerous examples of biocatalysis-mediated reactions in ILs have
been reported [9].

The publication history over the past 17 years for enzymatic reactions in ILs is
shown in Fig. 1. There are 2,298 and 1,216 papers on the topics of “enzyme*” and
“lipase*,” respectively. Although it appears that the increase in the number of
“lipase*” papers stopped in 2011, around 100 papers have still appeared year by
year and almost of them are for “organic synthesis.” Lipase-catalyzed reactions are
still being widely used in the field of synthetic organic chemistry.

As shown in Fig. 1, lipase-catalyzed reactions using ILs as reaction media began
in 2000/2001. The Sheldon group reported the first example of a lipase-catalyzed
reaction in a pure IL in 2000 [10]. Itoh [11] and Kragl [12] independently reported
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the first examples of enantioselective lipase-catalyzed reactions in ILs in early 2001.
Husum et al. [13] Lozano et al. [14, 15], Kim et al. [16], and Park and Kazlauskas
[17] reported lipase-catalyzed reactions in an IL solvent system later in the same
year. Laszlo et al. also demonstrated the α-chymotrypsin mediated transesterification
reaction of N-acetyl L-phenylalanine ethyl ester with 1-propanol in ILs or ILs with
supercritical carbon dioxide (ScCO2) [18]. Lozano et al. reported that the improved
stability of lipases was significantly enhanced by the ILs [14, 19]. Itoh reported the
remarkably increased stability of CAL in [C4dmim][BF4] [20]. Gubicza et al.
reported that both the water contents in the ILs and IL species strongly influenced
the enzyme activity [21–23]. Baldwin reported that Hofmeister ion interactions
affected protein stability [24]. Zhao reported that the Hofmeister effect of ions of
the solvent IL was related to the activity of the lipases [25] and, since that finding,
numerous examples of lipase activity from this point of view have been reported
[26–29]. It was known that the water contents in the ILs significantly influenced the
activities of the lipases [30]. The introduction of the alkylether moiety in the ILs in
the cationic or anionic parts generally provided good results [31]. Since then,
numerous successful examples have been reported by many groups [9].

Fig. 1 Number of
publications in the field of
ILs from 2000 to 2017
(searched by “Web of
Science,” on December
6, 2017). A total of 82,407
references are listed based
on the topic of “ionic
liquid*” in the database of
Web of Science Core
Collections of Thomson
Reuters, Ltd
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2 Typical Lipase-Catalyzed Reactions Using IL Solvent
Systems

2.1 Lipase-Catalyzed Enantioselective Transesterification
of Secondary Alcohols Using an IL Solvent System

The most important aspect of the biocatalysis reaction should be the enantioselective
reaction. Typically, lipase-catalyzed enantioselective transesterification using an IL
solvent system has been carried out as illustrated in Fig. 2 [11]. To a mixture of
lipase in the ionic liquid were added a racemic alcohol ((�)-1) and vinyl acetate as
the acyl donor and the resulting mixture was stirred at 35�C. After the reaction, ether
or a mixed solvent of hexane and ether was added to the reaction mixture to form a
biphasic layer, and the acetate product and unreacted alcohol were quantitatively
extracted with the organic solvent layer. The enzyme remained in the ionic liquid
phase and the addition of the next set of substrate (�)-1 and acyl donor 3 caused the
next cycle of the reaction to afford the chiral ester (R)-2 and (S)-1. The lipase could
therefore be used repeatedly anchored in the reaction media. This is a typical
example, indicating a certain benefit of using ILs as the reaction media for enzymatic
reactions. Selection of the appropriate ILs as a reaction medium is the key to
realizing the desired reaction. The hydrophobic IL, [C4mim][PF6], was selected as
a favorable solvent for the reaction because the system allowed a simple work-up
process because of the insolubility of this IL in both water and extraction of the
organic solvent. In contrast, a hydrophilic IL, such as [C4mim][BF4], was soluble in
water and, therefore, it was difficult to remove a water-soluble by-product by a

R1 R2

OH

R1 R2

O

Novozyme 435
(50 wt% vs.
substrate)

35°CO

O

(±)-1

(S)-1(R)-2

Et2O or 
a hexane/ Et2O
mixed solvent

IL

IL / enzyme

Under reduced
pressure for 15
min.to remove
organic solvent

1.5 eq.

+

>99% ee

O

>99% ee

R1 R2

OH
Et2O Layer

R1>R2

IL:  [C4mim][PF6]
 [C4mim][BF4]

3

Fig. 2 Typical lipase-catalyzed enantioselective transesterification using the IL solvent system
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simple work-up process, even though the enzyme exhibited a high activity in the
solvent.

2.2 Lipase-Catalyzed Transesterification of Secondary
Alcohols in an IL Under Reduced Pressure Conditions

It is well known that the usual methyl esters are not suitable for lipase-catalyzed
transesterification as acyl donors because the reverse reaction with the produced
methanol takes place. One of the important characteristics of an ionic liquid is its
wide temperature range for the liquid phase and lack of vapor pressure. Using this
property, the lipase-catalyzed reaction with a methyl ester as the acyl donor under
reduced pressure conditions was reported by Itoh et al. [32]. Although it is essential
to choose both substrate alcohols and an acyl donor ester, which have sufficiently
higher boiling points compared to those of methanol or ethanol, the desired reaction
proceeded smoothly under the conditions because the produced methanol or ethanol
could be immediately removed from the reaction mixture and the reaction equilib-
rium occurs to produce the desired product. Phenylthioacetate 4a was recommended
as an acyl donor ester and thereby an efficient optical resolution was accomplished.
This process allowed recycling of the enzyme five times with maintenance of the
initial activity and succeeded in reducing the amount of the acyl donor ester (Fig. 3).

Lourenço et al. reported an efficient transesterification system for the lipase-
catalyzed reaction under reduced pressure conditions using an IL as the acylating
agent in an IL solvent (Fig. 4) [33, 34]. The authors designed an IL-type methyl ester
6, which possessed the imidazolium salt moiety, and demonstrated that the ester was
anchored in the IL ([C4mim][PF6]) solvent. After extraction of the 81% ee (S)-1-
phenylethanol (1a), the IL layer that retained the imidazolium group substituted ester
7 was treated with ethanol to release 99% ee of the (R)-alcohol 1a. The
chromatography-free kinetic resolution has thus been accomplished through this

Fig. 3 Lipase-catalyzed
transesterification using
methyl ester as an acyl
donor under reduced
pressure conditions in the IL
solvent system
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reaction system. Recently, Teixera et al. reported an extended version of this
method [35].

2.3 Use of Unique Solubility of ILs for Lipase-Catalyzed
Regio-Selective Transesterification of Sugar Derivatives

Another important property of the ILs is their unique solubility toward organic
molecules. Using this property, Koo et al. reported the solubility-driven efficient
lipase-catalyzed sugar fatty acid ester synthesis. They prepared a “super-saturated
glucose solution in [C4mim][OTf]” and subjected this to the lipase (Novozyme 435)-
catalyzed transesterification in [C4mim][Tf2N] [36]. Because the method allowed a
supply of a highly-concentrated substrate solution, the reaction proceeded very
smoothly in the presence of the acyl donor 8 in the resulting mixed IL solvent of
[C4mim][OTf]:[C4mim][Tf2N] ¼ 1:1 (v/v) to afford the desired fatty acid ester 9 in
high yield (Fig. 5) [36].

Fig. 5 The efficient lipase-
catalyzed sugar ester
synthesis in the IL solvent
system using the super-
saturated glucose solution in
[C4mim][OTf]

Fig. 4 Chromatographic
separation free kinetic
resolution of (�)-1-
phenylethanol (1a) using the
IL-type acyl donor in the IL
solvent system under
reduced pressure conditions
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2.4 Lipase-Catalyzed Reactions for Biodiesel Oil Production

Enzymatic production of biodiesel oil has recently attracted strong interest from the
standpoint of sustainable energy production. The diesel oils are hydrophobic com-
pounds, and organic solvent-free separation from the IL reaction mixture has been
easily achieved (Fig. 6) [37–42]. ILs could thus be used as the appropriate solvents
for biodiesel oil 11 production from vegetable oil 10 through lipase-catalyzed
transesterification. Ha et al. first demonstrated the lipase (from Candida antarc-
tica)-catalyzed biodiesel production using soybean oil as the substrate in the pres-
ence of MeOH in the [C2mim][OTf] solvent system [42]. De Diego et al. prepared
[C16tam][NTf2], which was termed a “sponge-like IL(SLIL).” SLIL displayed a
unique property as a reaction medium for the lipase-catalyzed reaction. The authors
established an efficient protocol for biodiesel oil production employing the SLIL
[43, 44]. Yang et al. demonstrated biodiesel oil production using an IL solvent
system from various sources such as corn oil, microbial oil, and Millettia pinnata
seed oil. They established that the yields were drastically improved compared to
those in conventional organic solvents or solvent-free conditions [45–47].

2.5 DKR Reaction Using a Combination of Transition Metal
Catalyst in the Lipase-Catalyzed Reaction

As mentioned before, lipases generally convert (R)-alcohol to the corresponding
ester in the presence of an appropriate donor molecule in non-aqueous media, and
lipase-catalyzed transesterification has been used for kinetic resolution (KR) of
racemic substrates. This method allows a convenient use of both enantiomers.
However, there is a serious limitation in the chemical yield of optically active
products. ILs are suitable solvents for many types of transition metal catalysts.
The use of an appropriate combination of racemization catalyst and lipase is the

Fig. 6 Lipase-catalyzed
biodiesel oil production in
an IL solvent system
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key to realizing an efficient DKR system. Because preparation of chiral compounds
is an important and challenging area of contemporary synthetic organic chemistry,
extensive efforts have been devoted to developing an efficient DKR methodology,
and numerous examples have been reported [48–50]. Kim et al. accomplished
dynamic kinetic resolution (DKR) using a lipase-ruthenium combo catalyst system
in an IL solvent system. The benzyl alcohol (�)-1b was quickly racemized by the
Ru-complex during the lipase-catalyzed transesterification, and then the (R)-acetate
2b was accumulated after the reaction (Fig. 7) [51].

Lozano et al. reported a transition metal-free DKR system using a combination of
supercritical carbon dioxide (ScCO2) and an IL in the presence of acidic regin as a
Brønsted acid for the racemization catalyst of 1-phenylethanol [52, 53]. We also
accomplished transition metal-free DKR of 1-phenyethanol and 2,3-dihydro-1H-
inden-1-ol by a combination of C. antarctica lipase (CAL-B) and Zeolite using vinyl
octanoate or p-chlorophenyl pentanoate as acyl donor in a mixed solvent system of
ionic liquid and hexane in the presence of 1.0 eq. of water. Duplicated use of the
catalysts has also been demonstrated in the DKR of 2,3-dihydro-1H-inden-1-ol
using this reaction system [54]. However, because of the formation of an acid-
catalyzed aryl ether by-product, the efficiency of DKR was inferior to that of
transition metal-catalyzed DKR.

Fig. 7 Dynamic kinetic
resolution (DKR) using a
lipase-ruthenium combo
catalyst system in an IL
solvent system
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2.6 Baeyer-Villiger Oxidation Using a Combination
of Hydrogen Peroxide and Lipase-Catalyzed Reaction

Lipase can catalyze the formation of peracid derivatives from esters simply by
adding peroxide derivatives because hydrogen peroxide anions have a very strong
nucleophilicity. Sheldon et al. reported the C. antarctica lipase (CAL-B)-catalyzed
production of n-octanoic peracid by the reaction of octanoic acid with hydrogen
peroxide in an IL solvent [10]. This is the first example of the lipase-catalyzed
reaction in a pure ionic liquid solvent system. The resulting peracid was used for the
epoxidation of olefins or Baeyer-Villiger oxidation against ketones. Using the
reaction, Kotlewska et al. reported the Baeyer-Villiger oxidation of ketones to afford
lactones in excellent yields (Fig. 8) [55]. The authors reported that [HOPmim][NO3]
generally gave the desired lactone in high yields; tetrahydro-2H-pyran-2-one (13)
was thus obtained in 99% yield from cyclopentanone (12) when cyclopentanone was
treated with 2 eq. of hydrogen peroxide in the presence of octanoic acid and CAL-B
as a catalyst in [HOPmim][NO3] (Fig. 8). Drozdz et al. also reported an efficient
Baeyer-Villiger oxidation using a similar methodology [56].

As noted elsewhere in this chapter, lipases are generally tolerable to a wide
number of substrates, and ILs allow various types of reactions that are impossible
to realize using conventional molecular solvents or water as the reaction medium.
However, very slow reactions or poor enantioselective reactions are also sometimes
encountered [1–3]. To solve this problem, ionic liquid engineering for activating
lipase-catalyzed reactions has progressed significantly in this decade. Ionic liquid
engineering for activating lipase-catalyzed reactions is reviewed in the next section.

Fig. 8 Baeyer-Villiger
oxidation using a
combination of hydrogen
peroxide and the lipase-
catalyzed reaction
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3 Improved Performance of Lipase-Catalyzed Reactions by
IL-Coated Immobilization

Dordick et al. reported the salt-mediated activation of proteases (subtilisin and
α-chymotrypsin) (Fig. 9) [57–59]. The authors reported that the alcoholysis reaction
of the N-acetylphenylalanine ethyl ester 14 by these proteases afforded the
corresponding acid 15 in good yield. The authors found that the “KCl-coating of
the enzyme” by a lyophilization process led to modification of the activity of the
original enzymes; the Kcat values for both enzymes were drastically improved by the
KCl coating process. On the other hand, the Km value of subtilisin decreased to 1/10
compared to the native enzyme, and no modification was observed for
α-chymotrypsin. As the ILs are salts, it was anticipated that the lipases might be
activated by a similar methodology.

Kim and Lee first reported the ionic liquid mediated activation of an enzyme
focused on a modified enantioselectivity [60]. They prepared the ionic liquid coated
lipase PS “IL-C-PCL” by mixing with the ionic liquid [3-Ph-C3mim][PF6] and
reported that IL-C-PCL exhibited a slightly higher enantioselectivity than that of
the commercial lipase PS-C for several alcohols, and no significant change was
obtained in the reaction rate [60]. However, the reported E value increase was not
significant; the E value of the reaction of 4-phenylbutan-2-ol ((�)-16) to the ester
(R)-17 was enhanced from 233 for the native PCL to 533 for the IL-C-PCL, as
shown in Fig. 10. Because E values of over 200 should be very carefully examined
[3] and no acceleration was recorded, the results remained at a doubtful level.

Itoh et al. reported the key solution to realize improved performance of the lipases
using ILs [61]. The authors synthesized the 3-methyl-1-butylimidazolium cetyl-PEG
(10)-sulfate ionic liquid (IL1) and prepared the “IL1 coated Burkholderia cepacia
lipase (IL1-PS)” [61, 62]. They reported that optimization of both the chain length of
the alkyl group and PEG moiety of the anionic part of the IL was necessary, and the
lyophilization process is essential for preparing the “IL1-coated lipase PS” (Fig. 11)
[61–63]. The activation effect depended on the substrates, and the IL1-PS exhibited
an excellent reactivity for many substrates. As shown in Fig. 11, 25-fold acceleration
for the (E)-4-pehnylbut-3-en-2-ol (18), 1,000-fold for 1-naphthylethanol (19), and
18-fold for 1-(2-pyridyl)ethanol (20) were accomplished when these alcohols were
subjected to the reaction, maintaining an excellent enantioselectivity [62]. It should
be noted that both the increased reaction rate and enhanced enantioselectivity were
also obtained when 18 was used as the substrate. Later, Lee and Kim prepared the

Fig. 9 Activation of
Subtilisin Carlsberg-
catalyzed alcoholysis by the
KCl treatment
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IL-coated lipase PS using dodecyl-imidazolium PF6 as a coating material, and
confirmed that lyophilization was indeed essential to achieve a significantly

Preparation of IL1-PS:

N N BuMe

Lipase PS solution in 0.1 M phosphate buffer (pH 7.2)

C16H33-(OCH2CH2)10-OSO3

+ IL1 (100 mol eq. vs. enzyme)

stirred for 30 min. at 35°C
lyophilization to dryness

Me
IL1-PS

IL1-PS

i-Pr2O, 35°C
R1 R2

OH

R1 R2
Vinyl acetate (1.5 eq.)

R1 > R2

IL1

OH

E = 138
Rate = 12

E>200
Rate = 300
(25 times)

OH

E = 199
Rate = 0.01

E>200
Rate = 11
(1100 times)

N

OH

E>200
Rate = 7.3

E>200
Rate = 133
(18 times)

IL1-PS

Lipase PS

(±)-1 (R)-2

O
O

18 19 20

Fig. 11 Typical examples of IL1-PS-catalyzed enantioselective transesterification. Itoh et al.
reported that the IL1-PS powder contains 3.3 wt% enzyme with 9.8 wt% IL1, the rest mainly
consisting of very fine inorganic materials derived from celite

Fig. 10 Activation of lipase
PS by the ionic liquid
[3-Ph-C3mim][PF6]
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enhanced activity of the lipase as Itoh’s group had established [64]. Lee et al. also
reported the efficient stabilization of lipase through lyophilization of the ionic liquid
type sol-gel silica [65].

Abe et al. synthesized chiral pyrrolidine-substituted imidazolium cetyl-PEG(10)-
sulfate ionic liquids derived from D- and L-proline and used them as coating materials
for lipase PS. The chirality of the pyrrolidine group strongly affected the reactivity of
the lipase; the D-Pro-Me-coated PL displayed a 58-fold acceleration vs the com-
mercial lipase PS and this was superior to that of the IL1-PS for the
transesterification of 1-phenylethanol as a model substrate (Fig. 12) [66].

It is known that several amino acids have been used as enzyme stabilizers. For
example, commercial lipase PS involves ca. 20 wt% glycine as an essential stabi-
lizer. Inspired by the results, Yoshiyama et al. prepared the coated lipase PS
combining the amino acid with IL1 and found an interesting synergetic effect of
the amino acids and IL1; the combination of L-proline and IL1 effectively improved
the activity of lipase PS such that the reaction rate of the enzyme was superior to that
of IL1-PS when 1-phenylethanol was subjected to the reaction (Fig. 13) [67]. Syn-
ergetic activation of the lipase using a combination of amino acids with IL1
provided a very simple way to activate a lipase.

Rahman et al. recently prepared amino acid ILs, [N2222][His] and [N2222][Asn],
and used them as coating materials for Candida rugose lipase; the enzymes exhibited
high reactivities during the esterification of oleyl alcohol with carboxylic acid 21
(Fig. 14) [68]. The reactivity depended on the amino acid moiety, and the [N2222]
[His]-coated lipase showed a higher reactivity than [N2222][Asn]. The authors
speculated that the reaction of the substrate 21 with the imizadole moiety of
[N2222][His] formed the acylinium salt, which displayed high activity as an acylating
agent, and thus smooth acylation of 21 took place and efficiently released ester 22.

Kim et al. reported activation of the lipase by ionic surfactant compounds that
have an alkyl PEG moiety [69, 70]; potassium 3,5-bis(2-(2-(2-ethoxyethoxy)ethoxy)
ethoxy)benzoate (ISCB1) was used as a coating material for B. cepacia lipase

Fig. 12 Chiral imizadolium cetylPEG10 sulfate ILs as the coating materials for lipase PS
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through the lyophilization and the resulting lipase (ISCB1-PS) exhibited an excel-
lent reactivity to various alcohols. The important finding was that the enzyme was
applicable for the Ru complex mediated DKR of 24 types of alcohols with
96~>99% ee in 90~97% yields (Fig. 15) [69]. Lee et al. further reported the
synergetic effect of sugars and an ionic surfactant for activation of the lipoprotein
lipase (LPL). A remarkable acceleration of the reaction rate was recorded when
4-nitrophenylacetate (23) was subjected to an alcoholysis reaction using the ISC-
glcN-coated LPL; the Kcat/Km value was 4,000-fold higher than that of the native
LPL (Fig. 16) [71].

As already noted, chirality of the imidazolium cation of the coating material
strongly influenced the lipase reactivity [66]. The work clearly indicated that the
cationic part of the coating ILs influenced the lipase reactivity. Matsubara et al.
synthesized four types of phosphonium alkyl PEG sulfate ionic liquids and used
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Fig. 13 Co-operative activation of lipase PS with IL1 and amino acid. Reproduced with permission
from [67]. Copyright 2018, The Chemical Society of Japan

Fig. 14 Activation of C rugose lipase by the coating with amino acid ILs
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Fig. 16 Activation of lipoprotein lipase by coating using a combination of sugar with ISCB1

Fig. 15 DKR using IL surfactant coated lipase PS (ISCB1-PS) in the presence of Ru complex
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them as coating materials for the lipase PS. Among them, tributyl(2-methoxyethyl)
phosphonium cetyl-PEG10 sulfate (PL1) was found to be the best coating material
(Fig. 17) [72]. The PL1-coated lipase PS displayed a high reactivity in the
transesterification of broad types of secondary alcohols 1 using vinyl acetate as an
acyl donor to form esters (R)-2 with excellent enantioselectivities. The authors
demonstrated the recyclable use of PL1-PS in an IL, [P444PM][Tf2N], and repeated
the enantioselective transesterification reaction of (�)-1a 10 times with a rate
superior to those in the i-Pr2O solvent.

Inspired by the results, Itoh’s group further developed novel IL-type activating
agents for the lipase PS (Fig. 18) [73, 74]. Kadotani prepared three quaternary
ammonium salts, TAC1, TEA, and PP22, and investigated their activation proper-
ties. The resulting quaternary ammonium salt-coated lipase PSs exhibited different
substrate specificities compared to those of the native PS or IL1-PS; the TAC1-

Fig. 18 IL type coating
materials for Bukholderia
cepacia lipase (lipase PS)
activation

Fig. 17 PL1-PS-catalyzed acylation of 1-phenylethanol in an IL solvent system
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coated lipase PS (TAC1-PS) was especially suitable for the transesterification of
1-(pyridin-2-yl)ethanol, 1-(pyridin-3-yl)ethanol, 1-(pyridin-4-yl)ethanol, and (E)-4-
phenylbut-3-en-2-ol [73].

The authors also reported the cooperative activation of amino acids with TAC1.
Interestingly, L-methionine (L-Met) was found to be the best partner with TAC1
[73], though the best reactant of IL1 was L-proline [67]. As shown in Fig. 19, the 1:1
mixture of TAC1 with L-Met provided the highest activation, and the reaction rate
reached 1,200 mM/h/mg enzyme, which was superior to that of IL1-PS. On the
other hand, the increased or decreased amount of the amino acids (both L-Met and
L-Asp) caused a significant drop in the reaction rate (Fig. 19) [73]. The combination
of the amino acids contributed to increasing the Kcat value that agrees with the
previously reported results [67].

Nishihara prepared three types of triazolium cetyl-PEG10 sulfate ionic liquids,
Tz1, Tz2, and Tz3, and investigated their properies for activation of lipase PS, and
they revealed that both the reaction rate and enantioselectivity were strongly mod-
ified by the triazolium type IL coating [74].

Itoh’s group reported the results of designing IL solvents suitable for recycling
use of their IL-coated enzyme [75–77]. Abe et al. found that [P444MEM][Tf2N] was
suitable for the reaction of 1-phenylethanol (1a). On the other hand, [N221MEM]
[Tf2N] or [P444MEM][Tf2N] gave similar results when (�)-4-phenylbut-1-en-3-ol
(26) was subjected to the reaction (Fig. 20) [77]. Using these ILs, they accomplished
the recycling use of IL1-PS with higher reaction rates compared to those in i-
Pr2O. The authors observed increased Kcat values for these ILs compared to those
in i-Pr2O, although the viscosities of these ILs were ca. 200~300 times higher than i-
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Pr2O [77]. These results indicated that the catalytic activity of the lipase is indepen-
dent of the mass transfer rate of the substrate in the solvent system [77].

Nishihara et al. recently reported amazingly successful results of the recycling use
of their IL-coated enzyme in in the [N221MEM][Tf2N] solvent system. They prepared
triazolium cetyl-PEG10 sulfate ILs, Tz1, Tz2, and TZ3 (Fig. 18), and found that
Tz1-PS exhibited excellent results when the enzyme was used as a catalyst for the
transesterification of 1-phenylethanol (1a) in [N221MEM][Tf2N], almost the same
activity as that of the freshly prepared one even after storing for 2 years in
[N221MEM][Tf2N] (Fig. 21) [74]. These results indicated the possibility of IL engi-
neering for enzyme stabilization.

What is the origin of the increased activity of a lipase by the ILs? It is known that
the lipase PS protein has a lid part consisting of hydrophobic amino acid chains that
covers the entrance portion of the enzyme. Kazlauskas et al. reported that treatment
by i-PrOH of the C. rugose lipase through lyophilization altered the lid part to an
open form with resulting activation of the enzymatic reaction [78]. Since then,
numerous examples have been reported that the reactivity of the lipases depended
on the lid part [79–83]. Quilles et al. also reported that the activation phenomenon
was observed when the lipase from Thermomyces lanuginose or C. antarctica was
treated with a surfactant [84]. Interaction of the IL against this lid might therefore

Fig. 20 IL1-PS- catalyzed
acylation in different IL
systems
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play an important role in activation of the enzyme. Because IL1 has an amphiphilic
property, this might contribute to concentrating the hydrophobic substrate on the
enzyme proteins that are located in the lid, so that the initial acceleration of the rate
may be realized. MD simulation of the structural and dynamic features of a lipase
from C. rugose in various reaction media indicated that the ILs influence both the
enzyme structure and the dynamics of the protein [85]. Kurata et al. reported that the
enzyme stability depended on the ratio of the α-helix and β-sheet of the enzyme
protein; the former decreased and the latter increased in the ILs and caused deacti-
vation [86]. Byrne et al. reported that the pH of the reaction mixture had a significant
impact on the stability of the T. lanuginosus lipase. The authors also reported that
ILs, which have a high hydrogen bonding basicity (β-value on Kamlet-Taft para-
meter over 0.8), caused a significant denaturation of the enzyme protein [87].

There exist numerous water molecules on the surface of the enzyme, and the
water molecules play an important role in maintaining the motion flexibility of the
enzyme protein and displaying the enzyme activity [88]. It was reported that
enhancing the rigidity of the flexible segment within the active site was important
for improving the enzyme kinetic stability [89–91]. As already described, it has been
established that ILs, which have alkyl PEG sulfate anions, work as excellent

Fig. 21 Recyclable system
of Tz1-PS using [N221MEM]
[Tf2N] as a solvent. Picture
in this figure reproduced
with permission from
[74]. Copyright 2018 Royal
Society of Chemistry
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activating agents of the B. cepacia lipase. Because the alkyl PEG moiety is essential
to increase the reaction rate, it is assumed that the alkyl PEG moiety in the IL1 binds
with the bottom portion and prevents removal of these surface water molecules, thus
contributing to the improved flexibility of the enzyme. It had therefore been spec-
ulated that these two factors might be simultaneously improved by an appropriate
design of the coating materials and reaction medium.

Kim et al. investigated the relationship between the enhanced activity of lipase B
from C. antarctica and its molecular structure, and the authors proposed the follow-
ing role of the cations of the ILs in the enzyme activity [92]: (1) the size of the cation
and anion are comparable and show a high ion coordination number, so that the
anion can promote the interaction between the gating residues of the enzyme and,
consequently, the closing of the catalytic cavity which might provide a poor enzy-
matic activity, and (2) in the case of the IL which has a hydrophobic substituent, the
IL has a strong interaction with the hydrophobic amino acid residue which results in
the disruption of an α-helix and causes a very large cavity opening where anions can
diffuse in and destabilize the catalytic trial [92]. For more detailed discussions, see
recent review [9].

4 Future Perspective of Using ILs for Enzymatic Reactions

The use of ILs as reaction media changes the kinetics of the chemical reactions
compared to those in aqueous or classical molecular solvents. Replacement of the
reaction media from classical organic solvents or water by ILs in industry has
unfortunately still not been realized. In order for ILs to become more popular, the
key is how to reduce the amount of the ILs used, at the same time obtaining a certain
benefit. The fields we should focus our investigation for utilizing the ILs in biotech-
nology in the future are discussed. Two properties of the ILs might become very
important as research projects in this field.

4.1 Stabilizing Ability of ILs Toward Enzymes

As already mentioned, there is a possibility of an enhanced stability of a protein by
an IL-coating; in fact, the ionic liquid-coated lipase is very stable in an IL or
conventional organic solvent in the absence of substrates [62, 74]. Gutiérrez et al.
reported interesting results from the application of ILs with microbes; the authors
using a freeze-drying process for the incorporation of bacteria in DES in its pure
state. This process allowed the outstanding preservation of the bacteria integrity and
viability [93]. Brogan and Hallett demonstrated that engineering the surface of a
protein to yield protein-polymer surfactant nano-constructs allows for dissolution of
the dry protein into dry ionic liquids [94]. The authors have shown that this method
can deliver protein molecules with a nearly native structure into both hydrophilic and
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hydrophobic anhydrous ionic liquids and the protein stability significantly increases
in the ionic liquid.

4.2 Importance of ILs as Enzyme Activating Agent

The viscosities of many ILs are at least several hundred times higher than that of
conventional organic liquids, such as i-Pr2O, toluene, and hexane. However, the
reaction rates of an ionic liquid coated IL (IL1-PS)-catalyzed transesterification of
many secondary alcohols in the IL reaction media were superior to those of organic
liquids. These results clearly indicated that the catalytic activity of the lipase is
independent of the mass transfer rate of the substrate in the solvent system [83].

ILs obviously offer a high potential to replace classic flammable and toxic organic
solvents. However, replacement of the reaction media from classical organic sol-
vents or water to ILs in industry has not been realized to date. It is thought that one
serious barrier might be the high viscosity of the ILs, because complete replacement
of the reaction process is needed to use these viscous solvents. It is therefore believed
that the importance of ILs should be highlighted not as solvents but as the controlling
agents of enzymes. In such cases, we need only small quantities of the ILs and no
modification of the present reaction process. Although successful examples have to
date been limited only to lipases, it is believed that this methodology might become
more important in the future. In the chemical industry field, the same trend is
observed; investigations of using ILs as a solvent of chemical reactions have
decreased. Instead, supported ionic liquid (SILP) catalysis [95] has currently
attracted strong interest and has reached a practical level [96].

5 Conclusion

The activating method of the lipase-catalyzed transesterification using ionic liquid
technology was chosen as the main topic of this review. An ionic liquid has a certain
advantage over conventional organic solvents because the solvent makes it possible
to use the enzyme repeatedly and has lower volatility and lower flammability. As
already mentioned, the phosphonium ionic liquid and ammonium ionic liquids,
which have alkylether moieties, worked as excellent reaction media for lipase-
catalyzed transesterification, especially for ionic liquid-coated lipase. We can
recover the ILs and repeatedly use them following a simple purification after the
reaction. In fact, we always recycle our ionic liquids after the reaction and have not
wasted any in the past. We are still using several ionic liquids that have more than an
18-year history. Innovation of the reaction medium used in a chemical reaction can
provide a breakthrough and this is true, even in enzymatic reactions. It is hoped that
this chapter may provide encouragement for the reader’s research.
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Glossary

[C2mim]+ 1-Ethyl-3-methylimidazolium
[C4mim]+ 1-Butyl-3-methylimidazolium
[C4dmim]+ 1-Butyl-2,3-dimethylimidazolium
[HOPmim]+ 1-Methyl-3-(3-hydroxy)propylimidazolium
[3-Ph-C3mim]+ 1-Methyl-3(3-phenylpropyl)imidazolium
[C16tam]+ N-Cetyl-N,N,N-trimethylammonium
[Me(OCH2CH2)3-Et-Pip]

+ Ethyl (2-(2-methoxyethoxy)ethoxy)ethylpiperidin-1-ium
[Me(OCH2CH2)3-Et3N]

+ Triethyl (2-(2-methoxyethoxy)ethoxy)ethylammonium
[Me(OCH2CH2)3eim]+ 1-Ethyl-3-(2-(2-methoxyethoxy)ethoxy)ethylimidazolium
L-Pro-Me (S)-1-Butyl-2-methyl-3-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium
L-Pro-H (S)-1-Butyl-3-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium
D-Pro-H (R)-1-Butyl-3-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium
D-Pro-Me (R)-1-Butyl-2-methyl-3-(pyrrolidin-2-ylmethyl)-1H-imidazol-3-ium
[N221MEM]

+ N,N-Diethyl-N-methyl-N-(2-methoxyethoxymethyl)ammonium
[N2222]

+ N,N,N-Tetraethylammonium
[P444ME]

+ Tributyl(2-methoxyethyl)phosphonium
[P444MEM]

+ Tributyl(2-methoxyethoxyethyl)phosphonium
[TAC1]+ Tris(diethylamino)cyclopropenium
[TEA]+ N,N,N,N-Tetraethylammonium
[PP22]

+ N,N-Diethylpiperidinium
[Tz1]+ 1-Butyl-3-methyltriazolium
[Tz2]+ 1-Benzyl-3-methyltriazolium
[Tz3]+ 1-Butyl-3-methyl-5-(hydroxymethyl)triazolium
[OAc]� Acetate
[BF4]

� Tetrafluoroborate
[NO3]

– Nitrate
[OTf]� Trifluoromethanesulfonate
[Tf2N]

� Bis(trifluoromethylsulfonyl)amide. [Tf2N] is widely known as “bis
(trifluoromethylsulfonyl)imide.” However, “imide” means “an amido compound
which is connected with two carbonyl groups,” so [Tf2N] should be labelled as
“bis(trifluoromethylsulfonyl)amide” according to the IUPAC rule

ISCB1 Potassium 3,5-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethoxy)benzoate (ISCB1)
IL1 1-Butyl-2,3-dimethylimidazolium 3,6,9,12,15,18,21,24,27,30-decaoxacetyltriacontyl

sulfate (cetyl-PEG10 sulfate)
DES Deep eutectic solvent
AMMOENG 102™ See Fig. 22
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Abstract The use of whole-cell biocatalysis in ionic liquid (IL)-containing systems
has attracted increasing attention in recent years. Compared to bioreactions catalyzed
by isolated enzymes, the major advantage of using whole cells in biocatalytic
processes is that the cells provide a natural intracellular environment for the enzymes
to function with in situ cofactor regeneration. To date, the applications of whole-cell
biocatalysis in IL-containing systems have focused on the production of valuable
compounds, mainly through reduction, oxidation, hydrolysis, and transesterification
reactions. The interaction mechanisms between the ILs and biocatalysts in whole-
cell biocatalysis offer the possibility to effectively integrate ILs with biotrans-
formation. This chapter discusses these interaction mechanisms between ILs and
whole-cell catalysts. In addition, examples of whole-cell catalyzed reactions with
ILs will also be discussed.
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Abbreviations

Cations

[Bmim] 1-Butyl-3-methylimidazolium
[BP] 1-Butyl-1-pyrrolidinium
[BPy] N-butyl-pyridinium
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[C2OHmim] 1-(20-hydroxyl)ethyl-3-methylimidazolium
[CABHEM] PEG-5 Cocomonium
[Emim] 1-Ethyl-3-methylimidazolium
[EtOHNMe3] 2-Hydroxy ethyl trimethyl-ammonium
[Hmim] 1-Hexyl-3-methylimidazolium
[HMPL] 1-Hexyl-1-methylpyrrolidinium
[NMeOct3] Methyltrioctylammonium
[Omim] 1-Methyl-3-octylimidazolium
[P6,6,6,14] Trihexyltetradecylphosphonium
[Pmim] 1-Propyl-3-methylimidazolium

Anions

[BF4] Tetrafluoroborate
[E3FAP] Tris(pentafluoroethyl)trifluorophosphate
[ES] Ethylsulfate
[MDEGSO4] Ethylenglycolmonomethyl-ethersulfate
[Me2PO4] Dimethyl phosphate
[MS] Methylsulfate
[NO3] Nitrate
[OS] Octylsulfate
[PF6] Hexafluorophosphate
[Tf2N] bis[(Trifluoromethyl)sulfonyl]mide
[TfO]� Trifluoromethanesulfonate
[TOS] Tosylate

1 Introduction

Ionic liquids (ILs) are organic salts that consist of ions and are liquids at room
temperature. ILs are generally considered to be green alternatives to traditional
volatile organic solvents due to their unique physicochemical properties, such as
negligible vapor pressures, low melting points, varying viscosities, larger electro-
chemical windows, thermal stability, and ability to dissolve a variety of materials
[1]. In addition, the physical properties of ILs, such as polarity, hydrophobicity, and
solvent miscibility behaviors, can be finely tuned through appropriate modification
of the cations and anions; thus, they have been referred to as “designer solvents” for
various applications [2]. ILs have been widely used in analytical chemistry [3–6],
electrochemistry [7–10], gas separation and purification [11–19], and biotechnology
[20–28].

Applications of ILs in biotcatalysis have been extensively studied during the past
decade, with a strong focus on catalysis using isolated enzymes, which remain
active in ILs and exert good performance. There are several role models in biocat-
alytic process with ILs. Thus far, ILs have been used as pure solvents, co-solvents in

Whole-Cell Biocatalysis in Ionic Liquids 107



the aqueous phase, biphasic systems together with other solvents, and even with
combinations of polymers for the enhancement of both chemical and enzymatic
reactions. The beneficial effects of ILs on enzymatic activity and selectivity are
partly attributed to the high polarity of these solvents, with the ability to increase the
solubility of polar substrates while the biocatalyst exhibits high activity. The
influence of ILs on the structure, activity, stability, and selectivity of isolated
enzymes, as well as the applications of enzymes in such media, have been exten-
sively reviewed.

Much attention has been paid to the whole-cell-based biocatalytic process in ILs
in recent years. However, compared to enzymatic catalysis, studies of whole-cell
biocatalysis in the presence of ILs have been less well explored. To date, the use of
ILs in whole-cell processes has been mainly limited to “extraction fermentation” or
“biphasic transformation” processes, in which water-immiscible ILs act as a sub-
strate reservoir and in situ extractant for the removal of toxic products to avoid
inhibition of the cells. In such applications, the IL phase can generally be recycled
without loss of productivity of the process, thus making the use of an IL econom-
ically feasible. Moreover, another one of the major advantages of using whole cells
rather than isolated enzymes biocatalysts is that they are able to regenerate efficiently
expensive cofactors in redox reactions. In addition, the cells provide a natural envi-
ronment for the enzymes, preventing denaturation and conformational changes in the
protein structure that may lead to loss of activity in nonconventional reaction media,
such as ILs. Furthermore, there is no need for costly enzyme purification in whole-
cell processes.

Whole-cell biocatalysts exhibit an increased stability and additional benefits
compared with isolated enzymes. Unfortunately, ILs are reported to have toxic
effects on bacteria, yeasts, and fungi, which are limitations of the biotransformation
applications. Therefore, an understanding of the mechanisms of the effects of ILs on
microorganism cells is necessary to reveal possible approaches to enhance the
biocatalysis yield; this research area has thus attracted much attention and interest
in recent years [29–31]. The applications of ILs in whole-cell biocatalysis are
summarized in this chapter. The characteristics of ILs in whole-cell catalysis are
also discussed, including the effects of IL properties on the microbial cells, sub-
strates, and products involved in synthesis reactions; interactions between ILs and
microbial cells; and typical whole-cell biotransformation reactions in ILs.

2 Characteristics of Whole-Cell Catalysts in Ionic Liquids

Various kinds of anions and cations available for use as ILs have been studied so far.
Newly designed ILs are being developed into green solvents, with the range of their
applications expanding enormously. There are approximately one trillion (1018)
accessible ILs. However, only a few ILs can be used for biotransformation. The
structures of some cations and anions commonly used in whole-cell biocatalysis are
summarized in Fig. 1.

108 N. L. Mai and Y.-M. Koo



Composition and structure type are the key factors affecting the physicochemical
properties of ILs, together with biological performances. Moreover, the tunable
properties of ILs vary with modified structures. Compared with conventional organic
solvents, ILs are beneficial and indispensable alternatives to organic solvents. The
properties of ILs have been described in a number of publications [1, 32]. The most
important of these properties for whole-cell biotransformation are the melting point,
viscosity, density, and polarity.

ILs have a low melting point, which is determined by the types of cations and
anions. The melting point of ILs is much lower with weaker molecular interactions,
lower structural symmetry, and uniformly distributed cation/anion charges. In addi-
tion, ILs have a broad temperature window at or below 300�C, in which condition
they remain as liquids [33]. In light of the importance of temperature to micro-
organism growth conditions, ILs with an equal melting point must be developed and
employed.

Most ILs are much more viscous than organic solvents. The viscosity of ILs is
usually affected by the strong intermolecular forces between solvent molecules, the
alkyl chain length, organic co-solvents, and water. For ILs, the strong forces are their
inherent charge–charge interactions; van der Waals forces also exist between mol-
ecules. The reducing van der Waals interactions can cause slightly lower viscosity by
reducing the surface area of the molecules [34]. ILs are less viscous in the presence
of water or organic co-solvents because the hydrogen bonding and strength of their
van der Waals interactions are lower. However, ILs with longer alkyl chains exhibit
much higher viscosity than those with shorter chains on the cation [20]. Because the
use of a viscous IL-containing medium causes some operations (including mixing,
filtrating, and other mass transfer) to be more difficult and inhibits the metabolism of
cells, less viscous ILs need to be designed for wide applications.

Fig. 1 Structure of common ionic liquid cations and anions used in whole-cell biotransformation
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The density of ILs (ranging from 1.1 to 1.6 g cm�3) is generally larger than that of
typical solvents or water. The higher density allows ILs to be separated from
aqueous cell-containing phases [26]. Very slight differences of structure can result
in changes of density. In many cases, the density decreases by the reduced volume of
the anion or the increasing alkyl chain length of the cation. This is related to mass
transfer in reaction systems, and ILs with designed structure and density are bene-
ficial for cell biotransformation.

Polarity is one of the most important properties of ILs. In general, solvents with
high polarity can affect the enzymes and microbial cells, resulting in enzyme activity
reduction or deactivation. On the contrary, ILs with high polarity can make enzymes
stable and selective, leading to an increased reaction rate. Because ILs have the
ability to dissolve many polar or nonpolar substances, they can be used in both
hydrophilic substrate reactions and hydrophobic substrate reactions [35, 36]. How-
ever, it is difficult to define the polarity of one kind of ILs, because different results
can be observed when it is determined based on the shift of the charge-transfer
absorption band of a solvatochromic probe, such as Reichardt’s dye and Nile red dye
[37, 38]. Methods with partitions and fluorescence probes have also been used to
determine polarity [39]. All the results revealed that ILs are polar, with a polarity
between that of water and some alcohols. However, the polarity varies with the
structure changes of cations/anions and decreases with an increase of the alkyl chain
length. In cell biotransformation, the polarity is essential to mass transfer. An IL with
shorter alkyl chains on the cation has higher polarity and lower viscosity at the same
time. Such an IL helps to accelerate the catalysis reactions. However, it is uncertain
whether the viscosity and the polarity changes affect the changing reaction rate
together or separately. The viscosity change may be the key factor because the
viscosity is affected by the alkyl chain length more. In addition, the polarity of ILs is
sometimes susceptible to water and temperature [40]. Furthermore, the presence of
water can affect the properties of ILs. However, the solubility of water in ILs varies
depending on the types of anions that are present. This effect should be taken into
consideration when ILs are used for biotransformations in culture broths with
cells [30].

In whole-cell biotransformation, ILs used in the media have inevitable effects on
the microorganism cells. In general, ILs directly affect cell membrane permeability
and hence can inhibit or activate the growth of cells. In addition, ILs can affect the
environment surrounding the cells or interact with the substrates involved in the
biotransformation, as depicted in Fig. 2 [30].

2.1 Interactions of Ionic Liquids with Cells in Whole-Cell
Biocatalysis

2.1.1 Toxicity Toward Microorganism Cells

Although ILs are generally regarded as “green” solvents, their toxicity to micro-
organisms has been reported as a key drawback for whole-cell applications. A
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number of studies have evaluated the toxicity of ILs towards microorganism cells.
For example, Wood et al. studied the toxicity of more than 90 ILs from diverse
structural classes toward Escherichia coli using high-throughput methods, including
agar diffusion tests and growth inhibition tests in liquid media. A wide range of ILs
containing imidazolium, pyridinium, quaternary ammonium, alkanolammonium,
and quaternary phosphonium cations, combined with a diverse range of anions,
were screened. In general, imidazolium salts with short alkyl chains were relatively
non-toxic, especially when paired with alkyl sulfate anions. Methylpyrrolidinium
salts were also very promising, whereas water-miscible quaternary ammonium salts
were generally toxic. However, there was evidence that increasing the alkyl chain
length increased their toxicity [41]. Similar relationships between increasing lengths
of the alkyl chain/lipophilicity of the imidazolium cation and the increasing toxicity
of the ILs have been widely reported elsewhere [42, 43]. The hydrophobicity, which
corresponds to the increasing alkyl chain length on the IL cation, is found to induce
rising toxicity. In comparison to some commonly used industrial solvents such as
phenol, toluene, and benzene, the octyl- and hexylsubstituted ILs are more toxic.
Apart from the alkyl chain length of the cation in ILs, the anion was also found to be
crucial for the toxicity against different microorganisms. For example, Santos et al.

Fig. 2 Possible interactions of ILs with cells in whole-cell biotransformation. Some ILs may affect
the cell microstructure and lead to cell growth inhibition/cell death (A) or increase of cell growth
(B). Some ILs interact with the surrounding environment and accelerate the mass transfer and
reaction rate (C). Figure was adapted from ref. [30]
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investigated the toxicity of various ILs to nine microorganisms of interest to the food
industry. The authors found that ILs containing choline as the cationic moiety were
more biocompatible because they allowed the growth of all the studied microorgan-
isms, whereas the [Tf2N] anion-based ILs showed serious toxicity [44].

2.1.2 Effects on Cell Membrane Permeability

Cell membrane permeability is an important factor in the efficiency of whole-cell
biocatalytic processes [29]. The interaction of ILs with the phospholipid bilayer and
the increase in membrane permeability as cells are exposed to ILs have been
confirmed [45, 46]. ILs may be able to increase cell membrane permeability and
thus allow substrates and products to diffuse more readily into and out of the cells,
resulting in acceleration of biocatalysis [47]. Conversely, a loss of membrane
integrity could reduce cell viability, compromise cell metabolism, and diminish
biocatalytic reaction yields [29, 48].

Evan et al. used a supported phospholipid bilayer formed by
1,2-dielaidoylphosphocholine (DEPC) and 1,2-dimyristoylphosphoglycerol on dif-
ferent supports and large unilamellar vesicles of DEPC to investigate the interactions
between ILs and cell membranes [49–51]. The study’s results demonstrated that the
instability of a fluid bilayer increased as the length of the alkyl group of the cation
increased. The large unilamellar vesicles were mostly stable in the presence of the
anions, as evidenced by continued retention of encapsulated materials. In the case of
a 1-butyl-3-methylimidazolium cation (100–1,500 mM), size measurements
revealed that encapsulated material was released through small holes in the bilayer.
However, total vesicle disruption was the release mechanism in the case of 1-hexyl
or octyl-3-methylimidazolium above 200 mM. The cations of some ILs clearly act as
short-chain surfactants, potentially disintegrating a phospholipid bilayer, such as a
cell membrane. The effects of the different anions commonly found in ILs were also
tested on the bilayer. [BF4] and [PF6] did not induce any leakage, suggesting that
these anions do not interact with the lipid bilayer. However, [Tf2N] showed small
and unstable defects in the lipid bilayer at concentrations of 500 mM [49].

