
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


ChemComm  

FEATURE ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

Active biopolymers in green non-conventional media: A 
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The greenness of chemical processes turns around two main axes: the selectivity of catalytic transformations, and the 

separation of pure products. The transfer of the exquisite catalytic efficiency shown by enzymes in nature to chemical 

processes is an important challenge. By using appropriate reaction systems, the combination of biopolymers with 

supercritical carbon dioxide (scCO2) and ionic liquids (ILs) resulted in synergetic and outstanding platforms for developing 

(multi)catalytic green chemical processes, even under flow conditions. The stabilization of biocatalysts, together with the 

design of straightforward approaches for separation of pure products including the full recovery and reuse of enzymes/ILs 

systems, are essential elements for developing clean chemical processes. By understanding structure-function 

relationships of biopolymers in ILs, as well as for ILs themselves (e.g. sponge-like ionic liquids, SLILs; supported ionic 

liquids-like phases, SILLPs, etc.), several integral green chemical processes of (bio)catalytic transformation and pure 

product separation are pointed out (e.g. the biocatalytic production of biodiesel in SLILs, etc.). Other developments based 

in DNA/ILs systems, as pathfinder works for further technological applications in the near future, are also considered. 

1. Biopolymers for sustainable chemical 

processing 

The sustainability of chemical processes begins with catalysis, 

because the selectivity in chemical transformations is directly 

related with several of the principles of green chemistry, i.e. 

prevention, atomic economy, less hazardous synthesis, 

reduction of derivatives, etc.
1
 The inherent formation of 

wastes/contaminants and undesired by-products in classical 

synthetic processes, which are based on the use of 

stoichiometric amounts of reagents, can be minimized by using 

catalytic steps.
2
 The development of efficient catalytic 

processes leads to significant savings in production costs for 

industry, as well as in environmental impacts. Other greener 

aspects to be taken into account for developing clean chemical 

processes also include the use of bio-renewable raw materials
3
 

in benign reaction media,
4
 even under flow conditions,

5
 as well 

as alternative reaction activation methodologies, e.g. 

microwave and ultrasonic irradiations, etc., for improving 

catalytic efficiency over conventional energy sources.
6
 All 

these key concepts may be integrated for developing selective 

processes of transformation and separation, able to directly 

provide pure products, including the reuse of all the elements 

of the reaction system, e.g. catalysts, solvents, etc.  

Nature has always been a source of inspiration for chemists. 

Catalytic transformations in living systems are carried out by 

biopolymers (i.e. enzymes and RNAs), being the most sustainable 

catalysts for chemical processes, because they are biocompatible, 

biodegradable, and are derived from renewable resources. The 

pioneering work of Edward Buchner, Nobel Prize in Chemistry 1907, 

demonstrated the ability of an extract of died yeasts for carrying 

out the alcoholic fermentation, a ten-step biocatalytic path for 

transforming glucose to ethanol.
7
 This discovery was determinant 

not only to bury the theory of vitalism, but also to highlight the 

suitability of zymases (enzymes) for developing multi-catalytic 

processes of industrial interest. Enzymes, usually named 

biocatalysts, clearly constitute a powerful green catalytic toolbox 

for chemical processes. A great variety of enzyme-catalyzed 

reactions have been successfully demonstrated at laboratory scale, 

offering clear advantages for the synthesis of enantiopure fine 

chemicals against any other kind of catalysts.
8
 Developments in 

genomics, directed evolution and our exploitation of the natural 

biodiversity have led to improvements in the activity, stability and 

specificity of enzymes, accompanied by a huge increase in the 

number and variety of their industrial applications.
9
 Furthermore, 

the technological applications of enzymes are greatly enhanced in 

non-aqueous environments, rather than in their natural aqueous 

reaction media, because of the catalytic promiscuity that results in 

the expansion of the repertoire of biotransformations.
10

 Among the 

most used enzymes, lipases have gained a clear predominance, 

exhibiting a wide specificity to recognize very different substrates, 

and catalyzing different reactions used in pharmaceuticals and 

drugs synthesis,
11

 biofuels,
12

 food and cosmetic additives,
13

 etc. 
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Fig. 1. Key axes for developing green synthetic processes based on 

biocatalysis and ionic liquids (e.g. SLILs: sponge-like ionic liquids; 
SILLPS: supported ionic liquid-like phases). 