Bräutigam et al. investigated the effects of imidazolium-based ILs on the mem-
brane integrity of recombinant E. coli in a continuously stirred reactor. The results
showed that [PF6] anions affected the cell membranes of E. coli marginally, which
decreased the membrane integrity only to 70% compared with 95% in a pure
aqueous system after 5 h of incubation. In contrast, [Tf2N] anions seemed to be
more toxic to the cell membrane. The most negative effect was measured for ILs
with [E3FAP] anions [45].

Xiao et al. studied the effects of various ILs on the cell membrane permeability of
Acetobacter sp. CCTCCM209061 [52]. The changes in the A260 and A280 values –
indicators of the release of intracellular components (presumably mostly nucleic
acids and proteins) into the medium after removal of the cells – were taken as a
measure of the ILs’ effects on the cell membrane permeability. Different types of ILs
had distinctly different effects on the permeability of the cell membrane. With [BF4]-
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based ILs, A260 and A280 values due to the release of cellular components were
relatively high, suggesting that these ILs greatly increased cell membrane perme-
ability. However, in the presence of these [BF4]-based ILs, the cells had very poor
catalytic activity. Thus, it appeared that the [BF4]-based ILs damaged the cell
membrane too seriously to maintain effective catalytic activity of the cells. Among
all the ILs investigated, the greatest cell membrane integrity and the lowest A260 and
A280 values were recorded for [EOHmim][NO3], which also gave the best catalytic
performance of the cells. Thus, a moderate increase in cell membrane permeability
appeared to enhance the reaction efficiency whereas a large increase in permeability
would put an irreversibly activity-lowering effect on the cell.

2.2 Effect of Ionic Liquids on Enzymes Within Microbial
Cells

Because ILs can permeate through the cell membrane, they can they can interact with
enzymes within the cell. However, the effects of ILs on intracellular enzymes are
inevitable. For example, Lou et al. used fluorescence microscopy analysis and
showed that ILs could enter Rhodotorula sp. AS2.2241 cells and accumulate inside
the cell membranes, where the redox enzymes distributed, indicating that ILs might
influence the catalytic performances of the intracellular enzymes [47]. Subsequently,
several researchers further demonstrated that ILs significantly affected the enzyme
systems present in Aspergillus nidulans cells and consequently led to a change in the
metabolism of intracellular chemicals [53–56]. For example, the exposure of
A. nidulans to [Emim][Cl] not only led to the accumulation of proteins involved in
stress response and autolysis, but it also altered the expression of proteins involved
in carbohydrate and energy metabolism [56]. Similarly, it was also observed that the
IL [Amim][BF4] affected the expression of enzyme genes present in Vibrio
qinghaiensis sp.-Q67 cells, where several genes expressing luciferase, superoxide
dismutase, and catalase were upregulated in a time-dependent hormesis manner
[57]. These observations clearly indicate that ILs could affect the enzymes present
in microbial cells at the gene level. However, the specific effects and detailed
mechanisms of ILs on the intracellular enzymes involved in biocatalysis remains
largely unknown.

2.3 Effect of Ionic Liquids on Substrate and Product Partition
Coefficients

Pfruender et al. have proposed that the equilibrium distribution coefficients of sub-
strates and products are important, together with data about the toxicity of ILs, in
predicting the process efficiency of whole-cell biocatalysts in IL/aqueous systems
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[58]. Investigating the reduction of 4-chloroacetophenone to (R)-1-(4-chlorophenyl)
ethanol (1-4-Cl-PE) catalyzed by Lactobacillus kefir as a model reaction, they
calculated that systems containing organic solvents (e.g., an aqueous:decane
biphasic system) would have diminished yield because of the low distribution
coefficient (log D) value for the product 1-4-Cl-PE (1.54) between the aqueous
phase and decane – which meant that in a 20% solvent setup, approximately 11.5%
of the product was lost because it remained in the aqueous phase. With [Bmim]
[Tf2N] as the cosolvent, the log D value was substantially greater (2.03); this loss
would account for only 3.7%.

In addition, greater partitioning of toxic substrates and products into the IL phase
could reduce the effect of such toxic compounds on the cells, as well as alleviate any
substrate or product inhibition observed in monophasic aqueous systems
[59, 60]. Partition coefficients in biphasic systems containing ILs are a function
both of the IL and the chemical nature of the substrates and products. Larger partition
coefficients, in favor of the increased partitioning of the substrate and product into
the IL phase, correlated with greater biocompatibility of the IL with the cells and
overall biocatalytic process efficiency [61].

3 Whole-Cell Catalyzed Transformations in Ionic
Liquid-Containing Systems

To date, most of the studies on the use of whole-cell biocatalysts in ILs have focused
on the production of chiral compounds, obtaining high yields and enantiomeric
excess (ee) values in such reaction media, especially high substrate loading benefits
from the introduction of hydrophobic ILs to an IL/buffer biphasic system. In
addition, most of the work has involved biphasic reaction systems formed by
hydrophobic ILs with an aqueous phase. In fact, biphasic reaction systems have
certain advantages over monophasic reaction modes, such as facilitated product
isolation and recovery of the product and the IL, which make their use more
attractive. Nevertheless, some applications also involve hydrophilic ILs as
co-solvents in the aqueous phase. Most of the reactions studied in whole-cell
biocatalysis involving ILs are asymmetric reductions of ketones by oxidoreductases
for the production of chiral alcohols. This class of enzymes takes particular advan-
tage of the whole-cell approach due to its need for cofactors to perform the reduction.
Nevertheless, applications involving ILs are becoming increasingly diverse, and
various reactions have been investigated in ILs using whole-cell catalysts. In addi-
tion, the cells used as catalysts cover a wide range of microorganisms, including
bacteria, yeasts, and filamentous fungi. Here, whole-cell catalyzed reduction, oxi-
dation, hydrolysis, and transesterification reactions in ILs are discussed.
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3.1 Reduction Reactions

The first study of whole-cell biocatalysis with ILs was reported by Cull et al. in 2000.
In their study, the reduction of 1,3-dicyanobenze (1,3-DCB) to 3-cyanobenzamide
(3-CB) using the bacteria Rhodococcus R312 was investigated in a biphasic system
containing an aqueous buffer and water-immiscible ILs (Scheme 1). The production
of 3-CB in buffer/IL was optimized and compared with a standard buffer/organic
solvent system (toluene). The biotransformation of 1,3-DCB in both buffer/toluene
and buffer/[Bmim][PF6] systems showed similar profiles for the conversion of
1,3-DCB initially to 3-CB and then 3-cyanobenzoic acid. However, the initial rate
of 3-CB production in the buffer/[Bmim][PF6] system was somewhat lower due to
the reduced rate of 1,3-DCB mass transfer from the more viscous [Bmim] [PF6]
phase. It was also shown that the specific activity of the biocatalyst in the buffer/
[Bmim] [PF6] system was almost an order of magnitude greater than in the buffer/
toluene system, which suggests that the rate of 3-CB production was limited by
substrate mass transfer rather than the activity of the biocatalyst. Moreover, in the
buffer/toluene system, cells were found to aggregate near the interface, leading to the
formation of stable emulsions, which were not found with the solvent system
containing IL. Hence, the use of an IL in place of an organic solvent could simplify
downstream separations [62].

Howarth et al. reported preliminary results from the asymmetric reduction of a
range of aliphatic and cyclic ketones to corresponding alcohols (Scheme 2) with
immobilized baker’s yeast in a biphasic medium with [Bmim][PF6]. Yeast cells were
immobilized in calcium alginate beads for quicker separation of the cells by filtra-
tion. A high volume ratio of ILs to water (10:1, v/v) was used. The yields and
enantiomeric excess value from the biotransformation in aqueous-IL media were
compared to the results with different organic solvents (hexane, benzene, toluene,
petroleum ether, and carbon tetrachloride), as published in the literature. For some of
the systems, higher yields were obtained with the IL than with organic solvents [63].

Pfruender et al. demonstrated the application of ILs as a substrate reservoir and in
situ extracting agent in an efficient multiphase process for the whole-cell-catalyzed
synthesis of fine chemicals exemplified by the asymmetric reduction of
4-chloroacetophenone to (R)-1-(4-chlorophenyl)ethanol with Lactobacillus kefir
(Scheme 3). Among the tested ILs, [Bmim][Tf2N] gave higher product yields
(92.8%); the yield was 88.2% with the other ILs. These yields were two times
higher than those obtained in the monophasic aqueous system, which suffers
from both substrate and product toxicity (88–93% vs. 46%). Yields using the

Scheme 1 Reduction of
1,3-dicyanobenze
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organic solvent methyl-tert-butyl-ether (MTBE) were very low at 4%, which indi-
cates that cell viability with MTBE was very low. Moreover, the reduction of
4-chloroacetophenone to (R)-1-(4-chlorophenyl)ethanol with high product concen-
tration (82 g L�1) and purity (99.6% ee) were achieved in an IL-containing system
without the addition of cofactors and without damaging the biocatalyst [58]. In their
extended study, [Bmim][PF6], [Bmim][Tf2N], and [NMeOct3][Tf2N] were tested for
their biocompatibility towards E. coli and Saccharomyces cerevisiae for the reduc-
tion of ketones to their corresponding enantiopure alcohols. Together with previ-
ously published results, it is shown that these water-immiscible ILs do not damage
microbial cells. Thus, they can be used as a substrate reservoir and in situ product
extracting agent for biphasic whole-cell biocatalytic processes, replacing organic
solvents and thereby increasing process efficiency [64].

Matsuda et al. investigated the asymmetric reduction of o-fluoroacetophenone to
(S)-1-(o-fluorophenyl)ethanol in both hydrophilic ([Emim][BF4]) and hydrophobic
([Bmim][PF6]) ILs using immobilized dried cells of Geotrichum candidum IFO
5767 (Scheme 4) [65]. They demonstrated the important role of minimal quantities
of water in ILs for whole-cell catalysts. Neither of the reaction systems showed
conversion of the substrate after 16 h when the dried cells were added into the pure
ILs. To improve the activity, water was added to the reaction mixture, then the yield
increased drastically to give (S)-1-(o-fluorophenyl)ethanol in [Bmim][PF6], while
the reaction in [Emim][BF4] did not proceed. The difference in yield between
the two reactions can be attributed to the difference in the water miscibility: Water
is not miscible with [Bmim][PF6]; thus, the water and ILs form two separate layers
(a two-layer reaction), while [Emim][BF4] is completely miscible with water. The
results imply that the water layer around the cell is necessary for the reaction to
proceed. Therefore, to create the water layer in [Emim][BF4], a water-absorbing
polymer was added to the mixture of water and cells to immobilize the cell around
the polymer physically. This guaranteed the presence of a minimal quantity of water

Scheme 2 Reduction of ketones

Scheme 3 Reduction of 4-chloroacetophenone
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near the biocatalyst. Indeed, using this setup, the reaction system with [Emim][BF4]
reached a very satisfying 96% yield. In addition, even for the reaction system with
water-immiscible ILs, the yield increased from 84% to 92% when using the cells
immobilized on the water-absorbing polymer. This observation was related to the
increased surface area between the ILs and the water layers. Finally, the polymer
might also stabilize the pH and thereby create more favorable reaction conditions.
Selectivity was constantly very satisfying, with enantiomeric excesses >99% when-
ever the reduction was observed.

To confirm the success of this reaction setup, other ILs and substrates were tested.
The yield was strongly affected by the anions: [PF6] and [BF4] anions gave the
highest yield (88–96%), the [Tf2N] anion gave moderate yield (49–61%), whereas
sulfur functionality anions (i.e., [TfO], [MS], and [ES]) resulted in a reaction that
hardly proceeded. However, the kind of imidazolium cation did not affect the
reaction outcome. The hydrophobic property of ILs also did not relate to the yield
when the cell was immobilized on a water-absorbing polymer, although it strongly
affected the yield of the reaction that did not use a water-absorbing polymer. In
addition, the reduction of acetophenone derivatives (e.g., benzyl acetone,
2-hexanone, β-keto ester, fluorinated epoxy ketone) showed that G. candidum
immobilized on a water-absorbing polymer accepts a large variety of substrates
with moderate to excellent yield and enantioselectivity.

Lou et al. investigated the effects of several reaction-engineering parameters on
the reduction of acetyltrimethylsilane to enantiopure (S)-1-trimethylsilylethanol
catalyzed by immobilized S. cerevisiae cells in IL-containing media [66]. The results
demonstrated that [Bmim][PF6] and [Bmim][BF4] can markedly boost the activity
and the stability of the immobilized cells. The reaction temperature, buffer pH, and
substrate concentration were optimized. Under optimal conditions, the initial reac-
tion rate, maximum yield, and product enantiomeric excess were 63.4 mM h�1,
99.9%, and >99.9% with the [Bmim][PF6]/buffer system (1/6, v/v). The values
obtained with a [Bmim][BF4]/buffer system (10%, v/v) were 74.5 mM h�1, 99.2%,
and >99.9%, respectively, which were much higher than those achieved with either
an n-hexane/buffer (2/1, v/v), biphasic system, or aqueous buffer.

Hussain et al. investigated the reduction of 6-bromo-β-tetralone to (S)-6-
bromo-β-tetralol by yeast Trichoderma capitatum MY 1890 and baterium
Rhodococcus erythropolisMA7213 in monophasic and biphasic systems (Scheme 5)
[67]. The authors evaluated some of the physical properties of the solvents thought to
influence the outcome of the biotransformation, such as water miscibility, density,

Scheme 4 Reduction of
o-fluoroacetophenone
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and viscosity, as well as biocompatibility and substrate solubility. The aim was to
possibly correlate the observed conversions and reaction rates to these properties.
Several reaction setups were compared, including water-miscible and water-
immiscible ILs (20% v/v), as well as the reference system composed of 10% (v/v)
ethanol in the aqueous phase. The following ILs were investigated as the solvent
phase or as an additive in the biotransformation: [Emim][TOS], [NMeOct3][Tf2N],
[Bmim][BF4], [Bmim][PF6], [Bmim][MDEGSO4], [Bmim][OS], and [CABHEM]
[MS]. Only [NMeOct3][Tf2N] and [BMIm][PF6] formed a second liquid phase,
whereas the rest were used as additives or co-solvents in the process. The choice
of a monophasic (co-solvent) or biphasic system can affect the rate of reaction,
downstream processing, and product separation. The ILs were evaluated by mea-
suring the cell viabilities, initial rate of product formation, and the final substrate
conversion; these were compared with organic solvents. The bacterial cell viabilities
at a 1:1 (v/v) ratio of ILs to aqueous phase were measured by a plate count method.
The hydrophobic ILs ([Bmim][PF6] and [NMeOct3][Tf2N]) and the hydrophilic ILs
([Emim][TOS] and [Bmim][BF4]) showed >80% cell viability, compared with 10%
cell viability using 10% by volume of ethanol solution; no cell viability was
observed with toluene and the other ILs, such as [Bmim][OcSO4], [Bmim]
[MDEGSO4], and [CABHEM] [MeSO4]. Hence, by changing the anion group
from [OcSO4] to [BF4] with a [Bmim] cation, cell viability was increased. Overall,
the yeast cells seemed to have better reaction performance than bacteria. With yeast,
100% conversion was obtained with 20% volume concentration of the IL [Emim]
[TOS]. Enantiomeric excess values with ILs and 10% ethanol were similar (88%).
Substrate conversion with the water-immiscible ILs ([Bmim][PF6] and [NMeOct3]
[Tf2N]) and water-miscible [Bmim][BF4] were between 35 and 60% with low initial
rate of product formation, although the cell viabilities were >80%. The lower
conversion was attributed to the slower mass transfer rate of the substrate from the
IL phase to the aqueous phase (for the biphasic systems) and also attachment of ILs
to the cell membrane preventing effective transfer of substrate into cells. With the
bacterium Rhodococcus erthyropolis MA1392, substrate conversion was around
28% in an aqueous system with dissolved [Emim][TOS], which was higher than in
the 10% vol. of ethanol/water system. Cells were observed to form aggregates in
10% ethanol solutions; however, in [Emim] [TOS], the cells were dispersed in the
medium. Although higher cell viabilities were obtained with [Bmim][PF6], [Bmim]
[BF4], and [NMeOct3][Tf2N] compared with 10% ethanol (14%), the final conver-
sion rates were similar (7–17%). The observations made correlated only partially
with the viability measurements, indicating that the toxicity of the different solvents

Scheme 5 Reduction of
6-bromo-β-tetralone
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tested is probably one of the reasons for variations in biocatalytic efficacy, but not
the only one. No predictable relationship between the physical properties evaluated
and the activity data could be established. Cell viability data and substrate solubility
are thus apparently not sufficient to predict the efficiency of the biotransformation.
The lack of knowledge concerning the interaction of ILs with the cells and the
resulting effects on the reaction rate does not permit complete understanding of the
mechanisms taking place. The authors concluded that screening of ILs was currently
still a more viable method for applications in industry than rational selection.

Bräutigam et al. reported a systematic procedure based on physical properties to
identify more commercially available ILs exhibiting the potential to improve the
efficiency of whole-cell biocatalysis [45]. These ILs were rated by their biocompat-
ibility, their substrate- and product-specific distribution coefficients, and the
performed asymmetric reductions of several prochiral ketones, among others. With
the use of recombinant E. coli as a biocatalyst, overproducing Lactobacillus brevis
alcohol dehydrogenase and Mycobacterium vaccae N10 formate dehydrogenase for
cofactor regeneration, the great potential of asymmetric whole-cell biocatalysis in
biphasic IL/water systems was demonstrated in simple batch processes.

To identify the ILs that are suitable for biphasic biocatalysis, the total number of
commercially available ILs was narrowed down by physical properties. Obviously,
important preconditions for the application as a second liquid phase in a biphasic
process are immiscibility with water and a melting point below 30�C. An IL density
above 1.2 g/cm3 is necessary for simple and efficient phase separation after biotrans-
formation. The viscosity of ILs saturated with water should be below 400 mm2/s
due to their major impact on dispersion quality and mass transfer limitations. As a
result, nine ILs were selected for further evaluation. The results for the biocompat-
ibility of ILs and their distribution coefficients indicated that [PF6]-based ILs pos-
sessed the best qualities for use in biphasic whole-cell biocatalysis compared with
the other ILs. However, in exemplarily performed conversions of 600-mM
4-chloroacetophenone on a 1.4-mL scale, [Tf2N]-based ILs showed similarly high
yields to [PF6]-based ILs. As this example indicates, the interactions between ILs
and biocatalysts and between ILs and substrates/products (log D) aere not sufficient
for an estimation of the best-suited IL for an entire reaction system.

Bräutigam et al. applied their systematic approach to choose suitable ILs for
whole-cell biocatalysis from a larger pool of ILs (21 ILs with seven cation classes
and three anion classes) in 2009 [60]. The best results were achieved with [PF6]- and
[Tf2N]-based ILs, whereas [FAP]-based ILs showed minor qualifications. For exam-
ple, the use of [HMPL][Tf2N] as second liquid phase for asymmetric synthesis of
(R)-2-octanol resulted in a space–time-yield of 180 g L�1 d�1, a chemical yield of
95%, and an enantiomeric excess of 99.7% in a simple batch process.

Schroer et al. investigated the reduction of 2,5-hexanedione to the corresponding
(2R,5R)-hexanediol catalyzed by recombinant E. coli cells expressing an alcohol
dehydrogenase from Lactobacillus brevisi. Because the conversion of
2,5-hexanedione to 2,5-hexanediol is a two-step reaction, an excess of the
co-substrate 2-propanol is necessary to achieve sufficient regeneration of cofactors.
As a result, acetone is formed and accumulated in the system with a need to remove
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to overcome the reaction thermodynamic equilibrium (Scheme 6). The water-
immiscible ILs were used to extract acetone from the reaction system and compared
with two other in situ removal techniques. In contrast to a process without acetone
removal, where 54% yield could be reached, the yield was increased to >90% when
a pervaporation system was applied or when acetone was removed by stripping (air
sparging). The partition coefficient of the acetone in the [Bmim][Tf2N]/buffer
medium was higher than in a methyl tert-butyl ether (MTBE)/buffer medium.
However, the partition coefficient of 2-propanol in the [Bmim][Tf2N]/buffer
medium was slightly lower than in MTBE/buffer medium. Using the [Bmim]
[Tf2N]/buffer medium also improved the substrate availability to the cells. Accord-
ingly, higher yields>95% were obtained with ILs compared to only 24% in MTBE.
In addition, the stability test showed that stripping seemed to harm the recombinant
E. coli cells more, leading to only 25% relative activity. However, recombinant
E. coli in the biphasic system with ILs showed intermediate stability, with 63%
relative activity left [68].

The asymmetric reduction of ethyl 2-oxo-4-phenylbutyrate (EOPB) to synthesize
optical active ethyl 2-hydroxy-4-phenylbutyrate (EHPB) (Scheme 7) catalyzed by
S. cerevisiae in nonaqueous solvents including ethyl ether, benzene, and [Bmim]
[PF6] was investigated by Shi et al. [69]. The addition of small amounts of water
(1–3% (v/v)) to nonaqueous media resulted in the formation of (S)-enantiomer in the
IL medium (28%), whereas higher enantiomeric excess of (R)-enantiomer was
observed in benzene (80%) and ethyl ether (70%). However, in an IL–water (10:1,
v/v) biphasic system, the enantioselectivity of the reduction shifted toward the (R)-
side, and the enantiomeric excess (R) increased from 6.6% to 82.5% with the
addition of ethanol (1%, v/v). In addition, the effects of the use of ILs as additives
in relatively small amounts on the reduction were also studied. The authors found
that there is a decline in the enantioselectivity and yield of the reduction with
increasing IL concentrations in either organic solvent–water biphasic systems or
benzene.

Scheme 6 Reduction of 2,5-hexanedione with substrate-coupled cofactor regeneration
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Dipeolu et al. investigated nitro reduction by Clostridium sporogenes in water-
miscible ILs [70]. Water-miscible ILs were investigated as co-solvents. The effects
of the ILs between 0.1 and 2% (w/v) on cell growth and corresponding product
yields for the reduction of water-insoluble nitrobenzene (Scheme 8) were compared
with the results from using organic solvents, such as n-heptane and ethanol. The
results showed that 2-hydroxy ethyl trimethyl-ammonium dimethyl phosphate
([EtOHNMe3][DMP]) and N,N-dimethylethanolammonium acetate (DMEAA)
increased the growth rate of C. sporogenes by as much as 28%, suggesting that
they either metabolized or increased the availability of nutrients. By contrast,
[Bmim][BF4] and AMMOENG™ 100 inhibited growth. Although 2% w/v
[Emim][ES] inhibited growth by 58%, it was sufficiently non-toxic to allow efficient
reduction of nitrobenzene using harvested cells, providing aniline yields up to 79%.
The high product yield with reactions in [Emim][ES] represented a significant
improvement over conventional solvents because the yield was only 8% in aqueous
ethanol (4% v/v) and 45% in a biphasic heptane/aqueous system (phase ratio: 0.33).
These findings showed that a growth-inhibitory IL can provide benefits for nitro
reduction; furthermore, it is not necessary to use completely non-toxic ILs for
biocatalysis. The authors recommended that both non-inhibitory and partially inhib-
itory ILs should be screened for use in biocatalysis.

Scheme 7 Asymmetric reduction of EOPB into EHPB by Saccharomyces cerevisiae

Scheme 8 Reduction of nitrobenzene
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Lou et al. investigated the enantioselective reduction of 40-methoxyacetophenone
(MOAP) to (R)-1-(4-methoxyphenyl)ethanol (R-MOPE) by immobilized
Trigonopsis variabilis AS2.1611 cells [71] and to (S)-MOPE by immobilized cells
of Rhodotorula sp. AS2.2241 cells (Scheme 9) [47]. The reduction of MOAP to (R)-
MOPE was successfully achieved in an IL-containing medium. The hydrophilic IL,
1-(20-hydroxyl)ethyl-3-methylimidazolium nitrate ([C2OHmim][NO3]), used as
co-solvent, was biocompatible with the cells and led to only a moderate increase
in permeability of the cell membrane. Under optimized conditions, the initial
reaction rate, the maximum yield, and the product enantiomeric excess were
7.1 μmol h�1, 97.2%, and >99%, respectively, which are much higher than those
in aqueous buffers. The presence of IL in an aqueous buffer allowed the cells to
tolerate relatively high temperatures and substrate concentrations, and the
immobilized cells manifested excellent operational and storage stability [71]. Con-
versely, the biocatalytic enantioselective reduction of MOAP to (S)-MOPE was
successfully conducted in a hydrophilic IL-containing system using immobilized
Rhodotorula sp. AS2.2241 cells. Of all the tested ILs, the best results were observed
with [C2OHmim][NO3], which showed good biocompatibility with the cells and
increased the cell membrane permeability moderately, thus improving the efficiency
of the bioreduction. Under the optimized conditions, the initial reaction rate, the
maximum yield, and the product enantiomeric excess were 9.8 μmol/h gcell, 98.3%,
and>99%, respectively. The established biocatalytic system has proven to be highly
effective for the reduction of other aryl ketones. In addition, the cells exhibited
excellent operational stability in the presence of [C2OHmim][NO3]. Moreover, the
ILs can accumulate within the cells, suggesting that ILs are likely to interact with the
related enzymes within the cells [47].

3.2 Oxidation Reactions

Cornel et al. first reported the microbial oxidation of aromatic compounds in
IL-containing media [72]. In their study, toluene was oxidized to toluene cis-glycol
in a biphasic system containing ILs using recombinant E. coli expressing toluene

Scheme 9 Reduction of 40-methoxyacetophenone
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dioxygenase from Pseudomonas putida F1 (Scheme 10). Productivity in oxygenase-
catalyzed biotransformations is frequently restricted by toxicity of the substrates to
the cells. Therefore, the use of ILs in the ILs/aqueous biphasic system can overcome
the issue of substrate toxicity along with lower substrate concentrations associated
with aromatic compounds by acting as a substrate reservoir. Suitable ILs were first
identified by conducting a biocompatibility study with cells. Hydrophilic ILs such as
[Omim][Cl], [NMeOct3][Cl], and [P6,6,6,14][Cl] caused complete growth inhibition
at low phase ratios. Even though [NMeOct3][Tf2N] and [P6,6,6,14][Tf2N], inhibited
the growth of E. coli by 39% and 23%, respectively, both ILs could be used to
improve toluene dioxygenase-catalyzed conversion of toluene to toluene cis-glycol
using recombinant E. coli cells. In a biphasic system containing [NMeOct3][Tf2N] or
[P6,6,6,14][Tf2N], the maximum toluene concentration tolerated was 75.2 mmol L�1,
which was an eightfold increase compared with the control reactions without IL. The
increased toluene concentration enabled by using either of these ILs resulted in a
similar 2.5-fold increase in toluene cis-glycol concentration in a 50-mL scale flask.
The product concentrations and specific product yields were improved by 200% and
238%, respectively, in bioreactors with an unrestricted oxygen supply. In addition to
the higher product concentrations afforded by use of the ILs, there were additional
benefits in terms of the absence of solvent emulsification, potentially improved
safety, and lower environmental impact.

Fu et al. investigated the oxidation of terpene botulin into betulinic acid using
whole cells of Armillaria luteo-virens Sacc in IL-containing media (Scheme 11)
[73]. In this study, [Emim][BF4], [Bmim][BF4], [Bmim][PF6], and [Omim][PF6]
were investigated as co-solvents of an aqueous buffer and hexane independently.
Several parameters affecting betulinic acid formation in the IL-containing system
were investigated. The addition of [Emim][BF4] in a hexane-containing reaction
medium gave rise to better betulinic acid formation in comparison with other ILs
used. Under the optimum conditions (5 mL of 50% (v/v) [Emim][BF4]/hexane
co-solvent system containing 0.1 mol L�1 butanol, 75 mg L�1 betulin and 200 g L�1

resting cells), the highest yield of 11.14% was obtained after an 18-h reaction.
Wu et al. investigated the use of two ILs, [Bmim][Tf2N[ and [Bmim][PF6],

in a biphasic system for the 11α-hydroxylation of 16α,17-epoxyprogesterone
(EP) catalyzed by Rhizopus nigricans [74]. The [Bmim][PF6]-aqueous biphasic
system greatly increased yield to 85% in 24 h at 3 gL�1 feeding concentration
(compared to less than 50% achieved in a control aqueous system where the
substrate was solubilized with ethanol). In contrast, a [Bmim][Tf2N]-aqueous
biphasic system afforded a low yield of product and showed poor biocompatibility.
At a substrate concentration of 18 gL�1, a yield of >90% could be obtained in a

Scheme 10 Oxidation of
toluene
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[Bmim][PF6]-aqueous biphasic system. In addition, the conversion of 87% at phase
ratio 10 and 75% at phase ratio 5, respectively, could be maintained after three
reaction cycles.

Gao et al. reported the asymmetric sulfoxidation of a range of sulfides using a
recombinant E. coli co-expressing P450pyrI83H monooxygenase and glucose dehy-
drogenase in an IL/aqueous biphasic system [75]. The IL [P6,6,6,14]][Tf2N] showed
good biocompatibility with the E. coli and acted as a reservoir for the thioanisole.
Therefore, the problems of substrate toxicity and inhibition of sulfoxidation could be
efficiently avoided in an IL/aqueous biphasic system. The substrate concentrations
had a remarkable improvement, owing to their high distribution in the IL phase,
which in turn caused low substrate concentrations in the aqueous phase and further
enhanced the yield and enantioselectivity of reactions.

Zhao et al. [76] successfully conducted the biosynthesis of γ-decalactone (GDL)
from castor oil solution in an IL-containing cosolvent system using immobilized
cells of Yarrowia lipolytica G3-3.21 on attapulgite. They found that the immobilized
Y. lipolytica G3-3.21 cells in N-butyl-pyridinium tetrafluoroborate ([BPy]BF4) solu-
tion gave the highest activity of C16-Acyl-CoA oxidase and the maximum yield of
GDL. The parameters for catalyst immobilization and oxidation reaction conditions
were optimized. Under the optimized conditions, the GDL yield was up to 8.05 gL�1

. In addition, after ten reuses, the GDL yield was 7.51 gL�1, corresponding to 93.3%
of the initial activity; this suggests good reusability and the potential for industrial
applications of whole cell catalysts in IL-containing media.

Melgarejo-Torres et al. evaluated the application of IL in a dispersed phase in a
three-phase partitioning (air-water-IL) bioreactor (TPPB) for the production of
bicyclic lactone (1S,5R)-2-oxabicyclo[3.3.0]oct-6-en-3-one from bicyclic ketone
bicyclo[3.2.0]hept-2-en-6-one with E. coli strain TOP10 pQR239 (Scheme 12)
[77]. The partition coefficients of the substrate and product; mass-transfer coeffi-
cients of the substrate, product, and oxygen; as well as the deactivation parameters
related to the loss of cell viability owing to the presence of the IL, were determined.
The use of an IL as a dispersed phase in a TPPB was an adequate strategy for
increasing the productivity of lactones compared to the ordinary (water–air) pro-
cesses, owing to the fact that the IL phase allows a twofold increase in the initial
substrate concentration (0.7 gL�1) compared to the water–air system (0.35 gL�1),
thus increasing the productivity of the lactones. All evaluated ILs were

Scheme 11 Oxidation of botulin

124 N. L. Mai and Y.-M. Koo



thermodynamically suitable for use in the dispersed phase; however, all of them
provoked a loss in cell viability. Among the four tested ILs, [NMeOct3][Tf2N] was
the most suitable IL for the production of lactones from ketones when using the
E. coli strain TOP10 pQR239.

3.3 Hydrolysis Reactions

Few publications have investigated hydrolysis reactions in IL-containing systems
with whole-cell biocatalysts. Chen et al. first reported the production of glycyrrhetic
acid 3-O-mono-β-d-glucuronide (GAMG) by the hydrolysis of glycyrrhizin (GL) by
whole-cell catalysts in an IL/buffer biphasic system based on [Bmim][PF6]
(Scheme 13) [78]. GAMG is widely used in the pharmaceutical and food industries.
However, the low water solubility of both GL and GAMG greatly limits the large-
scale production of GAMG.

Three whole-cell biocatalysts were used, including wild-type Penicillium
purpurogenum Li-3 (w-PGUS) and recombinant strains E. coli BL21 and Pichia
pastoris GS115 expressing the β-D-glucuronidase gene from w-PGUS. The wild-
type strain w-PGUS gave highest GAMG yield. After 60 h under optimal reaction
conditions, a GAMG yield of 87.63% was achieved in the IL-containing biphasic
system, which was a much higher yield than that in the monophasic buffer system
(57.3%). In addition, the product GAMG and the byproduct glycyrrhetic acid
(GA) partitioned into the aqueous and IL phases, respectively; therefore, the desired
product could be isolated from the aqueous phase as long as hydrolysis of the
GAMG was complete. Hence, the combination of whole-cell hydrolytic biocatalysis
and an IL-containing system provided a promising and economic way for the
industrial production of GAMG by regioselective hydrolysis of GL.

Baum et al. studied the application of whole-cell catalysts in ILs for the produc-
tion of (S)-mandelic acid and (S)-mandeloamide from benzaldehyde and cyanide
[79]. Recombinant E. coli that simultaneously expressed an (S)-hydroxynitrile lyase
(oxynitrilase) from cassava (Manihot esculenta) and an arylacetonitrilase from
Pseudomonas fluorescens EBC191 was used as the catalyst in an IL/buffer biphasic
system (Scheme 14).

Scheme 12 Production of bicyclic lactone

Whole-Cell Biocatalysis in Ionic Liquids 125



Benzaldehyde exhibited a pronounced inhibitory effect on the nitrilase activity in
concentrations >25 mM. Therefore, an IL/buffer biphasic system could be used
for the intended biotransformation. The distribution coefficients of the substrates,
intermediates, and products of the reaction were determined. It was found that
1-butyl-1-pyrrolidinium bis(trifluoromethanesulfonyl)imide [BP][Tf2N] and
[Bmim][PF6] were highly efficient as substrate reservoirs for benzaldehyde. The
recombinant E. coli strain was active in the presence of [BP][Tf2N] or [Bmim][PF6]
phases and converted benzaldehyde and cyanide into mandelic acid and
mandeloamide. The two-phase systems allowed the conversion of benzaldehyde
dissolved in the IL to a concentration of 700 mM with product yields (sum of
mandelic acid and mandeloamide) of 87–100%. Between two ILs/buffer biphasic
system, the cells were slightly more effective in the presence of [BP]Tf2N] than in
the presence of [Bmim][PF6]. In both two-phase systems, benzaldehyde and cyanide
were converted into (S)-mandeloamide and (S)-mandelic acid with enantiomeric
excesses of >94%. The recombinant E. coli cells formed in the two-phase systems
with ILs and increased substrate concentrations had higher relative amounts of
mandeloamide than in a purely aqueous system with lower substrate concentrations.

The hydrolysis of rac-epoxyhexane by yeast Rhodotorula glutinis ATCC 201718
containing epoxide hydrolase in its cell membrane in a biphasic system based on an
organic solvent or ILs and aqueous buffer (Scheme 15) was investigated by
Matsumoto et al. [80]. The effect of organic solvents and ILs on the initial reaction
rate of (R)-enantiomer (rR0) and the enantiomeric ratio (E) was examined. In the case

Scheme 13 Hydrolysis of GL to GAMG catalyzed by whole cells in an IL/buffer biphasic system

Scheme 14 Bienzymatic synthesis of (S)-mandelic acid and (S)-mandeloamide from benzalde-
hyde and HCN by combining the (S)-selective oxynitrilase from Manihot esculenta (MeHnL) and
the non-selective nitrilase from Pseudomonas fluorescens EBC191 (NLase)

126 N. L. Mai and Y.-M. Koo



of hydrophobic organic solvents, rR0 increased linearly with increasing hydropho-
bicity of solvent (logP) and an enzymatic reaction using alkyl alcohols was not
observed. However, the high enantiomeric excess of (R)-diol (eep > 99%) without a
significant decrease in the reactivity was accomplished by adding 1- heptanol to
dodecane. However, there were no correlations between rR0 and logP of ILs.
Moreover, both single solvents showed a small effect on the E value. However, a
mixture of dodecane and 1-heptanol gave E values greater than 100. The kinetic data
correlated well with the reaction kinetic model, considering the distribution of
epoxides between two liquid phases and the inhibition of diols.

3.4 Transesterification Reactions

Arai et al. [81] investigated the whole-cell catalyzed transesterification of a tri-
glycerides from soybean oil with methanol to produce fatty acyl methyl esters
that could be used as biodiesel in IL-containing biphasic systems. Four types of
whole-cell biocatalysts – wild-type Rhizopus oryzae producing triacylglycerol lipase
(w-ROL), recombinant Aspergillus oryzae expressing Fusarium heterosporum
lipase (r-FHL), Candida antarctica lipase B (r-CALB), and mono- and
diacylglycerol lipase from A. oryzae (r-mdlB) – were investigated. The wild-type
fungus w-ROL gave the high yield of fatty acid methyl ester in [Emim][BF4] or
[Bmim][BF4] biphasic systems following a 24-h reaction. Although lipases are
known to be severely deactivated by an excess amount of methanol (e.g., 1.5
Mequiv. of methanol against oil) in a conventional system, methanolysis success-
fully proceeded even with a methanol/oil ratio of 4 in the IL biphasic system, where
the ILs would work as a reservoir of methanol to suppress the enzyme deactivation.
When only w-ROL was used as a biocatalyst for methanolysis, unreacted mono-
glyceride remained due to the 1,3-positional specificity of R. oryzae lipase. High
fatty acid methyl ester conversion was attained by the combined use of two types of
whole-cell biocatalysts, w-ROL and r-mdlB. Although native w-ROL became
deactivated in [Bmim][BF4] and lost its reusability, the addition of glutaraldehyde
made the biocatalyst more stable and recyclable. Compared to other conventional
methods (e.g., alkali-catalyzed methanolysis), this whole-cell-based bioprocess was
environmentally friendly and exhibited a high conversion rate. It also demonstrated
that ILs are promising candidates for use in solvent systems for producing biodiesel
via whole-cell biocatalysts.

Rajapriya et al. [82] reported the synthesis of several caffeic acid esters in IL
media by using the freeze-dried mycelia of halotolerant Aspergillus niger EXF 4321

Scheme 15 Hydrolysis reaction of rac-1,2-epoxyhexane
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as a biocatalyst (Scheme 16). The high solubility of caffeic acid in [Emim][Tf2N] is
favorable for the synthesis of their corresponding esters by whole-cell catalysis. The
whole-cell catalyzed synthesis of caffeic acid phenethyl ester conditions were
optimized and bioconversion up to 84% was achieved at a substrate molar ratio of
1:20 (caffeic acid:2-phenyl ethanol), at 30�C for 12 h.

4 Conclusions and Perspective

Using whole cells as a biocatalyst has several advantages, including ease of catalyst
preparation and avoidance of the addition of cofactors, which make them highly
competitive compared with purified enzymes. The applications of ILs in whole-cell
biocatalysis show great potential for industrial applications. Hydrophobic ILs are
often used as substrate/product reservoirs to circumvent the issues of low substrate
solubility in aqueous media and substrate/product inhibition toward whole-cell
catalysts. A number of studies have shown that whole-cell biocatalysis in ILs has
a high conversion rate, high stereoselectivity, and favorable IL and biocatalyst reuse.

However, there are some bottlenecks regarding the use of ILs in whole-cell
biocatalysis, one of which is the toxicity of ILs toward microbial cells. Although
important progress has been made in surveying the toxicity of ILs, additional work is
needed to more completely understand the toxicity of the extremely large number of
ILs. In addition, research is still needed on whole-cell biocatalysis using ILs in a
number of different fields, including microbiology, biochemistry, toxicology, bio-
chemical engineering, phase equilibrium thermodynamics, mass transfer, and pro-
cess intensification. The design of ILs with better performance characteristics, such
as biocompatibility, operational stability, and biodegradability, is necessary to
improve the biocatalytic process as well as economic feasibility when applied on
an industrial production scale.

Furthermore, the search for or development of new microbial strains that are
IL-tolerant can boost the applications of whole-cell biocatalysis in ILs. Although
IL-tolerant mechanisms have not been fully explored, a few studies have applied
transcriptomic analysis to elucidate the molecular mechanisms of IL tolerance [83]
and have successfully demonstrated engineered IL-tolerant microorganisms with
potential applications in converting IL-treated biomass into advanced biofuels
[84–87]. The results from these studies demonstrate the potential opportunities for
discovering genes for IL tolerance. A combined approach that includes ILs designed

Scheme 16 Halotolerant A. niger EXF 4321 catalyzed synthesis of caffeic acid esters
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for reduced toxicity and robust IL tolerant microorganisms will ultimately result in
more efficient and economical whole-cell biocatalytic processes [88].
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Abstract Biopolymer-based composite materials have many potential applications
in biomedical, pharmaceutical, environmental, biocatalytic, and bioelectronic fields,
owing to their inherent biocompatibility and biodegradability. When used as sol-
vents, ionic liquids can be used to fabricate biopolymers such as polysaccharides and
proteins into various forms, including molded shapes, films, fibers, and beads. This
article summarizes the processes for preparing biopolymer-based composite mate-
rials using ionic liquids. The processes include biopolymer dissolution using ionic
liquids, regeneration of the biopolymer by an anti-solvent, formation of shapes, and
drying of the regenerated biopolymer. In particular, the preparation and applications
of biopolymer blend-based composite materials containing two or more biopolymers
are addressed.

Graphical Abstract

Keywords Biopolymer, Blend, Composite, Gel, Ionic liquid

Abbreviations

[Ac] Acetate
[Ala] Alanine
[Amim] 1-allyl-3-methylimidazolium
[Ba] Benzoate
[Bdmim] 1-butyl-2,3-dimethylimidazolium
[BF4] Tetrafluoroborate
[Bmim] 1-butyl-3-methylimidazolium
[BmPy] N-butyl-3-methylpyridinium
[C¼C2mmor] N-allyl-N-methylmorpholium
[C¼C2mpip] N-allyl-N-methylpiperidium
[C1mim] 1,3-dimethylimidazolium
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[C1OC2mim] 1-methoxyethyl-3-methylimidazolium
[C2C2im] 1,3-diethylimidazolium
[C2mmor] N-ethyl-N-methylmorpholium
[C2OHmim] 1-hydroxyethyl-3-methylimidazolium
[C4mpip] N-butyl-N-methylpiperidium
[C6mim] 1-hexyl-3-methylimidazolium
[CF3SO3] Trifluoromethanesulfonate
[CH3CHOHCOO] Lactate
[dca] Dicyanamide
[DEP] Diethylphosphate
[Emim] 1-ethyl-3-methylimidazolium
[Gly] Glycine
[H2NCH2COO] Aminoethanoate
[HCOO] Formate
[Hmim] 1-hydrogen-3-methylimidazolium
[HOCH2COO] Glycolate
[HSCH2COO] Thioglycolate
[HSO4] Hydrogensulfate
[MeO(H)PO2] Methylphosphonate
[MeSO4] Methylsulfate
[mim] 1-methylimidazolium
[Omim] 3-methyl-1-octylimidazolium
[OPr] Propionate
[phC1mim] 1-benzyl-3-methylimidazolium
[Py] Pyridinium
[Pyrr] Pyrrolidinium
[Ser] Serine
[Tf2N] Bis(trifluoromethylsulfonyl)imide

1 Introduction

Biopolymer-based materials have attracted considerable interest, owing to their
potential to decrease society’s dependency on fossil fuels [1]. Biopolymers include
naturally obtainable polysaccharides such as cellulose, chitin/chitosan, starch, and
glycosaminoglycans, and proteins such as collagen, silk, and keratin. The inherent
biocompatibility and biodegradability of biopolymers make them particularly useful
in the biomedical, pharmaceutical, environmental, biocatalytic, and bioelectronic
fields. However, the preparation of biopolymer-based materials still remains a
challenge because of the low solubility of biopolymers in conventional solvents.
Therefore, new solvents for the dissolution of biopolymers are of interest in devel-
oping various biopolymer-based composite materials.
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Ionic liquids (ILs) are organic salts that usually melt below 100�C. The interest in
ILs stems from their potential application as “green solvents” [2]. Specifically, their
nonvolatile character and thermal stability make them attractive alternatives to
volatile organic solvents. Moreover, because of their inherent synthetic flexibility,
ILs are referred to as “designer solvents” [3]. Since the pioneering results regarding
the dissolution and regeneration of cellulose using ILs were reported by Rogers’s
group [4], various ILs have been developed to dissolve biopolymers. Various bio-
polymers such as polysaccharides, proteins, and lignocelluloses can be dissolved and
regenerated using ILs [5, 6]. The principal merits of the procedures to make
biopolymer-based materials using ILs are the high solubility of biopolymers, greener
procedures using non-volatile solvents, and easy production of composites
containing various biopolymers, synthetic polymers, and functional materials.

The blending of two or more biopolymers is an extremely attractive, inexpensive,
and advantageous method to obtain new structural materials with novel physico-
chemical properties [7, 8]. To prepare biopolymer blends, the development of
solvents that can co-dissolve two or more biopolymers is the most important aspect.
Various biopolymer blend-based materials can be prepared using ILs because of the
high solvating power of ILs for biopolymers.

This review focuses on the role of ILs as solvents to make biopolymer-based
materials. The process of using ILs to fabricate biopolymer-based materials in
various forms such as molded shapes, films, fibers, and beads is summarized. In
particular, the preparation and applications of biopolymer blend-based composite
materials containing two or more biopolymers are addressed. The general proce-
dures to make biopolymer-based materials include biopolymer dissolution using ILs,
regeneration of the biopolymer by an anti-solvent, formation of shapes, and drying
of the regenerated biopolymer.

2 Dissolution of Biopolymers Using ILs

To prepare biopolymer-based composite materials using ILs, the first consideration is
the choice of the most efficient IL for the dissolution of various biopolymers. Many
ILs that can dissolve biopolymers, such as polysaccharides, proteins, lignocelluloses,
and nucleic acids, have been developed. Binary mixtures of ILs and ILs containing
hydrophilic co-solvents, such as dimethylsulfoxide (DMSO), dimethylformamide
(DMF), and dimethylacetamide (DMAc), were also investigated to enhance the
biopolymer solubility and decrease the solution viscosity. Tables 1 and 2 show
some examples of ILs to dissolve biopolymers.
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Table 2 Solubility of biopolymers in ILs

Biopolymer Ionic liquids Solubility (wt%)

Polysaccharide

Chitin (shrimp shell) [Emim][Ac] [11] >10 (100�C)
α-Chitin (crab) [Bmim][Ac] [12] 6 (110�C)
β-Chitin (squid pen) [Bmim][Ac] [12] 6 (110�C)
Chitosan [Emim][Ac] [13] >10 (70�C)

[Bmim][Ac] [12] 12 (110�C)
[Bmim][Cl] [12] 10 (110�C)
[Amim][Cl] [12] 8 (110�C)
[C1mim][Cl]/[Hmim][Cl] (9:1) [14] 17.5 (110�C)

Chondroitin sulfate [Hmim][HSO4] [15] >4 (100�C)
Chondroitin sulfate (imidazolium salt) [Emim][Ba] [16] 9.9 (35�C)

[Bmim][Ba] [16] 5.7 (35�C)
Heparin [Emim][Ac] [17] >0.7 (80�C)
Heparin (imidazolium salt) [Emim][Ba] [16] 7 (35�C)

[Bmim][Ba] [16] 7 (35�C)
Heparan sulfate (imidazolium salt) [Emim][Ba] [16] 3 (35�C)

[Bmim][Ba] [16] 2.8 (35�C)
Hyaluronic acid (imidazolium salt) [Emim][Ba] [16] 10 (35�C)

[Bmim][Ba] [16] 10 (35�C)
Starch [Amim][Cl] [18] 15 (80�C)

[Bmim][Cl] [19] 15 (80�C)

(continued)

Table 1 Solubility of microcrystalline cellulose in ILs

Ionic liquid Solubility (wt%) Dissolution temperature

[Bmim][Ac] 15.5 [9] 70�C
[Bmim][HSCH2COO] 13.5 [9] 70�C
[Bmim][HCOO] 12.5 [9] 70�C
[Bmim][Ba] 12.0 [9] 70�C
[Bmim][H2NCH2COO] 12.0 [9] 70�C
[Bmim][HOCH2COO] 10.5 [9] 70�C
[Bmim][CH3CHOHCOO] 9.5 [9] 70�C
[Bmim][Ac] 29.3 [10] 120�C
[C1OC2mim][Ac] 28.0 [10] 120�C
[C2OHmim][Ac] 18.3 [10] 120�C
[Bdmim][Ac] 17.4 [10] 120�C
[C2mmor][Ac] 16.5 [10] 120�C
[phC1mim][Ac] 14.6 [10] 120�C
[C¼C2mmor][Ac] 13.9 [10] 120�C
[C¼C2mpip][Ac] 9.5 [10] 120�C
[C4mpip][Ac] 3.3 [10] 120�C
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Table 2 (continued)

Biopolymer Ionic liquids Solubility (wt%)

Agarose [Bmim][Cl] [20] 16 (70�C)
[Bmim][MeSO4] [20] 5 (70�C)
[Omim][Cl] [20] 4.5 (70�C)
[BmPy][Cl] [20] 13 (70�C)

Carrageenan [Bmim][Cl] [21] >15 (100�C)
Guar gum [Bmim][Cl] [22] >25 (50�C)
Tamarind gum [Bmim][Cl] [23] >10 (80�C)
Xanthan gum [Bmim][Cl] [24] >50 (100�C)
Protein

Collagen [Bmim][Cl] [25] >1 (100�C)
Collagen (acid soluble) [Emim][Ac] [26] 7.4 (45�C)

[Emim][Ac]/Na2HPO4 (1 wt%) [26] 10.5 (45�C)
Gelatin [Amim][Cl] [27] >8 (100�C)
Silk (B. mori) [Emim][Cl] [28] 23.3 (100�C)

[Bmim][Cl] [28] 13.2 (100�C)
[Bdmim][Cl] [28] 8.3 (100�C)
[Emim][Gly] [17] 26.3 (100�C)
[Emim][Ala] [17] >20 (100�C)
[Emim][Ser] [17] >20 (100�C)
[Emim][Ac] [29] >10 (95�C)

Wool keratin [Amim][dca] [30] 47.5 (130�C)
[Bmim][Cl] [30] 25 (130�C)
[Amim][Cl] [30] 20 (130�C)
[choline][HSCH2COO] [30] 22.5 (130�C)

Lignocellulose

Xylan (beechwood) [Emim][Ac] [31] 5 (70�C)
Xyloglucan [Emim][Ac] [32] >7 (100�C)
Kraft lignin [Py][Ac] [33] >50 (90�C)

[C1mim][Ac] [33] >50 (90�C)
[Pyrr][Ac] [33] >50 (90�C)

Kraft lignin (softwood) [Bmim][MeSO4] [34] 26 (50�C)
[C2C2im][MeSO4] [34] 26 (50�C)
[C6mim][CF3SO3] [34] 22 (70�C)
[Bmim][Cl] [34] 13 (75�C)
[Bdmim][BF4] [34] 14 (75�C)

Lignin (Indulin AT) [C1mim][MeSO4] [33] >50 (90�C)
[Bmim][CF3SO3] [33] >50 (90�C)
[Emim][Ac] [33] >30 (90�C)
[Amim][Cl] [33] >30 (90�C)
[Bmim][Cl] [33] >10 (90�C)
[Bmim][BF4] [33] 4 (90�C)
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2.1 Polysaccharides

2.1.1 Cellulose

Cellulose, a linear polysaccharide of glucose residues linked by β-(1 ! 4)-glyco-
sidic bonds, is the most abundant renewable biopolymer. It has excellent thermal and
mechanical properties. Cellulose offers excellent biocompatibility and is considered
a promising material for biotechnological applications. Cellulose is highly crystal-
line as a result of an extensive hydrogen bonding network, making it insoluble in
most conventional organic and aqueous solvents. The first publication on cellulose
dissolution in ILs was reported by the Rogers group in 2002 [4]. Cellulose was
dissolved at 25% in [Bmim][Cl] by microwave irradiation and the dissolved cellu-
lose was regenerated by the addition of an anti-solvent, such as water, ethanol, or
acetone. These results have opened up new paths for the preparation of various
cellulose-based composites. To date, many reports related to cellulose dissolution
have been published [9, 10]. Xu et al. studied the effect of an anion of an IL on the
dissolution of microcrystalline cellulose (Table 1). They concluded that the
hydrogen-bond accepting strength played an important role; a linear correlation
was proposed between the solubility of cellulose in wt% and the Kamlet-Taft β
parameter representing the hydrogen bond basicity [35]. Lu et al. studied the effect
of a cation of an IL on the dissolution of microcrystalline cellulose (Table 1). It was
found that acidic protons on the heterocyclic rings of the cations are essential for the
dissolution of cellulose in ILs, but the van der Waals interaction of the cation with
cellulose is not important [36]. The dissolution rate and solubility of cellulose in ILs
may be enhanced by using microwave irradiation [37–39] and ultrasonication
[40, 41]. A more detailed discussion of cellulose dissolution in ILs can be found
in earlier reviews [9, 10].

2.1.2 Chitin/Chitosan

Chitin, a co-polymer with more than 50% N-acetyl-glucosamine and N-glucosamine
units, is one of the most abundant polysaccharides, with an annual production
second only to cellulose [1]. Chitin has been used for biomedical applications such
as tissue engineering scaffold and wound healing, owing to its biodegradability and
biocompatibility. However, the use of chitin has been limited because chitin forms
strong inter- and intramolecular hydrogen bonds that are not easily broken by
common molecular solvents. Although chloride-containing ILs such as [Bmim]
[Cl], [Emim][Cl], and [Amim][Cl] have been reported to be good solvents to
dissolve cellulose, they have not dissolved chitins with satisfactory results.
[Bmim][Ac] and [Emim][Ac] were reported to be good solvents for chitins
[11, 12]. The solubilities of α-chitin from crab and β-chitin from squid pen in
[Bmim][Ac] were both 6%, whereas the chitins were partially soluble or insoluble
in [Bmim][Cl]. [Emim][Ac] was able to dissolve more than 10% of chitin from
shrimp shells. However, conflicting results were also reported. [Emim][Cl] dissolved
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10% chitin from crab shell at 100�C, although the dissolution process took days
[17]. These different results may be caused by different molecular weights
(MW) and degrees of acetylation (DAC) of the chitin samples.

Chitosan is a fully or partially deacetylated product of chitin. It has gained
tremendous interest in many fields, such as pharmaceuticals, foods, textiles, daily
chemicals, and papermaking, owing to its biocompatibility, biodegradability, hygro-
scopicity, antimicrobial activity, and fiber/film-forming properties [6]. Chitosan was
well dissolved in various cellulose-dissolving ILs. The solubilities of chitosan
(MW ¼ 97 kDa, DAC ¼ 5%) from crab in [Amim][Cl], [Bmim][Cl], and [Bmim]
[Ac] were 8%, 10%, and 12%, respectively [12]. [Hmim][HSO4] could also dissolve
over 4% chitosan (MW ¼ 22 kDa, DAC ¼ 15%) [15]. Recently, a binary mixture of
[C1mim][Cl] and [Hmim][Cl] (9:1) was developed for chitosan dissolution, and the
solubility of chitosan (DAC¼ 10%) in this mixture was 17.5% [14]. Many solubility
results for chitosan dissolution in ILs have been reported. However, the solubility of
chitosan in ILs was highly dependent on the molecular weight, DAC, and the source
of chitosan.

2.1.3 Glycosaminoglycans

Glycosaminoglycans such as chondroitin sulfate, heparin, heparan sulfate, and
hyaluronic acid are long unbranched polysaccharides consisting of a repeating
disaccharide unit. They are widely used in the biomedical sector, such as for implant
coating materials and as components of tissue engineering scaffolds. However, they
are intractable solutes that can only be dissolved in water and a few highly polar
organic solvents with undesirable properties, such as formamide and pyridine. The
Linhardt group developed benzoate-based ILs to dissolve various glycosaminogly-
cans. [Emim][Ba] and [Bmim][Ba] proved to be good solvents for the dissolution of
glycosaminoglycans. The solubilities of chondroitin sulfate, heparin, heparan sul-
fate, and hyaluronic acid as imidazolium salts in [Emim][Ba] were 9.9%, 7%, 3%,
and 10%, respectively [16]. Recently, [Hmim][HSO4] was used to dissolve chon-
droitin sulfate and the solubility was higher than 4% [15]. [Emim][Ac] was also
shown to be able to dissolve more than 0.7% of heparin [42].

2.1.4 Other Polysaccharides

Starch is an omnipresent polysaccharide found in vegetable sources [10]. Among
industrial materials, starch is one of the cheapest and most cost-effective. It is
currently used industrially for coating and sizing in paper, textiles, and carpets, as
well as in binders, adhesives, absorbents, and encapsulants [19]. Several studies
reported notable solubility of starch in ILs. [Bmim][Cl] dissolved 15% of starch at
80�C. [Bmim][dca] dissolved more than 10% of starch at 80�C [19]. [Amim]
[Cl] was a very efficient solvent for starch. A solution of 50% starch in [Amim]
[Cl] was obtained at 100�C [43].
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Agarose and carrageenan are algal polysaccharides, generally extracted from
seaweed. Agarose is composed of a repeating unit of agarobiose, which is a
disaccharide made up of D-galactose and 3,6-anhydro-L-galactose. Agarose has
many applications in various fields, such as the food industry, pharmaceutical
formulations, electrophoresis, and tissue engineering scaffolds. However, the large
number of hydroxyl groups makes agarose insoluble in cold water and common
organic solvents [20]. The solubilities of agarose in [Bmim][Cl], [Omim][Cl],
[BmPy][Cl], and [Bmim][MeSO4] were 16%, 4.5%, 13%, and 5% at 70�C. The
solubility of agarose in [Bmim][Ac] was over 6% at 70�C [44]. Carrageenan consists
of alternating 1,3-linked α-D-galactopyranose and 1,4-linked β-(3,6-anhydro-)D-
galactopyranose. Carrageenan is used mostly as a stabilizer and structure provider
in the food and ice cream industries. Three types of carrageenan (κ-, ι-, λ-) were
dissolved in [Bmim][Cl], with solubilities of more than 15% at 100�C [21].

Guar and tamarind gum are polysaccharides obtained from seeds of plants, and
xanthan gum is produced by Xanthamonas campestris. They are widely used as
thickening, stabilizing, emulsifying, and gelling agents in the food and pharmaceu-
tical industries. Guar gum classified as galactomannan consists of a β-1,4-mannose
backbone with randomly distributed α-1,6-galactose moieties at the C-6 position.
Guar gum was dissolved in [Bmim][Cl] up to 25% at 80�C. [Emim][Ac], [Amim]
[Cl], and [Bmim][MeO(H)PO2] could dissolve 5% guar gum at 50�C [22]. Tamarind
gum is composed of β-(1,4)-D-glucan backbone substituted with side chains of
α-(1,4)-D-xylopyranose and (1,6)-linked [β-D-galactopyranosyl-(1,2)-α-D-
xylopyranosyl] to glucose residues. [Bmim][Cl], [Bmim][Br], [choline][acrylate],
[choline][caproate], and [choline][caprylate] could dissolve 10% tamarind gum at
80–100�C [23]. Xanthan gum has a cellulose-type main-chain ((1!4)-β-glucan)
with trisaccharide side-chains attached to alternate glucose units in the main-chain.
[Bmim][Cl] dissolved xanthan gum up to 50% at 100�C [24].

2.2 Proteins

Collagen, a fibrous structural protein with excellent mechanical properties, is one of
the most abundant proteins in nature. It comprises a right-handed bundle of three
parallel left-handed helices. Collagen has many applications in the commercial fields
of food, cosmetics, and medicine, owing to its good biocompatibility and biode-
gradability. [Bmim][Cl] was shown to dissolve 1% native collagen fibers at 100�C
[25]. The solubility of acid-soluble collagen was 7.4% in [Emim][Ac] at 45�C, and
the addition of 1% Na2HPO4 to [Emim][Ac] enhanced the solubility up to 10.5%
[26]. [Hmim][Ac] dissolved 4% collagen at 40�C [45]. Gelatin is derived from
collagen through acid or alkaline hydrolysis. Owing to its abundance, biocompati-
bility, low toxicity, biodegradability, and adhesiveness, gelatin is widely used in the
food, pharmaceutical, cosmetic, and photographic industries [46]. [Amim][Cl] could
dissolve 8% gelatin at 100�C [27].

Natural silk fibers have outstanding mechanical properties that rival the most
advanced synthetic polymers. A single strand of natural cocoon silk fiber contains
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two silk fibroin cores surrounded by a protective, glue-like sericin coating. The
fibroin cores consist of heavy and light chains. The hydrophobic nature and hydro-
gen bonding of the heavy chain make dissolution of silk a difficult task [17, 28]. Silk
fibers have been widely used in biomedical applications as a suture material for
repairing wounds. Silk is an attractive tissue engineering scaffold because of its slow
degradation, excellent mechanical properties, and biocompatibility [47]. Bombyx
mori silk fibroin was dissolved in [Emim][Cl], [Bmim][Cl], and [Bdmim][Cl]. The
solubility of silk fibroin was 23.3% in [Emim][Cl] at 100�C. [Bmim][Ac] dissolved
10% silk at 95�C [29]. Amino acid-based ILs also proved to be good solvents for
silk. [Emim][Gly], [Emim][Ala], and [Emim][Ser] could dissolve more than 20% of
silk at 100�C [17].

Wool is a fibrous protein (approximately 95 wt% pure keratin) that consists of
approximately 11–17% cysteine. This protein is insoluble in water and common
organic solvents, owing to the tight packing of the α-helices and β-sheets present in
the polypeptide structure of wool keratin [30]. [Bmim][Cl] and [Amim][Cl] easily
dissolved keratin fiber at 130�C [48, 49]. [Amim][dca] and [Choline] [thioglycolate]
were also used to dissolve wool keratin. [Amim][dca] dissolved 47.5% keratin at
130�C [30]. During the dissolving process of keratin, the α-helix structure was
disrupted but the β-sheet structure remained.

2.3 Lignocellulose

Lignocelluloses, such as agricultural residues, waste paper, forestry waste, and
energy crops, have long been recognized as sustainable sources of biopolymer-
based composites. Lignocelluloses consist of three major biopolymers with distinct
chemical, physical, and structural properties: cellulose, hemicellulose, and lignin.
Cellulose is the most abundant renewable biopolymer. The cellulose content in
lignocelluloses ranges from 41% to 50%. Hemicelluloses are heterogeneous,
branched polymers of pentoses, hexoses, and acetylated sugars, with xylans being
the most predominant hemicellulose. Hemicelluloses are as common as cellulose,
but with a lower molecular weight and wood content of 25–35%. Lignin is an
aromatic network polymer composed of phenylpropanoid units, which aids in
binding cellulose and hemicellulose together. Lignin is more hydrophobic than
cellulose and hemicelluloses, with a wood content of 18–35% [1, 50]. The applica-
tions of lignocellulosic biomass in the field of biopolymer-based composites have
been only focused on the use of cellulose. However, hemicelluloses and lignins also
have many potential applications.

The xylan from beechwood was dissolved in [Emim][Ac] with a solubility of 5%
at 70�C [31]. Xyloglucan, which is known to bind tightly to cellulose surfaces in the
lignocellulosic biomass, was also dissolved in [Emim][Ac]. Commercially available
lignins include alkaline lignin, Kraft lignin, and Organosolv lignin. In fact, these
lignins are significantly different from native lignin. However, they can be used to
make various composite materials. Currently, lignins are used as binding and
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dispersing agents. Various ILs can dissolve lignins. ILs containing [Ac]� or [Cl]� can
easily dissolve lignin. [Emim][Ac] and [Amim][Cl] were able to dissolve more than
30% of lignin (Indulin AT) at 90�C. [C1mim][MeSO4] and [Bmim][CF3SO3] were
more efficient solvents to dissolve lignins than ILs containing [Ac]� or [Cl]� [2].

The dissolution of the entire lignocellulosic biomass in ILs has also been studied.
[Amim][Cl], [Emim][Cl], [Bmim][Cl], [bzmim][Cl], and [Emim][Ac] were success-
fully used to completely dissolve lignocellulosic biomasses [10]. The ability of ILs
to dissolve lignocellulosic biomass was highly dependent on the biomass type,
particle size, and heating method, among other factors. Most research on the full
dissolution of lignocellulosic biomass has been focused on the pretreatment of
biomass to remove lignins.

2.4 Effects of Co-solvents for Biopolymer Dissolution

The addition of co-solvents to ILs can increase the solubility of biopolymers and
decrease the viscosity of the dissolved biopolymer solution. Xu et al. dissolved 15%
cellulose in [Bmim][Ac]/DMSO (2.54:1 molar ratio) at 25�C, whereas cellulose was
insoluble in [Bmim][Ac] at 25�C. At the same molar ratio, [Bmim][Ac]/DMF and
[Bmim][Ac]/DMAc also dissolved cellulose up to 12.5% and 5.5%, respectively
[51]. Zhao et al. investigated the effects of DMSO, DMF, methanol, and water as
cosolvents on cellulose dissolution in [Bmim][Ac] by molecular dynamics simula-
tions and quantum chemistry calculations. The results showed that the dissolution of
cellulose in [Bmim][Ac]/cosolvent systems is mainly determined by the hydrogen
bond interactions between the [Ac]� anions and the hydroxyl protons of cellulose.
The strong preferential solvation of [Ac]� by the protic solvents such as methanol
and ethanol can compete with the cellulose–[Ac]� interaction, resulting in decreased
cellulose solubility. However, no preferential solvation was observed in aprotic
solvents such as DMSO and DMF. The dissociated [Ac]� would readily interact
with cellulose to improve the dissolution of cellulose [52].

3 Regeneration of Biopolymers

The biopolymers dissolved in an IL can be precipitated when an anti-solvent such as
water, ethanol, methanol, or acetone is added into the biopolymer solution, owing to
the lowered solubility of the biopolymer in the IL/anti-solvent mixture. The precip-
itated biopolymer is called a regenerated biopolymer, whose morphology generally
becomes rougher than that of the native biopolymer. For example, the thermal
stability and crystallinity of the cellulose regenerated by using IL as a solvent and
water as an anti-solvent were decreased, whereas the chemical structures were
retained [6]. Before the precipitation process using an anti-solvent proceeds, a
pretreatment process of the biopolymer solution can sometimes be helpful to regen-
erate the biopolymer.
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3.1 Anti-solvents

The type of anti-solvent used to coagulate a biopolymer dissolved in IL can influence
the characteristics of the regenerated biopolymer. Therefore, the choice of anti-
solvent for biopolymer regeneration is an important issue to obtain the desired
biopolymer composites. The most commonly used anti-solvents are water, metha-
nol, and ethanol. Biopolymer hydrogel and organogel can be prepared via sol–gel
transition of the biopolymer solution using water and an organic solvent, respec-
tively, as anti-solvents. Hydrogel and organogel are interchangeable by a simple
solvent exchange process. For example, cellulose organogel regenerated from a
cellulose solution by using ethanol as an anti-solvent can be changed to cellulose
hydrogel by repeated washing with water [53, 54].

3.1.1 Anti-solvents for Polysaccharides Dissolved in ILs

Cellulose dissolved in IL can be regenerated by using various anti-solvents. The anti-
solvent must be miscible with the IL and a precipitant for cellulose [55]. Water,
methanol, ethanol, acetone, and acetonitrile can be used to regenerate cellulose from
cellulose solution. Water was found to be the most efficient anti-solvent among
water, ethanol, and acetone when the cellulose was regenerated from cellulose
solutions in various ILs, such as [Amim][Cl], [Bmim][Cl], [Emim][Cl], [Bmim]
[Ac], [Emim][Ac], and [Emim][DEP] [55]. Water was effective for breaking the
bonds between the IL and cellulose in solution, subsequently helping to form the
bonds between cellulose molecules [4].

Various properties of cellulose regenerated from a cellulose solution in ILs are
dependent on the type of anti-solvent. The transmittance of cellulose film
regenerated from [Emim][Ac] solution increased in the following sequence of anti-
solvents: acetonitrile < ethanol < water. When DMSO or DMF were used as anti-
solvents, the cellulose regenerated from [Bmim][Ac] solution could not form films
[56]. The regeneration of cellulose in water from [Emim][Ac]/DMSO (3:7 wt ratio)
solution resulted in a higher degree of crystallinity than regeneration in methanol,
whereas the cellulose hydrogel regenerated in methanol exhibited larger pores than
that regenerated in water [57].

The chitin dissolved in [Emim][Ac] could be regenerated with water, methanol,
and ethanol [12, 17]. Methanol used as an anti-solvent resulted in a regenerated
chitin film with a plane and featureless surface, with water-engendered furrows on
the top surface. The chitin regenerated in methanol showed relatively low crystal-
linity compared to that in water [12].

3.1.2 Anti-solvents for Proteins Dissolved in ILs

Collagen dissolved in [Bmim][Cl] was regenerated with water, ethanol, acetone, and
methanol [25, 58]. The triple helical structure of collagen was partly destroyed
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during the dissolution and regeneration. The film-forming ability and thermostability
of the regenerated collagen was highly dependent on the type of anti-solvent. The
collagen films regenerated with water and ethanol showed smooth and compact
surfaces. The films regenerated with acetone and methanol presented rough and
porous surfaces. Better film-forming ability can be obtained with water and ethanol
[25]. Collagen dissolved in [Emim][Ac] or [Emim][Ac] containing 1% Na2HPO4

could be also regenerated with water [26, 59].
Silk dissolved in [Bmim][Cl] was regenerated by methanol and acetonitrile,

whereas water could not regenerate silk owing to the high solubility of silk in the
mixture of water and [Bmim][Cl]. The structure of the regenerated silk films was
highly dependent on the anti-solvent. Acetonitrile yielded a convoluted surface
structure with low crystallinity, whereas methanol yielded a transparent film with a
high degree of crystallinity [28]. Only methanol could be used as an anti-solvent to
form silk fiber by wet-spinning of the silk solution in [Emim][Cl] [17]. Silk
dissolved in [Bmim][Ac] was regenerated with ethanol, and then sequential treat-
ment with 80% methanol induced the formation of β-sheets [29].

Wool keratin was regenerated from wool keratin solution in [Bmim][Cl] and
[Amim][Cl] by using water, methanol, and ethanol as anti-solvents. A portion of the
disulfide bonds in wool keratin were broken during the dissolution. The regenerated
wool keratin films exhibited a β-sheet structure and the disappearance of the α-helix
structure. The thermal stability of regenerated wool keratin films decreased slightly
compared to natural wool fibers. The regenerated wool keratin film precipitated from
methanol exhibited a high degree of crystallinity compared to other solvents [48].

3.1.3 Anti-solvents for Lignocellulose Dissolved in ILs

Cellulose, xylan, and lignin co-dissolved in [Emim][Ac] or [Bmim][Cl] were
regenerated by water and an aqueous ethanol solution [32, 48, 56, 57]. The forms
of the coagulated cellulose/xylan/lignin composites were highly dependent on the
ethanol concentration. For example, more than 90% ethanol could not precipitate
lignin when the concentration of lignin was higher than cellulose [57]. Spruce wood
powder dissolved in [Bmim][Cl] could also be regenerated by aqueous ethanol
solution. However, spruce wood could not be regenerated into gel when the disso-
lution time was too long.

4 Processing to Prepare Biopolymer-Based Composite
Materials

Biopolymers can be fabricated into various forms such as molded shapes, films,
fibers, and beads by using ILs. The processes to fabricate biopolymer-based com-
posite materials include biopolymer dissolution using IL, co-dissolution or
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dispersion of additives in biopolymer solution, pretreatment of biopolymer solution,
regeneration of a biopolymer into hydrogel or organogel using anti-solvents, and
drying of hydrogel or organogel into aerogel, cryogel, xerogel, or a dense structure
(Fig. 1).

4.1 Pretreatment of Biopolymer Solutions Before
Regeneration

Solidification of biopolymer solutions by cooling can be carried out before the
regeneration of biopolymers. This pretreatment process may be useful to prepare
biopolymer composites of molded shapes. A simple standing of biopolymer solution
at room temperature as a pretreatment process can sometimes form gels without
regeneration process. In these gels, ILs act as one component to fabricate gel
materials together with the biopolymer. The gels are termed “organogels” when

Fig. 1 Process to prepare biopolymer-based composite materials using ILs
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the dispersed phase is an organic solvent and “hydrogels” when the dispersed phase
is aqueous. Therefore, biopolymer gel materials containing ILs are classified as “ion
gels.” A detailed discussion of ion gels prepared using ILs can be found in earlier
review [60]. Ion gels can be changed to biopolymer hydrogels or organogels by a
solvent exchange process. For example, a mixture of cellulose and xanthan gum in
[Bmim][Cl] could form an ion gel after incubation for 1 day at room temperature
[61]. The cellulose and xanthan gum could be regenerated from the ion gel by using
ethanol or water as an anti-solvent. Cooling the biopolymer solution at 4�C or
sub-zero temperatures was also used as a pretreatment process. A mixture of
cellulose and agar in [Bmim][Cl]/DMSO (1:1 wt ratio) could form an ion gel with
incubation at 4�C [62]. A cyclic freezing–thawing process of biopolymer solution
was also used as a pretreatment process prior to biopolymer regeneration. A mixture
of cellulose and polyvinyl pyrrolidone in [Amim][Cl] was changed to an ion gel by
repeated freezing–thawing cycles. This pretreatment process could increase the
hardness, gumminess, and resilience of the resultant hydrogel [63, 64]. When a
wood solution in [Amim][Cl] was pretreated with a cyclic freezing–thawing process,
the intensity, specific surface, crystallinity, and thermostability of the resultant wood
aerogel could be changed [65]. To maintain the molded shape of a biopolymer
solution, spraying water or storing the solution in a moisture-saturated environment
were also investigated [32, 66].

4.2 Processing to Prepare Various Shapes

Generally, regeneration of biopolymers can be performed by a sol–gel transition
method. During the regeneration step, the form of the prepared biopolymer com-
posites can be determined. Biopolymer-based composite hydrogels or organogels
regenerated with water or organic solvents, respectively, can be changed to various
dried gels by different drying methods.

4.2.1 Molded Shapes

Regenerated biopolymer hydrogels with molded shapes can be simply prepared by
pouring the biopolymer solution into molds, followed by gelation of the solution
through immersion in an anti-solvent. However, biopolymer hydrogels prepared
using ILs generally showed heterogeneous segregated structures in gels, resulting
in significant shrinkage of the gel during the regeneration process. Therefore, the
preparation of shape-persistent hydrogels is very important to fabricate biopolymer
hydrogels of various shapes for use in biomedical fields, such as tissue engineering
scaffolds. Kimura et al. prepared a tough hydrogel by a step-wise solvent exchange
process from a homogeneous [Emim][MeO(H)PO2] solution of cellulose exposed to
methanol vapor. The original shape and volume did not change during the solvent
exchange process [67]. This result suggests that the preparation of an organogel
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using a slow regeneration process followed by solvent exchange with water to
prepare the hydrogel is useful to fabricate biopolymer-based composites with vari-
ous molded shapes.

4.2.2 Films and Membranes

Biopolymer-based films and membranes can be used as basic materials in environ-
mental, biomedical, and bioelectronic fields. Biopolymer-based hydrogel films are
typically prepared by simply pouring the biopolymer solution into a mold followed
by regeneration [32, 59]. To obtain a thin hydrogel film, casting of a biopolymer
solution onto a flat surface using rod-coating or spin-coating is needed [37, 50,
68]. The prepared hydrogel films can be dried under high temperatures or vacuum to
obtain thin films.

4.2.3 Fibers

Fibers and fibrous membranes have a number of potential biomedical applications
because of their flexibility, permeability, high liquid retention, and high surface area.
Biopolymer-based composite fibers have been prepared by dry-jet wet-spinning and
electrospinning using ILs as solvents [1]. In a typical dry-jet wet-spinning process
using ILs, the spin dope is prepared from a cellulose solution. The spinning is
performed by extruding the spin dope across an air gap into a coagulation bath. As
the fiber is formed, the anti-solvent removes ILs from the fiber. In the extraction
process, it is possible to draw the fiber to enhance its properties. Magnetite-
embedded cellulose fibers, cellulose/keratin fibers, and cellulose/chitosan fibers
were prepared with this method [14, 49, 69]. The thickness of the fibers prepared
with dry-jet wet-spinning was in the range of hundreds of micrometers.
Electrospinning has been recognized as a simple and versatile method for producing
ultrathin fibers with an extremely high surface area. The electrospinning process
using ILs can be defined as a dry-jet wet-electrospinning process, which forms
biopolymer-based ultrathin fibers fabricated by collecting the jet in a grounded
coagulation bath. This process is stable at atmospheric pressure, with no need for
gas recovery or a fire-safety system [1]. Although the high viscosity of the ILs is a
presumed disadvantage for electrospinning, nanoscale (about 500 nm) fibers could
be observed. Our group solved the high viscosity problem by using cosolvents such
as DMF and DMAc. As the weight ratio of the cosolvent to [Emim][Ac] increased,
the spinnability improved, with stable whipping and splaying motions. Regardless of
the cosolvent type, the higher cosolvent concentration resulted in finer fiber diam-
eter, better web uniformity, higher crystallinity, and better thermal stability [70].

148 S. Park et al.



4.2.4 Beads

Biopolymer-based beads can be used as adsorbents to remove toxic chemicals,
chromatographic resin, and enzyme support. Milliscale and microscale
biopolymer-based composite beads were prepared by using ILs. Millimeter-sized
beads were usually prepared by drop-wise addition of the biopolymer solution into
an anti-solvent bath under vigorous stirring. Syringe pumps are useful to obtain
regular beads. The needle size of the syringe, rate of dropping, viscosity of the
biopolymer solution, types of anti-solvents and ILs, and concentration of the bio-
polymer can influence the size, shape regularity, and surface morphology of the
prepared beads [8, 71].

Controlling the viscosity of the biopolymer solution is very important to obtain a
uniform bead size. The viscosity of the biopolymer solution can be decreased
without changing the biopolymer solubility by adding aprotic solvents, such as
DMSO and DMF. The choice of anti-solvent is also important. The strength and
hardness of the hydrogel beads are dependent on the anti-solvent. Approximately 2-
to 3-mm biopolymer-based hydrogel beads were obtained by this simple dropping
method [8, 58, 71–73]. The size of the prepared biopolymer-based hydrogel beads
could be decreased to less than 1 mm after the drying process, owing to significant
shrinking of hydrogels during drying. Microscale beads are usually prepared by a
sol–gel transition using an emulsion of oil/biopolymer solution with the help of a
surfactant. The biopolymer solution is dispersed in oil with surfactants such as Span
80 and Tween 80 under vigorous stirring. Ultrasonication of this mixture can help to
enhance the dispersity. Then, an anti-solvent is added to the emulsion of
oil/biopolymer solution to regenerate the biopolymer. The size and regularity of
the biopolymer microbeads are influenced by the ratio of oil to biopolymer solution,
concentration of biopolymer, type of surfactant, and type of anti-solvent. The size of
the obtained microbeads has ranged from 10 to 70 μm [54, 74, 75].

4.3 Drying Methods

Biopolymers can be shaped into forms such as molded shapes, films, fibers, and
beads using ILs. Subsequently, the fabricated biopolymer-based materials can be
changed to dried forms by various drying methods. The morphology and properties
of these dried objects can be different, ranging from homogeneous materials with
very high densities to porous foams with very low densities. To control the mor-
phology of the dried materials, a well-controlled drying process is very important. A
biopolymer-based hydrogel or organogel can be changed to an aerogel, cryogel, and
xerogel by supercritical drying, freeze-drying, and ambient drying, respectively. It
can also be changed to a highly dense structure with high volume shrinkage by
heating or vacuum drying (Fig. 1). Buchtová and Budtova investigated the effects of
the drying method on the density, porosity, specific surface area, and morphology of
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cellulose regenerated from [Emim][Ac]/DMSO [76]. It was possible to tune the
properties of the porous cellulose materials by varying the cellulose concentration
and drying method. Depending on the properties and morphology, each material
may have a wide range of applications. For example, cellulose aerogels and cryogels
can be used in the biomedical field as matrices for controlled drug release or in tissue
engineering.

5 Biopolymer-Based Composite Materials

5.1 Biopolymer Blends

The blending of different biopolymers is a simple and attractive method to obtain
new materials with new physicochemical properties. The properties of biopolymer
blends can be controlled by changing the blending ratio of two or more biopolymers.
In the preparation of biopolymer blends, it is important to consider whether all
biopolymers can be co-dissolved in the used ILs, because the dissolution condition
of each biopolymer is usually different [8]. The anti-solvent should also be carefully
selected to regenerate all the biopolymers, owing to the different solubilities of
biopolymers in the mixture of ILs and anti-solvent. Table 3 shows various biopoly-
mer blends prepared using ILs.

5.1.1 Cellulose/Polysaccharide Blend Materials

Cellulose blended with polysaccharides such as agar [8], agarose [8], carrageenan
[8, 21, 64, 78, 79], chitin [51], chitosan [8, 14, 79, 81, 82], guar gum [79], heparin
[39], starch [64, 78, 79], and xanthan gum [61, 78] created novel materials to satisfy
special applications. The properties of cellulose-based materials can be simply
changed by blending various polysaccharides. For example, the surface charge of
cellulose can be changed to positive or negative by adding chitosan or carrageenans,
respectively. Mannans and starch can change the hydrophilicity of cellulose-based
materials.

Cellulose/chitosan blend materials have been prepared in various forms, such as
hydrogel beads, films, and fibers. Sun et al. prepared cellulose/chitosan beads by
using [Bmim][Cl] as a solvent for biopolymers and water as an anti-solvent. Cellu-
lose/chitosan beads showed good adsorption capacity for heavy metals such as
copper and zinc [81]. Our group prepared electrospun fibers by co-dissolution of
both cellulose and chitosan in [Emim][Ac] and regeneration with ethanol. A cellu-
lose/chitosan blend fiber mat showed antibacterial effects for Escherichia coli
[82]. Xiao et al. used [C1mim][Cl] and [C1mim][Cl]/[Hmim][Cl] (9:1) to dissolve
cellulose and chitosan. The prepared cellulose/chitosan membranes and fibers
retained the native structure of chitosan during the dissolution and regeneration
processes [14]. Mundsinger et al. prepared cellulose/chitin blend fibers by
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wet-spinning using [Emim][OPr] as a solvent and 60% sucrose solution as an anti-
solvent [80]. The cellulose/chitin blend fiber can be used for medical or hygienic
applications because it has enhanced water retention capacity compared to pure
cellulose fiber.

Wendler et al. used cellulose derivatives, mannans, starch, carrageenan, and
xanthan gum as blend polysaccharides for cellulose fiber as a matrix [78]. [Emim]
[Ac] is a powerful solvent for wet-spinning of cellulose/polysaccharide blend fibers.
The fiber morphology, hydrophobicity/hydrophilicity, and surface properties are
highly dependent on various polysaccharides blended with cellulose, compared
with those of cellulose fiber. Liu and Huang prepared tea residue cellulose-based
hydrogels blended with κ-carrageenan, chitosan, guar gum, and soluble starch by
using [Amim][Cl] as a dissolving solvent [79]. Chitosan and guar gum improved the
thermostability and mechanical characteristics of the biopolymer blend hydrogels,
whereas κ-carrageenan and soluble starch improved the equilibrium swelling ratio
and sodium salicylate loading. The cell compatibility and non-cytotoxicity of the
biopolymer blend hydrogels were also demonstrated. The same group also prepared
pineapple peel cellulose-based hydrogels blended with κ-carrageenan and soluble
starch using the same procedure [64]. The addition of κ-carrageenan increased the
hardness of the hydrogels, whereas soluble starch played an opposite role. Soluble
starch increased the springiness and cohesiveness of the hydrogels.

The Linhardt group prepared cellulose/heparin blend materials to enhance blood
compatibility, making it unnecessary to chemically couple heparin to cellulose. To
fabricate cellulose/heparin blend materials, a binary mixture of [Bmim][Cl] and
[Emim][Ba] as a solvent and ethanol as an anti-solvent were used. A mixture of
heparin containing [Emim][Ba] and cellulose containing [Bmim][Cl] was prepared;
the resulting solution could be fabricated into various shapes and forms, such as
films, membranes, micro- or nanofibers, or any other molded shape [1, 39]. Binary
mixtures of ILs are useful to prepare biopolymer blends because the mutual solu-
bilities of ILs are usually very high.

5.1.2 Cellulose/Protein Blend Materials

Biomaterials made from natural polysaccharides and proteins have become increas-
ingly popular in the biomedical field, owing to their good biocompatibility and
tunable biodegradability [85]. In addition, combinations of polysaccharides and
proteins may mimic the naturally occurring environment of certain tissues. However,
the low miscibility of polysaccharides with proteins in the same solvent presents
challenges. Recently, cellulose-based materials blended with proteins such as colla-
gen [58, 59], silk [84, 85], soy protein isolate [86], and wool keratin [49] were
prepared using ILs.

Zhang et al. prepared a cellulose/collagen blend film by using [Emim][Ac] as a
solvent and water as an anti-solvent [59]. Collagen was successfully composited
with cellulose and showed a higher denaturation temperature than that of native
collagen. This was explained by the hydrogen bond interactions between collagen
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and cellulose. Wang et al. also prepared cellulose/collagen blend hydrogel beads
using [Bmim][Cl] as a solvent and water as an anti-solvent [58].

DeFrates et al. prepared cellulose/Bombyx mori silk blend films using [Amim]
[Cl] as a solvent and methanol as an anti-solvent. [Amim][Cl] could effectively
dissolve both cellulose and silk, as well as preserve the structure and integrity of silk.
The thermal and physical properties of the cellulose/silk blend films could be tuned
by varying the ratio of silk to cellulose. The blended films tended to be more
thermally stable, which could be due to the presence of hydrophobic-hydrophobic
or electrostatic interactions between the silk and cellulose [85]. Tian et al. also
prepared a cellulose/silk blend film using [Bmim][Cl] as a solvent and methanol as
an anti-solvent. The cellulose/silk blend film exhibited better strength and toughness
than that of a regenerated cellulose film [84].

Wu et al. prepared a cellulose/soy protein isolate blend film using [Amim][Cl] as
a solvent and water as an anti-solvent [86]. It was found that cellulose/soy protein
isolate blends have excellent miscibility in all weight ratios of cellulose to soy
protein isolate. With an increase in the cellulose content of blend films, the tensile
strength, elongation at break, water resistance, and thermal stability of the blend
films all increased. Xie et al. prepared a cellulose/wool keratin blend film by using
[Bmim][Cl] as a solvent and methanol as an anti-solvent [49]. The thermal stability
of the regenerated wool keratin was slightly superior to that of natural wool keratin
fibers.

5.1.3 Wood Component-Based Blend Materials

Wood component-based biopolymer blends were prepared using [Emim][Ac],
[Bmim][Cl], or [Amim][Cl] [32, 50, 53, 65, 68, 78, 83, 89]. Bendaoud et al. prepared
cellulose/xyloglucan blends by dissolution in [Emim][Ac] and regeneration in water,
taking inspiration from the outstanding mechanical properties of plant cell walls
[32]. The cellulose/xyloglucan blend films were optically transparent and homoge-
neous at the micrometer scale. Enhanced mechanical properties were obtained by
adding xyloglucan to cellulose, which was explained by the formation of a
co-continuous nanostructure of a hard cellulose domain and soft xyloglucan domain.
Wu et al. prepared cellulose/starch/lignin films using [Amim][Cl] as a solvent and
water as an anti-solvent [87]. The contents of cellulose, lignin, and starch had a
significant influence on the mechanical properties of blend films.

Our group prepared “synthetic wood” blend films containing three major com-
ponents of natural wood by the co-dissolution of cellulose, xylan, and lignin in
[Emim][Ac] and regeneration in water [50, 68]. The composition and characteristics
of the synthetic wood films were highly controllable and predictable through vari-
ations of the concentration of each component in the wood solution (Fig. 2). The
water vapor solubility of the wood films was increased when the xylan content was
increased and the content of lignin was decreased. The biodegradability of cellulose
in the synthetic wood films was enhanced when the xylan content was increased and
the content of lignin was decreased. The synthetic wood films showed smoother
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surface textures, higher water resistance, and higher tensile strengths than the
cellulose films formed by the same methods [50, 68]. The wood component solution
containing cellulose, xylan, and lignin could also be electrospun to microsized fiber
mats [89].

5.1.4 Other Biopolymer-Based Blend Materials

Most biopolymer blend materials prepared by using ILs were limited to the
cellulose-based materials, owing to the excellent thermal and mechanical properties
of cellulose. However, other biopolymer-based blend materials were also recently
reported.

Trivedi et al. prepared agarose/chitosan blends using [Bmim][Cl] as a solvent and
methanol as an anti-solvent [77]. The agarose/chitosan blends had good thermal and
conformational stability, compatibility, and strong hydrogen bonding interactions
between the agarose and chitosan. The blend materials could be decorated with Ag
nanoparticles, and agarose/chitosan/Ag nanoparticles have the potential to be used in
biotechnology and biomedical applications owing to the good antimicrobial activity
of Ag nanoparticles. Shiamsuri et al. prepared agar/cellulose, agar/starch, and agar/
zein protein blend aerogels [62]. Cellulose, starch, or zein protein was dissolved in
[Bmim][Cl]/DMSO (1:1 weight ratio) and then blended with the agar solution in
water, followed by gelation at low temperature and regeneration in water. This study
showed the successful use of a [Bmim][Cl]/DMSO mixture as a solvent for the
fabrication of agar-based blend materials.

Nunes et al. prepared chitosan/chondroitin sulfate hydrogels using [Hmim]
[HSO4] as a solvent and water as an anti-solvent [15]. The preparation of chitosan/

Fig. 2 Synthetic wood hydrogels (a–d) and thin films with various compositions (e–h): (a, e)
cellulose only, (b, f) cellulose/xylan (5/5 wt% in [Emim][Ac]), (c, g) cellulose/lignin (5/5), (d, h)
cellulose/xylan/lignin (5/3/2) [50]
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chondroitin sulfate hydrogels was carried out in homogeneous [Hmim][HSO4]
solution for short dissolution times. The blend hydrogels showed excellent stabilities
in a wide pH range, large swelling capacities, as well as a lack of cytotoxicity toward
the normal VERO and diseased HT29 cells. The blend hydrogel could be applied in
the medical, pharmaceutical, and environmental fields. Silva et al. prepared chitosan/
silk hydrogels by using [Bmim][Ac] as a solvent and methanol as an anti-solvent
[88]. Chitosan/silk blend hydrogels could be successfully prepared with short
dissolution times of both biopolymers. The characteristics of hydrogel and the
porous structure could be altered by changing the silk content.

Iqbal et al. prepared collagen/alginate hydrogels by using [Hmim][Ac] as a
solvent and 3M CaCl2 as an anti-solvent [45]. The thermal stability of the blend
film increased with collagen loading. The fluid uptake ability of hydrogels improved
to 40% with the addition of collagen. However, the tensile strength decreased with
the addition of collagen. The blend hydrogels were evaluated as highly
hemocompatible. The collagen/alginate blend hydrogels were suggested to be used
for skin dressing.

5.2 Cellulose-Based Composites

Various biopolymer-based composite materials have been prepared using ILs. To
prepare biopolymer-based composite materials, additives are simply dispersed in
biopolymer solutions and then the biopolymer solutions containing additives are
regenerated with an anti-solvent. Cellulose was well fabricated with inorganic
materials, including montmorillonite [90, 91] and hydroxyapatite [92, 93], synthetic
polymers such as polyvinyl alcohol (PVA) [64, 94], polyethylene glycol (PEG) [64],
polypyrrole [95], and polyvinyl pyrrolidone (PVPP) [63], conductive carbon mate-
rials such as carbon nanotubes [40, 96, 97] and graphene oxide [98], and enzymes
such as laccase [99], lipase [8, 71], and papain [100]. Table 4 shows some examples
of cellulose-based composite materials prepared using ILs.

Mahmoudian et al. prepared cellulose/montmorillonite composite film using
[Bmim][Cl] [90]. They also prepared cellulose/montmorillonite composite fiber
via wet-spinning using [Emim][Ac] [91]. Considerable improvements in thermal
stability and char yield were observed in composite fibers compared to pure
regenerated cellulose fibers. The tensile strength and Young’s modulus were also
enhanced. X-ray diffraction and scanning electron microscopy (SEM) results
showed good dispersion of montmorillonite as well as enhanced interactions
between montmorillonite and the cellulose matrix. Tsioptsias et al. prepared porous
cellulose/nanohydroxyapatite composite using [Bmim][Cl] as a solvent and poly
(methyl methacrylate) as a porogen [92]. [Bmim][Cl] solution showed better dis-
persion of nanohydroxyapatite than N,N-dimethylacetamide/LiCl solution.

Hu et al. prepared cellulose/PVA, cellulose/PEG, and cellulose/PVA/PEG com-
posite hydrogels using [Amim][Cl] as a solvent [64]. The addition of PVA or PEG
decreased the hardness of the composite hydrogels, whereas the composite
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hydrogels showed enhanced loading ratio for sodium salicylate. The addition of the
PVA and PEG combination could lower the equilibrium swelling ratio of the
hydrogels. Peng et al. also prepared cellulose/PVA composite hydrogel membranes
using [Bmim][Ac] as a solvent [94]. The swelling and water-absorbing properties of
the cellulose/PVA hydrogel were significantly improved. Liang et al. prepared a
cellulose/polypyrrole composite hydrogel using [Bmim][Cl] [95]. The cellulose/
polypyrrole composite hydrogel doped with p-toluenesulfonate showed high elec-
trical conductivity. The equilibrium swelling ratio decreased with increasing cellu-
lose content in the hydrogels. The cellulose/polypyrrole composite hydrogels
exhibited significantly enhanced mechanical properties compared with cellulose
hydrogel. Hu et al. prepared cellulose/PVPP composite hydrogels using [Amim]
[Cl] [63]. The addition of PVPP increased the mechanical properties and thermal
stability of the composite hydrogels, as well as decreased the equilibrium swelling
ratio.