The appropriate selection of non-aqueous reaction media is key 

for the success of biocatalytic processes, although switching from 

water to non-aqueous solvents is not always a simple answer 

because of enzyme deactivation.
10

 In this respect, ionic liquids 

(ILs)
14

 and supercritical carbon dioxide (scCO2)
15

 are the non-

aqueous green solvents that have received most interest to design 

sustainable approaches of (bio)catalytic transformations and 

product separation, even under flow operation.
5
 

The aim of this perspective article is to understand the 

structure-function relationships of biocatalysts in ILs, or ILs/scCO2 

biphasic systems for developing new platforms of chemical 

synthesis. The structural organisation, solvent properties and phase 

behaviour of ILs, as well as the interactions established with 

enzymes for the maintenance of their catalytic functions are key 

concepts to be considered for developing clean chemical processes 

(see Fig. 1). Different examples concerning the excellent suitability 

of some tailor-made ILs, e.g. sponge-like ionic liquids (SLILs), 

supported ionic liquid-like phase (SILLPs), etc., for carrying out 

integrated (bio)catalytic transformation and downstream processes 

are highlighted. The synergic combination of both the biological 

systems and green solvents in appropriate reactors (e.g. membrane 

reactors, continuous ILs/scCO2 biphasic reactors, etc.), might be 

considered as an efficient toolbox for pushing up clean chemical 

processes of industrial interest, being able to provide directly pure 

products, and to allow an easy recovery of the IL/biocatalysts 

systems for further reuse. Developments based in nucleic acids/ILs 

systems, as pathfinder works for further technological applications 

in the near future, are also discussed.  

2. Understanding enzyme function in ionic liquids. 

All enzymes are proteins, polymeric macromolecules based on a 

unique sequence of amino acid units, which show a high level of 3-D 

structural organization, also named conformation. The maintenance 

of the native conformation is dynamically carried out by a high 

number of weak intramolecular interactions (e.g. hydrogen bonds, 

van der Walls, etc.), as well as interactions with other molecules, 

mainly water as natural solvent for life.
16 

Indeed, enzymes are 

designed by cells to function in aqueous media within a narrow 

range of environmental conditions (e.g. temperature, pH, etc.), 

which in fact represent the limits of life. Outside these conditions, 

enzymes usually become inactive because of a loss in native 

conformation through unfolding. Furthermore, the tremendous 

potential of enzymes as practical catalysts for chemistry, 

determined by their high level of activity and selectivity (stereo-, 

chemo- and regioselectivity), is also fully dependent on the 

maintenance of its native conformation. Enzymes typically fold in 

such a way that non-polar residues are buried in a hydrophobic 

core, while polar residues tend to move to the surface, where they 

are hydrated. In all non-conventional media, water is a key 

component for maintaining the active conformation of enzymes. 

Dry proteins are completely inactive and a few clusters of water 

molecules are required for the catalytic function. Thus, the internal 

structures at the active site of proteins are constantly shaped by 

strong interactions with the hydration shell and bulk water 

motions.
17

 In this context, hydrophilic solvents strip the essential 

water molecules interacting with enzymes, resulting in fast 

biocatalyst deactivation.
18

 On the contrary, water-immiscible 

solvents typically afford higher enzymatic activity than hydrophilic 

ones, being assumed that a hydrated enzyme placed in a dry 

hydrophobic system is trapped in the native state, being able to 

maintain its catalytic activity.
10

  

Ionic liquids are exceptional non-aqueous reaction media 

for carrying out both chemocatalytic
19

 and biocatalytic 

processes.
14,20

 They are liquids at temperatures lower than 

100ºC, which are composed entirely by ions, and their use has 

led to a green chemical revolution because of their unique 

array of physical-chemical properties (i.e. low vapour pressure, 

non-flammable nature, high ionic conductivity, good 

dissolution power towards many substrates, high thermal and 

chemical stabilities etc.).
21

 Typical ILs used in biocatalytic 

processes are based on organic cations, e.g. 

dialkylimidazolium, tetraalkylammonium, etc., paired with 

anions that have a strongly delocalized charge (e.g. [PF6], 

bistriflimide, etc.). In contrast to conventional organic solvents, 

the green label of ILs is headed by its non-volatile character, 

which permits their full recovery for further reuse. By the 

appropriate choice of cation and anion, the polarity and 

hydrophilicity/hydrophobicity of ILs can be tuned, modifying 

its miscibility with molecular solvents (i.e. water, organic 

solvents, etc.), which has been applied for developing useful 

approaches of products recovery from the reaction mixture. 