Table 4 Cellulose-based composite materials

Additive material
Dissolution
solvent

Dissolution
condition

Product form
(treatment condition) Ref.

Montmorillonite [Emim][Ac] 80�C, 4 h Fiber (vacuum, 50�C,
3 h)

[91]

Montmorillonite [Bmim][Cl] 85�C, 4 h Film (30�C, 3 h) [90]

Nanohydroxyapatite [Bmim][Cl] 95�C, 5 h Molded shape (40�C) [92]

Nanohydroxyapatite [Bmim][Cl] 95�C, 5 h Film (vacuum, 60�C) [93]

Polyvinyl alcohol [Bmim][Ac] 70�C Film (freeze-dry) [94]

Polyvinyl alcohol [Amim][Cl] 100�C, 12 h Hydrogel (dry/freeze-
dry)

[64]

Polyethylene glycol [Amim][Cl] 100�C, 12 h Hydrogel (dry/freeze-
dry)

[64]

Polyethylene glycol,
Polyvinyl alcohol

[Amim][Cl] 100�C, 12 h Hydrogel (dry/freeze-
dry)

[64]

Polypyrrole [Bmim][Cl] 100�C, 12 h Hydrogel [95]

Polyvinyl pyrrolidone [Amim][Cl] 100�C, 12 h Hydrogel (50�C/
freeze-dry)

[63]

MWCNT [Amim]
[Cl] +DMSO
(1:2)

70�C Electrospun fiber
(vacuum)

[96]

MWCNT [Amim][Cl] 100�C,
45 min

Fiber [97]

SWCNT [Bmim][Br] Sonication Film (60�C, 3 h) [40]

Graphene oxide [Amim][Cl] 100�C, 5 h Film [98]

Laccase [Bmim][Cl] Microwave Film [99]

Lipase [Emim][Ac] 80�C, 2 h Hydrogel bead [76]

Lipase [Emim][Ac] 80�C, 1 h Hydrogel bead [71]

Papain, Fe3O4 [Amim][Cl] 100�C, 5 h Hydrogel (freeze-dry) [100]

Fe3O4 [Amim][Cl] 100�C, 5 h Bead (freeze-dry) [100]

Fe3O4 [Emim][Cl] Microwave Fiber (air dry) [69]
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Zhang et al. prepared cellulose/multiwalled carbon nanotube (MWCNT) com-
posite fibers via dry-jet wet-spinning using [Amim][Cl] [97]. To enhance the
dispersity of MWCNTs in the cellulose solution, the mixture of cellulose solution
and MWCNT was ground in an agate mortar for 15 min. Well-dispersed and aligned
MWCNTs were observed in the cellulose fibers. The composite fibers exhibited
improved mechanical properties and thermal stability, owing to the good interaction
between cellulose and MWCNTs. Chen et al. prepared bacterial cellulose (BC)/
MWCNT nanofibers via electrospinning using [Amim][Cl]/DMSO (1:2, weight
ratio) [96]. SEM and transmission electron microscopy results showed that the
MWCNTs were embedded and well aligned along the fiber axis. The tensile strength
and modulus of the BC/MWCNT nanofibers were approximately three times higher
than those of the BC nanofibers. Li et al. prepared a cellulose/single-walled carbon
nanotube (SWCNT) composite using [Bmim][Br] [40]. The obtained cellulose/
SWCNT composite can be dispersed in water, forming a stable solution with
excellent biocompatibility. It was also found that cellulose/SWCNT scaffolds
could promote the growth of HeLa cells. Therefore, the composites have potential
applications in biomaterial scaffolds and intracellular drug delivery systems. Liu
et al. prepared tea residue cellulose/graphene oxide hydrogel using [Amim]
[Cl] [98]. The cellulose/graphene oxide hydrogels showed higher thermal stability
and enhanced textural properties. As an adsorbent, the cellulose/graphene oxide
hydrogels had enhanced adsorption capacity for methylene blue (MB).

The direct encapsulation of enzymes into cellulose-based materials is considered
to be a very difficult task because cellulose-dissolving solvents fully inactivate
enzymes. Turner et al. successfully encapsulated laccase as an active form in
cellulose by dispersion of laccase in a cellulose solution using [Bmim][Cl] and
regeneration with water [99]. The inactivation of laccase during the process was
reduced by precoating the laccase with hydrophobic [Bmim][Tf2N]. Our group
entrapped lipase from Candida rugosa into cellulose hydrogel by using biocompat-
ible [Emim][Ac], which can retain the activity of lipase [8]. Liu et al. entrapped
papain into tea cellulose using [Amim][Cl] as a solvent [100]. The papain-embedded
cellulose hydrogel was additionally coated with magnetic Fe3O4 and showed para-
magnetic behavior.

Sun et al. prepared magnetically active cellulose/Fe3O4 composite fiber via a
dry-jet wet-spinning process using [Emim][Cl] [69]. The fiber texture was found to
be related to the overall magnetite concentration, cellulose concentration, and
molecular weight of cellulose. It was found that increasing the degree of polymer-
ization (DP) of cellulose and/or cellulose concentration resulted in more robust
fibers; conversely, the addition of magnetite particles weakened the overall mechan-
ical properties.
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5.3 Blended Biopolymer-Based Composites

Composite materials based on biopolymer blends consisting of two or more bio-
polymers have many potential applications, owing to their biocompatibility, biode-
gradability, and tunable properties. Various biopolymer blends have been fabricated
with lipase [8, 71], PEG [64, 68], magnetic particles [42, 54, 75], MWCNTs [68],
porphyrin [66], poly(3-octylthiophene) [89], and charcoal [101]. Table 5 shows
various biopolymer blends containing additives.

Our group successfully entrapped lipase into various cellulose/biopolymer blend
hydrogels [8]. Lipase-entrapped cellulose/biopolymer blend hydrogel beads were
prepared by the co-dissolution of biopolymers in [Emim][Ac] and dispersion of
lipase in biopolymer solution followed by regeneration using water. Cellulose/
biopolymer blend hydrogels proved to be good supports for the entrapment of
enzymes and have many potential applications, including drug delivery, biosensors,
biofuel cells, and tissue engineering.

Hu et al. prepared cellulose/carrageenan/PEG and cellulose/starch/PEG compos-
ite hydrogels [64]. The addition of the carrageenan and PEG combination or starch
and PEG combination could markedly increase the equilibrium swelling ratio of the
composite hydrogels, compared with cellulose hydrogel. Sodium salicylate-loaded
cellulose/carrageenan/PEG composite hydrogel was useful for extending the fast
release phase of sodium salicylate.

Peng et al. prepared cellulose/chitosan/Fe3O4 magnetic composite microspheres
via a sol–gel transition of [Bmim][Cl] solution emulsified with vacuum pump oil
using Tween 80 [75]. The composite microspheres exhibited an efficient adsorption
capacity of Cu(II) from an aqueous solution, owing to the favorable chelating groups
in the structure. These composite microspheres are expected to be a promising
candidate for practical use in heavy metal ion removal. Liu et al. similarly prepared
cellulose/chitosan/Fe3O4 magnetic composite microspheres via a sol–gel transition
of [Bmim][Cl] solution emulsified with vacuum pump oil using Span 80 [54]. The
composite microspheres were regular spheres with a mean diameter of approxi-
mately 10 μm. Glucose oxidase could be successfully immobilized on the composite
microspheres via cross-linking using glutaraldehyde. The immobilized enzyme
presented higher thermostability, wider range of optimal pH, and improved storage
stability compared with the free enzyme. The immobilized enzyme could be suc-
cessfully recovered by a magnetic field. These composite microspheres showed
potential applications in the field of biocatalysis.

Recently, our group prepared various cellulose/biopolymer/Fe3O4 composite
hydrogel microspheres such as cellulose/carrageenan, cellulose/chitosan, cellulose/
lignin, and cellulose/soluble starch containing magnetic particles via sol–gel transi-
tion of an emulsified [Emim][Ac] solution (Fig. 3). The prepared composite micro-
spheres showed regular spherical shapes and retained magnetic properties. The mean
diameters of the composite microspheres ranged from 30 μm to 50 μm. Crystal violet
(CV), methyl orange, bovine serum albumin (BSA), and pepsin were adsorbed on
various cellulose/biopolymer/Fe3O4 composite microspheres to investigate the
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surface properties of the composites. The cellulose/chitosan, cellulose/carrageenan,
cellulose/lignin, and cellulose/starch microspheres were more positively charged,
negatively charged, hydrophobic, and hydrophilic, respectively, compared with
cellulose microspheres. Furthermore, the lipase from Candida rugosa was success-
fully immobilized on various blended biopolymer-based microspheres. The
immobilized lipase showed higher specific activity and thermal stability than free
lipase. In particular, the thermal stabilities of the lipase immobilized on cellulose/
starch/Fe3O4 and cellulose/alkali lignin/Fe3O4 were much higher than that of free
lipase. Owing to the adjustable properties of blended biopolymer-based magnetic
composite microspheres, they can be used as supports to adsorb various materials
such as enzymes, biomedicines, drugs, and heavy metals. Moreover, their

Fig. 3 Optical microscopy images and magnetic properties of the biopolymer-based magnetic
microspheres: (a) cellulose, (b) cellulose/chitosan (3/1 wt% in [Emim][Ac]), (c) cellulose/carra-
geenan (3/1), (d) cellulose/alkali lignin (3/1), (e) cellulose/Organosolv lignin (3/1), (f) cellulose/
starch (3/1) [unpublished work]
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biocompatibility, biodegradability, and recoverability facilitate various applications
in the chemical, biological, and environmental engineering fields.

Our group prepared various composite materials based on synthetic wood blends
containing cellulose, xylan, and lignin by using [Emim][Ac] as a solvent to dissolve
the three major wood components. Synthetic wood-based hydrogels have potential
applications in biomedical fields owing to their low cost, biodegradability, and
biocompatibility [72]. In particular, the controllable properties of synthetic wood
hydrogels are useful for lipase immobilization. Lipase from Candida rugosa was
entrapped in synthetic wood hydrogel beads by dissolving wood components with
lipase in [Emim][Ac], followed by reconstitution with water (Fig. 4). The lipase

Fig. 4 Photographic images and scanning electron microscopy images of various synthetic wood
hydrogel beads containing lipase: (a–c) cellulose bead, (d–f) cellulose/alkali lignin (4/2 wt% in
[Emim][Ac]) bead, (g–i) cellulose/xylan (4/2) bead, (j–l) cellulose/xylan/alkali lignin (4/1/1)
bead [71]
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entrapped in cellulose/xylan/lignin beads in a 5:3:2 ratio showed the highest activity;
interestingly, this ratio is very similar to that in natural wood. The lipase entrapped in
various synthetic wood hydrogel beads showed increased thermal and pH stability.
The synthetic wood hydrogel beads can be used to immobilize various enzymes for
applications in the biomedical, bioelectronic, and biocatalytic fields. Synthetic wood
composite films were also fabricated with PEG and MWCNTs [68]. The surface of
the synthetic wood/PEG composite film was stickier and more hydrophilic than the
synthetic wood film, with an average contact angle of 32�, owing to the humectant
properties of PEG. The synthetic wood/MWCNT maintained a very high resistance
(megaohms), even at high loading, suggesting that it would make a suitable candi-
date for a flexible high-dielectric insulator composite. An integrated artificial pho-
tosynthetic system was also developed with a synthetic wood/porphyrin composite
film [66]. Similar to the natural light harvesting by chloroplasts, porphyrins encap-
sulated in a synthetic wood matrix enabled the utilization of light energy toward the
photochemical regeneration of NADH cofactors and enzymatic chemical synthesis.
The porous synthetic wood composite provided a microenvironment for porphyrin
encapsulation and also allowed effective photosynthesis because of the inclusion of
the redox-active lignin component. Photoluminescent synthetic wood fibers were
prepared by electrospinning [Emim][Ac] solution containing wood components and
poly(3-octylthiophene) [89] (Fig. 5). These synthetic wood/poly(3-octylthiophene)
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Fig. 5 Schematic representation of electrospinning from a synthetic wood/P3OT/IL solution (a),
confocal laser scanning microscopy images of electrospun synthetic wood/P3OT fibers with an
excitation wavelength of 488 nm (b), and scanning electron microscopy images of synthetic wood/
P3OT composite fibers (c) [89]
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composite fiber films showed orange-color emissions under ultraviolet irradiation
and high intensity at 540 nm. The promise of utilizing these composite fiber films in
a wide variety of applications can be realized in applications such as biopolymer-
based solar cells, luminescent devices, chemical and optical sensors, and light-
emitting diodes.

The Linhardt group prepared cellulose/heparin blend composites that showed
anticoagulant activity for biomedical applications. The cellulose/heparin/charcoal
composites were prepared using a mixture of [Bmim][Cl] and [Emim][Ba] to
enhance the biocompatibility and blood compatibility of activated charcoal beads
[102]. An field emission SEM image of cellulose/heparin/charcoal composites
showed a smooth, uniformly coated surface with a large number of small and
nanosized pores (Fig. 6). The surface morphology indicated that the composite is
potentially capable of inhibiting the adsorption of proteins while permitting small
drug molecules to adsorb to the underlying charcoal bead. The activated partial
thromboplastin time results and adsorption efficiency of phenytoin compared to
BSA showed that the coating of activated charcoal with cellulose/heparin could be
useful for direct hemoperfusion to remove small-sized free-diluted and protein-

Fig. 6 SEM images of charcoal beads: (a, b) uncoated charcoal bead, (c, d) cellulose/heparin/
charcoal composite bead [102]
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bound toxins. The same group also prepared magnetically responsive heparin-
immobilized cellulose nanofiber composites by wet-wet electrospinning using
[Emim][Ac] [42]. Three types of nanofibers—cellulose/Fe3O4/heparin monofila-
ment fiber, cellulose/Fe3O4 core–shell fiber with heparin covalently immobilized
on the fiber surface, and cellulose/Fe3O4 core–shell fiber with heparin physically
immobilized on the fiber surface—were prepared. The anticoagulant activity of
immobilized heparin on the composite fiber surfaces was evaluated and confirmed
by antifactor Xa and antifactor IIa assays.

6 Applications of Biopolymer-Based Composite Materials

Biopolymer-based materials prepared using ILs have many potential applications.
Although several studies regarding possible applications have been reported, the
untapped potential of biopolymer-based materials is still tremendous. Briefly,
biopolymer-based materials can be used as adsorbents for heavy metals or dye
removal, enzyme supports, carriers for drug delivery, scaffolds for tissue engineer-
ing, food packaging films, and basic materials for biomedical and bioelectrical
applications.

6.1 Applications as Adsorbents

Heavy metals in wastewater may cause long-term risks to humans and the ecosystem
[81]. As a method to remove toxic metal ions, the use of biopolymer-based adsor-
bents gained interest owing to their nontoxic and biodegradable properties. Cellu-
lose/collagen hydrogel beads [58], tannin-immobilized cellulose/collagen beads
[103], cellulose/chitosan beads [81], and magnetic cellulose/chitosan microspheres
[75] were prepared with ILs and used for heavy metal ion adsorption. Blending
cellulose with collagen enhanced the adsorption capacity for Cu(II) and cellulose/
collagen beads showed good reusability after repeated adsorption and desorption.
Magnetic cellulose/chitosan beads could be easily regenerated with HCl and reused
repeatedly for Cu(II) adsorption up to five cycles. Cellulose/chitosan beads could
also be used for the adsorption of Zn(II), Cr(VI), Ni(II), and Pb(II) ions.

Synthetic dyes such as MB, CV, and methyl orange are water pollutants from the
textile dyeing industry and are not easily degraded. Synthetic dyes can contaminate
water resources and thus harm aquatic life; through the food chain, they can then
enter human bodies and cause adverse effects. Biopolymer-based adsorbents can be
used to remove synthetic dyes. Cellulose/graphene oxide hydrogels [98] and cellu-
lose/sepia ink hydrogels [38] have been prepared with ILs and used to adsorb
MB. The MB adsorption capacity was enhanced by adding graphene oxide or
sepia ink to cellulose. Our group prepared cellulose/carrageenan hydrogel beads.
The CV adsorption was increased by increasing the carrageenan content in the
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cellulose/carrageenan hydrogel beads. The adsorption capacity for CV of cellulose/
carrageenan hydrogel beads was 200.8 mg/g, whereas that of cellulose hydrogel
beads was only 0.5 mg/g (Fig. 7). This result shows that biopolymer blending can be
effectively used to modify the properties of biopolymers.

Biopolymer-based materials have been used as enzyme supports, owing to their
biocompatibility with enzymes. In particular, biopolymer-based composite hydrogels
prepared using ILs can be effectively used for enzyme immobilization because the
blending of biopolymers and additives can make new functional groups on the
surface of the hydrogel without chemical modification. Our group prepared various
cellulose/lignin hydrogel beads using [Emim][Ac] and the biopolymer blend
hydrogels were used to immobilize lipase [73]. The lignin in the cellulose/lignin
hydrogel beads enhanced the activity and stability of the adsorbed lipase as the lignin
content increased. In particular, the interaction between lipase and the thiol group in
alkali lignin improved the thermal stability of the immobilized lipase. BC/chitosan
hydrogels and microcrystalline cellulose/chitosan hydrogels were also prepared for
lipase immobilization [72]. The loaded content and activity of lipase were higher in
the BC/chitosan hydrogel beads than the microcrystalline cellulose/chitosan hydrogel
beads. The half-life of the lipase cross-linked on BC/chitosan beads was 22.7 times
higher than that of free lipase. The Rogers group prepared cellulose/polyamine
composite films and beads, which provided high loading of primary amines on the
surface, allowing the direct conjugation of enzymes. These composites were used to
immobilize laccase and lipase [104]. They also prepared cellulose/polyamidoamine
films to immobilize laccase. The immobilization yield was increased by adding
1,3-phenylene diisocyanate as a linker [37].

6.2 Biomedical Applications

Biopolymer-based composites can be used as carriers for controlled drug release.
The loaded drug content and drug release rate can be changed by blending bio-
polymers and preparing composites with additives. Hu et al. prepared a salicylate-
loaded cellulose-based composite hydrogel [63]. It was found that PVPP addition

Fig. 7 Photographic
images for the cellulose/
carrageenan hydrogel beads
of before adsorption (a) and
after adsorption of CV (b)
[unpublished work]
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could lower the salicylate load ratios of freeze-dried hydrogels but increase the
salicylate load ratios of oven-dried hydrogels. Oven-drying processing and PVPP
addition were promising approaches for slowing the salicylate release. The addition
of PEG, PVA, carrageenan, and starch could increase the salicylate load ratio of the
hydrogels [64]. The drug loading and releasing ratios were controllable by changing
the additives [79].

Some biopolymers, such as chitosan and lignin, have been shown to have
antibacterial properties. Blending these biopolymers can simply make biocompatible
and antibacterial materials. For example, our group prepared cellulose/chitosan fiber
mats via electrospinning [82]. The cellulose/chitosan fibers showed excellent
antibacterial activity on E. coli. The loading of antibiotics in biopolymer-based
composites is also a useful method for antibacterial materials. Tsioptsias and
Panayiotou prepared a cellulose/nanohydroxyapatite composite and encapsulated
amoxicillin [92]. Iqbal et al. prepared a collagen/alginate/gentamicin hydrogel,
which showed antibacterial properties. The biocompatibility was assessed through
hemolysis and the MTT assay on rat mesenchymal stem cells, which showed
satisfactory results [45]. These biopolymer-based antibacterial materials can be
used for wound dressing.

Biopolymers have been widely used for the fabrication of biomedical devices and
tissue engineering scaffolds. Biopolymer-based composite materials are attracting
great attention, owing to their unique properties such as biodegradability, biocom-
patibility, and mechanical properties. In particular, biopolymer blends have much
potential because various physicochemical properties can be easily controlled with
the help of ILs. Singh et al. prepared a chitin/MWCNT composite scaffold, which
showed very good neuron adhesion as well as support for the synaptic function of
neurons [105]. The addition of MWCNT into chitin improved the electrical conduc-
tivity and the assisted oxygen plasma treatment introduced more oxygen species
onto the composite surface. The biocompatible and electrically conducting chitin/
MWCNT composite scaffold can be used for tissue engineering of neurons. Silva
et al. prepared various chitosan/silk hydrogels using [Bmim][Ac] [88]. The chitosan/
silk hydrogel showed biocompatibility and no cytotoxicity during the culture of
human dermal fibroblasts. In vitro assays demonstrated that these hydrogels
supported the adhesion and growth of primary human dermal fibroblasts. Hence,
chitosan/silk hydrogels may be promising biomaterials for skin tissue engineering.
Zadegan et al. fabricated a cellulose–nanohydroxyapatite composite for bone tissue
engineering applications [93]. Cellulose was reinforced with bioactive
nanohydroxyapatite for replacement or healing of bones. The composite was bio-
compatible with no toxicity, and human osteoblast cells could attach to the surface of
the composite. This composite can be used for bone tissue engineering.
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6.3 Other Applications

Biopolymer-based films have tremendous potential to substitute for
nonbiodegradable plastics in the food and packaging industry. Wu et al. prepared
cellulose/soy protein isolate blend films [86]. The blend films have excellent misci-
bility in all weight ratios of cellulose to soy protein isolate. The addition of cellulose
results in a decrease in the water vapor permeability. All films have high gas barrier
capacities. Cellulose/starch/lignin films were also prepared [87]. The composite
films showed relatively excellent mechanical properties in both the dry and wet
states, owing to the mutual property supplementation of the different components.
The composite films had good thermal stability and high gas barrier capacity.
Mahmoudian et al. prepared cellulose/montmorillonite composite films [90]. The
presence of montmorillonite enhanced the thermal stability and tensile strength. The
composite films exhibited improved gas barrier properties and water absorption
resistance compared to regenerated cellulose film.

The direct electrochemistry of redox proteins recently has gained considerable
interest for use in constructing biofuel cells and biosensors. Various systems have
been developed to enhance direct electron transfer and protein stability because the
electroactive centers of redox proteins are embedded in the molecules. For this
purpose, host materials should be able to immobilize proteins well and promote
the direct electrochemistry. Biopolymers can provide a favorable microenvironment
for redox proteins and enzymes to fabricate excellent biosensors. In addition, ILs
allow the efficient direct electron transfer of various proteins. Therefore, biopolymer/
ILs composite systems may represent unique materials that can open up new
opportunities for direct electrochemistry. A more detailed discussion of the applica-
tion of ILs in bioelectrochemistry can be found in an earlier review [106].

7 Conclusions and Prospects

Biopolymer-based materials have gained considerable interest for their inherent
biocompatibility and biodegradability. However, the processes to prepare
biopolymer-based materials have been limited because of the low solubility of
biopolymers in general organic solvents. Recently, the high dissolving power of
ILs for various biopolymers has opened up new paths to fabricate biopolymer-based
composite materials. The dissolution of biopolymers using ILs and regeneration of
biopolymers via sol–gel transition are very simple processes to perform, which can
be used to fabricate biopolymer-based composites of various shapes. As new ILs that
can dissolve various biopolymers are developed, innovative materials with novel
structures, physical properties, and chemical functions will be developed in the
future. In particular, ILs are very useful solvents to make biopolymer blends because
ILs can co-dissolve two or more biopolymers. A tremendous number of combina-
tions of biopolymer blends can be used to prepare materials with tightly controlled
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properties. Blended biopolymer-based composites have many potential applications,
including as adsorbents, enzyme supports, scaffolds for tissue engineering, carriers
for drug delivery, food packaging materials, and basic materials for biomedical
devices and bioelectronics.
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Abstract Chitin isolated throughmicrowave-assisted dissolution using ionic liquids
is a high molecular weight (MW) polymer that can be manufactured into materials of
different architectures (e.g., fibers, films, microspheres, nanostructured materials) to
be used as wound care dressings, drug delivery devices, scaffolds, etc. However,
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because of differences from traditional isolation methods and, thus, differences in
polymer length and degree of deacetylation, it could exhibit bio-related properties that
differ from those of traditionally ‘pulped’ chitin. Here we present the initial assess-
ments of bio-related chitin properties in order to provide a useful scientific basis for
clinical applications: biocompatibility, cytotoxicity (intracutaneous reactivity),
wound healing efficacy, histological evaluation of the wounds treated with chitin
dressing, and antibacterial activity. We also provide the studies that outline potential
applications of chitin as a raw polymer for preparation of biomaterials.

Graphical Abstract

Keywords Antibacterial properties, Biocompatibility, Chitin, Chitin films for drug
delivery, Cytotoxicity, Histological evaluation, Ionic liquids, Microbeads for drug
delivery, Nanomats for scaffolding, Wound healing rat model

1 Introduction

1.1 ‘Plastic’ Problem

Our reliance on plastics is the source of many societal problems. Of all the threats
posed by our dependence on petroleum, pollution from the use of synthetic plastics
is one of the most imminent. Plastics use has resulted in multiple ‘garbage patches’
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in the world’s oceans, with total floating plastic weight exceeding 250,000 tons
[1]. Given that primary manufacture of plastics maintains its current level, recycling
and environmental decontamination is a never-ending task.

Renewable replacements for plastics have so far been inadequate. Applications
for biodegradable, synthetic plastics such as poly(L-lactic acid) (PLA) are limited by
the fact that there are so few examples of such polymers compared to the nearly
unlimited range of petrochemically-derived ones. Besides, although advertised as
degradable, PLA is impervious to UV-light irradiation: its complete degradation to
carbon dioxide and water requires high humidity and elevated temperature (at or
above 60�C) [2]. In landfills, under regular environmental conditions, PLA is known
to be extremely stable. In addition, PLA is hydrophobic, often requiring structural
modification prior to making materials [3, 4].

Recently, people have begun using solid waste materials (e.g., coffee grounds) as
fillers for disposable products [5]. This approach is promising for replacing plastics
in some applications but, from an engineering material standpoint, use is restricted to
non-structural fill applications.

The real answer to the successful replacement of plastics must enable the preser-
vation of the low cost, versatility and ease of processing. Perhaps, even more impor-
tant, the same consistent supply, economies of scale, and market acceptance enjoyed
by synthetic plastics, must be available for its replacement.

1.2 Going Back in Time?

At the same time, biomass is a permanent source of renewable feedstock (e.g., wood
from trees, animal residues) [6], and could compete with oil as an abundant resource.
The suitability of biopolymers (such as starches, sugars, cellulose, lignin, chitin, and
polypeptides) as replacements for plastics is evident from the fact that the high
volume uses of plastics are mostly replacements for materials that were traditionally
made from wood, paper, or cloth.

Indeed, using Nature’s biopolymers for plastics manufacture can be traced back
to 1856, when English chemist Alexander Parkes was granted the original patent on
Parkesine [7]. Parkesine, the very first plastic, was made of ca. 70% of nitrated
cellulose and ca. 30% camphor, both being derived from natural components. The
Hyatt brothers added shellac, the refined form of a secretion of insect lac, to this
composition in 1870, and obtained first patent for Celluloid [8]. This discovery is
officially recognized as the birth of the plastics industry in the U.S. With time,
polymers derived from Nature have been replaced by those from cheap petroleum
and fossil fuel, a change driven by the cost-effectiveness of synthetic plastics; at the
present time the plastics industry is a USD 654.38 billion market [9].

Plastics rose to dominance through the availability of cheap oil as a feedstock and
open markets for its products, and they enjoy technological maturity and an
entrenched economy of scale. For any replacement to be successful, these two
factors must first be met. In this regard, biopolymers hold promise, although
substantial investment in research and development is required to create a market
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of a competitive size. To achieve some progress in this direction, we can use modern
biotechnology tools and provide breakthrough technologies to set up safer, cleaner,
and more efficient industrial manufacturing processes. One such solution involves
the use of ionic liquids.

1.3 Ionic Liquids to Unlock Biopolymers as a Source for New
Biomaterials

Although biomass is a permanent source of renewable feedstock [6], it is, regrettably
an underutilized resource, mainly because biopolymers are highly crystalline and
insoluble in conventional solvents. Manufacturing approaches for biomaterials
include dissolving biopolymers in inorganic bases [10–13], strong acids [14, 15],
or highly polar fluorinated solvents [16, 17], which are often classified as unsuitable
for use in medical applications or even change biopolymer structurally during
product manufacturing. Thus, it is not surprising that ‘purely biopolymeric’ mate-
rials have neither been comprehensively studied nor extensively produced and
marketed.

In exploitation of full biopolymers’ potential, ionic liquids (ILs, salts that melt at
or below 100�C [18]) present a transformational change. ILs allow the dissolution/
deconstruction and biopolymer recovery from any biomass feedstock. The initial
discovery was made by Rogers in 2002 on the example of dissolving cellulose
[19]. The pioneering work has been expanded toward the dissolution and regener-
ation of wood in various ILs (among which 1-ethyl-3-methylimidazolium acetate
[C2mim][OAc] exhibits the best dissolving ability because of the high basicity of the
acetate anion) [20–25]. Since then it has been shown that ILs are suitable for
dissolution of a wide range of biomasses comprising a great variety of chemical
structures: carbohydrate biopolymers (e.g., cellulose [21], hemicellulose [25, 26],
chitin [27]), phenolic biopolymers (e.g., lignin [25]), as well as peptides [28],
proteins [29], and polynucleotides. More effective dissolutions have been achieved
through the use of additives, including molecular solvents, other ILs, and solid salts,
as well as catalysts (e.g., polyoxometalates, POMs [30]).

A vast range of biomass sources [21] and biopolymers [31] have proved to be
amenable to processing using IL-based technology, and, indeed, actual dissolution
that preserves biopolymers’ high molecular weight (MW) allows for the manipula-
tion of otherwise insoluble biopolymers and their easy processing with straightfor-
ward modification of the materials architecture. Solutions of a single polymer or a
mixture of polymers, obtained from a suitable biomass, can be used to prepare fibers
[27, 32–34], films [34, 35], beads [34, 36], and nanomats [37–39], using wet or dry
jet-wet spinning [32–34], electrospinning [37–39], molding [40], and casting
[34, 35] processes. The process allows for flexibility in producing the composite
materials through incorporation of additives and/or blending of polymers, and the
possibility of surface modification though either covalent or ionic functionalization.
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By using certain loading of biopolymers into IL, formulations with standard visco-
sities and properties similar to conventional technologies can be easily achieved,
overcoming the challenge for manufacturers to deliver a product using conventional
equipment.

1.4 Chitin as a Raw Polymer for Biomaterials

Chitin, a biopolymer isolated from crustacean biomass, and the second most abun-
dant natural polymer on Earth after cellulose [41] (Fig. 1), has a remarkable
compatibility with living tissue and provides a non-protein matrix for 3D tissue
growth [42]. The reason for this is that the N-acetylglucosamine moiety in chitin
structurally resembles glycosaminoglycan macromolecules (GAGs, composed of N-
acetylglucosamine or N-acetylgalactosamine units alternating with uronic sugar
units such as galactose, glucuronic acid, or iduronic acid; see Fig. 1). GAGs are
present in the extracellular matrix and control the regulation and binding of different
proteins (e.g., enzymes, growth factors, cytokines, adhesion proteins, etc.)
[43]. Structural similarities between GAGs and chitin polymers support related
bioactivities [44]: chitin is a wound-healing accelerator [45], regulator of the inflam-
matory mediator secretion (interleukin-8, prostaglandin E, interleukin-1) [46], and a
stimulator of cell proliferation [47] and tissue organization. It is also biodegradable
(the degradation of chitin in the human body on the example of implanted chitin
fabric was reported to take 12 weeks post-surgery [48]), non-toxic, and
non-allergenic.

Because of these properties, chitin can be used for producing different biomate-
rials, including sutures, wound healing gauges, drug delivery vehicles, and scaffolds
[49, 50]. There are several successful examples of commercial chitin-based bio-
materials including Beschitin W by Unitika, Ltd. Japan [51, 52], Sieve-Patch® by
Marine Polymer Technologies [53], Excel Arrest® by LLC Haemostasis Co. [54] to
name but a few. Academic studies show chitin to have a tremendous potential as a
suture material [55], where its antibacterial properties are an asset [56].

Fig. 1 Structural similarities between chitin (left) and two glycosaminoglycans (GAGs),
hyaluronic acid (center) and chondroitin sulfate (right)
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2 Chemical and Biomedical Properties of IL-Extracted
Chitin

Traditional isolation of chitin polymer from crustacean biomass is conducted
through a pulping process, which includes two major steps: demineralization
(conducted using highly concentrated acids (e.g., HCl)) and deproteinization
(conducted using highly concentrated hydroxides (e.g., NaOH)) at high temperatures
(80–100�C) for prolonged periods of time [57, 58]. Pulping processes generate large
amounts of waste, which has become a public and governmental concern, resulting
in no chitin-producing plants that use acid/base treatment in North America
[59]. Moreover, such harsh conditions degrade the quality of the isolated chitin
through deacetylation and depolymerization, resulting in the lack of a reproducibly
high-quality polymer product.

For the most demanding applications, chitin purity, that is, the isolated polymer,
should be solely chitin, 100% poly-(N-acetylglucosamine), and this is of utmost
importance. To determine the purity of commercial chitin and IL-extracted chitin, we
have developed a 13C solid state (SS) technique using Cross-Polarization Magic
Angle Spinning Nuclear Magnetic Resonance (CP/MAS SS NMR). Although the
primary contaminants after isolation could include residual calcium carbonate, pro-
teins, silica, and heavy metals, there was no significant variation in purity indepen-
dently with the origin of the chitin (PG-chitin: Sigma Aldrich catalog # C7170 vs
chitin extracted with ionic liquid) [60, 61].

In addition to purity, the quality of the polymer is related to its two main
characteristics: MW and degree of acetylation (DA). The MW of chitin determines
most (if not all) of the material properties (stiffness, strength, viscoelasticity, tough-
ness, and viscosity) of chitin-based products. If the MW is too low, the mechanical
properties are generally insufficient for the polymer material to have any useful
commercial applications. Harsh acid/base treatment for isolation of commercial
chitin greatly decreases its MW. The extraction of chitin from biomass using the
[C2mim][OAc] is a physical rather than chemical dissolution process and therefore
preserves the superior MW of the native biopolymer [27].

Because the high MW of IL-extracted chitin renders it insoluble, even in
dimethylacetamide/lithium chloride complex (DMAc/LiCl), gel permeation chro-
matography (GPC) measurements have been impossible to obtain, and we have
instead studied the relative MWs of commercial vs extracted chitin by comparison of
their relative viscosities in IL solutions. We observed that the viscosity of the IL
solution of the chitin extracted with ionic liquid is significantly higher than that of
commercially available chitin and was the main parameter directing chitin
processing into materials with different shapes and properties, for example, fibers
[32–34], films [35], beads, and nanomats [37–39]). These architectures made of
IL-extracted chitin can be used as wound care dressings (e.g., films, gel dressings,
woven or non-woven textile patches), drug delivery devices (patches, beads), scaf-
folds (nanomaterials) to name but a few.
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We have also shown that IL extraction does not result in any deacetylation.
Namely, the DA of various chitin samples has been evaluated by 13C CP–MAS
solid-state NMR [60, 61], and no deacetylation was found: integration of the CH3
peak to the C3, C5 peaks gave a 1:2 ratio, indicating that the IL-extracted chitin has
not been deacetylated during the IL processing, whereas commercial products were
deacetylated to some extent.

We believe that the IL extraction method resulting in higher MWs with lower DA
gives a reproducible polymer with distinctive and useful bio-related properties. The
basic tests for an initial evaluation of biomaterials, conducted in order to provide
useful scientific basis for clinical application, refer to cytotoxicity and irritation or
intracutaneous reactivity. Preliminary efficacy tests and histological evaluations are
more advanced, usually conducted for chitin wound care dressings and directed to
assessment of an actual healing response of a wound. Finally, antibacterial properties
of chitin and allergy tests are required for many biomaterials.

Yet, compared to chitin materials produced from chitin isolated using acid/base
pulping, biomaterials made of IL-extracted chitin are still not mass-manufactured
and there is little information available on their bio-related properties. Below we
summarize what is known about the bio-related properties of extracted chitin, based
on work conducted in our group and the available literature.

2.1 Biocompatibility

Biocompatibility is a mandatory requirement for biomaterials to be accepted by
regulatory agencies [62]. By medical definition, biocompatible materials are mate-
rials that are not harmful to living organisms, including cells, organs, and tissues, and
thus are not toxic, injurious, or physiologically reactive and do not cause immuno-
logical rejection. From the testing perspective for applying materials as wound care
dressings, the biocompatibility is determined for the Medical Devices category [63]
through an irritation/intracutaneous reactivity test (in accordance with ISO 10993-
10: 2010 Standard, Biological Evaluation of Medical Devices, Part 10: Tests for
Irritation and Skin Sensitization, Pages 11–14) [64]. The test allows determines the
effect of any chemicals leaching from the test articles and capable of causing local
irritation in dermal tissues.

We have conducted irritation studies using chitin fibers [32], with the aim of
valuating local irritant effects to rabbit skin following a single application of test
samples (chitin patches prepared from chitin fibers). First, chitin fibers were pulled
and dried prior the test, as described in [32], and then were placed into both polar
(normal saline, NS) and nonpolar (cottonseed oil, CSO) solvent to prepare both polar
and nonpolar extracts. According to the test protocol, 2 g of chitin fibers were placed
into 20 mL of extraction solvent and incubated at 50�C for 72 h, with agitation. After
72 h, the liquid (NS and CSO) was aseptically decanted into a sterile glass vessel and
then maintained at room temperature and used within 24 h of preparation. As
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negative controls, NS and CSO, which had no contact with the chitin materials, were
used and incubated under identical conditions.

Assessments of the extracts from each material were conducted on three rabbits of
the New Zealand breed by injecting them intracutaneously with the leachables from
chitin samples as well as control solutions. None of the animals showed abnormal
clinical signs during the 72-h test period and there were no significant dermal
reactions observed at the injected sites on the skin of the rabbits at 24, 48, and
72 h. The intracutaneous irritation index was calculated (Table 1), and yielded
0.0–0.1, resulting in the conclusion that the extracts of the chitin material could be
classified as ‘non-irritants’ to the skin of rabbits after comparison with the control.

2.2 Cytotoxicity

Cytotoxicity refers to the ability of material to destroy living cells. Considering that
materials prepared with the help of IL could be cytotoxic, and might interfere with
wound healing, study of their cytotoxicity is important. Although we were unable to
find many studies for chitin materials prepared from [C2mim][OAc] IL, cytotoxicity
assessment was conducted for porous chitin-based gels prepared from chitin solu-
bilized in 1-butyl-3-imidazolium acetate ([C4mim][OAc]) [65]. The materials were
produced via initial dissolution of commercially available chitin in [C4mim][OAc],
followed by molding, gelation, and coagulation in ethanol. Gels were Soxlet-washed
with ethanol and then super-critically dried.

Cytotoxicity test was performed against the mouse fibroblast-like (L929) cell line
[60]. The chitin materials showed good cell viability, indicating that IL processing
did not introduce toxicity into the final materials. Specifically, materials were tested
for cytotoxicity using Dulbecco’s modified Minimum Essential Medium (DMEM)

Table 1 ISO intracutaneous
reactivity test – dermal
observationa

Test Control

Normal saline

Rabbit 1 0.3 0

Rabbit 2 0 0

Rabbit 3 0.1 0

Avg. 0.1 0

Results 0.1

Cottonseed oil (CSO)

Rabbit 1 1 1

Rabbit 2 1 1

Rabbit 3 1 1

Avg. 1 1

Results 1
aComparative results with test-average control. Negative values
reported as 0. Table adapted from [32]
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Elution Test using L-929 mouse fibroblast cells by a method compliant with the
requirements specified in ISO 10993-5 [66]. The purpose of this study was to
evaluate the ability of a chitin extract to elicit a cytotoxic response in cultured cells.

The test articles were prepared using extracts from gels in DMEM, 10% fetal
bovine serum (FBS), and 1% antibiotic/antimycotic (A/B) solution. Samples were
extracted at 37�C for 24 h and the extract was inoculated onto the cell line and
incubated at 37�C in a humidified atmosphere with 5% CO2 in the air, until 90%
confluence. Positive controls (latex extracts) were run in parallel with the test
articles. Cultures were evaluated for cytotoxic effects by microscopic observation
after 24, 48, and 72 h.

The cytotoxicity scores for the test articles were evaluated according to ISO,
where scores of ‘0,’ ‘1,’ or ‘2’ indicate ‘non-toxic’ material and scores of ‘3’ or ‘4’
are considered ‘toxic.’ In this test, the positive control should display a moderate to
strong cytotoxic reaction. Criteria for evaluating cytotoxicity included morphologic
changes in cells, such as granulation, crenation, or rounding, and loss of viable cells
from the monolayer by lysis or detachment. Although results of the study were not
expressed in numbers, the authors stated that “the produced materials have extremely
low cytotoxicity levels.”

2.3 Wound Healing Model

The purpose of wound healing studies is to evaluate wound healing response after a
topical post-wounding application of novel wound treatment products. Normally,
the course of wound healing is carried out by means of animal models, in vitro, to
evaluate efficacy of the treatments applied to wounds. A rat wound healing model is
often used to compare wound healing response after topical application of a novel
wound treatment product to that of a control article.

Although numerous reports have demonstrated the accelerating effects of chitin
on wound healing, materials prepared with the help of IL have not been extensively
tested. We have conducted wound healing model studies using chitin fibers [32]
prepared using IL [C2mim][OAc], as described in [32]. For holding the fibers in
place and to secure devices to the skin, we used a hypoallergenic in vitro tested 3 M
Tegaderm Transparent Waterproof Dressing that protects the wound from external
contaminants (e.g., bacteria, viruses) but allows transmission of oxygen and
moisture.

Chitin fibers were cut into pieces and adhered to the surface of the 3 M system
(Fig. 2) to create ‘patches’ for wound healing assessment. In each of 30 rats (Sprague
Dawley), two wounds were created (on the left and right side, respectively), and
chitin fiber-containing patches were placed onto the wounds.

The assessment of wounds has been conducted through the measurement of the
length (along the longest axis, L) and width (smaller axis, perpendicular to L, W) of
wound sites on days 0, 3, 7, 10, and 14 post-wounding, and comparing them to that
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seen with the control. Figure 3 shows representative photographs of the wound
closure process, taken on days 3 and 7.

Assessment of wound healing has shown that the chitin patch product results in
fast healing of the wound (Table 2). Moreover, wounds dressed with our chitin
patches demonstrated so-called ‘early healing’with ca. 30%wound closure occurring
in the first 3 days. The initial healing rate was substantially faster than that for wounds
treated with commercially available Opsite® dressing, marketed by Smith and
Nephew. (Please note that data for Opsite®were extracted from article [67].) Wounds
covered with chitin showed 35% healing after 3 days, as opposite to Opsite® dressing
that showed 3% healing. After 1-week post-wounding (mid-healing, day 7), results in
terms of wound closure were relatively close for both Opsite® and chitin fibers, where
chitin-covered wounds were 70% healed and those covered with Opsite® 58%
healed. Chitin-covered wounds were completely closed after 10 days, faster than

Fig. 2 Patches from chitin (left) that have been prepared using 3 M Tegaderm Transparent
Dressing adhesive system, type 1,624 W (right). Adapted from [32]

Fig. 3 Representative image of the wounds sites taken on days 3 and 7 post-wounding
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those dressed with commercial wound dressing Opsite®, which required 14 days for
complete healing. The results seem even more substantial if one considers that the
entire 14-day study was done using a single chitin-alginate patch per wound site per
animal.

2.4 Histological Evaluation

Histology is the study of the microanatomy of cells and tissues of animals that allows
for the clinical assessment of the wound. Once again, materials prepared with the
help of IL have not been tested and we have conducted histological evaluation of
chitin biomaterials using chitin fibers [32] prepared from [C2mim][OAc] IL
(Fig. 4) [32].

Overall, the tissue responses found at day 7 and day 14 at the wound sites treated
with chitin were consistent with normal healing of a full thickness dermal wound. On
day 7, wound sites covered with chitin-alginate patches displayed early healing
(fibrosis with neovascularization, inflammation, and epidermal proliferation) and
on day 14 the wound sites displayed matured dermal wounds. Although on day 7 the
repair process was still ongoing with the epidermal tissue completely covering the
dermal wounds dressed with the chitin-alginate, the epidermal tissue was only
partially covering the wound dressed with the chitin fiber. On day 14 there was
contraction of the wound dressed with the chitin (Fig. 4).

Table 2 Wound closure results summarya

Measurement

Day 3 Day 7 Day 10 Day 14

Treatment Mean � Std. Dev. Mean � Std. Dev. Mean � Std. Dev. Mean � Std. Dev.

Chitin 42.1 � 9.7 19.7 � 11.7 0.6 � 1.2 0

Opsite® Not available

Wound closure %

Treatment Day 3 Day 7 Day 10 Day 14

Chitin 35 70 99 100

Opsite® 3 58 82 100
aData for Opsite® extracted from plot “Rate of closure of wounds treated with different dressings”
published in [62]. Table adapted from [32]
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2.5 Antibacterial Properties

Although chitin and especially chitosan are known by their antibacterial proper-
ties, the extent of their activity against bacterial colonization depends on the chitin
isolation method and its MW. The MW of native chitin is usually greater than
1,300 kDa [68] whereas commercial chitin has a MW of 100–1,200 kDa [69]
because of the harsh isolation process. High temperature and concentrated acid
treatment in the isolation of chitin from shellfish result in substantial MW
decrease.

Fig. 4 Representative photos of chitin-covered wound site on day 7 (top) and day 14 (bottom).
Tissue sections stained with hematoxylin and eosin (H&E), 40� magnification. Adapted from [32]
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To determine antibacterial properties of biomaterials made of IL-extracted chitin,
a high-MW polymer has been extracted directly from crustacean shells [32]. Chitin
then has been re-dissolved in [C2mim][OAc] IL and directly dry-wet jet spun into
macrofibers [32]. A portion of these fibers was set aside and a second portion
surface-deacetylated using aqueous NaOH to obtain the primary amine (the func-
tional group of chitosan) on the surface but preserve the MW of the polymer because
of the main fiber core being chitin ‘as spun’ [33]. Both methods produced high
mechanical strength materials whose antibacterial properties depended on surface
structure.

The antibacterial activity of the chitin fibers was evaluated by a shake flask
test with Gram-negative Escherichia coli as the bacteria model. Test results
revealed that, in the absence of any other antibacterial agents, ‘as spun’ chitin
fibers had demonstrated (albeit weakly) antibacterial activity against E. coli with
about 23% bacterial reduction after 24 h of incubation (Fig. 5). The same fibers
after surface treatment with sodium hydroxide suppressed bacterial growth by
94% after the same incubation time because of substantial deacetylation and
the presence of quaternizable amine groups rather than amide groups in
chitin [70].

3 Case Studies

3.1 Chitin Films for Drug Delivery

Drug delivery through the skin surface offers several advantages compared to
systemic (oral) drug administration [71, 72]. For example, drugs administrated
topically or transdermally provide the targeted delivery to the site of inflammation,

Fig. 5 Results on
antibacterial activity of
chitin fibers (left) spun from
IL-extracted chitin in
[C2mim][OAc] and chitin
fibers that underwent
surface deacetylation (right).
Activity was determined
against E. coli after 24 h
using the shake flask method
(pH 7.3 � 0.2) [71]
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which minimizes adverse side-effects associated with systemic delivery. The ‘ideal’
materials for topical delivery should be robust, light, and provide sustained drug
release without drug solidification on the skin surface. Furthermore, the possibility
of storing material in a dry state and its rehydration prior to usage are important
factors for device transportation and shelf-life stability.