Ionic liquids, even those non-miscible with water, are polar 

and hygroscopic solvents that can absorb a few percent of 

water.
22

 As a representative example, the 1-butyl-3-

methylimidazolium bistriflimide ([Bmim][NTf2]) is a water-

immiscible IL able to dissolve water molecules up to 1.4% 

(w/v),
23

 which is an interesting property to understand its 

excellent suitability for biocatalysis. The presence of essential 

water molecules in ILs is key for the maintenance of native 

protein conformations in biocatalytic applications.  

Although research on enzyme-catalyzed reactions in ILs only began 

in 2000,
24

 the use of such neoteric solvents in biotransformations has 

increased exponentially to more than 3,000 published papers until 

today.
25

 Researchers have first focused on the suitability of ILs as 

reaction media for biocatalysis, then on the understanding the 
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exceptional behaviour of biocatalysts in some kinds of ILs, and finally 

on the development of integrated green processes for 

biotransformation and product separation.
4,5,14,20,26

  

For the case of water-miscible ILs, the biocatalytic activity is highly 

dependent on the nature and concentration of ions, because of the 

ability of these ILs to deactivate enzymes by water stripping. As an 

example, the alcalase-catalysed enantioselective resolution of N-acetyl 

amino acids was improved greatly by using 10% v/v of N-

ethylpyridinium trifluoro acetate ([EPy][TFA]), but drastically fall at 

higher IL concentration.
27a

 In another example, the best activities for 

the laccase-catalysed oxidation of catechol in [Bmim][Br] and 

[Bmim][N(CN)2] were observed at concentrations between 10-20% 

and 50-60% (v/v) in water, respectively, while the activity was 

decreased at higher and lower concentrations.
27b

 A similar behaviour 

of activity decay was observed for other enzymes (e.g. 

chloroperoxidase, formate dehydrogenase, β-galactosidase, etc.), 

being also attributed to the water stripping produced by water-

miscible ILs.
14

  

On the other side, all the assayed water immiscible ILs (e.g. 

[Bmim][NTf2], [Bmim][PF6], [Btma][NTf2], etc.) have been 

shown as suitable reaction media for biotransformations, 

appearing as viable alternatives to molecular organic solvents 

for organic synthesis.
4,5,12,14,20,26

 At low water content, these 

ILs provide an appropriate microenvironment to enzymes 

because of the preservation of the essential hydration shell, 

resulting in an enhancement in activity and stability.
28,29

 Thus, 

for example, studies on the secondary structures of different 

proteins (i.e. monellin,
29a

 α-chymotrypsin
29b

 and CALB
29c

) in 

several water-immiscible ILs (e.g. [Bmim][NTf2], [Btma][NTf2], 

[Bmpy][NTf2], etc.), carried out by both circular dichroism and 

fluorescence spectroscopies, allowed to correlate the 

stabilization phenomena of ILs with the preservation of the 

native structure of the enzymes, which displayed flexible and 

active conformations. Water-immiscible ILs form a strong ionic 

matrix which retains enzyme molecules in an adequate 

microenvironment, resulting in a supramolecular net able to 

keep the protein conformation active because of the 

preservation of its essential water shell. In this context, ILs were 

also used as coating agents for enzymes stabilization in non-

aqueous environment resulting in biocatalysts derivatives with 

improved performance in activity, stability and 

enantioselectivity.
30

 As an example, the IL [1-(3’-phenylpropyl)-

3-methylimidazolium)][PF6], which is solid at room 

temperature and becomes liquid above 53 °C, was used to 

coat free P. cepacia lipase in the liquid phase. Afterwards, the 

mixture was cooled and then, by cutting the solid mixture into 

small pieces, a useful immobilized enzyme derivative was 

obtained with markedly enhanced enantioselectivity and 

without losing any significant activity towards reuse.
31

 In 

another example, it was observed how the activity and 

stability of cellulase against 1-butyl-3-methylimidazolium 

chloride ([Bmim][Cl]), a water-miscible IL that produces fast 

enzyme deactivation,
32

 can be greatly enhanced by coating the 

immobilized enzyme particles with hydrophobic/water-

immiscible ILs (e.g. [Bmim][NTf2], etc.).
33

 By this approach, 

cellulase was able to catalyse saccharification of cellulose 

solutions in ([Bmim][Cl] at 50ºC  (see Fig. 2). In the same 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Saccharification of cellulose dissolved in [Bmim][Cl] catalyzed by 

immobilized cellulase coated with a hydrophobic IL, e.g. [Bmim][NTf2]. 
Reproduced from Ref. 33 with permission from the Royal Society of 

Chemistry.  

context, it was also reported how ILs composed of 

hydrophobic but hydrated ions (i.e. more than seven water 

molecules per ion pair) were successfully applied to the 

separation of active water-soluble proteins by dynamic phase 

change of these ILs.
34

  

All these phenomena have been attributed to the unique structural 

characteristic of ionic liquids.
4a,14,20

 Dupont has described the 

structural organization of imidazolium ILs in solid and liquid phases,
 35

  

where these ILs form an extended network of cations and anions 

connected together by hydrogen bonds (see Fig 3A). The monomeric 

unit is always constituted by one imidazolium cation surrounded by at 

least three anions and, in turn, each anion is surrounded by at least 

three imidazolium cations, where the strongest hydrogen bond always 

involves the most acidic H, placed at C-2 position of the imidazolium 

ring. The supramolecular net is also maintained by the typical π/π 

stacking interactions between heterocyclic rings. Thus, the 

incorporation of other molecules into the IL network induces changes 

in the structural organisation, and in some cases (e.g. water) may 

cause the formation of polar and nonpolar regions. Wet ILs are shown 

as nano-structured materials, which allow neutral molecules to reside 

in less polar regions, and ionic or polar species to undergo faster 

diffusion in the more polar or water rich regions.
35a

 Accordingly, 

enzymes in water immiscible ILs should also be considered as included 

into hydrophilic gaps of the network, where the observed stabilization 

of enzymes may be attributed to the maintenance of this strong net 

around the protein (see Figure 3B). Furthermore, considering a 

classical enzyme process that occurs in water, by increasing 

temperature,
36

 the protein unfolding could also be attributed to the 

disruption of the structural organisation of the medium, as a 

consequence of the increase in the kinetic energy of water molecules 

when heated.
37

 The extremely ordered supramolecular structure of ILs 

in liquid phase may be able to act as a “mould”,
38

 maintaining an 

active three-dimensional structure of the enzyme in aqueous nano-

environments, and avoiding the classical thermal unfolding.
4,28,39
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Fig. 3. A. Model of the supramolecular structure of imidazolium ILs net 

based on hydrogen bonding interactions.
35

 B. Active enzyme with 

native folded conformation into a wet gap of water-immiscible IL 
network.

20,28  

Furthermore, an additional new concept should be discussed. 

Classically, immobilized enzymes obtained by chemical or physical 

attachment onto solid supports have been considered advantageous 

over free enzyme molecules, because they facilitate the recovery and 

reuse of the biocatalyst, allowing continuous processes to be 

designed.
40

 However, in the case of water-immiscible ILs, free enzyme 

molecules suspended in these media behave as anchored or 

immobilized biocatalysts, because they cannot be separated by liquid-

liquid extraction (i.e. with buffer or aqueous solutions). Thus, these 

water-immiscible ILs should be regarded as being a liquid 

immobilization supports, rather than just a reaction medium.
20,28a

 To 

eliminate protein molecules from ILs, it is necessary to filter the 

enzyme-IL solution through ultrafiltration membranes with a cut-off 

lower than the molecular weight of the enzyme.
41

 

3. Clean biocatalytic processes in Ionic Liquids. 

To build a green chemical industry it is necessary to 

develop integrated processes of selective transformation and 

separation capable of directly providing pure products, 

including the reuse of all the elements of the reaction system, 

e.g. catalysts, solvents, etc. The excellent suitability of ILs as 

non-aqueous reaction media for enzyme catalysis has been 

widely described, being observed significant improvements in 

activity and selectivity with respect to those observed in  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. A. Enzyme-catalyzed reactions in IL medium including product 

recovery by liquid-liquid extraction with an organic solvent and 

recycling of the enzyme/IL system. B. Immobilized lipase-catalyzed 
isoamyl acetate synthesis in [Bmim][PF6] using a stirred tank reactor 

coupled to pervaporation units for products separation.
45a 

organic solvents. The most popular experimental approach 

consists on the direct addition of biocatalysts to the IL medium 

containing substrates, and then products are recovered by 

liquid-liquid extraction with volatile organic solvents, while the 

IL/biocatalysts system is reused (see Fig. 4A).
14,24,28,41,42

 Using 

this approach, the overall greenness of the process fails 

greatly, as they often require the consumption of large 

amounts of environmentally non-benign solvents, being 

necessary to find alternative strategies for product recovery 

based on sustainable tools (e.g. membrane technology, etc.). 