In this regard, film preparation using [C2mim][OAc] IL is a quick and relatively
simple process performed by casting of an IL-solution of regenerated chitin onto a
glass substrate followed by coagulation in an anti-solvent (alcohol or water) coag-
ulation bath [35, 73]. IL-regenerated chitin films are lightweight, relatively thin,
robust, and flexible enough to be applied as skin patches for delivery of Active
Pharmaceutical Ingredients (APIs). They meet the air and moisture permeability and
moisture absorbency requirements to enter the wound care markets, in particular the
wound care sector [35].

Despite these advantages, there are not many studies reporting drug delivery from
chitin films prepared via the IL-regeneration process. Our group investigated the
potential application of chitin films as drug delivery vehicles using caffeine, which is
often administrated topically, as a model API [74]. Loading and successful retention
of APIs into films is usually challenging and strongly dependent on material–drug
interactions; on the other hand, active compounds can be loaded into materials
through changing their solubility by solvent exchange.

Thus, to load caffeine into chitin films, two strategies were explored in parallel
[35]: loading caffeine from supersaturated aqueous solution of caffeine and from
ethanoic solutions of caffeine (solubilities of 2 g per 100 mL, and 1.5 g per 100 mL,
respectively [75]). The first strategy resulted in caffeine crystallization on the film
surface, and film washing and drying resulted in complete caffeine removal. In
contrast, in the second approach, when the wet films were loaded with caffeine in
ethanoic solution, caffeine was successfully incorporated and retained after super-
critical CO2 (sc-CO2) drying.

The release from caffeine-loaded sc-CO2 dried chitin films was studied through
direct immersion of the films into phosphate buffer saline (PBS) for 48 h. The
caffeine release profile had a quick so-called burst release with ~80% of the cargo
released in the first 20 min. After that, caffeine was slowly released, with all the
caffeine released after 36 h.

3.2 Chitin Beads for Drug Delivery

Systemic drug administration is the conventional route for drug delivery into human
body [76]. To increase the therapeutic efficiency and ensure that active compounds
are delivered into the body with minimum side effects, drug delivery systems are
designed as an essential part of the drug delivery process [77]. Among the different
delivery systems, polymeric microbeads feature a high surface area and simple
preparation method and, because of their spherical shape, they are less prone to
aggregation when administered [78, 79]. Although in the literature, microspheres
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from chitin are generally prepared using corrosive solvents (dimethylacetamide/
lithium chloride (DMAc/LiCl) or sodium hydroxide-urea (NaOH/urea) mixtures
[80, 81], which may lead to chitin deacetylation, we developed an IL-based chitin
processing method to synthesize chitin microbeads from high-MW chitin and
investigated its drug delivery properties.

The microbeads were synthesized by coagulation of chitin dissolved in IL in hot
polypropylene glycol (PPG) under an applied shear force. The formed beads
exhibited relatively low size distribution with ~60% of the beads falling into the
range 250–125 μm. The beads had highly porous interiors (Fig. 6) when dried with
supercritical CO2; all of them showed nanoscale microstructure with macropores of
the chitinous beads of <100 nm and thin pore walls, which may be related to the
acetylamino groups on chitin that increase the steric hindrance and thus decrease
hydrogen bonding between polymer chains.

Drug delivery capabilities of synthesized chitin beads were investigated with two
model compounds – salicylic acid and indigo dye –which were loaded into the beads
from their 10 wt% solutions. Both were released with similar release rates – a fast
initial release of about 70% observed during the first 4 h and release of about 90% in
the full 7 h.

3.3 Chitin Nanomaterials

In more advanced bio-related applications, such as tissue engineering and scaffold-
ing, fibers with nanometer diameters are in great demand [82, 83]. One of the easiest
and most straightforward methods to prepare nanofibers in large quantities is
electrospinning [84, 85]. Furthermore, electrospinning makes it possible to design
materials with micro-, nano-, or a combination of sizes, which results in high poro-
sity and large surface areas mimicking an extracellular matrix [86, 87]. In contrast to
traditional electrospinning from organic solvents (VOCs), electrospinning of chitin

Fig. 6 SEM images of chitin beads interior. Magnifications are 5,000� (a) and 23,000� (b).
(Au-sputter coated)
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and other biopolymers from IL requires fiber coagulation using an anti-solvent
(water or alcohol) coagulation bath, where biopolymers are solidified in a form of
interconnected fiber network and IL is mixed (and then washed) with anti-solvent
[88–92].

In an effort to obtain nanofibers and increase the output of a conventional single-
needle electrospinning set-up, our group developed an electrospinning system
equipped with a multi-needle spinneret head that resulted in a high throughput of
0.3 L [37–39]. In search of chitin nanofibers and an understanding of parameters
regulating their formation, solutions of regenerated chitin obtained from different
biomass sources were electrospun at different chitin concentrations. An example of
nanofibers obtained after electrospinning and air-drying of chitin mats is shown in
Fig. 7. The effect of various solution properties such as viscosity, concentration,
conductivity, and surface tension on solution electrospinnability and fiber diameter
was also determined.

Although electrospinning from IL was shown to be viable for chitin-nanofiber
production, applications for these materials in the biomedical field have still not been
found. In the future the focus should be not only on gaining better control over fiber
formation but also on addressing the effect of fiber diameter and mechanical strength
on the performance of these materials regarding application in tissue engineering.

4 Outlook

Multiple reviews of the biological properties of chitin can be found in the literature.
Chitin is biodegradable; its rate of degradation depends on DA, subunit ordering,
and MW. It is biocompatible, an effective immunomodulator, and controls various
aspects of cell function because of structural similarity to GAGs, which form a major

Fig. 7 Atomic force microscopy (AFM) images of air-dried electrospun chitin mats obtained after
electrospinning of 0.4 wt% chitin solutions. Scan sizes 2 � 2 μm (a) and 1 � 1 μm (b) with the
corresponding Z-heights of 75 and 45 nm
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macromolecular component of the extracellular matrix, and is particularly abundant
in cartilaginous tissues. Chitin promotes fibroblast proliferation, granulation, and
vascularization.

Despite these promising properties, biomedical materials are primarily mass-
manufactured from the chitin derivative chitosan for several reasons. First, biomed-
ical data vary greatly with chitin MW and degree of deacetylation, and rather than
going into details of understanding this phenomenon and finding a reliable chitin
producer, people prefer to work with fully deacetylated chitosan polymer whose
properties are known and consistent. As a result, many reviews in the field are biased
and favor one polymer over the other. Second, chitin’s inherent insolubility in
common solvents and the need to use IL-based technologies present hurdles for
scaling them up to a commercial level.

Our experience demonstrated, on the example of extraction of chitin from crusta-
cean biomass, that the process could be scaled into a viable industrial process. In 2010
we demonstrated the dissolution and extraction of chitin directly from shrimp shells,
with the resultant chitin polymer maintaining the high MW and providing a material
with high strength, antimicrobial properties, and unprecedented control. As the
technology progressed it went through several stages, each one successively larger
in scale – bench, pilot, and demonstration scale. Thus, in 2014–2015, Rogers’ Group
(together with 525 Solutions, Inc.) built a scaled, highly automated, and customized
20-L early pilot stage system applicable to chitin extraction as part of the US Depart-
ment of Energy Small Business Innovation Research Program (DOE-SBIR Grant
No. DE-SC0010152). The project allowed for a demonstration of the operational via-
bility of the scale-up and a generation of data for the full-scale operating plant design.

Currently this 20-L pilot unit serves as a basis for construction of a 3,000-L plant
for a scaled-up chitin extraction by Mari Signum, Mid-Atlantic. Scaling up IL-based
technologies permit isolation of chitin from nature by simply dissolving and
extracting it directly from any crustacean biomass source, allowing the generation
of sufficient supplies of chitin of quality unobtainable by any known chemical
pulping processes. The ability to produce not only chitin itself but also products
from chitin gives Mari Signum a competitive advantage to diversify the range of its
products and to enter several profitable specialized markets. Our vision is that
because of the tremendous promise of chitin as a raw biopolymer, it can soon be
used for commercial production of chitin-based biomaterials including sutures,
scaffolds, wound healing gauges, and drug delivery devices, utilizing the full
potential of the IL-based platform.
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Abstract In this chapter, preparation, basic properties, and some applications of
ionic liquids composed of naturally-derived ions are summarized. There are many
candidate ions in nature suitable for ionic liquid preparation. Physicochemical prop-
erties and preparation of some ionic liquids based on carboxylate anions, cholinium
cation, and even amino acids are mentioned. Some interesting applications based on
these ionic liquids composed of naturally-derived ions are also briefly introduced.
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Graphical Abstract
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Polarity, Proteins

1 Introduction

Because ionic liquids have been synthesized with suitably sized ions, there is no
limit to the use of some ions derived from natural products. In nature there are many
medium-sized ions that look suitable to be components of ionic liquids or organic
salts with relatively low melting points. Compared to synthetic chemicals, naturally-
derived materials are considered to be biocompatible. Naturally-derived organic ions
are, however, believed to be expensive. Many of them are really expensive but there
are also many less-expensive ions existing in nature, and there are a wide variety of
ions and charged molecules derived from petroleum. However, taking various
factors such as global environmental problems into consideration, society tends to
use natural products. Accordingly, there are many opportunities to prepare ionic
liquids using charged natural products. In this chapter, recent trends in the synthesis
of ionic liquids using naturally-derived ions are summarized as well as their prop-
erties and applications. Because it is not easy to review all the bio-derived ionic
liquids, the major ionic liquids are highlighted here. Discussion is not limited to ionic
liquids composed of naturally-derived cations and anions. Some of ionic liquids
containing naturally-derived cations or anions and petroleum-derived ions are also
mentioned.

200 H. Ohno



2 Why Bio-Derived?

Many people simply believe that naturally-derived materials (or molecules), espe-
cially from animals and plants, are safe. This is unfortunately not always true. We
should remember bio-derived toxic molecules such as tetrodotoxin found in some
pufferfish, so there is no guarantee that ionic liquids from naturally-derived ions are
safe. However, because most such ions are frequently found in biological systems,
there is strong expectation that we can prepare biologically safe (or friendly) ionic
liquids by the combination of these ions. However, we should not forget the fact that
ionic liquids are salts composed only of ions. Salts show osmotic pressure in water
and this is a decisive disadvantage for safety. Safety is also a function of the dosage
of materials for animals, but we do not want to discuss this here. It should also be
mentioned that the largest merit of naturally-derived ions is their wide availability.
This should open a new category of ionic liquids such as cheap and (relatively) safe
ionic liquids. Considering recent trends in the global issue, it is important to use
bio-derived materials. The policy of bio-economics leads the whole material-based
society, so it is the perfect time to discuss bio-derived ionic liquids. I want to
introduce here some bio-derived ionic liquids that are likely to be the major ionic
liquids used in future society.

3 Carboxylate Anions as Potential Components of Ionic
Liquids

There are many carboxylic acids in nature. They are generally known as “fatty
acids,” and most of them can be found as components of esters or salts in biological
systems. Those with from 1 (formic acid) to 30 (triacontanoic acid) carbon atoms are
often mentioned in biology textbooks. Some of these acids are useful in the design of
ionic liquids, but it should be noted here that the properties of ionic liquids are a
function of the number of carbon atoms in these carboxylic acids. A melting point
(Tm) of a carboxylic acid generally increases with an increasing number of carbon
atoms. For example, Tm of formic acid, propionic acid, lauric acid, and stearic acid is
8.4, �21, 44, and 69.9�C, respectively. These are good examples of the fact that the
physicochemical properties of carboxylic acid are not solely governed by the alkyl
chain length but also by other interactions, such as hydrogen bonding. This rough
relationship between Tm and alkyl chain length of carboxylates is useful when
considering the properties of ionic liquids containing these carboxylic acids.

Larger anions generally form ionic liquids showing lower Tm. A decreasing
surface charge density of anions contributes to a lower Tm of the ionic liquids.
However, in the case of anions containing the same anionic site and different alky
chains, the charge density of the carboxylic acid residue is almost the same.
Accordingly, the properties of the ionic liquids formed are a function of the structure
of their alkyl chains. As mentioned above, there is not a linear relation because of the
effects of conformation, hydrogen bonding, and other intermolecular interactions.
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The effect of a double bond is also remarkable in lowering Tm, as typically seen in
unsaturated fatty acids such as linoleic acid (Tm is �5�C). It should therefore be
better to use such unsaturated carboxylic acids to prepare ionic liquids with low Tm.
Again, the Tm of ionic liquids is not directly related to the Tm of the corresponding
carboxylic acids, even when the same cation is used, because of the cancelation of
some intermolecular interaction factors such as the hydrogen bond.

Viscosity is another important property of the ionic liquids. Carboxylic acids with
longer alkyl chains generally give ionic liquids with higher viscosity. In some cases of
ionic liquids composed of carboxylic acids with longer alkyl chains, they give some
unique assembled structures even after forming the salts. Many of these salts show
multi-phases including a liquid crystalline phase as a function of temperature. These
assembled structures are quite attractive for designing ionic liquids as they have
ordered structures. The introduction of long alkyl chain(s) onto a cation is also
effective in forming an assembled ionic liquid structure in spite of the fact that
ordinary anions containing no long alkyl chains may have been originally used
[1]. The advantage of ionic liquids having ordered structures is typically seen in the
design of ion conductive materials. In such materials, successive ion conduction
pathways are formed to transport ions in the matrix. It should be noted that the ionic
conductivity of these ionic liquids having ordered structures is greater than that of
ionic liquids having polydomain (or randomly oriented domain) structures. Some
other physicochemical properties of carboxylate-type ionic liquids are the function of
alkyl chain length, so a suitable design of properties can be carried out by the selection
of carboxylates with suitable alkyl chain lengths. The thermal stability of general
ionic liquids is generally quite good, but that of carboxylate-type ionic liquids is not.
These ionic liquids are therefore not so suitable for use at higher temperatures.

It is also possible to maintain other properties of component ions after forming
ionic liquids. We should mention ionic liquids prepared by the combination of
suitable cations and biologically active anions. Betulinic acid (Fig. 1, left) is
known as a natural product with a few favorable biological properties such as anti-
cancer, anti-malarial, anti-HIV, and so on. This cholesterol-like carboxylic acid was
coupled with cholinium cation to improve its water solubility by more than
100 times [2]. The use of ionic liquids is also expected to improve the biological
affinity of water-insoluble drugs such as this betulinic acid.

The polarity of ionic liquids has frequently drawn much attention. It is not easy to
determine the polarity of salts and, accordingly, Kamlet–Taft parameters of ionic

Fig. 1 Structure of betulinic acid (left) and 2,4-dichlorophenoxyacetic acid (right)
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liquids are usually used to evaluate their polarity [3]. Proton donating ability (α
value), proton accepting ability (β value), and dipolarity (π* value) are determined
by the solvatochromic effect of dye molecules in the ionic liquids [3]. A series of
carboxylic acid-derived ionic liquids show very high hydrogen bond accepting
ability, almost independent of alkyl chain length. These carboxylic acid-derived
ionic liquids are useful in breaking hydrogen bonding of many systems, and
sometimes these ionic liquids are powerful solvents to dissolve complex materials
composed of intermolecular hydrogen bonding, such as cellulose. Some carboxylic
acid-derived ionic liquids actually have the power to dissolve cellulose that cannot
be solubilized in ordinary solvents under mild conditions [4].

On the other hand, pharmaceutical application is also in progress. For example,
2,4-dichlorophenoxyacetic acid (Fig. 1, right) was coupled with imidazolium,
pyridinium, and ammonium cations to form ionic liquids. This acetic acid derivative
shows auxin-like herbicide activity with good chemical and thermal stability
[5, 6]. Pharmaceutical ionic liquids have been reviewed by some scientists [7] and
these reviews make good reading for those who have been engaging in work in this
pharmaceutical field.

A unique paper should be mentioned here. Some ants (Solenopsis invicta) spray
alkaloid-based venom when fighting with other ant species. When ants (Nylanderia
fulva) are attacked they detoxify the alkaloid-based venom by grooming with their
own venom, formic acid. Davis et al. reported that this neutralized mixture was a
viscous liquid to be classified as an ionic liquids [8]. This strongly suggests that
naturally-derived ionic liquids can be found elsewhere.

There are some other naturally-derived carboxylic acids with specific properties,
and it is quite interesting to design ionic liquids with these carboxylic acids. In other
words, it is possible to design (or to introduce functional groups onto) the alkyl chain
of carboxylic acids, and this is one potential tool to prepare functional ionic liquids.
Many examples are found in the review on the functional design of ionic liquids
[9]. One noteworthy application is the improvement of solubility in water for a series
of hydrophobic molecules. In spite of the insolubility properties of some drugs, they
can be made water-soluble after forming ionic liquids, a very useful improvement.
The physicochemical properties of a series of ionic liquids are summarized in the
literature [10].

4 Amino Acid Ionic Liquids

Most well-known bio-derived molecules are amino acids. We first reported ionic
liquids derived from 20 amino acids in 2005 [11]. After this paper appeared, the
number of papers on amino acid-derived ionic liquids has been increasing. Why so
many? Because amino acids are typical bio-derived and charged materials. They are
non-toxic, abundant in nature, biologically active, and raw materials of proteins and
other biomolecules. As seen in Fig. 2, there are 20 essential amino acids known to be
important in our body. Their properties are different and solely dependent on their
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side chain structure. It is quite natural to use these amino acids as components of
ionic liquids. In 2007 we also published an account of amino acid-derived ionic
liquids [12]. As the definition of amino acid is a molecule having both an amino
group and a carboxylic acid group, there are many other amino acids. For examples,
ornithine, creatine, and 4-aminobutanoic acid are known as not essential but
naturally-derived amino acids. Taking the diverse structure of side groups (see R
in Fig. 2) into account, there are many possibilities for obtaining unique and
functional ionic liquids.

There are many papers on the preparation and properties of ionic liquids produced
using amino acids as anions [13–18]. Also, because amino acids behave as cations
after protonation (or quaternization) of amino groups, there is a large number of
research papers on the preparation and properties of ionic liquids using amino acids
as cations [19]. As shown in Fig. 3, amino acids can be used as either cations or
anions, and ionic liquids have been prepared by coupling them with anions (for IL a)
or cations (for IL b), respectively. Furthermore, ionic liquids are prepared by simple
mixing of pristine amino acids with acids or bases through neutralization. This
neutralization method is quite a simple way to produce ionic liquids [20]. For
example, when an amino acid is neutralized with an acid (HX) to protonate the
amino group, the acid residue was coupled with the ammonium cation formed
(Fig. 3, IL c). A series of ionic liquids prepared by such neutralization are sometimes
called “protic ionic liquids.” They have the potential to show proton conductivity
produced by labile protons [21]. Equimolar mixing of these components is essential,
but this is quite an easy method to prepare one kind of ionic liquids. After basic
evaluation of physicochemical properties of salts obtained by neutralization, one can
prepare the “real” ionic liquids by coupling amino acids with suitable counterions.

Fig. 2 Basic structure of 20 essential amino acids
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In one of studies on the properties of a series of amino acid-derived ionic liquids,
we used a series of amino acids as anions to couple with 1-ethyl-3-
methylimidazolium cation (C2mim). There is a strong correlation between glass
transition temperature (Tg) and viscosity [15]. The Tg of a series of [C2mim] [amino
acid] ionic liquids is also the function of their formula weight as shown in Fig. 4. It is
quite understandable that the Tg increased with the formula weight of corresponding
amino acids. Furthermore, it jumped when amino acids containing some polar
groups were used. For example, the Tg of [C2mim][Lys], [C2mim][Gln], and
[C2mim][Glu] is �47, �12, and 6�C, respectively. The formula weight of these
three ionic liquids is almost the same, and the increased Tg is the result of interaction
among ions, for example, through hydrogen bond and other interaction forces. The
additional interaction between component ions is quite useful and effective in
regulating the physicochemical properties of ionic liquids. Accordingly, [C2mim]
[Gly] showed the lowest Tg because of no extra interaction between ions.

IL c 

+- + +

IL a 
IL b

Fig. 3 Amino acids are coupled with acid or base to form ionic liquids (left). Ionic liquids can also
be prepared by the neutralization of amino acids (right)

Fig. 4 Relationship between formula weight and glass transition temperature of a series of amino
acid-derived ionic liquids. C2mim cation was used to prepare these ionic liquids
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One of the serious weak points of amino acids is that they are all only soluble in
water. It was impossible to dissolve 20 different amino acids in the same organic
solvent. However, after forming the ionic liquids, all these amino acid-based ionic
liquids are easily soluble in many organic solvents as well as water. Quite interest-
ingly, pristine amino acids are also soluble in these amino acid-derived ionic liquids,
considerably improving the chemistry of amino acids through the wide availability
of solvents.

Furthermore, amino acids formed ionic liquids with excellent properties, such as
high polarity [15]. Many amino acid-derived ionic liquids showed much higher
proton accepting ability than those containing the chloride anion and other polar
ionic liquids. Some amino acid-derived ionic liquids show higher proton accepting
ability than carboxylate-derived ones, and are reported to dissolve cellulose
[22]. Itoh et al. succeeded in regenerating cellulose just by treating cellulose with
alanine-derived ionic liquids [22].

Because polar materials are hydrophilic and there are many intermolecular
interactions, such as hydrogen bonding, polar materials are generally viscous. It
was a challenge to design polar and low viscosity ionic liquids by mixing two
distinct amino acid ionic liquids [23]. It is interesting that the mixture of
tetrabutylphosphonium aspartate ([P4444][Asp]) and tetrabutylphosphonium lysinate
([P4444][Lys]) showed a strange polarity change as shown in Fig. 5. Dipolarity (π*),
one of the Kamlet–Taft polarity parameters, of both pristine ionic liquids was around
1.05, but it was higher than 1.15 when the mixing ratio of [P4444][Asp] and [P4444]
[Lys] was 1:3. In spite of a very high π* value, viscosity was as low as that of [P4444]

Fig. 5 Effect of [P4444][Lys] fraction on the π* value (open circles) and viscosity (filled circles) at
50�C for the mixture of [P4444][Asp] and [P4444][Lys]. Dashed lines show the expected value where
no particular interaction among these ionic liquids
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[Lys] (see Fig. 5). Here it should be mentioned that mixing two different amino acid
ionic liquids may give you unexpected properties from their individual natures.

Toxicity of amino acid-derived ionic liquids has been widely examined.
Recently, ionic liquids composed of cholinium cation and some amino acids such
as arginine, glutamine, glutamic acid, and cysteine were examined. They showed
much less toxicity than those containing imidazolium and pyridinium cations
[24]. There is a strong tendency to use cholinium cation, one of naturally-obtained
ions, to design ionic liquids with different properties including biocompatibility.

Hydrophobic and low-density amino acid ionic liquids have also been proposed
by controlling the hydrophobicity of phosphonium cations [25]. In the case of
tetraalkylphosphonium isoleucinate salts, the density of the ionic liquids is decreased
by increasing the alkyl chain length of the cation as shown in Fig. 6. Of course, water
content in the ionic liquid phase decreased alongside this. For example, those with
phosphonium cations having alkyl chains longer than hexyl were phase-separated
with water to cover the surface of water as seen in Fig. 7. Hydrophobic and ionic
liquids lighter than water are useful to cover the aqueous phase to suppress vapor-
ization of water and to increase some functions based on the used ionic liquids.
These properties were also affected by the amino acid species [25]. Other amino acid
ionic liquids, however, showed similar phase separation when cations had enough
hydrophobicity. Such polar and hydrophobic ionic liquids should also be useful in
many solution-based chemistry fields.

It should be noted that the study on hydrophobic amino acid ionic liquids led to the
dawning of the study on the dynamic phase change of ionic liquid/water mixtures.
Ionic liquids are generally divided into two major groups such as water-soluble and
water-insoluble. We have prepared many ionic liquids with different properties, and
analyzed their miscibility with water. We then found some ionic liquids with suitable

Fig. 6 Density (25�C) and water content (hydrophobicity) of a series of Ile-based ionic liquids [25]
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hydrophobicity that showed a lower critical solution temperature (LCST)-type
dynamic phase transition after mixing them with water. The first was composed of
amino acid-derived anion [26]. These were homogeneously mixed at temperatures
below the LCST, but they were phase separated to show two phases at temperatures
above the LCST. After this finding, we analyzed the required properties of compo-
nent ions to show the LCST-type phase separation. A series of studies revealed that
the hydrophobic ionic liquids having some bound water showed the LCST-type
phase transition [27–30]. Some hydrophobic ionic liquids containing more than
seven water molecules per ion pair showed LCST-type phase separation after mixing
them with water. This requirement is effective even for ionic liquid mixtures, and
some amino acid ionic liquid mixtures can be designed to show this LCST-type phase
separation by selecting suitable cations as well as amino acid anions [31]. This
dynamic phase change was applied to separate water soluble proteins within a very
short period of time [32, 33]. There are many applications for this kind of dynamic
phase change of ionic liquid/water mixtures, and bio-derived ionic liquids also have
chances to be used as key ionic liquids for this purpose.

Chirality of amino acids is one of advantages for a variety of applications, the
chirality being maintained after forming ionic liquids [11, 34]. However, formation
of ionic liquids does not improve the thermal stability of the chiral properties of
amino acids, and racemization occurs at temperatures of 120�C and above
[11, 34]. Figure 8 shows the time and temperature dependence of the chirality of
[P4444][L-Val]. The [P4444][L-Val] kept the chirality at 100�C for hours, but it turned
racemic mixture after being kept at 150�C for 5 h. The ionic liquid formation was
strongly suggested not to be good to retain the chiral properties of amino acids,
especially at higher temperatures.

Because amino acid ionic liquids contain free amino groups, they are potential
candidates for CO2 capture [35–37]. There are many papers on the absorption/
desorption of CO2 with amino acid-based ionic liquids and their membranes.
These are also useful for desulfurization of flue gas [38]. Gas separation and/or
specific absorption with ionic liquids is one of the practical applications of ionic
liquids.

There are other uses of amino acid ionic liquids. Papers on these subjects are still
published every month and should be seen.

Fig. 7 Tetradecylphosphonium leucinate ([P10,10,10,10][Leu]) (upper phase with arrow) was phase
separated with water (lower phase) at 25�C [25]
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5 Choline-Based Salts

5.1 Cholinium Cation

Choline is a typical natural amine known as Vitamin B, and its acetylated ester is
acetylcholine, one of the well-known neurotransmitters. Choline is a component of
membrane lipid, phosphatidylcholine, and choline chloride is known to be a good
partner to form deep eutectic mixtures. For example, a mixture of solid choline
chloride and solid urea (1:2 by mol) forms a liquid known as a deep eutectic fluid
[39]. There are many papers on the choline chloride-based deep eutectic solvents
[40] and on the deep eutectic solvents based on natural products, and these natural
deep eutectic solvents were reviewed by Paiva et al. [41, 42]. Among these, choline
chloride is the major component.

Similarly, there are increasing numbers of papers in which the cholinium cation is
used as a major component to prepare ionic liquids. Many different anions were
coupled with the cholinium cation to form salts, and some anions were bio-derived.
As mentioned above, because cholinium cation is frequently found in biological
systems, there are many examples of wholly bio-derived ionic liquids in cholinium-
based ionic liquids.

5.2 Cholinium Amino Acid ILs

It is well-known that proteins and enzymes are mainly composed of amino acids.
Amino acids can also be found as components of other biomolecules, such as cell
membrane lipids and neurotransmitters. As mentioned above, amino acids are used
as components to prepare polar and functionalized ionic liquids. It is quite natural to
use these amino acids and cholinium cations for the preparation of whole natural
ionic liquids. The number of published papers on cholinium amino acid-type ionic
liquids is greater than those on other bio-derived ionic liquids.

[α
] D

,t 
/[
α]

D
,0

Time/hour

Fig. 8 Temperature
dependence of chiral
stability of [P4444][L-Val]
[11]. The ionic liquids were
kept at 100�C (filled
square), 120�C (filled
triange), or 150�C (open
circle)
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Because amino acid-derived ionic liquids are known to have a very strong proton
accepting ability, cholinium amino acid-type ionic liquids are well-used as solvents
for biomass treatments. The effect of amino acid species on the dissolution of
cellulose, hemicellulose, and lignin has been evaluated [43]. The interaction between
component polymers of biomass and ionic liquids depends on the amino acids used.
Pre-treated microcrystalline cellulose with cholinium glycinate ([Ch][Gly]) showed
better results on enzymatic hydrolysis because of looser cellulose fibrils [43]. Sim-
ilarly, this [Ch][Gly] was used to stabilize aged cellulose paper through moderate
interaction with it [44].

There are some effects on cell growth found in the presence of [Ch][Lys] and [Ch]
[Ser], but it was inhibited by further addition of cholinium acetate ([Ch][OAc])
[45]. They also affected microbial lipid production by Trichosporon fermentans.
This study strongly suggested that the anion species deeply affected cell growth and
lipid production.

5.3 Cholinium Dihydrogen Phosphate

Phosphoric acid is a typical bio-based molecule, and it is one of the important
components in biological systems. It is well-known that phosphoric acid is a
component of DNA, RNA, ATP, and so on in our living bodies. Dihydrogen
phosphate is one of the analogues of phosphoric acid. Accordingly, cholinium
dihydrogen phosphate is also a typical bio-derived salt. It is a solid salt at room
temperature, and its melting point is 119�C. So it is not a “real” ionic liquid, but this
salt has a great power as a solvent when mixed with a small amount of water.
Aqueous buffer solutions are the best solvents for biomolecules such as proteins,
because of similar ion concentrations and osmotic pressures to our human body. As
mentioned in Fig. 9, pure water is not a good solvent for biomolecules such as
enzymes, although an aqueous salt solution, a so-called buffer solution, is known to
be a good solvent for them. Further addition of salt to the buffer solution does not
help to dissolve them, and most biomolecules are denatured. So everybody believed
there were no good solvents for biomolecules when further salts were added to buffer
solutions. It is impossible to add extremely large amounts of salt into an aqueous
solution because of the limited solubility of the salts in water. However, starting with
ionic liquids, it is easy to prepare an aqueous salt solution with very high salt
concentration. Pure ionic liquids are mostly not good solvents for proteins. Their
higher ordered structure is changed because of the very high charge density. Because
of electrostatic shielding of charges on polypeptide chains, their compact structure
was loosened. However, some ionic liquids mixed with a small amount of water are
good solvents for proteins. Most ionic liquid/water mixtures can dissolve proteins,
keeping their native higher ordered structure. This region (marked with “?” in Fig. 9)
cannot be found from an approach adding salt to aqueous salt solutions. Cholinium
dihydrogen phosphate (or choline dihydrogen phosphate) ([Ch][DHP]) was found to
be an excellent solvent for proteins.
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Stabilization of enzymes and other biological materials in hydrated ionic liquids
is mentioned in detail in [46].

It is possible to discuss the biocompatibility of ([Ch][DHP]/water mixtures by
comparing their structure with the polar part of phospholipids. It is known that
phospholipids are a major component of cell membranes. The hydrophilic part of the
phospholipid is phosphorylcholine, a pair of cholinium cations and a phosphonate
anion. A mixture of [Ch][DHP] and a small amount of water can be regarded as a
hydrophilic part of the cell membrane. As shown in Fig. 10, they are quite similar in
structure.

In the case of cell membrane surfaces, all the water molecules are bound to ions.
This chemical environment is quite similar to that of [Ch][DHP] containing a small
amount of water. This should contribute to the dissolution and stable preservation of
proteins and other biological molecules. As mentioned above, phosphorylcholine is
the hydrophilic part of the phospholipid, and this phosphorylcholine is regarded as
the tethered ion pair of [Ch][DHP], a so-called zwitterion. Tethering cation with
anion generally raises the melting point, and, accordingly, this is not a good method
to prepare low melting point salts. However, addition of a small amount of water
solves this. The phosphorylcholine/water mixture is liquid and this should also be
biocompatible. Please refer to [46] for further discussion.

Fig. 9 Relation between salt content (water content) of salt/water mixtures and biological activity
of proteins

Phosphonate anion 

Cholinium cation

Fig. 10 Structural similarity of the hydrophilic part of the phospholipid and [Ch][DHP]

Synthesis of Ionic Liquids Originated from Natural Products 211



6 Future Aspects

The future for ionic liquids composed of naturally-derived ions is bright. The
number of ionic liquids used practically should increase not only in industry but in
the whole of future society. Considering society based on the bioeconomy, it is quite
reasonable to use naturally-derived ions as components for functional ionic liquids.
There should be other naturally-derived ionic liquids newly found to have unique
properties, because there is still a great possibility for coupling many different ions in
nature. Further studies on ionic liquids composed of naturally-derived ions should
gather more and more interest, and not only industry but also society require these
bio-based ionic liquids for our future.

7 Conclusions

Preparation, basic properties, and some applications of ionic liquids composed of
naturally-derived ions are summarized in this chapter. There are many candidate ions
in nature suitable for ionic liquid preparation. Many applications are waiting for
these ionic liquids in a wide variety of fields, including life science. It should be
mentioned that ionic liquids composed of naturally-derived ions are not safe enough
because they are salts. In an aqueous medium they dissociated into ions to generate
osmotic pressure. Again, these ionic liquids are quite useful in many situations, and
continuous study on the functionalization of ionic liquids should be pursued.
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Abstract This chapter focuses on recent advances in the use of ionic liquids as
additives and solvents in protein applications. The solvent properties of ionic liquids
can be tuned by the appropriate selection of cation and anion. The effects of different
kinds of ionic liquids on protein stability and refolding behavior have been investi-
gated and reported. The ionic liquid properties affect the intermolecular interactions
of proteins, inducing different formations and folding behavior. These effects also
vary with the concentration of ionic liquids. Although many of the associated
mechanisms are not completely clear, some of this behavior may be attributed to
the kosmotropicity of the ions and their Hofmeister effects.
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Graphical Abstract
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1 Introduction

Ionic liquids (ILs) have emerged as novel solvents possessing attractive features that
are difficult to achieve in ordinary molecular solvents [1, 2]. Hence, ILs are exten-
sively used in a wide range of fields, including chemistry, chemical engineering,
biotechnology, and pharmaceuticals [3]. ILs have attracted particular interest as
solvents and/or additives for biotechnology and biochemistry applications, namely
biocatalysis [4], biotransformation [5], biopreservation [6], and bioseparation
[7]. Recently, several reviews focusing on advances in the use of ILs in applications
involving biomolecules have been published [8, 9].

Although ILs have been used as novel solvents for biomolecules, it is difficult to
dissolve biomolecules in neat ILs and still retain their native structure and activity,
regardless of the component ions of the IL. However, some enzymes that show
activity as biocatalysts under anhydrous conditions, for example, lipase, show
catalytic reactivity when dispersed in neat ILs. To preserve the higher-order structure
of biomolecules dissolved in neat ILs, additional procedures are required, such as
chemical modification of the protein surface [10] and the addition of specific
molecules to the solvent [11]. However, surface modification involves tedious pro-
cedures and additional molecules in the IL complicate the system. Thus, the wide-
spread application of neat ILs as protein solvents remains impractical until a
significant breakthrough is achieved. For this reason, most studies to date have
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used mixtures of ILs and conventional molecular solvents for biomolecular
applications.

A recent interesting application of such IL/solvent mixtures is their use as
additives for protein refolding [12]. By choosing component ions with suitable
properties and optimizing the IL concentration, the solubility and the stability of
proteins can be improved, apparently through reduced self-aggregation. This chapter
discusses the effects of the component ions and the concentration of the IL in the
solvent on the stability and structure of dissolved proteins. Specifically, it focuses on
accomplishments in the field of protein stability and folding behavior in IL/water
mixtures.

2 Effect of ILs on the Intermolecular Interactions
of Proteins

Protein aggregation is one of the most important problems in industrial production
and storage processes. Protein aggregation and structural stability also play impor-
tant roles in protein misfolding diseases such as Alzheimer’s and Parkinson’s
diseases. Moreover, self-assembled structures, including amyloid fibrils and
nonamyloid fibrillar aggregates of globular proteins such as bovine serum albumin
(BSA), human serum albumin (HSA), and ovalbumin, are of great importance in
several scientific areas [13]. ILs have shown great potential in controlling protein
structures and morphologies. By understanding the effects of the functional groups
of ILs on protein structures, it may be possible to achieve deeper insight into
IL-induced structural modification of proteins.

Singh and Kang [14] reported the self-assembly of BSA into microparticles,
microrods, and long helical fibers mediated by three different imidazolium-based
ILs with long alkyl chains, which are called “IL surfactants (ILSs).” Functionalization
of the alkyl chain of the ILs with amide and ester moieties, which are capable of
hydrogen bonding, had a remarkable effect on the size and shape of the resulting self-
assembled BSA structures compared to those obtained using the non-functionalized
IL. The formation of self-assembled structures at different IL concentrations was
monitored by dynamic light scattering (DLS), zeta potential, fluorescence, and
circular dichroism measurements. Figure 1 shows the variation of count rate moni-
tored by DLS of aqueous solutions of BSA as a function of the concentration of
various ILs. The ILs interacted with BSA as monomers at low IL concentrations; in
contrast, at higher IL concentrations, the monomers underwent hierarchical self-
assembly to form morphologically distinct aggregated complexes. The differences
in the nature of the prevailing interactions between BSA and ILs in the different IL
concentration regimes were demonstrated by the variations in size, surface charge,
and degree of unfolding or refolding of BSA. The IL functionalized with a flexible,
hydrogen-bonding-prone ester moiety induced refolding of BSA, although the
refolded structure was different from the native structure. The ester-type IL also
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showed a distinct set of interactions with BSA compared to the other systems,
affording long, right-hand-twisted amyloid fibers of BSA in a certain concentration
range (Fig. 2).

Similarly, Mangialardo et al. [15] reported the effect of IL cations on the structure
of hen egg white lysozyme (HEWL). HEWL, suspended in the ammonium-based
ILs 2-methyl ethyl ammonium nitrate, ethyl ammonium nitrate, propyl ammonium
nitrate, and butyl ammonium nitrate, was subsequently washed and then analyzed
using Raman spectroscopy. The refolding enhancement properties of the ILs were
found to depend on the cation structure. Cations with long alkyl chains influenced
the proportion of ordered β-aggregates in the fibril conformation and prevented the
conversion of β-sheets into α-helices. In contrast, ethyl ammonium nitrate, which has
a short alkyl chain, induced both fibril melting and refolding of the secondary
structure.

3 ILs as Refolding Additives

Hofmeister reported the effects of coexisting salts on the solubility of proteins in
1888. In the so-called “Hofmeister series,” ions are ranked on the basis of their
salting-in (protein-solubilizing) and salting-out (protein-desolubilizing) effects. Ions
that tend to solubilize and denature proteins are classified as chaotropes. Conversely,
ions that induce the structuring of water and hydrogen bonding, accelerate the
aggregation of proteins, and stabilize the protein structure are categorized as
kosmotropes [16]. Ammonium sulfate, which is one of the most widely used
salting-out agents, is employed in protein folding methods as a stabilizer and is
categorized as a kosmotrope. Similarly, sugars, polyols, betains, and hydrophilic
polymers have also been used to stabilize proteins [17]. The effect of IL addition on
the stability and folding behavior of dissolved proteins has also been investigated
[18], and in this section the use of ILs as protein refolding additives is summarized.

Fig. 1 Count rate observed
by dynamic light scattering
in aqueous solutions of BSA
as a function of
concentration of ILSs
(Singh and Kang [14])
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3.1 Cosolute Systems with Urea-Induced Solubilization
and Refolding

To solubilize protein aggregates, a relatively low concentration (0.5–2.0 M) of a
chaotropic additive, such as urea or guanidine hydrochloride, is generally used to
dissolve the aggregates, and then the additives are gradually removed during the
protein refolding procedure. However, this method results in a limited refolding rate
and low efficiency caused by reaggregation of the protein. Some ILs have been
reported to be effective for protein refolding when used in conjunction with
chaotropic additives. Attri et al. [19] reported that the addition of 100 μL of the
protic IL triethyl ammonium phosphate induced structural refolding of the enzymes
α-chymotrypsin and succinylated Con A from the urea-induced chemically dena-
tured states (3 or 4 M urea in 2 mg/mL enzyme solution). Bae et al. [20] investigated
the effect of additives, including metal cofactors, organic cosolvents, and
imidazolium-based ILs, on the refolding of horseradish peroxidase (HRP) that had
undergone urea-induced chemical denaturing. Refolding of the denatured sample
was initiated by tenfold dilution of the sample with a refolding buffer containing the
additives. Among the tested ILs, the highest HRP activity was observed with
1-ethyl-3-methylimidazolium chloride (1.0 vol%). The effect of the ILs on HRP
refolding was attributed to Hofmeister effects. The HRP refolding yield increased
significantly, up to 75%, with the addition of ILs, whereas yields of 45% and 10%

Fig. 2 Schematic view showing various self-assembled structures of BSA formed by mediation of
different ILSs in different concentration regimes (Singh and Kang [14]). SA refers to self-assembly
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were obtained in refolding buffers containing hemin and without hemin, respec-
tively. The effect of temperature on the refolding of HRP was also studied, and the
highest and most stable refolding yield was obtained at 4�C.

Bisht et al. [21] reported the refolding behavior of urea-denatured lysozyme in the
presence of hydrophobic ILs. Ammonium-based ILs with the trifluromethylsulfonyl
imide anion (1 vol%) were added to a lysozyme solution pretreated with urea.
Structural refolding was observed for some hydrophobic ammonium-based ILs
using several optical methods, although it was unclear how the refolding and the
activity of the lysozyme in ILs were related.

Molecular dynamics (MD) studies have been used to provide insight into the
detailed mechanisms by which urea and ILs affect protein refolding dynamics, many
of which remain unclear. For example, an MD simulation conducted by Ghosh et al.
[22] showed that triethylammonium acetate efficiently counteracts the urea-induced
denaturation of a small S-peptide analogue, even when the preservative IL is present
in a very low molar ratio with respect to the denaturant urea. Further studies might
help to improve the understanding of the refolding mechanism related to various ILs.

3.2 Aggregation Inhibition

Small molecular additives are frequently employed to inhibit aggregation during the
refolding procedure [23]. Summers and Flowers [24] were the first to explore the ILs
tetraethyl and tetrabutyl ammonium nitrate as additives for protein refolding. These
ILs effectively suppressed the aggregation of HEWL and led to a significant increase
in refolding yields during oxidative refolding at concentrations up to 5% (0.5 M).
However, neat tetraalkyl ammonium nitrates were found to denature the proteins.

Systematic trends in the effects of imidazolium-based ILs on protein refolding
were investigated by Lange et al. [25]. The renaturation of two model proteins,
HEWL and an anti-oxazolone single-chain antibody fragment, were investigated in
the presence of a series of N0-alkyl- and N0-(hydroxyalkyl)-N-methylimidazolium
chlorides with alkyl chain lengths of two to six carbon atoms. All the investigated
ILs acted as refolding enhancers, and in some instances performed even better than
L-arginine hydrochloride, which is one of the most widely used additives for protein
renaturation. The most favorable effect on refolding was observed at a concentration
of about 1 M, although the optimal concentration varied slightly depending on the
protein and IL used. The ability of the ILs to suppress protein aggregation and
increase stability was determined to be the key feature responsible for renaturation.
Hydrophobic imidazolium cations with longer alkyl chains increased destabilization,
whereas cations with hydroxyl-terminated alkyl chains improved protein stability.
Similar results in terms of alkyl chain length, IL concentration, and prevention of
aggregation during protein refolding were also reported for N-alkylpyridinium and
N-alkyl-N-methylpyrrolidinium ILs by Yamamoto et al. [26] (Fig. 3).

Variation of the anion was found to have a profound effect on the renaturation of
the recombinant plasminogen activator (rPA) [12], with anions other than chloride
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leading to a reduction in refolding yields. 1-Ethyl-3-methylimidazolium ([C2mim])
salts with different anions were screened as additives for in vitro refolding of rPA.
The renaturation yields of rPA in the presence of 2-(2-methoxyethoxy)ethyl sulfate
(MDEGSO4

�), ethyl sulfate (EtSO4
�), and hexyl sulfate (HexSO4

�) were qualita-
tively correlated with the hydrophobicity of the three salts. The influence of the
anion on the efficacy of the IL as a refolding enhancer for rPA decreased in the
following order: Cl� > MDEGSO4

� > acetate > tosylate > diethyl phos-
phate > HexSO4

�. In vitro refolding of rPA was promoted more effectively by
[C2mim][Cl] (refolding yield of 10% at 1.2 M) than by L-arginine hydrochloride
(refolding yield of 14% at 3 M), which has been possibly the most widely used
additive for in vitro refolding over the last two decades.

These reports reveal that IL additives can act as direct enhancers of protein
refolding. Moreover, by preferentially binding to and being slightly or moderately
chaotropic for proteins, IL additives prevent protein aggregation.

3.3 Use of Vesicle Systems

Bharmoria et al. [27] reported a vesicle-forming biamphiphilic IL that induced
significant folding alterations in protein structures. The binding behavior of
3-methyl-1-octylimidazolium dodecylsulfate ([C8mim][C12OSO3]) with BSA in an
aqueous medium at pH 7.0 was investigated at different concentrations. Both the
cation and anion of this IL are amphiphilic in nature, and the IL acts as a catanionic
surfactant. At low concentrations, [C8mim][C12OSO3] induced a small amount of
unfolding of BSA because of the formation of monomer complexes via exothermic

Fig. 3 Refolding yields (recovered activities) of denatured and reduced lysozyme obtained by
dilution with refolding buffers containing carious N-alkylpyridinium chlorides and N-alkyl-N-
methylpyrrolidinium chlorides as a function of concentrations. (a) N-Alkylpyridinium chlorides:
N-ethyl- (open circles), N-butyl- (closed circles), N-hexyl- (open squares), N-octyl- (closed
squares), and N-dodecyl- (inset, open circles) pyridinium chlorides. (b) N-Alkyl-N-
methylpyrrolidinium chlorides: N-butyl- (closed circles), N-hexyl- (open squares), N-hexyl- (open
squares) N-methylpyrrolidinium chlorides (Yamamoto et al. [26])
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electrostatic interactions with the charged amino acid residues on the surface of the
protein. As the concentration was increased, protein refolding was observed, until
the critical aggregation concentration of [C8mim][C12OSO3] was reached. This
aggregation resulted from crosslinking of [C8mim][C12OSO3] via electrostatic inter-
actions at one end and hydrophobic interactions at the other. Above the critical
aggregation concentration, a small amount of BSA unfolding was again observed
until the critical vesicular concentration was reached, which suggested that aggre-
gation of [C8mim][C12OSO3] at the BSA surface occurred via cooperative electro-
static and hydrophobic interactions in this concentration regime. BSA remained
stable against folding alterations in the vesicular and postvesicular regimes because
of the strong cooperative hydrophobic and electrostatic interactions among [C8mim]
[C12OSO3] ions (Fig. 4). BSA in the postvesicular concentration regime of [C8mim]
[C12OSO3] showed for a month high stability against aggregation, which is the
major cause of protein destabilization. Similar results have been reported for the
stability and activity of the enzyme cellulase [28]. This work provided insights into
the design of surface-active ILs as artificial chaperones for protein stabilization.