Solute extraction from ILs by membrane technology is one of the 

most promising sustainable approaches for developing clean 

biocatalytic processes. The pioneering work of Afonso et al 
43

 

demonstrate the excellent suitability of pervaporation techniques for 

the quantitative and selective recovery of volatile compounds (e.g. 

ethyl hexanoate, etc.) from ILs (e.g. [Bmim][PF6], etc). The separation 

principle of pervaporation is based on the preferential partitioning of a 

solute from a liquid feed phase into a dense, non-porous membrane 

through which it diffuses according to its chemical potential gradient 

pushed by vacuum.
44

 This approach has been applied for the 

enzymatic synthesis of flavour esters (e.g. ethyl acetate, isoamyl 

acetate) by esterification in ILs as reaction media.
45

 This is illustrated 
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Fig. 5. Schematic diagram of enantioselective transport of (S)-

ibuprofen through a lipase-facilitated supported liquid membrane 
(SLM) based on ionic liquids (C. rugosa lipase, CRL; porcine pancreas 
lipase, PPL).

47a
 

in Fig. 4B for the immobilized CALB-catalyzed esterification of acetic 

acid and isoamyl alcohol in a stirred-tank reactor containing 

[Bmim][PF6] as reaction medium. By coupling two pervaporation 

membrane units in the reactor system, using hydrophobic and 

hydrophilic membranes, respectively, it was possible to remove 

both the isoamyl acetate (100% conversion yield) and water 

products in a continuous operation for 72 hours, and without any 

loss in the enzyme activity.
45 

In the same context, ILs were also used 

to prepare supported liquid membranes (SLM) for the selective 

transport of organic molecules with representative organic functional 

groups (e.g. hexylamine, methylmorpholine, etc.). The appropriate 

combination of selected ILs and supporting material was crucial for 

achieving good selectivity in separations.
46

 The combination of this 

approach with biocatalysis was shown to be a useful tool for the clean 

separation of organic acids (e.g. 4-phenoxybutyric acid, 3-

phenoxypropionic acid, etc.), and racemic mixtures of organic 

compounds (e.g. rac-ibuprofen).
47

 By using water immiscible ILs (e.g. 

[Bmim][NTf2]) in a SLM, the system permits the selective separation 

of a target molecule by exploiting the solubility differences between 

SLM and feed/receiving liquid phases, as it was smartly 

demonstrated for the kinetic resolution of rac-ibuprofen (see Fig. 

5).
47a

 For this example, the membrane reactor was operated by 

coupling two lipase reactions (esterification and hydrolysis, 

respectively) placed at each one of the side of the membrane. The 

IL-based SLM permits the selective transport of the synthesized S-

ibuprofen ester from the feed phase to the receiving aqueous 

phase, where the ester product was then hydrolysed by another 

lipase. By this approach, a clean resolution of the racemic mixture 

was carried out by using the enzyme-facilitative SLM system. 

A further step towards the development of clean 

approaches for pure product recovery from ILs phases has 

been reported recently, because of the discovery of its sponge-

like behaviour (i.e. sponge-like ionic liquids, SLILs).
20,48

 This 

terms refers to water-immiscible ILs with long alkyl side-chains 

in the cations (e.g. octadecyltrimethylammonium bistriflimide 

[C18tma][NTf2],
49

 1-ocadecyl-3-methylimidazolium bistriflimide 

([C18mim][NTf2],
50

 etc., that behave as temperature switchable 

ionic liquid/solid phases. It was described how these ILs are 

able to dissolve liquid hydrophobic compounds (e.g. triolein, 

geraniol, nerol, citronellol, etc.), forming monophasic liquid 

systems upon heating above their melting points (see Fig. 6A). 