4 Hydrated ILs as Refolding Fields

Hydrated ILs are prepared by mixing ILs with a small amount of water, such that
there is almost no free water. The threshold for the existence of free water was
suggested to be seven or more water molecules per one ion pair, regardless of the ion
structure [29]. Depending on the IL, the IL concentration in hydrated ILs can be
greater than 4 M; hence, it is predicted that their effects on proteins are different from
those of ILs used as additives in solution. By selecting an optimized ion structure and

Fig. 4 Folding alterations in BSA at variable concentration of [C8mim][C12OSO3] (Bharmoria
et al. [28]). Cf signifies the maximum unfolding concentration resulting from association of
biamphiphilic IL monomers to BSA; C1 corresponds to the critical aggregation concentration up
to which refolding of BSA occurs as a result of cross-linking of IL ion on BSA, forming BSA � IL
aggregate complexes; >C2 shows the post-vesicular regime where BSA � IL aggregates and BSA
adsorbed on vesicles exist
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water content, hydrated ILs can achieve the dissolution of some proteins, at the same
time maintaining their higher-order structure. One of the most effective hydrated ILs
as a biomolecular solvent that dissolves biomolecules but maintains the higher-order
structure was the pair composed of the cholinium cation and the dihydrogen
phosphate anion ([ch][dhp]) [30]. Improvements of the long-term stability and
thermal stability of proteins after dissolution were observed in hydrated [ch][dhp]
[31]. The refolding of aggregated cellulase, which is a protein heterologously
expressed in Escherichia coli, was recently reported to occur in hydrated [ch][dhp]
without the use of denaturants or additives [32]. A common method for regenerating
aggregated proteins that are abundantly expressed in E. coli (inclusion bodies) is the
use of a high concentration of denaturant to dissolve aggregates after cell breakage
by sonication. However, excess amounts of denaturant inhibit protein refolding and
recovery, even after dialysis or dilution, and reaggregation of the dissolved proteins
occurs during this step. Furthermore, problems, such as the generation of large
amounts of wastewater and the long time required to remove the denaturant, make
this procedure impractical. A more efficient and easily performed method is needed
to regenerate aggregated proteins. Notably, ILs and hydrated ILs have potential as
novel refolding solvents that are able to dissolve aggregated protein and/or induce
refolding behavior directly. The solubility of aggregated cellulase was not high, but
dissolved cellulase was observed to have a folded state similar to that of its native
state in hydrated [ch][dhp]. The dissolution and restructuring patterns of aggregated
cellulase in hydrated ILs differed depending on the component ions of the IL. When
other imidazolium-type ILs (1-ethyl-3-methylimidazolium methylphosphate and
1-ethyl-3-methylimidazolium tetrafluoroborate) were used, unsatisfactory results
were obtained, which demonstrated the difficulty of dissolving aggregated cellulase,
even in the hydrated state.

The number of water molecules per [ch][dhp] pair clearly influenced the renatur-
ation procedure. The spectral intensity decreased when the number of water mole-
cules per ion pair in hydrated [ch][dhp] was increased. This behavior indicated that
the dissolution ability of hydrated [ch][dhp] for aggregated cellulase decreased with
increasing water content, even though the viscosity of hydrated [ch][dhp] decreased
with increasing water content. Furthermore, the position of the fluorescence spectral
maxima, which indicates the folding state of the protein, was affected by the water
content (Fig. 5). Fluorescence spectra with a spectral maximum around 340 nm were
observed for both native cellulase and cellulase in hydrated [ch][dhp] with four,
seven, or ten water molecules per ion pair, which suggests that the aggregated
cellulase dissolved in hydrated [ch][dhp] had a folding state similar to that of its
native structure in buffer. In contrast, the fluorescence maximum showed a blue shift
to 300 nm when cellulase was dissolved in [ch][dhp] with around 2,800 water
molecules per ion pair, that is, a 20 mM solution. This spectral shift indicated the
formation of an aggregated state similar to that observed in buffer and in water. In
[ch][dhp] with 50 water molecules per ion pair, the spectrum had two peaks at
around 300 and 340 nm, suggesting that cellulase was present in two different states:
the native folded state and the aggregated state. Renaturation and correct refolding of
the aggregated cellulase dissolved in hydrated [ch][dhp] was observed. Furthermore,
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cellobiose was produced by the refolded cellulase after desalination of [ch][dhp].
Understanding and controlling the water state in hydrated ILs may facilitate the
development of improved and convenient methods for the renaturation of aggregated
proteins.

5 Concluding Remarks

ILs have diverse solvation properties that can be tuned by the proper choice of cation
and anion. For applications in biotechnology and bioscience, many kinds of ILs
have been investigated at different concentrations. ILs have been reported to have
notable effects on protein activity, solubility, stability, separation, crystallization,
morphology, refolding, and unfolding. Some of this behavior can be attributed to the
kosmotropicity of the ions and their Hofmeister effects [33]. Other effects, however,
are difficult to explain because of the complexity and variety of IL moieties, as well
as their distinct behavior depending on the concentration of water molecules in the
solution. The potential of neat or hydrated ILs for bioapplications has not yet been
fulfilled. Studies on the mechanisms of biocompatible hydrated ILs and the interac-
tions among biomolecules, ions, and water may reveal useful information for
understanding intercellular phenomena.

Fig. 5 Fluorescence spectra
of supernatants mixed with
white precipitate in [ch]
[dhp] containing (a) 4, (b) 7,
(c) 10, (d) 50, and 2,800
water molecules per ion pair
(Fujita et al. [32])
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Abstract Plants contain many kinds of natural organic compounds, and their
compounds possess many useful properties. Natural organic compounds are impor-
tant for the development of medicines, pesticides, fragrances, cosmetics, and syn-
thetic chemicals. In this chapter, we introduce efficient methods for extraction and
isolation of valuable natural organic compounds from various plant leaves by using
cellulose-dissolving ionic liquids. High-polarity ionic liquids, which can dissolve
cellulose, contribute to the extraction of natural organic compounds from plant
leaves probably by breaking down plant cell walls, which are composed of cellulose,
hemicellulose, and lignin. Extraction and isolation of shikimic acid from ginkgo
leaves, caffeoylquinic acids from sweet potato leaves, and neral and geranial (which
combine to form citral) from lemon myrtle leaves were performed. Ionic liquids can
achieve extraction rates greater than those achieved with water and other organic
solvents.
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Graphical Abstract
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1 Introduction

Biomass is a resource that can be converted into energy, providing a possible
replacement for depleted fossil fuels. Cellulose is an example of biomass and
represents the most plentiful type of biomass on earth. Since cellulose can be
converted into useful substances such as glucose, it has attracted attention as a
source of energy. Cellulose is a polysaccharide composed of glucose polymerized
with β(1,4) bonds [1] and involves various types of intramolecular and
intermolecular hydrogen bonds. Therefore, cellulose is insoluble in water and most
organic solvents [2]. The demand for biomass, however, has resulted in the devel-
opment of processes that require strong acids, high temperatures, and high pressures.
These processes also require large amounts of energy, which means that cellulose is
not presently a viable source of energy.

In 2002, Rogers and coworkers reported that cellulose was soluble in an ionic
liquid [3], which prompted additional research on the utilization of ionic liquids to
process biomass. According to published reports, the anionic structure of the ionic
liquid is the key to the solubility of cellulose. The stronger the Lewis basicity
(electron-donating property) of the anions in an ionic liquid, the greater the solubility
of cellulose [4]. After determining the solubility of cellulose in various ionic liquids,
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Rogers et al. reported that chloride ions were best for dissolving cellulose. In
subsequent studies, ionic liquids formed from acetate anions [5, 6] and formate
anions [7] displayed the same cellulose-dissolving properties as chloride-based ionic
liquids. Ohno and coworkers discovered that phosphorous acids were also viable
anions for this purpose [8]. Typical structures of cellulose-dissolving ionic liquids
are shown in Fig. 1.

Over the years, extraction methodologies have been used to carry out the extrac-
tion of target natural organic compounds from plants by using water and volatile
organic solvents. In general, the current extraction efficiencies are low. Recently,
researchers have been studying the development of alternative extraction processes
with ionic liquids that can dissolve cellulose. A few studies have examined the
extraction of natural organic compounds from plants using ionic liquids [9–
13]. However, only a very small number of these studies have reported isolation
of natural products, mainly because of the nonvolatility of the ionic liquids, which
makes isolating organic compounds extracted from plant material into the ionic
liquid very difficult. Bica and coworkers, however, succeeded in utilizing an ionic
liquid to extract limonene, the main component of orange essential oil, from orange
peel [14]. First, orange skin was dissolved in an ionic liquid and then stirred at a set
temperature. After vacuum distillation, isolation of the volatile limonene was
achieved. This is a good example of the nonvolatile nature of an ionic liquid.

This background prompted an investigation into the effectiveness of isolating
bioactive natural compounds, which are stored as secondary metabolites in the
vacuoles of plant leaf cells, using ionic liquids that can dissolve cellulose – the
primary component of plant cell walls. This report describes developments in the
extraction and isolation of natural organic compounds from plants by using ionic
liquids, focusing on the extraction and isolation of shikimic acid from ginkgo leaves
[15], caffeoylquinic acids (CQAs) from sweet potato leaves [16], and neral and
geranial (which combine to form citral) from lemon myrtle leaves [17] (Fig. 2).
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Fig. 1 Typical structures of cellulose-dissolving ionic liquids
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2 Shikimic Acid from Ginkgo Leaves

Shikimic acid – a nonvolatile natural organic compound first isolated from the fruit
of Japanese star anise (shikimi in Japanese) by Eijkman in 1885 [18] – is the starting
material for oseltamivir (also known as Tamiflu®; see Fig. 3), which is used to treat
influenza. The pharmaceutical company Roche produces oseltamivir by a 12-step
process with shikimic acid as the starting material. Most of the shikimic acid (70%)
is extracted from star anise (also called hakkaku or Chinese star anise) growing on in

Fig. 2 Chemical structures of shikimic acid, citral, and caffeoylquinic acids

Fig. 3 Molecular structure
of oseltamivir phosphate
(Tamiflu®)
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southwest China [19]. However, overharvesting of star anise has depleted the
resources, leading to supply problems. Considering the widespread occurrence of
influenza, a steady supply of shikimic acid is needed. The cosmetics company Kosé
recently announced a new whitening cosmetic that uses shikimic acid as its active
ingredient [20], indicating that shikimic acid can be expected to have various
potential applications beyond the production of oseltamivir.

Securing natural sources of shikimic acid other than star anise is the key to
resolving the supply problems. Therefore, the present research focused on ginkgo
(Ginkgo biloba) because it contains shikimic acid and displays a low level of
regional specificity. Ginkgo’s worldwide distribution indicates that its main require-
ment is a minimum average yearly temperature of 0�C [21]. Thus, it can live in a
wide variety of places and is easy to acquire.

Shikimic acid was extracted from the green leaves of female ginkgo trees growing
on the campus of Sophia University, by freeze drying them with liquid nitrogen and
grinding them to produce the experimental material. The protocol for extraction of
shikimic acid is shown in Fig. 4. The powdered ginkgo was stirred into 1-n-butyl-3-
methylimidazolium chloride ([C4mim]Cl) for 1 h at 100–150�C, and methanol
(MeOH) was then added to decrease the viscosity and induce precipitation of
cellulose. Stirring was continued until the cellulose was removed by filtration,
resulting in collection of [C4mim]Cl extract. Meanwhile, as a control, the experi-
mental material was stirred in MeOH for 1 h under reflux conditions to obtain a
MeOH extract after filtration and removal of cellulose. Extracts were also obtained
using ethyl alcohol (EtOH), H2O, and dimethylformamide (DMF). Then,

Fig. 4 Protocol for extraction of shikimic acid from ginkgo leaves. [C4mim]Cl 1-n-butyl-3-
methylimidazolium chloride, DMF dimethylformamide, EtOH ethyl alcohol, HPLC high-perfor-
mance liquid chromatography, IL ionic liquid, MeOH methanol
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quantitative analysis of each extract was performed using reverse-phase high-per-
formance liquid chromatography (HPLC). Using a calibration curve, the shikimic
acid extraction rate was determined against the ginkgo leaf weight for each extrac-
tion solvent (MeOH, EtOH, H2O, DMF, and [C4mim]Cl) and at different tempera-
tures (Fig. 5).

When using [C4mim]Cl, the extraction rate varied greatly with temperature. The
extraction rate was 1.1% at 100�C, 1.7% at 130�C, and 2.3% at 150�C; thus, the
extraction rate increased with temperature. The extraction rate using MeOH was
0.93%, a value slightly lower than that using [C4mim]Cl, even when stirred at
100�C. Similar extraction rates were obtained with the other solvents: 0.86% with
EtOH and 0.86% with H2O. The use of DMF resulted in an extraction rate of 1.1%,
even at 150�C. Thus, the 2.3% extraction rate achieved with [C4mim]Cl at 150�C
indicated that efficient dissolution of cellulose is strongly favored in ionic liquid. The
extraction rate with [C4mim]Cl at 150�C (2.3%) was twice that achieved with
methanol (0.93%). Thus, an ionic liquid is more effective than an organic solvent
for the extraction of shikimic acid.

Bica and coworkers used ionic liquids that included sulfonate groups to induce
esterification reactions, and performed extractions with the derivatives of these
processes [22]. After dissolving star anise in an acidic ionic liquid, esterification
resulted in the production of shikimic acid ethyl ester and shikimic acid ketal ester,
indicating that acidic ionic liquids can act as esterification catalysts, as well as
solvents. The prospect of this methodology, which is able to derive target natural
organic compounds and extracts, is fascinating.

The postextraction ginkgo leaves were examined using scanning electron micros-
copy (SEM) (Fig. 6). The image on the left shows the leaf surface before extraction,
compared with the leaf residue after MeOH extraction (center image), in which the

Fig. 5 Relation between shikimic acid (SA) extraction rate and stirring temperature for ginkgo
leaves. [C4mim]Cl 1-n-butyl-3-methylimidazolium chloride, DMF dimethylformamide,
MeOH methanol
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cell wall structures are broken down. The image on the right, which shows the leaf
surface after extraction with [C4mim]Cl at 150�C, indicates that the leaf surface is
broken down more than with MeOH extraction. The ionic liquids must break down
the leaves more effectively to enhance the extraction of shikimic acid. Bica and
coworkers compared shikimic acid extraction rates using ionic liquids with different
types of anions [23]. They combined the 1-ethyl-3-methylimidazolium cation with
six different anions – acetate (OAc), chloride (Cl), bis(trifluoromethanesulfonyl)
azanide (TFSA), triflate (OTf), tetrafluoroborate (BF4), and hexafluorophosphate
(PF6) – and then chose ionic liquids with different rates of cellulose solubility. As
predicted, anions that resulted in greater cellulose solubility led to greater rates of
shikimic acid extraction, with OAc showing the highest value. These results dem-
onstrate that ionic liquids with cellulose-dissolving properties are important for
efficient extraction of shikimic acid. Furthermore, shikimic acid could be extracted
efficiently from conifer needles using an ionic liquid, indicating that the methodol-
ogy outlined above can be applied to a variety of plant species.

Although studies related to the harvesting of natural organic compounds from
plant leaves using ionic liquids are increasing in number, only a few examples have
reported isolation of the target compounds. Perhaps the nonvolatile nature of ionic
liquids makes isolation difficult to achieve. A method for isolating shikimic acid
from [C4mim]Cl extract using an ion-exchange resin was investigated [15]. The
[C4mim]Cl extract was supported on the strong basic anion-exchange resin
Amberlite IRA 400 (Cl), allowing absorption into the resin, followed by removal
of the [C4mim]Cl using a bath of deionized water. Then, the shikimic acid was
obtained in a 25% acetic acid solution. The chemical structure of shikimic acid after
isolation by Amberlite was confirmed by 1H nuclear magnetic resonance (NMR)
(Fig. 7). For comparison, the spectrum of commercially available shikimic acid is
shown in Fig. 7. The shikimic acid isolated using Amberlite was less pure than the
commercially available one. Purification using HPLC resulted in isolation of pure
shikimic acid, as can be seen in Fig. 7. Many ionic liquids are known to be toxic to
bacteria, yeasts, and other organisms [24]. In particular, cellulose-dissolving ionic

before extraction after extraction  
by MeOH

after extraction  
by [C4mim]Cl

Fig. 6 Scanning electron microscopy images of a ginkgo leaf surface. [C4mim]Cl 1-n-butyl-3-
methylimidazolium chloride, MeOH methanol, SE(U) upper secondary electron detector
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liquids are highly toxic because they change the structures of proteins dissolved in
such ionic liquids [25–27]. Purification of isolated natural organic compounds is also
important.

Thus, an efficient method was developed for extracting shikimic acid from
ginkgo leaves by using the ionic liquid [C4mim]Cl as an extraction solvent with
cellulose-dissolving ability. In addition, shikimic acid was successfully isolated from
the [C4mim]Cl extract using an ion-exchange resin. The naturally occurring organic
compound bilobalide – a terpene lactone found only in ginkgo leaves – was also
isolated 1.4 times as efficiently using [C4mim]Cl as with the previously reported
method using MeOH [28].

3 Caffeoylquinic Acid Derivatives from Sweet Potato
Leaves

The sweet potato (Ipomoea batatas) has been used as a food source since ancient
times; it was first cultivated mainly in China but is now grown throughout the world.
Its root is eaten, but the leaves are generally discarded. However, these leaves are
rich in caffeoylquinic acid derivatives (CQAs) – polyphenols that make the leaves
attractive as suppliers of natural biomolecules. The CQAs contain ester bonds
between hydroxyl groups of quinic acids and carboxyl groups of caffeic acids.
Many CQA analogs exist, categorized by the number and position of the caffeoyl
groups – for example, 3-CQA, 3,4-diCQA, 4,5-diCQA, 3,5-diCQA, and 3,4,5-
triCQA (Fig. 2) [29]. CQAs have antioxidant properties and cancer-fighting cyto-
static effects. CQAs have also been reported to possess aggregation-inhibiting

H2O

5 4 1123

(c)

(b)

(a)

Fig. 7 1H NMR spectra of shikimic acid: (a) after isolation by Amberlite, (b) after isolation by
high-performance liquid chromatography, and (c) as a commercially available reagent. ppm parts
per million
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effects on amyloid β (Aβ42), a possible cause of Alzheimer’s disease; 4,5-diCQA
has the highest rate of effectiveness (half-maximal inhibitory concentration
(IC50) 0.1 μM) in this application [30]. Considering the promising health benefits
of CQAs, the present study attempted to establish a method using ionic liquids with
cellulose-dissolving capabilities to extract and isolate them efficiently from sweet
potato leaves that otherwise would be discarded.

The sweet potato leaves used in this experiment were from Suiō potatoes, which
have been selectively bred as food potatoes. The [C4mim]Cl ionic liquid was used to
extract the CQAs by adding powdered sweet potato leaves to either a [C4mim]Cl or
[C4mim]Cl/MeOH (1:1) mixed-solvent solution at 100�C, stirring it for 1 h, and then
performing Celite filtration to produce a [C4mim]Cl extract. That extract was
subsequently dissolved in an H2O/MeOH (7:3) solution to obtain a [C4mim]Cl
layer that contained the CQAs after washing with hexane. The CQA extraction
rate was determined using HPLC by comparing the amount of CQAs isolated with
the original weight of the leaves. As a control, extraction was performed as was
previously done by adding MeOH to powdered sweet potato leaves and stirring the
experimental material into MeOH for 1 h under reflux conditions. The MeOH extract
was obtained after Celite filtration and removal. The extract was dissolved into an
H2O/MeOH (7:3) mixed-solvent solution and washed with hexane. Quantitative
analysis was performed on the crude extract using HPLC, and the CQA extraction
rate was calculated (Fig. 8).

The results showed that the [C4mim]Cl/MeOH (1:1) mixed-solvent solution
enabled extraction of 3,5-diCQA 1.9 times as efficiently as use of MeOH. Further-
more, the use of [C4mim]Cl as the only extraction solvent increased the comparative
efficiency of the extraction rate to 2.2 times for 3,4-diCQA and 3.2 times for 3,4,5-

Fig. 8 Extraction yields of caffeoylquinic acids (CQAs) from sweet potato leaves. [C4mim]Cl 1-n-
butyl-3-methylimidazolium chloride, MeOH methanol
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triCQA. For 4,5-diCQA, which has a high aggregation-inhibition effect on Aβ42, the
extraction became 6.5 times as efficient. Although significant differences in extrac-
tion rates were observed among CQAs, depending on the number and position of the
caffeoyl group, use of [C4mim]Cl as an extraction solvent was able to increase the
extraction rate for every CQA extracted from the sweet potato leaves. Recently, Tan
and coworkers dissolved Flos Lonicerae Japonicae in an ionic liquid and, using
ultrasonic waves, observed increases in CQA extraction rates [31]. These results
indicate that combining ionic liquids and ultrasonic waves is a very interesting
approach for increasing the efficiency of extracting natural materials.

Next, isolation of the CQAs contained within the [C4mim]Cl was investigated. A
saturated saline solution was added to the previously obtained [C4mim]Cl layer and
stirred. This was followed by addition of a mixed-solvent solution of ethyl acetate
(EtOAc), MeOH, and 90% formic acid (100:20:1). The mixture was then decanted
four times to isolate the CQA mixture. A qualitative analysis was then performed
using HPLC. A quantitative analysis showed that 90% 3,4-diCQA, 85% 3,5-diCQA,
100% 4,5-diCQA, and 100% 3,4,5-triCQA were isolated. This method enabled
simpler separation of the target organic compounds from the ionic liquid than use
of supercritical carbon dioxide or recrystallization.

4 Citral from Lemon Myrtle Leaves

The next target was a plant-derived natural compound with volatile essential oils,
because previous studies had used ionic liquids to extract essential oils from orange
peel and rosemary. The starting material used was the leaf of the lemon myrtle
(Backhousia citriodora) [32], a plant native to Australia. Lemon myrtle possesses
the most citral (a lemon-scented mixture of geranial and neral) among plants and has
been used in aromatherapy and herbal teas. The volatility of the citral prompted the
use of the ionic liquid 1-ethyl-3-methylimidazolium methylphosphonate ([C2mim]
[(MeO)(H)PO2]) because of its ability to dissolve cellulose at room temperature.

The lemon myrtle leaves were harvested from Tomy Green Farm in Shizuoka
Prefecture. As a control study, extraction was attempted using an organic solvent.
Lemon myrtle leaves were placed into EtOH, EtOAc, and hexane, and stirred under
reflux conditions for 1 h, followed by filtration and qualitative analysis using gas
chromatography–mass spectrometry (GC-MS) with methyl decanoate as the internal
standard. Then, extraction was performed using the ionic liquid by adding lemon
myrtle leaves to [C2mim][(MeO)(H)PO2] at 45�C and at 80�C, as well as to a mixed-
solvent solution combining [C2mim][(MeO)(H)PO2] with an organic solvent at
80�C, and stirring each mixture for 1 h. To reduce the viscosity of the [C2mim]
[(MeO)(H)PO2], water was added with additional stirring, followed by filtration.
Extraction was done with water and EtOAc (which does not dissolve in [C2mim]
[(MeO)(H)PO2]), and the extract was subjected to GC-MS quantitative analysis. The
extraction rate was calculated by comparing the weights of both geranial and neral
with the weight of the lemon myrtle leaves (Fig. 9).
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When the extraction was performed with organic solvents, the greatest extraction
rates for both geranial (0.80%) and neral (0.37%) were achieved when using EtOH.
In contrast, an extremely low extraction rate was obtained when using only [C2mim]
[(MeO)(H)PO2] at 45�C. However, when the mixture was heated to 80�C, the
extraction rate improved. In addition, the use of mixed-solvent solutions of
[C2mim][(MeO)(H)PO2] combined with either EtOH or EtOAc increased the extrac-
tion rate. A mixed-solvent solution of [C2mim][(MeO)(H)PO2]/EtOAc (1:1) resulted
in extraction rates for geranial and neral of 1.70% and 0.77%, respectively –

2.1 times as efficient as extraction using EtOH.
The viscosity of the [C2mim][(MeO)(H)PO2] was determined to assess the

effectiveness of stirring. Increasing the temperature from 45�C to 80�C reduced
the viscosity of the ionic liquid (from 39.6 mPa�s at 45�C to 13.4 mPa�s at 80�C).
These results indicated that increasing the temperature during stirring and combining
[C2mim][(MeO)(H)PO2] with organic solvents to create a mixed-solvent solution

Fig. 9 Extraction yields of geranial and neral from lemon myrtle leaves. C2mim 1-ethyl-3-
methylimidazolium methylphosphonate ([C2mim][(MeO)(H)PO2]), EtOAc ethyl acetate,
EtOH ethyl alcohol
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increased the effectiveness of stirring because of the lower viscosity, which
increased the extraction rates.

Thus, a method using the cellulose-dissolving ionic liquid [C2mim][(MeO)(H)
PO2] for extracting the fragrant substance citral from lemon myrtle leaves was
developed that was 2.1 times as efficient as extraction using EtOH [17]. The results
also confirmed that the ionic liquid could be used for efficient extraction of the
fragrant substance geraniol from lemongrass [33].

5 Conclusions

Efficient methods for extracting bioactive natural organic compounds have been
developed by using cellulose-dissolving ionic liquids to break down plant cell walls.
The results demonstrated ionic liquid extraction and isolation of shikimic acid,
caffeoylquinic acids, and citral from the leaves of ginkgo, sweet potato, and lemon
myrtle, respectively. The use of ionic liquids that can dissolve cellulose allowed
isolation of greater amounts of the natural organic compounds from plant leaves than
previous extraction methods using organic solvents or water. This approach to the
extraction of natural organic compounds by using ionic liquids can also be applied to
other plants; a wide range of ionic liquids and technologies are available for
extraction and isolation.
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Abstract Ionic liquids provide challenges and opportunities for sustainable indus-
trial developments. However, the toxic impacts of ionic liquids reported by many
researchers cannot be overlooked. Therefore, in this chapter, we introduce the
antimicrobial activities of ionic liquids in bioprocesses and, in greater detail, we
discuss their environmental impacts, including the toxicity, biodegradability,
bioaccumulation, and mobility of ionic liquids. We believe that this presented
information will support colleagues engaged in ionic liquid–related fields.

Graphical Abstract

Keywords Adsorption, Bioaccumulation, Biodegradation, Ionic liquids, Mobility,
Quantitative structure–activity relationship (QSAR), Removal, Toxicity

Abbreviations

[IM01]+ 1-Methylimidazolium
[IM0-12]+ 1-Dodecylimidazolium
[IM01O-4]+ 1-(Butoxymethyl)imidazolium
[IM04]+ 1-Butylimidazolium
[IM11O2]+ 1-(Ethoxymethyl)-3-methylimidazolium
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[Ch]+ Cholinium
[IM11COO1]+ 1-(2-Methoxy-2-oxoethyl)-3-methylimidazolium
[IM11COOH]+ 3-Methyl-1-(carboxymethyl)imidazolium
[IM12]+ 1-Ethyl-3-methylimidazolium
[IM12¼1]+ 1-Methyl-3-(2-propenyl)imidazolium
[IM14]+ 1-Butyl-3-methylimidazolium
[IM16]+ 1-Hexyl-3-methylimidazolium
[IM18]+ 1-Methyl-3-octylimidazolium
[N1888]+ Trioctylmethylammonium
[P4444]+ Tetrabutylphosphonium
[P1444] Tributylmethylphosphonium
[P666-14]+ Trihexyltetradecylphosphonium
[P3(OH)3(OH)3(OH)-10]+ Decyltriproxylphosphonium
[Py4]+ 1-Butylpyridinium
[Py4-3Me]+ 1-Butyl-3-methylimidazolium
[Pyr14]+ 1-Butyl-1-methylpyrrolidinium
[(2-OPhO)2B]

� Bis[1,2-benzenediolato(2-)]-borate
[4MePhSO3]

� 4-Methylbenzenesulfonate
[1COO]� Acetate
[(244Me3Pen)2PO2]

� Bis(2,4,4-trimethylpentyl)phosphinate
[(CF3)2N]

� Bis(trifluoromethyl)amide
[(CF3SO2)2N]

� Bis(trifluoromethylsulfonyl)amide
[AC]� 6-Methyl-2,2-dioxo-1,2,3-oxathiazin-4-onate
[Lac]� (2S)-2-Hydroxypropanoate
[Ala]� L-Alaninate
[Arg]� L-Argininate
[Asp]� L-Asparaginate
[Glu]� L-Glutaminate
[His]� L-Histidinate
[Iso]� L-Isoleucinate
[Leu]� L-Leucinate
[Lys]� L-Lysinate
[Met]� L-Methioninate
[Phe]� L-Phenylanine
[Pro]� L-Prolinate
[Ser]� L-Serinate
[Thr]� L-Threoninate
[Try]� L-Tryptophan
[Val]� L-Valinate
[2OSO3]

� Ethylsulfate
[2SO3]

� Ethylsulfonate
[SbF6]

� Hexafluoroantimonate
[PF6]

� Hexafluorophosphate
[HSO4]

� Hydrogen sulfate
[1OSO3]

� Methylsulfate
[N(CN)2]

� N-Cyanocyanamide
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[NO3]
� Nitrate

[1O2O2OSO3]
� O-2-(2-Methoxyethoxy)ethyl sulfate

[8OSO3]
� Octylsulfate

[B(CN)4]
� Tetracyanidoboranuide

[BF4]
� Tetrafluoroborate

[(C2F5)3PF3]
� Trifluorotris(pentafluoroethyl)phosphate

[CF3COO]
� Trifluoroacetate

[CF3SO3]
� Trifluoromethansulfonate

[SbF6]
� Hexafluoridoantimonate

[Bic]� Bicarbonate
[Bit]� Bitartrate
[DHPhosp]� Dihydrogenophosphate
[DHCit]� Dihydrogenocitrate
[Sal]� Salicylate
[Prop]� Propanoate
[But]� Butanoate
[AgBr2]

� Silver dibromide
[CuCl2]

� Copper dichloride
[FeCl4]

� Tetrachloroferrate
[MnCl4]

� Manganese(IV) chloride
[CoCl4]

� Cobalt tetrachloride
[GdCl6]

� Gadolinium hexachloride
[(CH3)2PO4]

� Ethylphosphoate
[Ibu]� Ibuprogenate
[Doc]� Docusate
[dicamba]� 3,6-Dichloro-2-methoxybenzoic acid
[MCPP]� (RS)-2-(4-Chloro-2-methylphenoxy)propanoic acid
[TFo]� Triflate
[MDEGSO4]

� 2-(2-Methoxyethoxy) ethylsulfate
MDA Malondialdehyde
SOD Superoxide dismutase
POD Peroxidase
CAT Catalase

1 Introduction

Ionic liquids (ILs) are organic molten salts of which the melting points are normally
less than 100�C. An IL consists of a bulky asymmetrical cation and a weakly
coordinating anion. Features of ILs such as negligible vapor pressure, nonflamma-
bility, high thermostability, and highly solvating yet noncoordinating properties
mean that ILs are known as “green solvents” [1]. The properties of ILs can even
be tailored by numerous combinations of cations and anions, so task-specific ILs can
be designed for a specific application. Because of the almost unlimited possibility of
structural combinations, ILs are called “designer solvents” [2–4]. These

244 C.-W. Cho et al.



characteristics of ILs have widened their application areas, which include organic
synthesis, catalysis, and biotechnological fields.

Although ILs are considered green solvents, ILs are not always green. Some ILs
are reported to be toxic toward bacteria, yeasts, and other indicator organisms [5]. An
interesting example is ILs with fluorine-containing anions. ILs with imidazolium
cations and fluorine-containing anions, such as hexafluorophosphate ([PF6]

�) and
tetrafluoroborate ([BF4]

�), are most widely studied in biotechnological processes
[6]. However, [PF6]

� and [BF4]
� are more toxic toward Pseudokirchneriella

subcapitata than other anion moieties [7, 8]. In addition, it has been found that the
half-maximal effective concentration (EC50) value of a [BF4]

�-containing IL,
[IM14][BF4], decreases significantly with time. The increase in the toxicity of
F-containing ILs has been shown to result from hydrolysis of anions to fluoride
ions, which are more toxic [9]. This indicates that this kind of IL can become more
toxic after discharge into aqueous environments. It is a matter of concern that
although ILs with fluorine-containing anions are toxic and become more toxic
after discharge, they are being widely used in biotechnological studies.

This chapter covers the following scope. First, ILs can have toxic or inhibitory
effects on bioprocesses. For instance, in enzyme reactions or microbial cultivations,
ILs may cause adverse effects in spite of their purposed functions. After being used in
bioprocesses and discharged into aqueous environments, ILs can be toxic toward
aqueous living things. In addition to describing the toxic effects of ILs, this chapter
discusses toxicity prediction models, with some successful examples, and provides
information regarding biodegradation, bioaccumulation, adsorption, and mobility of
ILs, which are of great importance for understanding their fate in natural systems.
Finally, strategies for selecting ILs, especially for biotechnological applications, are
suggested.

2 Inhibitory and Toxic Effects of ILs on Bioprocesses

Ionic liquids have been widely applied as solvents for whole-cell and enzymatic
reactions in biotechnological processes. ILs can help improve the yield and effi-
ciency of these bioprocess. However, several studies have reported that ILs could
inhibit the activities of enzymes and microorganisms used in bioprocesses. In this
section, the toxic effects of ILs on enzyme activity or growth of microorganisms and
their toxicity mechanisms in bioprocesses are discussed. Moreover, to minimize or
solve problems, some possible approaches are introduced.

2.1 Indirect Effects of ILs

Extractive fermentation of lactic acid using traditional organic solvents (e.g.,
1-butanol, 1-pentanol, and hexane) has been extensively studied. However, the
traditional organic solvents cause serious problems for environmental organisms,
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including humans, because of their high toxicity and diffusibility. Thus, to solve
these problems and achieve better process efficiency, ILs have been considered as
alternatives. Indeed, some publications [10, 11] have reported that ILs enhance
selectivity and yield in enzyme reactions. However, for more appropriate application
of ILs in biological processes, toxic effects of ILs on microbe or enzyme activity,
especially in whole-cell processes, should be avoided. Therefore, the biological
impacts of ILs need to be understood.

Matsumoto et al. [12] examined the toxic effects of ILs on nine lactic acid–
producing bacteria (Lactobacillus rhamnosus NBRC 3863, Lactobacillus
homohiochi NRIC 0119, Lactobacillus homohiochi NRIC 1815, Lactobacillus
fructivorans NRIC 0224, Lactobacillus fructivorans NRIC 1814, Lactobacillus
delbruekii subsp. lactis NRIC 1683, Pediococcus pentosaceus NRIC 0099,
Leuconostoc fallax NRIC 0210, and Bacillus coagulans NBRC 12583). In that
study, some typical ILs ([IM14][PF6], [IM16][PF6], and [IM18][PF6]) were tested.
For the experiment, 5% (v/v) of each IL or 1% (v/v) of each traditional organic
solvent were incubated with each bacterium, and then microbial activities in lactic
production and the microbial growth rate were measured. The results for microbial
growth showed that the tested ILs were less toxic than toluene; however, all
microbial activities were inhibited by ILs. The toxic effects of ILs differed according
to the kind of bacterium. Among the tested bacteria, L. delbruekii had the highest
tolerance of the ILs while the growth of the rest was greatly inhibited in a range of
20–90%. In that study, it was also reported that the toxicity of ILs was dependent on
the alkyl chain length. In contrast to the general toxicity trend associated with the
alkyl chain effect (see Sect. 3), the increase in the alkyl chain length decreased the
antimicrobial activities. This may be why the molecular toxicity of ILs is related to
their solubility in a solution.

Matsumoto et al. [13] also applied the same ILs in an in situ extraction process
using organic acids (e.g., butyric, glycolic, propionic, lactic, pyruvic, and acetic
acids) from microbial fermentation culture. The ILs were used as one phase of a
binary phase. The results showed that the extractability depended on the degree of
hydrophobicity of the organic acids and could be ordered as
[IM18] < [IM14] < [IM16], although there was no remarkable difference. To
improve the extraction efficiency of the solvents, Matsumoto et al. [13] added an
extractant of tri-n-butylphosphate into the IL phase. This helped to achieve an
extraction efficiency similar to that of traditional organic solvents. The researchers
again tested the inhibition of physiological activities (e.g., glucose consumption,
lethality, and growth of colony-forming units of Lactobacillus rhamnosus) in the
presence of ILs and toluene. Although the ILs inhibited the microbial activities and
led to slow growth (around 60% of the control growth rate), they were less toxic than
toluene, as was also shown in the previous study [12].

Santos et al. [14] investigated the antimicrobial activities of ILs with microor-
ganisms used in a fermentation process for food production. The tested ILs were
cholinium-based ILs such as [Ch][1COO], [Ch]Cl, and [Ch][(CF3SO2)2N]; [IM12]-
based ILs with Cl, [2OSO3], [2SO3], [(CF3SO2)2N], and [P4441][1OSO3]; and
[IM14] [(CF3SO2)2N]. The tested microorganisms were Gram-positive bacteria
(Bacillus subtilis, Lactobacillus delbrueckii), actinobacteria (Streptomyces
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drozdowikzii), yeasts (Saccharomyces cerevisiae, Yarrowia lipolytica, and
Kluyveromyces marxianus), and filamentous fungi (Aspergillus brasiliensis and
Rhizopus oryzae). The results showed that the growth inhibition rate was dependent
on the kinds of microorganisms and ILs. In general, the Gram-negative bacterium
P. aeruginosa had higher resistance than other microorganisms in the presence of
cholinium-, phosphonium-, and [(CF3SO2)2N]-based ILs, and all of the fungi had
tolerance even at a high concentration. Meanwhile, only one yeast (Y. lipolytica)
could grow in the presence of all ILs. The authors reported that cholinium-based ILs
can be considered biocompatible cations.

2.2 Direct Effects of ILs

Agricultural residues such as rice straw, corn stover, and sugarcane bagasse are used
for biofuel production. Before enzymatic hydrolysis (in which polysaccharides are
hydrolyzed to monomeric sugars), pretreatment techniques such as treatment with
dilute acid, ammonia fiber expansion, lime, hydrothermolysis, and organosolv are
used to increase the rate of the hydrolysis reaction. Recently, IL pretreatment has
emerged as another alternative technique. Thermal treatment of whole biomass with
certain ILs has been found to enhance the rate of enzymatic hydrolysis of lignocel-
lulose, removes a portion of the lignin, and is broadly applicable to both woody and
herbaceous feedstocks. Among these ILs, [IM12][1COO] has been found to be most
effective. To assess its toxic effects on fermentative microorganisms, Ouellet et al.
[15] investigated the toxic impact of [IM12][1COO] on Saccharomyces cerevisiae
BY4742, which is used for ethanol production. For the test, biomass resources of
microcrystalline cellulose (MCC), corn stover (CS) and switchgrass (SG) were
pretreated with different concentrations of [IM12][1COO]. Samples of MCC1 and
CS1 with a high content of [IM12][1COO] showed significant decreases in
S. cerevisiae growth and ethanol production, demonstrating its strong inhibition
effect. To determine whether residual [IM12] was the primary cause of the growth
inhibition, S. cerevisiae synthetic defined medium cultures with 20 g/L glucose were
supplemented with [IM12][1COO] and grown under aerobic and anaerobic condi-
tions. The inhibition of growth and ethanol production that was observed could be
primarily attributed to the amount of residual [IM12] in the medium. Aerobic growth
of S. cerevisiae in 20 g/L glucose in the presence of [IM12][1COO], [IM12]Cl, Na
[1COO], and NaCl was investigated. The growth inhibition caused by a given
concentration of [IM12][1COO] was far greater than that seen with the equivalent
concentration of acetate alone. [IM12][1COO] showed greater levels of inhibition
than [IM12]Cl, indicating that IM12 and [1COO] together have a synergistic effect.
It is clear that the main cause of inhibition is the carry-over of IL when hydrolysates
derived from biomass treated with [IM12][1COO] are used.

Similarly, IL pretreatment can help bioconverter Clostridia to more easily ferment
carbon sugars. However, the residue of ILs after pretreatment could inhibit their
growth and activities. Indeed, Venkata Nancharaiah and Francis [16] reported the
effects of residual ILs on the growth and fermentative metabolism of Clostridium
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sporogenes at different IL concentrations. The results showed that the growth and
fermentative metabolism of Clostridium sp. was affected by selected ILs such as
[IM12][1COO], [IM12][DMF], and [IM11][DMP] when the bacteria were exposed
to IL concentrations higher than 2.5, 4, and 4 g/L, respectively. In the case of the
metabolism inhibition test, when the microorganisms were exposed to an IL con-
centration of >2.5 g/L, their fermentative activity was inhibited.

Lovejoy et al. [17] examined the efficiency and biocompatibility of ILs in
extracting branched unsaturated (isoprenoid) hydrocarbons from two phototrophic
microbes (Synechocystis sp. PCC6803 and Botryococcus braunii) and also studied
the cytotoxic effects of ILs on the phototrophic microbes. The tested ILs were
[Pyr14][(CF3SO2)2N], [Ch]Cl, [Ch][(CF3SO2)2N], [P666-14][(CF3SO2)2N],
[P666-14]Cl, [P4444]Cl, and [P3(OH)3(OH)3(OH)-10]Br. With a 24-h incubation
time and under standard growth conditions, Synechocystis sp. PCC6803 demon-
strated strong resilience to high concentrations of each IL (�50% w/v). When the
concentrations were in excess of 50% w/v, a sharp decline in cell viability was
observed in all ILs except for Cyphos 101©. The more hydrophobic ILs – including
those based on [P666-14][(CF3SO2)2N], [P666-14]Cl, and the water-immiscible
[Pyr14][(CF3SO2)2N] – had relatively low toxicities in relation to the microbes.
These less cytotoxic ILs were said to undergo phase separation with water such that
their deleterious interactions with the microbes were minimized. The larger phos-
phonium ILs trended toward complete depigmentation and cell death of B. braunii;
however, the effect of [Pyr14][(CF3SO2)2N] on culture health was comparable to the
effects of standard organic solvents on B. braunii, with similar extraction efficien-
cies. On the other hand, the more toxic ILs, including [P3(OH)3(OH)3(OH)-10]Br
and [Ch][(CF3SO2)2N], were more miscible with water and partitioned into water to
sufficient degrees that allowed for a single phase to be observed at �70�C. The
observations of toxicity were thus attributed to the amphiphilic nature of those
compounds, which introduced detergent-like components into the aqueous layers.
A positive association between the anion and the toxicity of ILs and, to a lesser
extent, the cationic structure, was allegedly observed; however, further studies were
suggested to substantiate this allegation. It can be summarized that the ILs were
found to be effective in extracting high-value chemicals from the microbes, with
significantly low toxicity, which could be further minimized by considering the
structure and hydrophobicity of the ILs.

2.3 Suggested Mechanisms of IL Toxicity

In a bioprocess, the toxic effects of solvents, including ILs, can be explained by two
scenarios: one is molecular toxicity and the other is phase toxicity [18]. Molecular
toxicity can be generated when the solvent permeates the cell membrane and
accumulates in the cell membrane. These activities result in direct inhibition of
enzyme activity, protein denaturation, and modification or expansion of the cell
membrane [18]. Phase toxicity can be generated when solvent covers the interface
of the cells. In this case, although the chemicals cannot directly affect the
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microorganisms, they can interfere with nutrient access and consequently inhibit the
growth rate.

A more detailed mechanism investigation of molecular toxicity was performed by
Dickinson et al. [19], who identified a potential mechanism for toxicity of
imidazolium ILs (IILs) in Saccharomyces cerevisiae through chemical genomic
and proteomic profiling. The part damaged by IILs is mitochondria – specifically,
ion transport across the mitochondrial membrane – because their chemical genomic
profiles closely resemble that of the mitochondrial membrane–disrupting agent
valinomycin. IILs induced hyperpolarization of the mitochondrial membrane, dam-
aging mitochondrial function. Further, several deletions of genes encoding mito-
chondrial proteins (e.g., ARG2, COQ2, HMI1, IMG2, QCR2, RIM1, SHE9, and
YPT7) resulted in increased sensitivity to IILs. The IILs displayed a dose-dependent
effect on the mitochondrial structure – which could induce abnormal mitochondrial
morphology, as well as altered polarization of the mitochondrial membrane potential
– similar to that of valinomycin. Deletion of putative serine/threonine kinase PTK2
can increase IIL tolerance due to the decrease of the cation influx. Conversely,
increased expression of PMA1 confers sensitivity to IILs, suggesting that the proton
efflux may be coupled to the influx of the toxic imidazolium cation. The toxicity of
most or all IILs (such as [IM12]Cl, [IM14]Cl, and [IM12][1COO]) can be reduced
by deletion of PTK2. The pH has a strong effect on IIL toxicity; at a near-neutral pH
(pH 6.5), [IM12]Cl displayed greater growth inhibition of xylose-converting
S. cerevisiae engineered for xylose-fermentation (Y133) than a ptk2Δ mutant
(Y133-IIL), whereas at a lower pH (pH 5.0), there was no obvious difference in
growth between Y133 and Y133-IIL, perhaps because the lower pH decreased the
proton efflux by mass action. Under the greatest IIL toxicity conditions of a near-
neutral pH and aerobic conditions, the Y133-IIL strain consumed glucose and xylose
faster and produced more ethanol in the presence of 1% [IM14]Cl than the wild-type
PTK2 strain. At a low pH (pH 5.0), the Y133-IIL strain still converted significantly
more xylose to ethanol even under anaerobic conditions.

2.4 Suggested Methods to Overcome IL Toxicity

As mentioned above, ILs can have several advantages and simultaneously inhibit the
growth and activities of microorganisms in bioprocesses. To overcome these prob-
lems, somemethods (e.g., selection of less toxic and highly functionalized ILs, finding
of highly IL-tolerant microorganisms, and gene modification) have been suggested.

Xu et al. [20] isolated IL-tolerant Fusarium oxysporum BN producing cellulase
from IL-contaminated microhabitats. The contaminated conditions were created by
adding a medium and 10% (w/v) of [IM12][H2PO4]. In the tolerance test of the
isolated fungus with exposure to 1–5% IL concentrations, the inhibition rate
increased as the IL concentration increased. Actually, F. oxysporum BN can grow
in a 10% concentration of [IM12][H2PO4], indicating its high resistance. However,
in the presence of some ILs (e.g., [IM12][H2PO4] and [IM12][1OSO3]), the growth
rate was slightly inhibited. Meanwhile, the strain was more sensitive to Cl-based ILs
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(e.g., [IM12¼1]Cl and [IM14]Cl) and thus its growth was remarkably inhibited. In
the activity test of the cellulase produced by F. oxysporum BN in the presence of ILs,
the results also showed that the enzyme inhibition rate was dependent on the types of
ILs. Similar results were observed in fungal growth test of ILs with phosphate- or
sulfate-based anions, which were less toxic to the fungal strain. Consequently,
although the presence of ILs inhibits the activity of a cellulase solution, by selecting
less toxic ILs and isolating an IL-tolerant fungus, ILs can be used for developing a
simple and efficient bioethanol production process.