Then, these fully clear liquid solutions, containing both the 

compound and the IL, became monophasic solid systems after  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Phase behaviour of 50/50 (w/w) neryl acetate/[C16tma][NTf2] 

mixture at 50ºC (A), 25 ºC (B), and after four consecutive 
centrifugation steps at 14,000 rpm (15 mim) at room temperature, 21, 
10 and 4ºC (C), respectively. (D) Phase behaviour of 30/70 (w/w) anisyl 

acetate acetate/[C16tma][NTf2] mixture after centrifugation at 16,000 

rpm (15 mim) through a nylon filter (0.2µm pore size). Reproduced 

from Ref. 20 with permission from the Royal Society of Chemistry (E) 

Hypothesis of the structural organization of the solid [C16tma][NTf2] 
net (green) with hydrophobic holes (yellow) containing liquid geranyl 
acetate Reproduced from Ref. 50a with permission from the Royal 

Society of Chemistry. 

cooling down to room temperature (see Fig. 6B). Furthermore, 

these solid phases can be separated into two phases by simple 

centrifugation at a temperature lower than room (see Fig. 6C). 

The upper liquid phase was an IL-free flavour ester, as 

determined by 
19

F NMR studies,
49b

 and the bottom solid was 

the solid IL. The separation can be improved even further by 

introducing the solid mixture, formed by the hydrophobic 

compound and the IL into a nylon centrifugal filter (0.2 µm 

pore size). Then, the application of an external force at low 

temperature (e.g. 10 min centrifugation, 16,000 rpm, 0ºC) led 

to the retention of the solid IL phase above the nylon 

membrane, while the liquid flavour was filtered through the 

membrane to the bottom of the tube (see Fig. 6D), as though 

wringing out a sponge.
50b 

This unique feature was explained as 

a function of a sponge-like behaviour of these temperature 

switchable ionic liquid/solid phases, where flavour esters were 

considered as being included rather than dissolved in the 

liquid/solid IL phases. The decrease in free volume of the ionic 

net produced by cooling allowed compaction of the IL solid 

phase by centrifugation, and the consequent release of flavour 

molecules outside the net. Thus, the IL net could be 

considered as a nano-sponge with holes of variable volume, 

which are suitable for housing or releasing hydrophobic 

molecules as a function of their liquid or solid phase, 

respectively (see Fig. 6E). 
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Fig. 7. Cyclic protocol for the clean biocatalytic production of pure 

biodiesel in sponge-like IL (SLIL), including the full recovery and reuse 
of the enzyme/SLIL system.

48
 

As an illustration of this strategy, the enzymatic production of 

biodiesel in sponge-like ILs is a good example of clean biocatalytic 

process.
48

 Biodiesel is usually synthesized by transesterification of 

triacylglycerides with methanol, yielding fatty acid methyl esters, 

and glycerol as by-product by using either chemical (e.g. KOH) or 

biological (e.g. lipases) catalysts. However, the non-miscibility 

between both vegetable oil and methanol substrates is a key 

feature for reducing the efficiency of the catalysts in biodiesel 

synthesis and, for the case of biocatalysis; this also causes full and 

fast enzyme deactivation as a result of the direct interaction 

between the catalytic protein and the methanol phase. In this 

context, it was reported how ILs based on cations with long alkyl 

side-chains (e.g. [C18mim][NTf2], [C18tma][NTf2], etc.) were able to 

dissolve both triolein and methanol at any concentration, providing 

one-phase reaction media that showed excellent suitability for the 

biocatalytic synthesis of biodiesel, i.e. up to 96% yield in 6 h at 60ºC. 

Furthermore, the excellent suitability of the enzyme/IL system for 

biodiesel synthesis was also demonstrated by the total preservation 

of the catalytic activity for subsequent reuse.
48,51

 Furthermore, an 

straightforward and clean cyclic protocol was proposed for the 

extraction of both the synthesized biodiesel and the by-product 

glycerol from the reaction mixture as a result of the sponge-like 

behaviour of these hydrophobic ILs (see Fig. 7). Thus, an initial 

washing-by-water step on the reaction media as a liquid phase 

before cooling to room temperature was carried out. The resulting 

semisolid heterogeneous mixture was then separated by following 

an iterative cooling/centrifugation protocol, which resulted in three 

phases: an upper IL-free biodiesel phase, a middle IL-free liquid 

aqueous phase containing the glycerol, and a bottom solid 

containing the SLIL. The presence of water, a green molecular 

solvent (non-miscible with the biodiesel and the SLIL), improved the 

separation of all phases, providing an easy and sustainable way to 

separate both glycerol and non-reacted methanol from the 

biodiesel. The suitability of the proposed clean approach for 

biodiesel synthesis was demonstrated by the full recovery and 

reuse of the SLIL/biocatalyst system. This opens up a new road in 

green chemistry for separating products from reaction media based 

on ILs. 