ILs used for dissolving cellulose can inhibit microbial growth and reduce the
efficiency of the entire bioprocess, as mentioned above. To overcome the toxic
effects of ILs, Ruegg et al. [21] studied IL-resistant genes of Enterobacter
lignolyticus, which is a rain forest soil bacterium with resistance to imidazolium-
based ILs. They identified key genetic elements against [IM12]Cl by using a targeted
functional screening approach and then inserted target genes into E. coli hosts. The
results showed that enhanced production of terpene-based biofuels could be
observed in the presence of the IL. With gene modification of the bacteria, the
production of biofuel precursors could be improved even in the presence of low
concentrations of ILs. This finding could be instrumental for developing effective
and sustainable production of biofuels and chemicals by improving the bottleneck of
biomass pretreatment methods.

3 Concerns About Spent and Discharged ILs

3.1 Concerns About Toxicity

Discharge of ILs into the environment can be generated through human error,
industrial system error, or inappropriate treatment of spent ILs. Spills of ILs into
the environment can lead to serious adverse effects. This has been verified by
toxicological studies on ILs, performed by various researchers. Therefore, it is
necessary to understand the toxic effects of ILs to cope with unexpected accidents
related to ILs or to design/select green IL structures. In this section, previously
presented impacts of IL toxicity are summarized. To better understand the toxico-
logical information, readers are advised to consult previous reviews on this topic
[5, 22–29].

3.1.1 Toxicity in Enzymatic and Microbial Activities

Toxic Effects of ILs on Enzyme Activity

Because there are many possibilities for enzymes and ILs to come in contact with
each other in several industrial processes, and released ILs can inhibit the enzyme
activity of environmental organisms, enzyme inhibition tests for ILs are needed.
Thus, several researchers have examined these properties, using some of the
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predominant enzymes (acetylcholinesterase, chloroperoxidase, catalase, carboxyl-
ase, glutathione reductase, trypsin, luciferin, etc.) that have important roles in
maintaining the environment.

Since toxicity tests using the activities of enzymes are sensitive and quick to
perform, they have been used for toxicity assessment of ILs. Stock et al. [30] first
applied a method using acetylcholinesterase to investigate the alkyl side chain
effects of imidazolium- and pyridinium-based ILs. As expected, as the alkyl side
chain length increased, the inhibition of enzyme activity increased. Among the tested
ILs, trihexyltetradecylphosphonium-based ILs were identified as the most toxic
structures [30]. The alkyl side chain effect and the head group effect of the cation
were investigated in detailed by Arning et al. [31]. In their study, they confirmed that
elongation of the alkyl chain effect caused a negative effect, and they reported that IL
toxicity was caused mainly by the cationic part; there was no clear observation of an
anion effect. However, for further investigations on ILs, comparison of some toxic
anionic structures ([(CF3SO2)2N] and [(2-OPhO)2B]) with less toxic anions (Cl, Br,
and [8OSO3]) were suggested. To develop more environmentally friendly IL struc-
tures, less toxic ILs combined with biocompatible anions and cations, and oxygen-
functionalized groups, have been introduced. With regard to biocompatible anions,
acesulfamate and saccharinates can be considered [32], and for biocompatible
cations, cholinium [33], protic [34], and multicharged cations [35] have been
introduced. Studies on the inhibitory effects of ILs on other enzymes are listed in
Table 1.

Toxic Effects of ILs on Bacteria, Yeasts, and Fungi

ILs can affect the activities and growth rates of microbes. The properties of ILs can
be used for pharmaceutical developments but also indicate that ILs play a role as
environmental toxicants. Therefore, several researchers have investigated the anti-
microbial activities of ILs. In the experimental conditions, the antimicrobial proper-
ties were measured in high concentrations of ILs because ILs can be used in
IL-condensed systems of bioprocesses and large amounts of ILs can be released.
In general, to measure the antimicrobial properties of chemicals, their minimal
inhibitory concentration (MIC) and minimal biocidal concentration (MBC) are
estimated. If the MIC and MBC values are high, it means that the antimicrobial
activity is low, whereas if the MIC and MBC values are low, the antimicrobial
activity is high. In another measurement method, the bacterial growth rate at a lower
concentration than those used in the methods above is measured by the incubation
time. In this case, the end point used is the EC50. The physiological behaviors of
Vibrio luminescent marine bacteria species are frequently used for toxicity measure-
ment using the rate of inhibition of the light-emitting ability of the bacteria.

Before the concept of ILs was introduced, several researchers started making
antimicrobials using current IL structures. Initially, Pernak et al. [54] designed
pyridinium-based ILs with a long alkyl chain, such as dodecylthiomethyl and
octylthiomethyl, combined with Cl as a counterion, and examined their
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antimicrobial effects on several microorganisms (e.g., Gram-negative bacteria,
Gram-positive bacteria, yeasts, and fungi). The results showed that the prepared
ILs had higher antimicrobial activities than some reference compounds
(cetyltrimethylammonium Br and cetylpyridinium Br). Strictly speaking, those
reference compounds are also included in the class of ILs. Later, Prof. Pernak and
his coworkers introduced several types of new ILs as antimicrobial agents [55]. For
designing high-antimicrobial agents, they designed IL structures by selection of a
cationic moiety with different long alkyl and/or alkoxymethyl chains and several
types of anions.

One of the greatest advantages of ILs is the fact that their physical and environ-
mental properties can be designed. Therefore, the toxic effects of ILs can be
interpreted using the concept of the structure-–activity relationship. Based on an
imidazolium core as a cationic moiety, numerous ILs were designed and tested for
antimicrobial activities. Pernak et al. [56] synthesized 1-alkylimidazolium and
1-alkoxymethylimidazolium with different alkyl chain lengths and different anions
(L-lactate and DL-lactate). It was shown that when a short alkyl chain was substituted,
the antimicrobial activities were not active, but in the case of a long alkyl chain, the
properties were considerable. This is because the hydrophobicity of ILs is a main
factor in determining their toxic effects. Indeed, this fact was proved by correlation
with the cationic lipophilicity value (k) as a second-order model: a + b log k + c log k2

[55]. The same phenomena were observed with elongation of a long alkyl chain in
several studies [57–59]. An alkyl chain effect was observed in the anion. Petkovic
et al. [60] synthesized cholinium-based ILs with an alkanoate anion with different
alkyl chain lengths. As expected, as the chain length increased, the antimicrobial
activity rose. However, elongation on the anion was less toxic than that on the cation.
This might be due to the fact that the anion has less adsorptive interaction with
microbes than the cation does. However, the effect of elongation of alkyl chains is
not always observed. For example, if there is a long side chain of approximately 14, a
cutoff can be observed for several reasons (e.g., steric hindrance, formation of a
critical micelle concentration, or low water solubility).

As mentioned above, the toxicity of ILs can be controlled by structural modifi-
cation of ILs. To increase the antimicrobial toxicity of ILs, several researchers have
substituted high-antibioactive-structure molecules. Bussetti et al. [61] used a
quinolinium moiety with different alkyl chain lengths and showed that the prepared
ILs had higher antimicrobial activity than general ILs such as imidazolium,
pyridinium, and phosphonium. Cole et al. [62] and Coleman et al. [63] developed
β-lactam antibiotic–based ILs and ester- and dipeptidyl-functioned ILs, respectively,
and observed enhanced antimicrobial properties. Moreover, theophylline- [64],
menthol- [65], and herbicide-based ILs [66], which had toxicity similar to or greater
than that of general types of ILs, were observed. On the other hand, more environ-
mentally friendly IL structures can be designed. To reduce the toxic effect of ILs,
some functionalization (e.g., using ether, ester, and hydroxyl groups) can be applied.
Ventura et al. [67] and Prydderch et al. [68] developed mendelic acid–based ILs
using a bioresource and reported that the prepared ILs had low antimicrobial activity
with several types of bacteria and fungi. Another way to achieve low-toxicity ILs is
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to employ a low-toxicity IL structure. Actually, among the various IL cations,
cholinium can be considered a low-toxicity structure. Thus, Hou et al. [46] prepared
cholinium-based ILs combined with amino acid–based anions and confirmed that
these types of ILs were only one tenth as toxic as [IM14][BF4] in terms of the MIC
and MBC values for four bacteria. Similarly, Gouveia et al. [69] and Jordan et al.
[70] used amino acids for IL anions and designed low-toxicity ILs.

In the case of a toxicity test of ILs with the luminescent marine bacteria V. fischeri,
the experimentally measured results followed the trend in which elongation of the
alkyl chain increased IL toxicity [64, 71–77]. However, there was an exception in
that guanidinium-based ILs did not follow this trend. The toxic effects of ILs on
bacteria could be reduced by hydrophilic functionalization (e.g., using ether [78, 79],
ester [79], nitrile [80], and hydroxyl groups [80]). Moreover, dications [80] and
double-bonded cationic moieties [81] have low toxicity. By modification or selection
of low-toxicity cation and anions, IL toxicity can be reduced. Ventura et al. [82]
synthesized cholinium-based ILs with amino acid anions and showed that they have
low toxicity. They also showed that even among these low-toxicity ILs, less toxic
ILs structures could be selected as follows: [Ch][Bic]� [Ch]Cl� [Ch][But]< [Ch]
[1COO] < [Ch]Cl < [Ch][Prop] < [Ch][DH] < [Ch][Sal] < [Ch][Bit] ~ [Ch]
[DHCit]. Similarly, Ben Ghanem et al. [83] studied low-toxicity amino acid–based
anions (glycinate, serinate, prolinate, and analinate). On the other hand, metal-
containing anions were moderately toxic to the bacteria [84]. Studies on the antimi-
crobial activities of ILs are listed in Table 2.

Toxic Effects of ILs on Animal Cell Lines

Animal cell culture has been commonly used for toxicity estimation of chemicals
because this method can aid understanding of the basal toxic effect of a chemical.
For experimental evaluation of ILs, several types of animal cells (e.g., a leukemia rat
cell line, C6 glioma, CaCO-2, HeLa, MCF, and channel catfish ovary (CCO) cells)
were selected. Using these cell lines, the toxicity of ILs was tested by measuring the
growth rate and viability of the cells.

The cellular viability in the presence of ILs was examined for the first time by
Ranke et al. [77], who described the toxicity according to IL structures. Ranke et al.
[77] observed the effect of the side chain and anions using alkylimidazolium-based
ILs with different side chain lengths and anions, and the results showed that the
inhibition of leukemia and C6 rat cell line viability was strongly related to IL
hydrophobicity. However, the toxic effect of the anions not sufficiently proved.
Similar observations were made in viability testing using HeLa cells [116]. Later, a
clear difference in toxic effects on cell viability according to the types of anions was
demonstrated by a toxicity comparison of [IM14][BF4] and [IM14][(CF3SO2)2N]
[36]. In this comparison, [IM14][(CF3SO2)2N] had much higher toxicity than
[IM14][BF4] [36]. The toxic effects of [(CF3SO2)2N] on the viabilities of HT-29
and Caco-2 cells was described in other studies [117]. More detailed cell viability in
the presence of IL anions was examined, using 27 anions, by Stolte et al. [118], who
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found that 10 of these 27 anions (bis-[1,2-benzendiolato(2-)]-borate, bis-[oxalate
(2-)]-borate, tris(trifluoromethylsulfonyl)methide, bis(trifluoromethylsulfonyl)
imide, hexafluoroantimonate, bis(trifluromethyl)imide, tris(pentafluoroethyl)
trifluorophosphate, tris(heptafluoropropyl)trifluorophosphate, bis(pentafluoroethyl)
phosphinate, and cobalt tetracarbonyl) showed significant toxic effects on IPC-81
viability. The toxicity mechanism of anions may be due to their lipophilicity; another
cause could be their instability in an aqueous phase [118]. Typically, fluorine-
containing anions such as [BF4], [PF6], and [SbF6] can be hydrolyzed and produce
highly toxic HF [9]. Although two other fluorine-containing anions [(CF3SO2)2N]
and [(C2F5)3PF3]) are stable, they are involved in the species of rather toxic
compounds [45]. A detailed investigation on the latter cases was performed by
Steudte et al. [45]. Since such anions – along with [B(CN)4], [N(CN)2], and [C
(CN)3] – have high hydrophobicity, high stability, and low viscosity, they have been
of interest in producing an electrochemical window [45]. Anionic properties that can
lead to a binary phase with aqueous phase and well mixing may be attractive to
extract/separate some targeted chemicals in bioprocess engineering. Thus, Steudte
et al. [45] studied the toxicity impact of anions with an [IM12] cation on animal cells,
luminescent bacteria, algae, aquatic plants, and crustaceans. The tested anions had
high toxicity, which could be strongly correlated with their hydrophobicity values.
Therefore, when selecting IL anions, toxic effects and environmental stability should
be considered. The relevant studies are listed in Table 3.

Toxic Effects of ILs on Microalgae

Microalgae living in surface water are key species that provide food sources to their
upper trophic levels and produce oxygen, an essential element for environmental
organisms. Because they are located at the level of an important position, under-
standing of their biological responses to toxicants is important. Therefore, the toxic
impacts of ILs on microalgae have been investigated by several researchers. For
examination of chemical toxicity, using algae, usually the algal growth rate in the
presence of a toxicant has been assessed by measuring and comparing algal growth
rates in control conditions and in the presence of the toxicant. In other methods, algal
physiological activities (e.g., photosynthetic activity [7, 8, 129], CO2 absorption
[130], and the degree of oxidative stress [131–133]) have been assessed. The
biological responses of microalgae differ according to the algal species; thus, several
species have been assessed in these studies. Toxicological studies using microalgae
are listed in Table 4.

Latala et al. [134] investigated the toxic effects of ILs on two different marine
algae (Oocystis submarina and Cyclotella meneghiniana) taken from the southern
Baltic Sea. When measuring the toxicities of the ILs, they mainly focused on the
effect of the alkyl chain and the types of substitutes (alkyl and aryl groups) in
imidazolium-based ILs; moreover, the influence of salinity in the toxicity testing
system on toxicity was measured [134]. The results showed that the toxicity
response of the microalgae was dependent on the species. The growth rates of
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Table 3 Viability tests of ionic liquids, using several animal cell lines

Cell lines Cations Side chains Anions Reference

IPC-81 Imidazolium Alkyl Br, [(CF3SO2)2N] Jastorff
et al. [36]

IPC-81,
C6 rat

Imidazolium Alkyl [BF4], [PF6], Cl Ranke et al.
[77]

IPC-81 Imidazolium,
quinolinium,
pyrrolidinium,
pyridinium, ammonium,
phosphonium

Alkyl, hydroxyl,
ether, aryl, carboxyl

Cl, Br, [BF4],
[PF6]

Ranke et al.
[119]

IPC-81 Imidazolium Alkyl Cl, [BF4],
[8OSO3],
[(CF3SO2)2N],
[(CF3)2N],
[(2-OPhO)2B]

Matzke
et al. [38]

IPC-81 Imidazolium Alkyl 27 anions Stolte et al.
[118]

IPC-81 4-(Dimethylamino)
pyridinium, pyridinium,
imidazolium,
morpholinium,
pyrrolidinium,
piperidinium,
ammonium

Alkyl, alkoxy, ether Br, Cl Stolte et al.
[120]

IPC-81 Cholinium, ammonium,
pyrrolidinium

Alkyl, hydroxyl [1OSO3], [1SO3],
[(CF3SO2)2N]

Stolte et al.
[121]

IPC-81 Morpholinium Aryl, alkyl 17 anions Pernak et al.
[122]

IPC-81 Imidazolium Alkyl [CF3SO2]2N,
[(C2F5)3PF3], [B
(CN)4], [N(CN)2],
[C(CN)3]

Steudte
et al. [45]

IPC-81 Imidazolium Aryl Br, Cl, I Stolte et al.
[47]

IPC-81 Ammonium Hydroxyalkyl Alkanoate Peric et al.
[34]

HeLa Imidazolium Alkyl [BF4], [PF6], Cl Stepnowski
et al. [116]

HT29,
Caco-2

Imidazolium, cholinium,
guanidinium, ammo-
nium, phosphonium

Alkyl, ether,
hydroxyl

[BF4], [PF6],
[(CF3SO2)2N], [N
(CN)2],
acetasulfame,
saccharinate

Frade et al.
[117]

Caco-2 Imidazolium Alkyl, aryl,
alkylaryl

[PF6], Cl,
[1OSO3],
[2OSO3]

Garcia-
Lorenzo
et al. [123]

IPC-81 Hydroxypyridinium Alkoxymethyl Acetasulfame,
saccharinate, Cl

Stasiewicz
et al. [32]

(continued)
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both species in the presence of ILs were reduced, but the growth rate ofO. submarina
in the presence of 50 μM of ILs recovered after approximately 10 days, whereas the
growth rate of C. meneghiniana did not recover. The presence of salts reduced the
toxic effects because it might have reduced the permeability of the ILs [134]. Similar
effects were observed in subsequent studies [142].

Wells and Coombe [135] studied the toxic effects of ILs on Selenastrum
capricornutum (also known as Pseudokirchneriella subcapitata and Raphidocelis
subcapitata), which is a standard bioindicator species for toxicity assessment of
substances. In their study, they selected phosphonium-, ammonium-, and
imidazolium-based ILs with differently elongated alkyl chains, and one pyridinium
IL. The estimated algal toxicity showed that when the alkyl chain of phosphonium
was increased from C4 to C6, the toxicity was steeply increased. However, when the
chains of imidazolium were increased from C12 to C18, the toxicity values were
similar, which is known as a “cutoff” effect. Later, the alkyl chain effect of toxicity
on the same algal species was clearly observed by Cho et al. [136]. In that study, with
an increase in the alkyl side chain from propyl to octyl, the toxicity was considerably
increased; moreover, with an additional increase in the incubation time from 46 h to
96 h, the toxicity was also increased [136]. A similar trend of increasing toxic effects
with an increasing alkyl chain has been observed in several different species in
several reports [111, 138, 144, 147, 150, 154]. However, the study by Latala et al.
did not show the same trend, because of the high toxicity of a short-chained IL
([IM12][BF4]) compared with long-chained ILs ([IM14], [IM16], and [IM18] with
[BF4]) [134].

The effects of IL head groups have been investigated. Stolte et al. [120] studied
the effects of a head group on toxicity and stated that it was of minor relevance and
was related to lipophilicity. Nevertheless, among the tested cations, a morpholinium
head group was found to be recommendable [111]; later, it was again proved that
morpholinium-based ILs with alkoxy groups were low-toxicity structures when

Table 3 (continued)

Cell lines Cations Side chains Anions Reference

PC12 Imidazolium Alkyl Cl Li et al.
[124]

CCO Imidazolium Alkyl, aryl,
dimethylaminoalkyl

[(CF3SO2)2N],
[BF4], [PF6], Br

Bubalo
et al. [125]

CCO of
Ictalurus
punctatus

Imidazolium Alkyl [(CF3SO2)2N],
[BF4], [PF6]

Cvjetko
et al. [126]

CCO of
Ictalurus
punctatus

Imidazolium Alkyl [(CF3SO2)2N],
[BF4], [PF6], Br

Radosevic
et al. [127]

CCO of
Ictalurus
punctatus

Phosphonium Alkyl Alkanoate Ruokonen
et al. [128]

CCO channel catfish ovary, HT29 human colon carcinoma, PC12 rat pheochromocytoma
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tested with S. vacuolatus, with an EC50 of >1,000 μM. Pretti et al. [141] tested the
ecotoxicity of several IL head groups with P. subcapitata and revealed that aromatic
ring moieties (e.g., pyridinium and imidazolium) were more toxic than nonaromatic
ones (e.g., pyrrolidinium, ammonium, and morpholinium) [141]; in particular, it was
suggested that sulfonium and thiphenium moieties could be considered harmless
structures [141]. Another comparison study between aromatic and nonaromatic
structures was performed by Ventura et al. [145], who also found that nonaromatic
structures had less toxicity than aromatic ILs. Samori et al. [151] also reported that
nonaromatic pyrrolidinium had low toxicity (EC50 >100 mg/L) but that ILs could
alter the cellular morphology of R. subcapitata [151].

However, Latala et al. [142] insisted that although cations have strong relevance
to IL toxicity, they might not pose a strong influence on microorganisms in real
systems, since the cations will undergo adsorption by natural materials [139]. There-
fore, understanding of IL anions is important. Several researchers have sought to
identify their toxic effects. Matzke et al. [38] tested the toxic effects of six different
anions (Cl, [BF4], [(CF3SO2)2N], [(CF3)2N], [8OSO3], and [(2-OPhO)2B]) on
Scenedesmus vacuolatus and identified that two anions ([(CF3SO2)2N], and
[(2-OPhO)2B]) had remarkable toxicities [38]. Cho et al. [9] selected seven anions
with [IM14] and sodium or potassium, and revealed that the toxicity values of the
ILs were 135–2,884 μM; the order of the toxicity was as follows:
[SbF6] > [PF6] > [BF4] > [CF3SO3] > [8OSO3] > Br ~ Cl. Additionally, this
study showed that a hydrolyzed anion ([BF4]) could have much higher toxicity
depending on the hydrolysis rate [9]. The hydrolysis effect was also shown in the
work of Pham et al. [7, 8], in which the inhibition of algal photosynthetic activity by
hydrolyzed [IM14][BF4] was greater than that of a less hydrolyzed form [9, 140]. To
avoid highly toxic effects of IL anions, some researchers have employed less toxic
anionic structures (e.g., mandelic acid) with EC50 values 10

3
–107 times than those of

other ILs with butadecyl or octadecyl side chains [67]. Ben Ghanem et al. [83]
synthesized amino acid–based ILs that were nontoxic to algae. Additionally, some
mechanisms of the toxicity of ILs to algae were suggested. Deng et al. reported that
ILs interrupted the algal membrane structure [156] and could cause oxidative stress
in algae [131, 132].

Toxic Effects of ILs on Invertebrates

The initial toxicity testing of ILs with invertebrates was focused on D. magna and
compared IL toxicity with that of traditional organic solvents. Bernot et al. [157]
selected [IM14]-based ILs, tested their toxic impact (i.e., lethality) on Daphnia, and
compared it with those of several organic solvents (e.g., benzene, methanol, aceto-
nitrile, and tetrachloromethane). The tested ILs showed lethal effects similar to those
of phenol, trichloromethane, and tetrachloromethane, and had more toxic effects
than benzene, methanol, and acetonitrile [157]. Similar results were reported by
Wells and Coombe [135]. Garcia et al. [107] showed that alkylimidazolium-based
ILs were more toxic than dichloromethane and chloroform, and less toxic than
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cationic surfactants; the IC50 values of the [IM14]-based ILs were 300 times those of
the cationic surfactants.

From the structural viewpoint of ILs, as expected, the phenomenon of an increase
in toxicity with an increase in alkyl chains was observed in toxicity studies using
D. magna [107, 141]. In the case of the head group effect (mentioned in Sect.
3.1.1.4), in general, aromatic moieties showed higher toxicity than nonaromatic ones
[145, 158, 159]. However, comparisons between aromatic and nonaromatic moieties
should be done using those with similar alkyl chain lengths and anions. Previously,
Bado-Nilles et al. [160] compared [IM12]-based ILs and phosphonium-based ILs
with long alkyl chains and reported that phosphonium-based ILs were more toxic. In
the case of a long-alkyl-chained IL such as [IM18]Br, a doubling of the incubation
time in the presence of the IL enhanced its toxic effect on D. magna. In a long
incubation test, it was also observed that [IM18]Br remarkably inhibited body
growth and reproducibility; 21 days later, the damaged physiological properties
were recovered [161]. In a detailed experiment, it was further observed that the
tested IL could affect the antioxidant defense system ofD. magna [162]. Meanwhile,
a short-chained IL, [IM13][(CF3SO2)2N], was found to be moderately toxic to
D. magna and D. longispina [163]. For less environmental risk, oxygen
functionalization on the alkyl chain (e.g., using an ether group) could lead to less
toxicity than nonfunctionalization [78, 151, 164]. For example, the EC50 values of
[IM14][BF4] and [IM12O2][BF4] were found to be 5.18 mg/L and 209 mg/L,
respectively [78]. A similar study of chlorine and oxygen functionalization was
reported by Pretti et al. [141]. Toxicological studies on crustaceans are listed in
Table 5.

Toxic Effects of ILs on Vertebrates

Pretti et al. [167] estimated the toxic impacts of 15 ILs on the fish Danio rerio
(zebrafish). The experiments, with observation of fish mortality, were performed at a
concentration of 100 mg/L for 96 h; additionally, the authors performed histopath-
ological examinations. Among the tested ILs, two compounds (AMMOENG
100 and AMMOENG 130) (Fig. 1) had LC50 values within the tested concentration
of 100 mg/L; their LC50 values were in the range of 5.9 mg/L and 5.2 mg/L. The
LC50 values of the ILs were much lower than those of traditional organic solvents
(dichloromethane, methanol, acetonitrile, aniline, and triethylamine) [167]. In the
histopathological examination of the fish after exposure to ILs at 10 parts per million
(ppm), abnormal skin alterations (e.g., epithelial hyperplasia, formation of
keratinocyte vesiculation, and erosion) were observed [167]. Similar results were
observed in a toxicity test of tetrabutylammonium Br by Dumitrescu et al.
[168]. Exposure to an IL concentration of 3,000–5,000 mg/L induced histological
alterations by degrading fish (Danio rerio) cell structures i.e., breathing area,
interrupting external barrier integrity and periglandular edema formation, etc.
Similar abnormal histological alterations in the gill filaments and intestine were
observed by Li et al. [169]. Perez et al. [170] visually proved, by an electrospray
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ionization mass spectrometry imaging method, that AMMOENG 130 and its metab-
olites can be accumulated in the zebrafish’s gills, nervous system, and respiratory
system; also, the metabolites could penetrate the blood–brain barrier. Pretti et al.
[141] performed a toxicity test of 18 ILs comprising several head groups (ammo-
nium, pyridinium, pyrrolidinium, imidazolium, morpholinium, sulfonium, and
theophenium) with the anions [(CF3SO2)2N], [1OSO3], Cl, and Br, using the same
species and methods. As reported previously, the ammonium salts (AMMOENG
100 and AMMOENG 130) repeatedly showed high toxicity, while sulfonium- and
morpholinium-based ILs had low toxicity [141].

Wang et al. [171] performed a toxicity study of [IM18] Br by recording physi-
ological responses during the development of embryos of the goldfish Carassius
auratus for 72 h. In that study, they estimated the lethal concentration and physio-
logical activities (e.g., closure of the blastopore, heart beating, cleavage, and early
gastrula) [171]. The results showed that exposure of the fish embryo to the IL
reduced hatching rates in comparison with the control conditions; also, it caused
increasing embryo malformation and a lethal ratio. Therefore, Wang et al. [171]
concluded that [IM18] Br has a toxic effect on fish embryo development and aquatic
ecosystems. In 2012, Du et al. [172] assessed the toxic effect of [IM18][PF6] on the
antioxidant enzyme system and DNA of D. rerio. For the tests, the antioxidative
activities of enzymes (superoxide dismutase and catalase), the amount of reactive
oxygen species (ROS), and DNA in liver cells were estimated. The results revealed
that the tested ILs could damage fish DNA and increase ROS [172]. Dong et al. [173]
tested another IL ([IM1-10] Br), using the same testing methods. They showed that
antioxidant enzyme activities were remarkably decreased in its presence, and expo-
sure of fish to it led to higher production of ROS and malondialdehyde content, as
well as it damaged DNA as [IM18][PF6]. Fish liver was exposed to similar ILs
([IM18]Cl and [IM18][BF4]) at different concentrations of 0 to 40 ppm. The results
showed that as the exposure dose increased, the toxicity increased because ROS
production was increased and DNA was damaged. In 2016, Hafez and coworkers
[174] estimated the toxic effects of 17 pyridinium-based ILs with different alkyl
chains and different numbers of substitutes on guppy fish (Poecilia reticulata). The
results showed that elongation of the alkyl chain was related to an increase in toxic
effects. Among them, short-alkyl-chained ILs with C4 and C6 were considered
structures that were harmless to fish (LC50 >1,000 ppm), while those with C8 and
C10 were considered practically nontoxic structures. However, dodecyl-chained
pyridinium had a slightly toxic effect on fish. In the same year, Baharuddin et al.
[175] introduced environmentally friendly phosphonium-, ammonium-, and
cholinium-based IL structures comprising amino acids as anionic parts. All of the

N+ CH2CH2(OCH2CH2)nOH

CH2CH2(OCH2CH2)mOH

Cocos

[1OSO3]-

N+ Stearyl

Stearyl

Cl-

AMMOENG 100 AMMOENG 130

Fig. 1 Ionic liquid
structures of AMMOENG
110 and AMMOENG 130
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tested ILs had LC50 values >100 ppm, which could be considered practically
nontoxic. Studies on the toxic effects of ILs on fish are listed in Table 6.

Phytotoxicity of ILs

It has also been reported that ILs can inhibit the growth rate of plants. Jastorff et al.
[36] and Larson et al. [177] examined growth rate inhibition in duckweed (Lemna
minor) caused by imidazolium-based ILs with different alkyl chain lengths. As
expected, an increase in the side chain increased the growth rate inhibition in
L. minor [177]. This trend was also observed in a different plant (watercress
[178]) and with a different cationic moiety [179]. For examination of the effects of
the anion and head group, several types of plants (e.g., L. minor, cress, spring barley,
wheat, and radish) were exposed to several types of ILs. This showed that there was
no clearly identified influence of the head group [180], but it was reported that the
toxicity of the anion was dependent on the plant species that was tested. For example
result, [(CF3SO2)2N] was more toxic to wheat than small anionic molecules (e.g., Cl,
[BF4], and [HSO4]), whereas there was no clear observation in L. minor [180]. Other
research showed that the presence of [NO3] in soil reduced the germination rate of

Table 6 Studies on toxic effects of ionic liquids on vertebrates

Species
End
point Cations Side chains Anions Reference

D. rerio 96-h
LC50

Imidazolium, ammo-
nium, pyrrolidinium,
pyridinium

Alkyl [PF6],
[(CF3SO2)2N],
[BF4], [N(CN)2],
[CF3SO3],
[4MePhSO3],
[NO3]

Pretti et al.
[167]

D. rerio 48-h
LC50

Imidazolium,
pyrrolidinium, ammo-
nium, sulfonium,
pyridinium,
morpholidinium,
cholinium

Alkyl,
chloroalkyl,
alkylsilyl,
hydroxyalkyl

[PF6],
[(CF3SO2)2N],
Br, Cl

Pretti et al.
[141]

Growth
stage of
Carassius
auratus
larva

24-h
LC50

Imidazolium Alkyl Br Li et al.
[176]

Poecilia
reticulata

96-h
LC50

Pyridinium Alkyl Br Hafez et al.
[174]

D. rerio 96-h
LC50

Phosphonium, ammo-
nium, cholinium

Alkyl Phenylalaninate,
taurinate

Baharuddin
et al. [175]

Embryo of
D. rerio

120-h
LC50

Phosphonium,
imidazolium,
ammonium

Alkyl 6 alkanoates Ruokonen
et al. [128]

LC50 half-maximal lethal concentration
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radish, but this toxic effect was not observed in barley [181]. Moreover, as was
observed in toxicity studies using algae and fish, ILs were shown to affect the
activities of antioxidative enzymes and the production of ROS [182]. Again, ILs
increased the production of oxidative stress indicators (malondialdehyde (MDA),
hydrogen peroxide (H2O2), superoxide dismutase (SOD), peroxidase (POD), and
catalase (CAT)). The relevant studies are listed in Table 7.

3.2 QSAR Prediction of IL Toxicity

Since the number of ILs is very numerous, it is time consuming and material
consuming to determine their toxic impacts experimentally. To solve this problem
and allow efficient estimation, a computational approach based on the concept of the
quantitative structure–activity relationship (QSAR) has been suggested. The QSAR
method can be defined as predicting or correlating a specific response variable using
physicochemical properties or theoretical molecular parameters of a chemical, and
this can provide many advantages. For example, the QSAR method helps to mini-
mize the need to perform experiments, allowing economical and safe research.
Because of the benefits, QSAR modeling has been applied to predict the physico-
chemical and environmental properties of ILs. In this section, previous QSAR
studies performed to predict IL toxicity are summarized. In particular, linear free
energy relationship (LFER) modeling is stressed, since this concept provides good
accuracy and helps us to interpret the toxic effects of ILs on a molecular basis.

3.2.1 Various QSAR Approaches

Various types of QSAR models for predicting the biological responses of ILs as
toxicants have been presented. First, simple prediction models for predicting the
antimicrobial activity of ILs were developed by Pernak et al. [55]. They were of a
second-order model type (a log k2 + b log k + c) and predictability could be achieved
with an R2 value of 0.733–0.791. Here, the k value stands for cationic lipophilicity,
which was experimentally measured using a lipophilic stationary phase in a high-
performance liquid chromatography (HPLC) system. Couling et al. [109] developed
genetic function approximation (GFA) statistical models for predicting the toxicity
values of ILs in V. fischeri and D. magna. The developed models showed good
predictabilities of 0.78 and 0.86, respectively [109]. However, since the prediction
models were developed using a small data set, their application domain for other ILs
not involved in the modeling set may be limited. Other modeling tests were
performed by the Zentrum für Umweltforschung und nachhaltige Technologien
(UFT) group [37]. To predict and simplify the toxic effect of ILs on enzyme activity,
Arning et al. [39] correlated the toxicity values with the cationic lipophilicity (log ko),
the origin of which was a comparison between the octanol–water partitioning
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coefficient and the retention characteristics of the IL cation in an ether-functionalized
C18 column in the HPLC system [200]. In the correlation between toxicity values
and log ko, it was shown that the toxic effect was strongly related to the cationic
lipophilicity. Using the same parameters, Ranke et al. [119] correlated them with
toxicity values of ILs in a leukemia rat cell line (IPC-81) and observed a similar
correlation factor (R2 ¼ 0.78). After compiling a larger toxicity data set for ILs,
several research groups developed prediction models for V. fischeri, enzyme activity,
animal cell lines, D. magna, and bacteria. Modeling studies are summarized in
Tables 8, 9, 10, 11, and 12.

3.2.2 LFER Model

Among the prediction studies, modeling using the LFER originated by Abraham and
Acree [241] is one of the most advanced approaches because the model comprises
well-defined solute descriptors and can help to achieve good predictabilities. There-
fore, it has been applied to predict several physicochemical, biological, and environ-
mental solute properties (e.g., partitioning coefficients in solvent–solvent and solvent–
sorbent systems, solubility in solvents, and toxic effects). The model is as follows:

Log toxicity ¼ eE þ sSþ aAþ bBþ vV þ j�J� þ jþJþ þ c ð1Þ

where an experimentally determined toxicity value (log 1/toxicity) is used as an
independent variable solute property. The capital letters stand for solute-dependent
descriptors, as follows: E is the excess molar refraction [cm3 mol�1/100]; S is the
dipolarity/polarizability [dimensionless]; A and B are the hydrogen bonding acidity
[dimensionless] and hydrogen bonding basicity [dimensionless], respectively; V is
the McGowan volume [cm3 mol�1/10]; and J+ and J� are the ionic interactions of the
cations and anions. The lowercase letters (e, s, a, b, v, j�, and j+) are system-
dependent coefficients.

For application of the model to ILs, Eq. (1) needs to be extended to address the
two parts of the cation and the anion, since most ILs are dissociated in an aqueous
phase.

Log toxicity ¼ ec Ec þ sc Sc þ ac Ac þ bc Bc þ vc Vc þ ea Ea þ sa Sa
þ aa Aa þ ba Ba þ vaVa þ c ð2Þ

where the subscripted c and a denote the cation and anion, respectively. For use of
Eq. (2), solute descriptors of IL ions are required. However, experimentally deter-
mined descriptors were not available. Therefore, Cho et al. [242] developed calcu-
lation models for the descriptors on the basis of ionic and neutral compounds whose
descriptors had previously been determined in experimental ways. For the modeling,
Cho et al. [242] employed several subparameters calculated from density functional
theory [243], a conductor-like screening model [244], and Obprop [245] internet
freeware in the Turbomole [246] environment. Consequently, the solute descriptors
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Table 8 Studies on ecotoxic effects of ionic liquids on V. fischeri

NOIL Methods

Types of
descriptors or
programs NODes Accuracy (R2) Reference

25 GFA statistical
method

Electrotopological
state, solvent-
accessible surface
areas, van der
Waals radii

4 0.78 Couling et al.
[109]

43 MLR Group contribution
method

9 0.925 Luis et al.
[201]

22 Linear
regression

Hansch factors
from HyperChem

7 – Lacrămăet al.
[202]

96 MLR Group contribution
method using Poly-
math version 5.0

15 0.924 Luis et al.
[203]

148 PLS-DA PLS-Toolbox ver-
sion 5.2 for MatLab

– 0.978 (training set),
0.93 (test set)

Alvarez-
Guerra and
Irabien [204]

33 HM Electronic, geomet-
ric, energetic, and
quantum chemical
parameters from
Gaussian 03 and
CODESSA

4 0.9012 (gas phase),
0.921 (water phase)

Bruzzone
et al. [205]

54 Multiple corre-
spondence
analysis

Total number of
carbons in cation

1 0.861 Viboud et al.
[80]

57 PCA WHIM descriptors
from Molden,
Mopac, and Dragon
calculations

– – Sosnowska
et al. [206]

157 MLR Topological index 28 0.908 Yan et al.
[207]

69 GFA, LSSVM HyperChem (ver-
sion 8.0), Dragon
(version 6.0)

5 0.893 (GFA train-
ing set), 0.903
(GFA test set),
0.910 (LSSVM
training set), 0.933
(LSSVM test set)

Ma et al. [208]

103 MLR LFER descriptors
from DFT and
COSMO
calculations

10 0.762 (training set),
0.812 (test set)

Cho et al.
[209]

146 LDA, MLR,
PLS, GFA

Dragon (version 6) 5 0.694 (training set),
0.739 (test set)

Das and Roy
[210]

24 MLR Energy of the low-
est unoccupied
molecular orbital
and molecular

2 0.954 Wang et al.
[159]

(continued)
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could be calculated for an R2 of 0.711–0.99, as given in Eq. (3)–Eq. (9). The
calculated LFER descriptors are provided in reference [211].

V cm3 mol�1
� �

=100
� � ¼ 0:639 0:002ð Þ V cosmo nm3

� �� 0:0046 0:002ð Þ ð3Þ
E cm3 mol�1=10
� � ¼ 0:341 NRing þ 0:007 PSAþ 0:057 MR� 1:762 Vcosmo=100

� 0:113 Evdw þ 0:275 MWþ 0:135σ1 þ 0:015 σ4
� 0:037

R2 ¼ 0:949, SE ¼ 0:136,N ¼ 992,F ¼ 2274:8 ð4Þ

Table 8 (continued)

NOIL Methods

Types of
descriptors or
programs NODes Accuracy (R2) Reference

volume by DFT and
Gaussian 09W
programs

108 MLR LFER descriptors
from DFT and
COSMO
calculations

15 0.69 Cho et al.
[211]

56 MLR WHIM descriptors
from Mopac and
Dragon (version
6.0) calculations

3 0.78 (training set),
0.72 (validation
set), 0.75 (external
validation)

Grzonkowska
et al. [212]

60 PLS Structural descrip-
tors from VolSurf+

3 0.789 Paterno et al.
[213]

305 MLR, PLS,
GFA statistical
method

Two-dimensional
variables from
Dragon (version 6)
and PaDEL-
Descriptor (version
2.11), Morphy

3–7 0.697–0.748 Das et al.
[214]

110 MLR, MLP
neural network

Charge distribution
density from
COSMO
calculation

5 0.906 (MLR train-
ing set), 0.978
(MLP training set),
0.961 (MLP valida-
tion set), 0.979
(MLP test set)

Ben Ghanem
et al. [215]

CODESSA Comprehensive Descriptors for Structural and Statistical Analysis, COSMO Conductor-
Like Screening Model, DA discriminant analysis, DFT density functional theory, GFA genetic
function approximation, HM heuristic method, LDA linear discriminant analysis, LFER linear free
energy relationship, LSSVM least squares support vector machine, MLP multilayer perceptron,
MLR multiple linear regression, NODes number of descriptors, NOIL number of ionic liquids,
PCA principal component analysis, PLS partial least squares, R2 coefficient of determination,
WHIM weighted holistic invariant molecular
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Table 9 Studies on ecotoxic effects of ionic liquids on acetylcholinesterase

NOIL Methods
Types of descriptors
or programs NODes Accuracy (R2) Reference

23 Linear
regression

Log ko 1 0.790 Arning
et al. [31]

153 PCA, MLR,
nonlinear
regression
(RB, MLP)

MatLab (nonlinear
model), Statgraphics
Plus (MLR)

12 0.814–0.973 Torrecilla
et al. [216]

221 MLR Topological index 17 0.884 (training
set), 0.823 (test
set)

Yan et al.
[217]

292 LDA, MLR,
PLS, GFA

PaDEL-Descriptor
version 2.11, Cerius2,
Statistica, SPSS,
Minitab, Simca-P,
Euclideon, Discovery
Studio 2.5

11 0.918 (training
set), 0.861 (test
set)

Das and
Roy [218]

– PCR, PLS,
decision tree
model

R, Statistica – 0.62 (PCR),
0.64 (PLS),
0.992 (decision
tree)

Kurtanjek
[219]

236 PCA WHIM descriptors
from Molden, Mopac,
and Dragon
calculations

82 (cat-
ion) + 82
(anion)

– Sosnowska
et al. [206]

61 Group contri-
bution
method

IBM SPSS Statistics
20

10 0.992 Peric et al.
[220]

232 Four-category
classification,
CCN, SVM

Moses.Descriptors
Community Edition

7 0.934–0.972
(training set),
0.907–0.938
(test set)

Basant
et al. [221]

233 MLR LFER descriptors
from COSMO and
DFT calculations

4–6 0.711–0.879 Cho and
Yun [222]

230 PCA, PLS Structural descriptors
from VolSurf+

9 0.732 Paterno
et al. [223]

CCN cascade correlation network, COSMO Conductor-Like Screening Model, DFT density func-
tional theory, GFA genetic function approximation, LDA linear discriminant analysis, LFER linear
free energy relationship, log ko cationic lipophilicity, MLP multilayer perceptron, MLR multiple
linear regression, NODes number of descriptors, NOIL number of ionic liquids, PCA principal
component analysis, PCR principal component regression, PLS partial least squares, R2 coefficient
of determination, RB radial basis, SVM support vector machine, WHIM weighted holistic invariant
molecular
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Table 10 Studies on ecotoxic effects of ionic liquids on IPC-81

NOIL Methods

Types of
descriptors or
programs NODes Accuracy (R2) Reference

74 Linear regres-
sion model

R 2.12.1 0.78 Ranke et al.
[119]

153 MLR, RB,
MLP, NN

PCR 12 0.982 Torrecilla
et al. [224]

96 Nonlinear NN
analysis,
QSAM

COSMO-RS
descriptors

– 0.90 Torrescilla
et al. [224]

227 Genetic algo-
rithm, NN,
MLP,
LM algorithm

Molecular weight,
H-bond acceptor,
TPSA, heavy atom
count, and formal
charge from
HyperChem (ver-
sion 7.0) and
Dragon
calculations

5 0.91 (MLR), 0.98
(MLP)

Fatemi and
Izadiyan
[225]

173 MLR Topological index
(e.g., using atom
radius, atom elec-
tronegativity, atom
position)

27 0.938 Yan et al.
[226]

97 MLR LFER descriptors
from COSMO and
DFT calculations

10 0.778 Cho et al.
[209]

100 MLR,
nonlinear
SVM

CODESSA and
Libsvm

4 MLR (0.918),
SVM (0.959)

Zhao et al.
[227]

243 LDA, PLS 2D descriptors
including ETA
indexes and topo-
logical non-ETA
parameters

5–10 0.784–0.918
(training set),
0.869 (test set)

Das et al.
[228]

198 CCN, PNN,
GRNN,
QSAR
models

Moses.Descriptors
Community Edi-
tion (Xlog P,
TPSA, Polariz,
Dipole, NAtoms,
Span, InteriaZ)

5–6 0.927 (CCN–
QSAR training
set), 0.907 (CCN–
QSAR test set),
0.915 (GRNN–
QSAR training
set), 0.952
(GRNN–QSAR
test set)

Gupta et al.
[229]

243 PCA, PLS Structural descrip-
tors from VolSurf+

9 0.725 Paterno
et al. [223]

228 MLR WHIM descriptors
from Mopac and
Dragon

4 0.77 Sosnowska
et al. [230]

(continued)
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A dimensionless½ � ¼ 171 HBD1
2 � 0:047 HBD3

2 þ 0:032 HBD4
2 þ 73:511 HBD1

þ 0:654 HBD2 þ 0:208 HBD3 þ 0:203 NOH þ 0:080 NHN

� 0:019 Evdw � 0:132

R2 ¼ 0:936, SE ¼ 0:148,N ¼ 976,F ¼ 1626:2 ð5Þ
B dimensionless½ � ¼ 0:391 σ2 þ 1:00 σ3 þ 0:421 σ4 � 0:117 σ5 � 0:055 σ6

þ 0:112 σ1
2 � 0:149 σ2

2 � 0:070 HBA2=V cosmo

þ 0:074 HBA3=Vcosmo þ 0:032
R2 ¼ 0:973, SE ¼ 0:160,N ¼ 985,F ¼ 3851 ð6Þ

Jþ dimensionless½ � ¼ �0:124 0:234ð Þ � 0:106 0:016ð Þ Evdw þ 0:421 0:181ð Þ σ3
þ 0:292 0:125ð Þ σ4 þ 64:928 15:48ð Þ HBD1

þ 0:661 0:163ð Þ HBD2 � 0:049 0:017ð Þ HBA2=VC

� 0:092 0:033ð Þ σ62=100
R2 ¼ 0:816, SE ¼ 0:351,N ¼ 111,F ¼ 65:4 ð7Þ

Table 10 (continued)

NOIL Methods

Types of
descriptors or
programs NODes Accuracy (R2) Reference

(version 6.0)
calculations

242 PCA WHIM descriptors
from Molden,
Mopac, and
Dragon
calculations

82 (cat-
ion) + 82
(anion)

– Sosnowska
et al. [206]

17 MLR Electrophilic
indexes (ω),
EHOMO and
ELUMO, energy gap
(ΔE) from DFT
code of Dmol

4 0.999 (training
set)

Salam et al.
[231]

2D two-dimensional, CCN cascade correlation network, CODESSA Comprehensive Descriptors for
Structural and Statistical Analysis, COSMO Conductor-Like Screening Model, COSMO-RS Con-
ductor-Like Screening Model for Real Solvents, DFT density functional theory, EHOMO energy of
highest occupied molecular orbital, ELUMO energy of lowest unoccupied molecular orbital,
ETA extended topochemical atom, GRNN generalized regression neural network, LDA linear
discriminant analysis, LFER linear free energy relationship, LM Levenberg–Marquardt, MLP mul-
tilayer perceptron, MLR multiple linear regression, NN neural network, NODes number of descrip-
tors, NOIL number of ionic liquids, PCA principal component analysis, PCR principal component
regression, PLS partial least squares, PNN probabilistic neural network, QSAM quantitative
structure–activity map, QSAR quantitative structure–activity relationship, R2 coefficient of deter-
mination, RB radial basis, SVM support vector machine, TPSA topological polar surface area,
WHIM weighted holistic invariant molecular
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Table 11 Studies on ecotoxic effects of ionic liquids (ILs) on Daphia magna

NOIL Methods

Types of
descriptors or
programs NODes Accuracy (R2) Reference

17 GFA Mopac 3 0.86 Couling
et al. [109]

64 MLR, poly-
nomial
method

MatLab 25 0.974 Hossain
et al. [232]

62 MLR, PLS Dragon and
PaDEL-Descriptor

6 0.948 (training
set), 0.802
(test set),
0.816 (total
set)

Roy and
Das [233]

49 MLR, PLS GaussView and
Gaussian 03

7 0.955 (training
set), 0.848
(test set)

Roy et al.
[234]

– MLR, PLS PaDEL-Descriptor,
GaussView and
Gaussian 03

3 including a
measured IL tox-
icity value for
algae
(S. vacuolatus)

0.964 Das et al.
[235]

24 MLR Gaussian 09 2 0.954 Wang et al.
[159]

53 Gradient-
boosted tree,
bagged
decision tree

Moses.Descriptor
Community
Edition

3 0.953–0.983 Singh et al.
[236]

15 PCA WHIM descriptors
from Molden,
Mopac, and
Dragon
calculations

82 (cation) + 82
(anion)

– Sosnowska
et al. [206]

71 MLR LFER descriptors
from DFT and
COSMO
calculations

3 0.88 (training
set), 0.848
(test set),
0.867 (total
set)

Cho and
Yun [237]

70 MLR LFER descriptors
from DFT and
COSMO
calculations

12 0.81 Cho et al.
[211]

COSMO Conductor-Like Screening Model, DFT density functional theory, GFA genetic function
approximation, LFER linear free energy relationship, MLR multiple linear regression, NODes num-
ber of descriptors, NOIL number of ionic liquids, PCA principal component analysis, PLS partial
least squares, R2 coefficient of determination, WHIM weighted holistic invariant molecular
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J� dimensionless½ � ¼ 1:331 0:468ð Þ þ 4:712 0:803ð Þ σ2 � 2:770 0:262ð Þ σ3
� 0:832 0:168ð Þ σ22 þ 0:300 0:040ð Þ σ32

� 0:012 0:004ð Þ σ42 � 0:155 0:021ð Þ HBA2

þ 0:238 0:023ð Þ HBA3 � 0:292 0:141ð Þ NOH

þ 0:183 0:065ð Þ NRing

R2 ¼ 0:711, SE ¼ 0:291,N ¼ 168,F ¼ 43:2 ð8Þ
S dimensionless½ � ¼ �1:441 σ1 þ 0:206 σ2

2 � 0:009 σ4
2 � 0:122 HBA4

þ 0:511 Calc:E þ 1:524 Calc:Bþ 0:856 Calc:Jþ

þ 3:308 σ1
∗ Calc:J�ð Þ=Calc:B� 0:099

R2 ¼ 0:940, SE ¼ 0:378,N ¼ 981,F ¼ 1900:7 ð9Þ

The calculated descriptors based on Eqs. (3)–(9) were applied to predict the
toxicity values of ILs for several microorganisms. They were first applied to predict
the toxic effect of ILs on D. magna. For the modeling, 71 data values (which were
experimentally measured after 48-h incubation) were collected. Next, the collected
data set was randomly divided into a training set and a test set. The former was used
for model development and the latter was used for model validation. In a statistical
analysis, after inserting all calculated descriptors as independent variables and
experimentally determined toxicity values as dependent variables in the training
set, multiple linear regression (MLR) was performed with an option of stepwise
analysis, which was for excluding the descriptors that made ignorable contributions
to the modeling. In the results, it was observed that only three terms were selected, as
below:

Log 1=LC50 M½ � ¼ �0:841þ 1:712 Ec � 10:16 Bc þ 4:05 Jþ

R2 ¼ 0:880,R2
adj ¼ 0:872, SE ¼ 0:359,N ¼ 48,F ¼ 107:5 ð10Þ

where the R2 value, the SE (standard error), and the adjusted R2 value (R2
adj), which

was close to the R2 value, proved that the descriptor selection was reasonable. Next,
Eq. (10) was validated by correlating experimentally measured values with the
calculated ones in the test set. The comparison for the model validation showed
that they had a good correlation, with an R2 value of 0.848 and an SE value of 0.479.
The fitting is given in Fig. 2. When Eq. (10) was applied to the total data set, the R2

value was 0.867 and the SE value was 0.391. For checking its clarification, Eq. (10)
was internally validated using leave-one-out cross validation (Q2

Loo), which can be
done by excluding one data point, by developing a model using the rest, and by
predicting that one data point using the developed model. This process has to be
repeated as many times as the number of data points in the data set. Finally, the
experimental values need to be compared with the ones predicted by each of the
models developed at each of the steps. The estimated Q2

Loo value was 0.832, which
was much higher than the standard value of acceptance (0.5), indicating that the
model was internally robust. For further validation, an external validation study was
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performed by estimating Q2
ext (test), rm

2
(test), and Δr2m (test), using software available

online via the following links: http://dtclab.webs.com/softwaretools or http://teqip.
jdvu.ac.in/QSAR_Tools/ [247]. The estimated Q2

ext (test) (100% data), rm
2
(test), and

Δr2m (test) values were 0.847, 0.753, and 0.138, respectively [237]. The result of the
Δr2m value of 0.138, which was higher than 0.2 Δr2m, implied the most stringent
criterion of external validation [248], indicating the robustness of the prediction
model. The developed model explained that with increases in the excess molar
refraction and the columbic interactions of the cation, the toxic effect increases,
while as H-bonding basicity rises, the toxicity of ILs decreases.

Using the same model (i.e., Eq. (10)) and procedure, the antimicrobial effects
[238] of ILs on the Gram-negative bacteria E. coli, the Gram-positive bacteria
S. aureus, and the diploid fungus C. albicans, as well as the enzyme (acetylcholin-
esterase) inhibition activities [222] of the ILs, were predicted. The end points for
antimicrobial activities were the MIC and MBC, and EC50 values were used as the
end point for enzyme inhibition activities. In the modeling, it was clearly observed
that the toxic effects could be explained by the calculated descriptors, but the
descriptor selection differed depending on the specific toxicity mechanism, as
shown in Table 13. In the case of the QSAR modeling for the enzyme inhibition
activities, the modeling was performed according to different head groups
(imidazolium and pyridinium). As a result, the predictabilities for the MIC and
MBC of the ILs for the three species were in the range of 0.788–0.969. All equations
(with the exception of that for the MBC of C. albicans, because of the limited
toxicity data set) were validated using the test sets, and the results showed that all of
the models could predict the test set within an R2 value of 0.921. In the case of the
enzyme inhibition activity of the ILs, when the toxicities of imidazolium-based and
pyridinium-based ILs were predicted separately, the predictabilities (R2 values) were
0.828 and 0.879, respectively. The fittings are shown in Fig. 3.

Exp. 1/log LC
50

 [M]

2 4 6 8 10

C
al

c.
 1

/l
o

g
 L

C
5

0
 [

M
]

2

4

6

8

10

Training set
Test set

Fig. 2 Correlation between
experimentally measured
(Exp.) half-maximal lethal
concentration (LC50) values
and those predicted (Calc.)
by Eq. (10)
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3.2.3 Comprehensive Prediction Model

Since the toxic effects of ILs differ according to the types of ILs and the types of
organisms exposed to them, the overall toxic effects of ILs cannot be explained.
Therefore, using the calculated LFER descriptors, Cho et al. [211] developed one
equation that could predict the results of 50 types of toxicity testing methods. To
develop it, Eq. (1) had to be modified because the toxic effects differ according to the
toxicity testing methods that are used. The modified model is shown in Eq. (11):

Log 1=EC50; 1=LC50; 1=MIC; 1=MBC; or 1=IC50½ � in log units of mM
¼ ec Ec þ sc Sc þ ac Ac þ bc Bc þ vc Vc þ jþ Jþ þ ea Ea þ sa Sa þ aa Aa

þ ba Ba þ va Va þ j� J� þ cþ zxZx ð11Þ

where the subscripted x in the zZ term stands for an indicator of toxicity testing
methods, and the magnitude of the Z value, as part of the sensitivity of the toxicity
testing methods, means the sensitivity difference (y-axis) from that of the reference
method at the averaged points of the data set for each method. In general, the
reference method is determined according to the number of data sets. Here, the
reference method is the leukemia rat cell line. When the z term is higher than zero, it
means the sensitivity is higher than that of the reference method; if it is lower, it
indicates a lower trend. For the solute property, several end points expressed in
millimolar units and in silico–calculated LFER descriptors were used. In the statis-
tical analysis, after including all data sets and calculated descriptors, MLR was
performed. Here, less important descriptors, with higher p values of �0.05, were
automatically excluded by the stepwise analysis. Through the step, the system
parameters were determined as follows:
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Log 1=EC50; 1=LC50; 1=MIC; 1=MBC; or 1=IC50½ � in log units of mM
¼ 2:254 Ec � 2:545 Sc þ 0:646 Ac � 1:471 Bc þ 1:650 Vc þ 2:917 Jþ

� 0:201 Ea 0:418 Va þ 0:131 J� � 0:709þ zxZx

R2 ¼ 0:880, SE ¼ 0:465 log units,N ¼ 1633, number of systems ¼ 44,F
¼ 218:7 ð12Þ

However, the data plotted by the correlation between the experimentally deter-
mined values and the ones predicted by Eq. (12) were not distributed on an identical
line (1:1); they had another fitting slope. Therefore, Cho et al. [211] addressed the
differences by adding two more terms (αx and βx) as Eq. (13). The determined
sensitivity-related terms were stated in their report [211].

Log 1=EC50; 1=LC50; 1=MIC; 1=MBC; or 1=IC50½ � in log units of mM
¼ αx

∗ Calc:value by Eq: 4ð Þ þ βx ð13Þ

From this step, the correlation accuracy improved to an R2 value of 0.901 and an
SE value of 0.426 log units, compared with those obtained using Eq. (12). Its fitting
is shown in Fig. 4.

To check whether the step explained above can be applied to other toxicity testing
methods, in addition, toxicity values from different methods (testing the growth rates
of the microalgal species B. paxillifer, G. amphibium, C. vulgaris, O. submarina,
S. marinoi, and C. meneghiniana) were collected. From the validation study, it was
checked that the predicted values of each of the toxicity testing methods could be
correlated with the measured R2 values of 0.82–0.98.

Such a comprehensive model can provide several advantages in the field of IL
toxicity research. First, on the basis of this method, 50 types of toxicity values can be
predicted using solely computational methods. Second, the overall toxic interaction
between ILs and microorganisms can be interpreted. In particular, the anion effects
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on toxicity can be clearly explained. This information will be helpful for designing
low-toxicity IL structures. Third, the biological responses (zx, αx, and βx) to ILs
according to the species and end points can be explained numerically, which will be
helpful for investigation of toxic effects for specific purposes – for example, high
antimicrobial activity for medicinal use and low toxicity for sustainable chemistry.
Fourth, a few toxicity data sets are needed for developing toxicity prediction models
for other toxicity testing methods. Actually, for developing a prediction model,
numerous toxicity data values are required because the prediction model has to be
able to explain a wide spectrum of chemical structures. However, since the compre-
hensive model was developed on the basis of many IL structures, a few data points
were needed for determination of the sensitivity terms (zx, αx, and βx).

On the basis of the comprehensive prediction model, the toxic effects of ILs on
several microorganisms could be explained at the molecular level. From Eq. (12), it
could be interpreted that IL toxicity is mainly determined by the cationic part, rather
than by the anion. Indeed, it was observed that more interactions by IL cations
contributed to toxicity prediction modeling, and the magnitudes of the system
parameters of the cation are larger than those of the anion. Nevertheless, the anion
has a considerable effect on toxicity. To select less toxic IL structures, some
structural concepts based on Eq. (12) can be suggested. To explain them, increases
in the molecular volumes of the cation and anion increase the toxicity; also, the ionic
forces of the cation and anion follow the trend of the molecular volume effect on
toxicity. Also, increases in the H-bonding acidity and the excess molar refraction of
the cation cause a rise in toxicity. On the other hand, increases in dipolarity/
polarizability and the H-bonding basicity of the cation reduce IL toxicity. Through
these findings, less toxic IL structures can be designed. Consequently, QSAR
approaches can contribute to rapid and efficient estimation of the toxic impacts
of ILs.

4 Concerns Regarding Biodegradation

Biodegradation testing is important when investigating the environmental fates of a
chemical. Depending on their persistence, the chemical activities of chemicals in the
environment can differ; therefore, their biodegradation properties can be categorized
as follows:

• Primary biodegradation: loss of chemical properties of a chemical through alter-
ation of the chemical structure by biological action

• Inherently biodegradable: 20–60% degradation of a compound
• Readily biodegradable: 60–100% degradation of a compound, meaning it will be

degradable in aquatic environments
• Ultimately biodegradable (mineralization): complete degradation of a compound

Several accepted biodegradation testing methods [249] accepted by the Organi-
zation for Economic Co-operation and Development (OECD) are listed in Table 14.
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Some of the methods estimate the concentrations of tested molecules, while some are
based on the physiological activities of chemicals. Selection of an appropriate
method will depend on the purpose of the experiment because each method has
different applicability. Accordingly, the different analytical methods of the tests can
generate different results.

Approximately 50 years ago, when the concept of ILs as green solvents had not
yet been introduced, a biodegradation test of 4-carboxyl-1-methylpyridinium Cl was
performed by Wright and Cain [250] using a biological extract from a pure bacte-
rium, Achromobacter D; the metabolic fate of the compound was identified using a
14C radioisotope study [251]. Fully fledged research on the biodegradation of
various IL structures began in 2002. The main purposes of this research were to
estimate the biodegradability of ILs and, on the basis of the results, to find more
environmentally friendly chemical structures because IL structures are very
numerous.

Many research teams have been dedicated to studying the biodegradability of
various ILs and have attempted to understand the effects of the structures of ILs on
their biodegradability.

4.1 Biodegradation of Nonfunctionalized ILs

Wells and Coombe [135] estimated the biodegradability of imidazolium-,
pyridinium-, phosphonium-, and ammonium-based ILs with different anions by
measuring oxygen uptake in closed bottles and reported that the tested ILs were
extremely poorly biodegradable. In the same year, Kumar et al. [252] reported that
soil or wastewater microorganisms could degrade [IM14][BF4] and produced some
biodegradation products, which were detected by gas chromatography–mass spec-
trometry (GC-MS) analysis. In 2007, Docherty et al. [253] estimated the biodegrad-
ability of imidazolium- and pyridinium-based ILs with propyl, hexyl, and octyl alkyl
chains by the dissolved oxygen concentration (DOC) die-away testing method and

Table 14 Biodegradation tests and analytical methods

Test Analytical method

DOC die-away Dissolved organic carbon

CO2 evolution Respiratory: CO2 evolution

Ministry of International Trade and Industry Respiratory: O2 consumption

Closed bottle Respiratory: dissolved oxygen

Modified OECD screening Dissolved organic carbon

Manometric respirometry O2 consumption

DOC dissolved oxygen concentration, OECD Organization for Economic Co-operation and
Development
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found that imidazolium-based ILs with hexyl and octyl alkyl chains were 54% and
41% biodegradable, respectively, and pyridinium-based ILs with hexyl and octyl
alkyl chains were almost mineralized. Moreover, by analyzing the nitrogen source
from the samples that were taken, they showed that a pyridinium ring was opened by
biological activity, while an imidazolium ring was not opened [253]. Later, biodeg-
radation testing of imidazolium-based ILs with different alkyl chains was performed
using a biochemical oxygen demand test (BOD5) for 10 days by Romero et al.
[108]. During that time, the tested ILs were poorly degraded even in conditions with
an additional carbon source (glucose), which was used to induce cometabolism. In
2008, to investigate more various IL structures, Stolte et al. [254] selected
imidazolium-, pyridinium-, and 4-(dimethylamino)pyridinium-based ILs with Cl
or Br. The results revealed that the imidazolium and pyridinium compounds with a
long alkyl chain (e.g., an octyl, hydroxyl, or carboxyl group at the end of the alkyl
chain) were fully degraded, while short-alkyl-chained ILs were recalcitrant. Next,
the biodegradability of several ILs was tested in anaerobic conditions [255]. Here,
with the exception of the [IM18OH] cation, the concentrations of other ILs were
almost constant during the biodegradation period. The same groups further investi-
gated the biodegradability of fluoro-organic and cyano-based IL anions, which can
be used in some technical applications, under two conditions: aerobic and anaerobic.
It was shown that none of the anions were biologically degraded. Similarly, Gotvajn
et al. [256] investigated the biodegradability of common ILs ([Py4-3Me][N(CN)2]
and [IM14][BF4]) in aerobic and anaerobic conditions. In the aerobic conditions, two
compounds were poorly degraded, while the granular sludge in the anaerobic
conditions degraded 34% of the IL concentration in the presence of glucose as a
carbon source [256]. Moreover, Steudt et al. [35] studied dicationic ILs and showed
that they were not biodegradable. The biodegradability was less than 5% of the
degradation. More investigation on the biodegradability of ILs according to the type
of structure was done by the same group [257]. That study evaluated a total of 27 ILs
– including pyrrolidinium, pyridinium, imidazolium, morpholinium, and
piperidinium with halide anions – and their cationic structures had different alkyl
chain lengths and functional groups (i.e., ester, ether, hydroxyl, and cyan groups)
[257]. The experimental results clearly showed that the biodegradability was depen-
dent on the IL structure. In that study, pyrrolidinium with octyl and hydroxypropyl,
piperidinium with hydroxypropyl, and pyridinium with hydroxyethyl were readily
biodegraded. Pham et al. [154] investigated the effects of alkyl chain of ILs,
including three different head groups (imidazolium, pyridinium, and pyrrolidinium).
The alkyl chains were propyl, butyl, hexyl, and octyl. In the case of imidazolium-
and pyrrolidinium-based ILs, hexyl- and octyl-chained ILs were 100% degradable
by primary biodegradation, while the pyridinium-based ILs involved butyl, hexyl,
and octyl chains. Several other researchers have also investigated the biodegradabil-
ity of ILs for use in various applications [45, 258, 259].
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4.2 Biodegradation of Ether-Functionalized, Ester-
Functionalized, and Amide-Functionalized ILs

To design readily biodegradable and low-toxicity ILs, the effect of functionalization
of ILs with ether, ester, or amide groups has often been investigated because
hydrophilic functionalization can lead to less toxic impacts than those of
nonfunctionalized ILs. Gathergood and Scammells [260] tested the biodegradability
of [IM11COO1]Br, [IM11COO1][BF4], and [IM14][PF6] according to a modified
Sturm testing method (ISO9439) for 20 days and showed that [IM11COO1]Br and
[IM11COO1][BF4] were 48% and 59% degraded, respectively, while [IM14][PF6]
was 60% degraded. The same group examined the biodegradability of the same
cation with a different alkyl chain length (butyl to octyl) or amide group according to
the guideline of the closed bottle test (OECD 301D) [261]. Here, as the alkyl chain
length increased, the biodegradability also increased slightly, but this trend
disappeared when the alkyl chain length was long [261]. This conclusion was later
supported by findings reported by Liwarska-Bizukojc and Gendaszewska [262]. In a
comparison of the biodegradability of ether- and amine-functionalized ILs, the
former had higher biodegradation percentages ranging from 10% to 30%, while
amine functionalization on the alkyl chain of the ILs led to poor biodegradation.
Nevertheless, the functionalized ILs had greater biodegradability than the
nonfunctionalized ILs ([IM14][BF4] and [IM14][PF6]), which had biodegradation
values of nearly zero. Note that the estimated biodegradability of [IM14][PF6]
reported by Liwarska-Bizukojc and Gendaszewska [262] differed from that reported
by Gathergood and Scammells [260]: 0% versus 60%. It is possible that the
biodegradability could differ spatially and temporally. Detailed information is
given in Sect. 4.3. Samori et al. [151] tested the biodegradability of
methylpyrrolidinium-based ILs with alkyl chains or ether group(s) on fewer than
six chains, and showed that none of the tested ILs were more than 5% degraded.
Stasiewicz et al. [32] studied 1-alkoxymethyl-3-hydroxypyridinium, which has
different alkyl chains from C3 to C18, combined with acesulfamates, saccharinates,
and Cl. In their study, they found that as the alkyl chain length increased from C4 to
C11, the biodegradability of the compounds increased. Nevertheless, only one
compound (1-undecanoxymethyl-3-hydroxypyridinium saccharinate) was consid-
ered readily biodegradable, being 72% degraded [32].

Many cases have shown that ester functionalization of ILs with different coun-
terions enhances degradation efficiency, since they can be enzymatically hydrolyzed
(Fig. 5). Garcia et al. [107] performed comparative biodegradation tests of
functionalization and nonfunctionalization of [IM14] and [IM11COO3] with differ-
ent anions (Cl, Br, [BF4], [PF6], [8OSO3], [N(CN)2], and [(CF3SO2)2N]) based on a
closed bottle test (OECD 301D). In the case of [IM14]-based ILs, the combination of
[8OSO3] led to 25% biodegradation, while the other ILs remained almost intact and
were less than 5% degraded [107] On the other hand, the ester-functionalized ILs
showed higher biodegradability than the nonfunctionalized ones. Also, it was shown
that the [8OSO3] anion had the highest biodegradation rate of 49%, while the rest
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were around 10–30% degraded [107]. Later, the same group studied other ester-
functionalized ILs with [8OSO3] and showed that the combination of the cation and
anion made them 49–56% degradable in a closed bottle test and 60–67% degradable
in a CO2 headspace test. The latter result meant that they could be considered readily
biodegradable [263]. Harjani et al. [264, 265] demonstrated readily biodegradable IL
structures designed on the basis of a pyridinium moiety with ester side chains, but a
nicotinamide-based IL had low biodegradability of 30%. Then, using imidazolium-
based ILs, they investigated structural effects (e.g., the alkyl chain lengths of the
cation and anion, ester functionalization, and the type of anion) on biodegradability,
and suggested that the introduction of lactate and saccharin as counteranions could
lead to high mineralization abilities [266]. Morrissey et al. [267] studied biodegra-
dation of 15 ester-functionalized ILs on the basis of a CO2 headspace test. Some of
them had degradation rates of 62–92%, meaning they could be considered readily
biodegradable, and the others were 55–59% degradable, which nearly reached the
level of being readily biodegradable. Similarly, it was observed by Deng et al. [92]
that ester functionalization on the alkyl chain of imidazolium-based ILs helped to
improve their biodegradability during incubation with each of three different micro-
organisms (Pseudomonas viridiflava, Nocardia asteroides strain 911, and Candida
parapsilcosis). Moreover, Deng et al. [92] reported that although the ester-
functionalized ILs were readily biodegradable, their common metabolite,
[IM11COOH], could accumulate without further degradation. Later, aryl- and
ester-functionalized ILs were prepared, and their biodegradability was tested
[47]. Most of these prepared ILs showed no degradation, but addition of an ester
group led to 100% primary degradation. Pernak et al. [122] showed that aryl
functionalization did not help to enhance the biodegradability of 4-benzyl-4-
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alkylmorpholinium-based ILs. Al-Mohammed et al. [268] designed tetrakis-
imidazolium- and benzimidazolium-based ILs, which have different alkyl side
chain and tetra-ester groups, and tested their biodegradability. The results showed
that the ester group with long side chains and phenyl rings improved the biodegrad-
ability. In the case of long side chains (e.g., octyl, decyl, and dodecyl), the ILs
reached the level of being readily biodegradable. However, ester functionalization
does not always lead to high biodegradability. For example, Atefi et al. [269]
prepared tetraalkylphosphonium- and trihexylphosphonium-based ILs with different
anions and functions on the alkyl chain (ester, allyl, ether, and alcohol). The tested
molecules were only modestly or poorly biodegradable. Similarly, imidazolium-
based ILs with ester or amine groups could not be regarded as readily
biodegradable [270].

To achieve more environmentally friendly (e.g., less toxic and more biodegrad-
able) ILs, other functionalized ILs have been introduced. Yu et al. [271] prepared ILs
with a naphthenic acid–based anion (NAILs) combined with [Ch] (Fig. 6), and
performed biodegradation tests of these ILs using a closed bottle test method.
With the exception of [Ch][NOA] and [Ch][1COO], the tested NAILs were more
than 60% biodegradable. Moreover, Klein et al. [272] found that [Ch]-based ILs
with different anions and different alkyl chain lengths from 8 to 16 (i.e., laurate,
myristate, palmitate, and stearate) were easily degraded by bacteria in a wastewater
treatment plant. With the same purpose, Ferlin et al. [273] studied natural organic
acid–based anions (L-lactate, L-tartrate, malonate, succinate, L-malate, pyruvate, D-
glucoronate, and D-galacturonate) combined with tetrabutylammonium. Although
these compounds have less toxicity and higher biodegradability than general ILs
(i.e., [N4444]Br, [N4444][OH], [N2222]Br, and [N11111]Br), they were less than
23% biodegradable. Thus, they could not be considered readily biodegradable
compounds. Similarly, Boissou et al. [274] prepared levulinate-based ILs with
[N1124] and showed that they were 54–79% biologically degraded according to
the oxygen uptake method. Moreover, Hou et al. [46] produced several combina-
tions between highly degradable [Ch] and amino acids. All of the prepared ILs
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passed the standard for being readily degradable. Peric et al. [34] prepared new types
of ten protic ILs (PILs) comprising aliphatic amines and organic acids, and showed
that these PILs had low toxicity and good biodegradability. Eight of the ten ILs could
be considered readily biodegradable, and the remaining compounds were nearly
60% biodegraded.

Ford et al. [275] prepared pyridinium-based ILs with several substitutes and
anions. Among them, hydroxyalkyl-substituted pyridinium had improved biode-
gradability, while in ILs with methyl or ethyl ether side chains the hydroxyalkyl
substitution did not result in high biodegradability. Later, the same group [276]
synthesized various types of ILs including pyridine, 1,4-dimethylpiperazine,
1,4-diazabicyclo[2,2,2]octane, and several alkyl side chains. The results, determined
using a CO2 headspace method, showed that only one compound, [Py41COOH]
[(CF3SO2)2N], was ultimately biodegradable, while the rest were poorly degradable.

Prydderch et al. [68] synthesized low-antimicrobial ILs based on mandelic acid,
which is a biorenewable source; however, eight of ten ILs with ether groups had low
biodegradability of 5–31%, tested in a closed bottle test, while the other two ILs with
amide groups were only 0–1% biodegradable. Haiss et al. [277] studied fully
mineralized phenylalanine-based ILs. These ILs were not readily biodegradable;
60% of the injected concentration was not degraded within 28 days. However, when
the incubation time was increased to 42 days, microorganisms continued to break
down three of ten IL structures to the level of ultimate biodegradation. Later, the
same group with Prof. Kummerer introduced new L-phenylalanine-based, L-tyro-
sine-based, and tertiary amino–based ILs [70], but they were not readily degradable
in a closed bottle test.

The effect of chiral structure and peralkylation on biodegradation efficiency has
been tested [262, 278–280]. Ferlin et al. [278] investigated the biodegradability of
chiral ILs, which had prolinate (S) or (R) as an anion combined with a
tetrabutylammonium-based cation, and showed that both types were only 20%
degradable. Liwarska-Bizukojc et al. [280] showed that peralkylated imidazolium-
based ILs were also poorly degradable (less than 10%). The same group studied the
metabolism of alkylimidazolium-based and peralkylated imidazolium-based
ILs [279].

4.3 Biodegradation of ILs by Microbiota or Axenic Culture

The efficiency of IL biodegradation differs according to the type of microorganism
inoculation; therefore, several trials have assessed the biodegradation efficiencies of
ILs in several environments. As mentioned above, Docherty et al. [253] reported that
the [Py4] cation was not degradable. However, in contrast to their previous results,
they found that in a subsequent biodegradation test of the same IL [165], [Py4] was
readily biodegradable, as was also reported by Pham et al. [281]. This finding was
clearly confirmed by additional biodegradation testing using different microbial
consortia taken from two different places [282, 283]. Additionally, the use of
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different microbial communities transformed the metabolism, as shown in Fig. 7.
This trend was also observed in biodegradation testing of the [IM18] cation by Stolte
et al. [254] and Cho et al. [284]. Stolte et al. [254] identified one degradation
pathway (see pathway 1 in Fig. 8), while Cho et al. [284] observed more various
degradation pathways (see pathways 2–4 in Fig. 8).

In another example, the biodegradation efficiency of herbicidal ILs, which were
specified to enhance antimicrobial activity, could be differentiated according to
microbiota taken from various areas [286]. Nevertheless, poor degradation of her-
bicidal and morpholinium-based ILs was observed in an ultimate biodegradation
test. In a primary biodegradation test, cations had higher biodegradability than
anions. Additionally, it was reported that high lipophilicity led to a high toxicity
effect and low susceptibility, while hydrophilic compounds had less toxicity and
slightly higher biodegradability. However, this is not always true. In a comparison of
the susceptibility of [IM18] and [IM12], the first had higher biodegradability
although it had high lipophilicity. On the other hand, Niemczak et al. [285] studied
other herbicide-based ILs, using eight combinations between two ammonium-based
cations (N-dodecylbetaine and N-(3-cocoamidopropyl)betaine) and four herbicidal
anions (2,4-dichlorophenoxyacetic acid (2,4-D), 2-methyl-4-chlorophenoxyacetic
acid (MCPA), methylchlorophenoxypropionic acid (MCPP), and dicamba)
(Fig. 9). Among them, ILs with 2,4-D anions had high biodegradability of
72–73%, while the others were 42–62% biodegradable. The susceptibility of the
anions in that study was in the order of 2,4-D >MCPA >MCPP > dicamba [285].

Moreover, the biodegradability of ILs has been checked in several environmental
media. Modelli et al. [287] tested the biodegradability, based on the measurement of
CO2 evolution, of [IM14][BF4], [IM14][N(CN)2], [IM11O2][BF4], and [IM11O2]
[N(CN)2] in soil, but the tested ILs showed no significant change in CO2 production.
Also, Deive et al. [288] exposed ILs to microbial strains in soil from a region in
Portugal to test the survival ability of bacteria and their ability to degrade the ILs.
They showed that the bacterial community, exposed for a long time to a high-salt and
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high-hydrocarbon environment, could survive in high concentrations of the tested
ILs; however, they could not readily degrade them [288]. Garbaczewska and Hupka
[289] estimated the biodegradability of [IM14][PF6], [IM14][BF4], [IM01][Lac],
[IM04][Lac], [IM0-12][Lac], and [IM01O-4][Lac] in surface water for 77–98 days.
The IL concentration was analyzed by HPLC. The results showed that the tested ILs
were slightly degraded as time passed, and only [IM0-12][Lac] was fully degraded
within 32 days. Sydow et al. [290] investigated the persistence of ammonium-based
ILs (didecyldimethylammonium 3-amino-1,2,4-triazolate and benzalkonium
3-amino-1,2,4-triazolate) and phosphonium-based ILs ([P666-14]Cl and [P666-14]
1,2,4-triazolate) in urban park soil microcosms in Poznan, Poland, for 300 days. The
biodegradability was assessed by measurement of CO2 evolution. The results
showed that [P666-14]Cl was 63% primarily degraded and 16% of it was mineral-
ized. In case of the other ILs, the CO2 evolution decreased below the control level.
This might have been due to low respiration of the microorganisms in the soil.

For more specific study, an axenic culture of a pure microorganism was applied in
a biodegradation study of ILs. In this research, several isolated microorganisms were
applied. Esquivel-Viveros et al. [291] tested [IM14][PF6], using Fusarium, and
showed that the species used 80% of this compound as a carbon source. Abrusci
et al. [292] isolated S. paucimobilis bacteria and incubated them in a batch with each
of 36 ILs. Of these, 20 ILs, which had previously been considered recalcitrant
compounds, were readily biodegraded. Zhang et al. [293] observed that Corynebac-
terium species could degrade [Py2] (also previously considered a recalcitrant com-
pound) via ring opening, while Pseudomonas fluorescens metabolized the same
cation (Fig. 10). However, the metabolite (i.e., the pyridinium core) was not further
degraded [94]. In 2014, Markiewicz et al. [294] isolated nine bacteria from activated
sludge and tested their ability to biodegrade [IM18]Cl. The results showed that a
single bacterium had low degradation ability of around 30%, while in the same
conditions, activated sludge achieved almost 60% degradation. To remove recalci-
trant cyano-based anions, Cupriavidus spp. were applied, but no enhancement of
biodegradability was observed. Deng et al. [295] applied Rhodococcus rhodochrous
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ATCC 29672 to 10 ILs, including pyridinium, pyrrolidinium, and ammonium,
which have relatively short chains. The results showed that nine of the ten ILs
were readily biodegradable. Moreover, metabolites were also identified. In 2016,
Thamke and Kodam [296] isolated a bacterium, Rhodococcus hoagie VRT1, and
applied it to the biodegradation of [IM14]Br, which was considered a poorly
degradable and toxic compound. The results showed that this pure bacterium
could rapidly achieve almost the level of ready degradation within 8 days.

4.4 Bioaccumulation of ILs

Bioaccumulation of a chemical is an important environmental property, which is
closely related to the octanol–water partitioning coefficient (log P). Crosthwaite
et al. [297] measured the log P value for [IM14][(CF3SO2)2N], which was extremely
similar to the values for polar organic compounds, and forecasted that the
bioaccumulation of this compound might be quite low. Similarly, Deng et al.
[298] stated that hydrophilic ILs with low lipophilicity, which can be designed by
oxygen functionalization (e.g., using ester and hydroxyl groups), may have low
bioaccumulation, leading to less toxicity. Low-lipophilicity ILs have low passive
diffusion across membranes; therefore, they have only a small possibility of being
stored in the fatted area in organisms [298]. Estimated and predicted log P values
have been provided in several reports [299–303]. In 2008, Cornmell et al. [304]
experimentally estimated the bioaccumulation of the ILs [P666-14][(CF3SO2)2N],
[P666-14]Cl, [N1888]Cl, and [N1888][(CF3SO2)2N] in Escherichia coli. The exper-
iment was performed by incubation of the species with ILs and analysis by Fourier
transform infrared (FTIR) spectroscopy. The results showed that among the tested
ILs, the most hydrophobic ([P666-14][(CF3SO2)2N]) specifically accumulated in the
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membranes of the cells. Nedzi et al. [305] experimentally measured the
bioaccumulation of [IM14]Cl in Chlorella vulgaris algae, used as a food provider
for Balanus improvises barnacles and Mytilus trossulus mussels. The measured
bioconcentration factor (BCF) in the algae was 6.5, which was around six times
the EC50 value. As the IL concentration in the water increased, the BCF in the
barnacles increased [305]. With coexistence of the IL-contaminated algae and
barnacles, the BCF in the barnacles increased by 80% [305]. The BCF in the mussels
was similar to that in the barnacles. Dolzonek et al. [306] experimentally measured
the membrane–water partitioning coefficients of ILs, using an artificial membrane
test kit. On the basis of the estimated values, the bioconcentration potential of the ILs
was predicted by the correlation between BCF values and the membrane–water
partitioning coefficients of neutral compounds [306]. In that study, it was revealed
that the bioconcentration potential of the ILs suggested by Dolzonek et al. [306] was
much higher than the values expected from the log P values. The predicted BCF
values of ILs may be relevant in terms of the “B” classification under the European
Union’s Registration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) regulation. Furthermore, the accumulation trend has been demonstrated
by imaging. Perez et al. [170] reported that AMMOENG 130 and its metabolites
accumulated in the nervous and respiratory systems of zebrafish, which was esti-
mated by a desorption electrospray ionization mass spectrometry imaging method.
Moreover, they reported that the ILs were capable of penetrating the blood–brain
barrier of the fish, and thus could accumulate in that part of the body.

5 Adsorption, Mobility, and Adsorptive Removal

Information on the extent of sorption by environmental media is important for
assessing the environmental mobility of ILs. Moreover, removal studies of ILs are
important and necessary for sustainable development because most IL structures are
not biodegradable or are hardly treatable. However, the extent of sorption of ILs by
environmental media has rarely been studied.

Gorman-Lewis and Fein [307] experimentally investigated the adsorption of
[IM14]Cl by Gram-positive soil bacteria (Bacillus subtilis) and minerals (gibbsite,
quartz, and Na-montmorillonite), and showed that the IL did not have the ability to
be adsorbed by natural media. Moreover, the authors implied that the mobility of ILs
may be unimpeded since they have low adsorptive interactions with geological and
biological surfaces [307]. Later, Stepnowski [308] evaluated adsorption of ILs by
soils (agricultural soil, clayey soil, and peaty soil from northern and northeastern
areas in Poland) and marine sediments from the southern Baltic Sea. The results
showed that as the hydrophobicity increased, the adsorption of ILs by the soils
decreased. The main mechanism of adsorption may be nonhydrophobic interaction
(e.g., polar and electrostatic interactions). Moreover, the adsorption of imidazolium-
based ILs by natural soils (i.e., clayey agricultural, fluvial meadow, forest, and
fluvial agricultural soils) was further estimated by Stepnowski et al. [309]. The
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results showed that the maximum uptake of the adsorbents was above the cationic
exchange capacity. It may be that adsorption involves the formation of a multilayer
when a compound with a long alkyl chain is involved [309]. After the IL occupies
the binding sites of the adsorbent surface by electrostatic interaction, further adsorp-
tion might occur by dispersive interaction. For more detailed understanding of the
mobility of ILs, Mrozik et al. [310] tested the ability of ILs to be adsorbed by soil
taken from a coastal region (Gdansk, Poland), using a column system, and confirmed
that the degree of lipophilicity of the ILs was related to the degree of their retention
in the soil column, while hydrophilic structures had weak adsorption. In 2012,
Mrozik et al. [311] investigated nine ILs in 11 types of soils. Here, it was reported
that structures with long alkyl chains were more adsorbed than hydrophilic struc-
tures. This indicates that short and hydrophilic structures may have more mobile
properties in soil and sediments. In 2015, Sydow et al. [290] estimated the percent-
ages of adsorption of ammonium-based ILs (didecyldimethylammonium 3-amino-
1,2,4-triazolate and benzalkonium 3-amino-1,2,4-triazolate) and phosphonium-
based ILs (trihexyl(tetradecyl)phosphonium chloride and trihexyl(tetradecyl)phos-
phonium 1,2,4-triazolate) by soils from an urban park in Poznan, Poland, and
showed that 44% and 64% of the ammonium-based ILs were adsorbed, respectively,
while only 13% and 29% of the phosphonium-based ILs were adsorbed, respec-
tively. The tested ILs may exist persistently in the urban park. Reinert et al. [312]
characterized the adsorptive interaction of imidazolium and pyridinium ILs with
Na-montmorillonite, and determined that the order of the adsorption capacity was
[Py4]Br > [Py8]Br ~ [IM12¼1]Cl ~ [IM14]Cl > [IM18]Cl. Previously, Greenland
and Quirk [313] studied the adsorptive interactions of 1-alkylpyridinium ILs with
Na-montmorillonite and Ca-montrillonite, and reported that the main adsorption
mechanisms were ionic and dispersion forces.

Enhancement of IL biodegradation in wastewater treatment plants using micro-
bial adaptation to ILs has been discussed. Markiewicz et al. [314] tested the
biodegradability of [IM18]Cl in activated sewage sludge on the basis of a
die-away test and found that the threshold for the biodegradation of the compound
was 0.2 mM. Moreover, through a 2-month adaptation of the sewage sludge, the
biodegradation rate and treatable IL concentration could be increased, while addi-
tional carbon and nitrogen sources diminished the biodegradation rate [315]. Simi-
larly, Alvarez et al. [316] and Gendaszewska and Liwarska-Bizukojc [317] observed
similar adaptation effects in the microorganism Pseudomonas stutzeri and activated
sludge, respectively. This adaptation process may lead to efficient biological treat-
ment of ILs; however, further studies are needed.

Since ILs are hazardous and poorly biodegradable, removal methods should be
developed. Therefore, several researchers have performed adsorptive removal stud-
ies using activated carbon, ion-exchange resin, biochar, biosorbents, etc. Anthony
et al. [318] performed a removal study of [IM14][PF6] using activated carbon, which
is a commercially available sorbent, and reported that activated carbon was prom-
ising but inefficient for IL recovery. Using the same sorbent, Palomar et al. [319]
found that activated carbon could be used for removal of hydrophilic ILs, and after
the sorption, the sorbent could be regenerated using acetone. In 2012, Farooq et al.
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[320] tested the capacities of several types of activated carbon, which were in
granular and fabric forms, for adsorption of [IM18]Cl, [IM14]Cl, and [Py8]Cl.
They reported that an increase in the number of oxygen-functionalized groups on
the activated carbon enhanced the electrostatic interaction, while the original carbon
was governed by dispersive interactions. In 2014, the same group [321] investigated
the effects of IL structure on IL adsorption by activated carbon. They reported that
the process was exothermic and the efficiency of activated carbon for IL removal
was strongly dependent on the alkyl chain length of the IL; as the chain length
increased, the adsorption by the adsorbent increased. Similarly, Lemus et al. [322]
studied modified activated carbons with a variety of functional groups and chemical
properties. The results showed that small numbers of polar functional groups on the
activated carbon led to high adsorption capacity for hydrophilic ILs. Later, the same
group estimated the removal efficacy of activated carbon for more ILs and reported
that activated carbon could be used for removal and recovery of ILs, although it had
a slower adsorption rate for ILs than phenol as a reference compound [323,
324]. With regard to carbon-based materials, hydrothermal carbonization of
bioinspired materials (e.g., biochar) was shown to be effective for removal of ILs
because it provided a large surface area with a high adsorption capacity, and was an
environmentally friendly process. In 2013, Qi et al. [325] produced functional
carbonaceous material based on carbonization of cellulose and applied it to adsorp-
tion of [IM14]Cl. The results showed that its adsorption capacity was similar to that
of commercially available activated carbon, and it could be regenerated at least three
times. In their next study they trebled the adsorption of the same IL [326] by
modifying the cellulose using a preirradiation process to induce emulsion grafting
of glycidyl methancylate and sulfonation. The modified cellulose microspheres
could highly adsorb 1-alkyl-3-methylimidazolium Cl, with maximum uptake of
1.08 mmol/g, and an equilibrium state was reached within 40 min [327]. The used
sorbent could be regenerated using 0.1 M HCl or NaCl [327]. In 2016, biochar of
bamboo origin was prepared and applied for removal of [IM14]Cl [328]. Its adsorp-
tion capacity was 0.625 mmol/g [328]. After the sorption, it could be regenerated
using 0.1 M HCl [104, 328]. Shi et al. [329] developed biochar based on straw and
wood, and successfully applied it to remove water-soluble imidazolium-based ILs
(e.g., [IM12][BF4]).

With regard to other possible adsorbents to remove ILs, ionic exchange resins can
be considered. Choi et al. [330] used 12 cationic exchange resins with different
functional groups (e.g., thiourea, sulfonic acid, carboxylic acid, amonophephonic
acid, and iminodiacetic acid) and reported that among the tested resins, a sulfonic
acid–based one had the highest adsorption capacity (578.2–616.2 mg/g) for the
cation of [IM12], which was not easily treatable in a wastewater treatment plant. A
similar possibility was suggested by Li et al. [331], who estimated the maximum
uptake of imidazolium-based ILs with different alkyl chain lengths and reported the
following trend in the adsorption: sulfonic acid > carboxylic acid >
nonfunctionalized IL. In a study similar to that performed by Choi et al. [330],
Won et al. [332] used five chemically modified bacterial biosorbents for removal of
[IM12]. Among them, succinated E. coli biomass had the highest uptake (72.6 mg/g)
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and a fast adsorption rate. Moreover, the researchers showed that the sorbent could
be easily regenerated using acetic acid.

6 Concluding Remarks and Suggestions for Selecting ILs
for Biotechnological Applications

Although ionic liquids (ILs) have negative impacts on the environment, as was
described earlier, they are still attractive solvents because they provide numerous
advantages in chemical and biological processes. Nevertheless, to apply ILs as
solvents for achieving greener processes, more work is needed. Fortunately, because
IL structures are tunable, their physicochemical properties and environmental prop-
erties can be designed. For selection of appropriate structures, it is mandatory to
understand the relationships between IL structures and several of their properties.
Therefore, it was decided to compile information on the properties of ILs as solvents
and solutes, and on the basis of these data sets, several researchers have developed
prediction models based on the concepts of the quantitative structure–activity
relationship (QSAR) or the quantitative structure–property relationship (QSPR).

From many previous studies, several physicochemical properties and environ-
mental properties of ILs have been added to databases and can be used for prediction
modeling. Thus, some properties can be calculated without the need to perform
experiments. However, many prediction models of the properties of ILs have not yet
been developed because the experimental data sets have not yet been compiled or
computational approaches have some limitations. Moreover, some prediction
models have been developed on the basis of insufficient data sets and a narrow
spectrum of IL structures, which may cause serious errors when making predictions
about external IL structures that were not involved in the modeling set. Therefore,
further validation and development of modeling studies must be performed.

On the basis of experimental, theoretical, and computational analyses of the toxic
properties of ILs, low-toxicity IL structures can be suggested, as shown in Scheme 1.
Moreover, to investigate the overall environmental impacts of ILs, their biodegra-
dation properties, which determine the persistency of chemicals, should be consid-
ered. From the experimental results, some readily biodegradable ILs can be
suggested. Firstly, cholinium-based ILs and protic-based ILs with short alkyl chains
are considered readily biodegradable cations. In the cases of pyridinium and
imidazolium, when they have longer alkyl chains of six and eight, they may be
primarily degradable. However, it has been reported that in general application of
activated sludge, the imidazolium core was not opened, though the pyridinium core
was opened. Therefore, pyridinium-based ILs can be considered less persistent
compounds than imidazolium. Biodegradation can also be considered by
functionalizing IL structures. In particular, ether, carboxyl, and hydroxyl
functionalization on the alkyl chain can enhance the process of breakdown of
original IL structures, as well as leading to low toxicity. Nevertheless, the advantage
of hydrophilic functionalization cannot be made available for all IL structures.
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To date, a wealth of information on the environmental fate of ILs has been
presented; there are still many tasks to be elucidated. These are summarized below:

• In comparison with the diversity of ILs, a broad spectrum of ILs has not been
investigated. Therefore, along with further experimental estimation, theoretical
analysis and prediction should be continued. In particular, the environmental fates
(e.g., motility) of ILs are still rarely studied.

• Applications of ILs with other materials have been increasing. However, the
synergistic and antagonistic toxic interactions between them should be investi-
gated further.

• For sustainable industrial applications of ILs, their environmental aspects, as well
as their functionalities, have to be considered. However, in general, not enough
simultaneous consideration of these two aspects has been done. For efficient
screening or design of IL structures, computational calculation is desirable, since
experimental determination is limited to the study of particular IL structures and

Scheme 1 Guideline for selection of low-toxicity ionic liquids
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is time and material consuming. Therefore, it is strongly recommended to develop
prediction models of both aspects to help achieve the final aims of obtaining
highly functionalized and environmentally friendly ILs. Prediction models should
be used for better understanding of functionalities and environmental properties
according to IL structures, and then greener and more functional ILs should be
selected.

• Although ILs can be considered green solvents, the experimentally determined
results make these chemicals seem less than green because most IL structures are
not readily biodegradable and are more toxic than traditional organic solvents.
However, ILs are still worth using in industrial fields because of their numerous
benefits. Therefore, along with environmental and chemical research on ILs,
economical, easily applicable, and efficient methods for removal of ILs must be
developed.
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