4. Clean biocatalytic processes in supercritical 

fluids. 

Supercritical fluids (SCFs) are another environmental friendly 

alternative to organic solvents as media for developing clean 

biocatalytic processes. A SCF is defined as a state of matter at a 

pressure and temperature higher than its critical point, but below 

the pressure required to condense it into a solid. These fluids are 

characterized by gas-like viscosities, and solvating properties in a 

wide range covering those of several organic solvents. Tuning 

physical properties of these solvents simply by adjusting the 

pressure and temperature is unique to supercritical systems, which 

show exceptional abilities for extraction, reaction, fractionation and 

analysis processes. 
52

  

As regards biocatalysis, it is well known that proteins are 

insoluble in all SCFs, which permits them to be easily recovered and 

reused, while the mass-transport rates of reactants to the active 

site of enzymes are enhanced in these solvents. Furthermore, 

products can be easily freed from solvent traces, because SCFs are 

removed by simple depressurisation.
53

 If the appropriated pressure 

and temperature conditions are selected, enzymes are catalytically 

active in SCFs.
54

 This fact involves that SCFs with low critical 

temperature are required, as proteins tend to denature at high 

temperature. Although CO2, ethane, propane, butane, SF6, CHF3, are 

typical fluids suitable for biocatalysis under supercritical conditions, 

the supercritical carbon dioxide (scCO2; Pc = 73.8 bar; Tc = 31.0ºC) 

remains the most popular SCFs for biocatalysis by far because it is 

chemically inert, non-toxic, non-flammable, cheap and readily 

available.
55

 Although scCO2 is considered as a hydrophobic solvent 

(e.g. 0.31% w/w water content at 344.8 bar and 50ºC), the 

capability of scCO2 to strip the essential water molecules from the 

enzyme microenvironment was suggested as being responsible for 

the observed low activity and fast deactivation.
53,56

 Furthermore, its 

chemically inert character could be in doubt regarding its 

interaction with proteins, because CO2 forms carbamates with ε-

amine groups of lysine residues placed on the enzyme surface, and 

decreases the pH of the aqueous layer around the enzyme. Both 

phenomena have been directly related with the usual enzyme 

deactivation observed in scCO2.
54,57 

Enzyme stabilization 

approaches based on the enzyme immobilisation onto a support 

have become an essential tool for developing biocatalytic processes 

in SCFs. As an example, the covalent attachment of enzymes onto 

inorganic materials (e.g. alumina ceramic membranes, etc.), 

previously coated with hydrophilic polymers (e.g. 

polyethyleneimine, etc.), was then applied in a cross-flow filtration 

unit for producing flavour esters (e.g. butyl butyrate, etc.) under 

scCO2 conditions, resulting in an enhancement in the activity and 

the operational stability of the biocatalyst.
58

 

Although biocatalytic processes in SCFs can be performed in 

high pressure batch vessels, continuous flow processes are more  
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Fig. 8. A. Continuous flow packed-bed reactor for the biocatalytic 

synthesis of octyl oleate,
61

 R-1-phenhylethyl acetate
62a

 geranyl 
acetate

62b
 in scCO2. B. Continuous process for producing of ethyl 

oleate by combining the continuous biocatalytic reaction and 

supercritical fractionation with scCO2 recycling.
63

  

attractive because of a series of practical and technical advantages. 
5,52-55,59,60

 Biocatalytic flow processes allow continuously reactor 

feed with substrates, facilitate mass transfer, an easy control of the 

experimental conditions (pressure, temperature, flow, etc.) and the 

product isolation and purification. As an example, the production of 

long-chain fatty acid esters (e.g. alkyl oleate) is of great interest for 

cosmetic, pharmaceutical and lubricant industry. Thus, the 

esterification between oleic acid and 1-octanol catalysed by R. 

miehei lipase (Lipozyme
RM

) immobilized on a macroporous anion 

exchange resin has been studied in batch and continuous packed-

bed reactor in scCO2, being able to reach up to 93% conversion 

under the optimised conditions, and the productivity was 

maintained for 50 days (see Fig. 8A).
61

 A similar reactor design was 

used for commercial immobilized C. antarctica lipase B (Novozym 

435)-catalyzed kinetic resolution of rac-1-phenylethanol (i.e. up to 

99% ee of product),
62a

 as well as for the esterification reaction of 

geraniol with acetic acid in scCO2 (up to 85% product yield)
62b

 under 

continuous operation. The design of such enzymatic reactor under 

supercritical conditions is a key feature, because mass-transfer 

limitations, environmental conditions (pressure and temperature) 

and product recovery can easily be controlled to improve the 

results. In another example, a recycling packed bed enzyme-reactor 

at pilot plant scale is designed for the Lipozyme
RM

-catalyzed ethyl 

oleate synthesis by esterification from oleic acid and ethanol in 

scCO2 (see Fig. 8B).
63

 The proposed system was coupled with a 

series of four high-pressure separator vessels, where a pressure 

cascade was produced by back-pressure valves, allowing continuous  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. A. Pd-catalyzed hydrogenation of acetophenone coupled with 

Cross-Linked Enzyme Aggregates (CLEAs)-catalyzed kinetic resolution 
(KR) of the resulting rac-1-phenylethanol in scCO2.

65
 B. Biocatalytic 

reduction of cyclohexanone in scCO2.
66 

 

recovery of the liquid product at the bottom of each separator, and 

recycling of untransformed substrates and CO2. 

Alternatively, packed bed reactors containing supported 

reagents, scavengers and (bio)catalysts can be easily set-up in flow 

sequential assembling under supercritical conditions, opening the 

way to produce multistage chemical reactions.
64

 This enables the 

design of cascade multiple-stage chemocatalytic and biocatalytic 

processes, and easily increases of the complexity and value of the 

synthesized products. In this regard, Poliakoff and co-workers 

reported a tandem palladium (Pd)-catalysed hydrogenation of 

acetophenone followed by a lipase-catalyzed kinetic resolution of 

the resulting rac-1-phenylethanol in scCO2 (see Fig. 9A).
65

 The use of 

cross-linked enzyme aggregates (CLEAs),
60

 a carrier-free 

immobilized enzyme derivative obtained from the cross-linking of 

enzyme molecules by bifunctional reagents, demonstrated to be a 

superior biocatalyst than the classical immobilized enzyme 

derivative (Novozym 435). This work clearly shows how performing 

reactions in series displays a considerable advantage over 

performing the reactions separately, in particular related to the 

absence of SCF depressurization between reactions. Therefore, the 

economic productivity of the overall process was increased when a 

metal-catalyzed reaction was combined with a selective biocatalytic 

reaction in a multiple-step synthesis in scCO2.  

The use of cells as biocatalysts in continuous flow processes 

involving scCO2 has also been reported. An example is the use of 

immobilized resting cells of G. candidum for the continuous 

reduction of cyclohexanone under supercritical conditions (see Fig. 

9B).
66

 The biocatalyst was recycled up to four times with only a 

slight loss in activity. Recycling was not possible using the 

corresponding batch system because biocatalysts did not tolerate 

both repeated depressurization at a very low temperature and 

separation of the product from the biocatalysts using organic 

solvents. This method was also applied for the asymmetric 

reduction of o-fluoroacetophenone, achieving excellent 

enantioselectivity (ee >99%) and a higher space-time yield than the 

corresponding batch process (0.24 µmol.min
-1

 vs. 0.13 µmol.min
-1

, 

at 35°C and 100 bar). 
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Fig. 10. Set-up of a reaction/separation system for continuous-flow 

combination of enzymatic kinetic resolution and enantiomer 
separation using an ionic liquid/scCO2 medium]. P, pressure control; T, 
temperature control; F, Flow control).

74
 

5. Integrated flow processes in neoteric solvents. 

The combination of both ILs and scCO2 neoteric solvents 

results in biphasic systems with several positive synergies, 

headed by the stabilization of biocatalysts, and it has opened 

up new opportunities for developing integral green processes 

in non-aqueous environments.
4a,5,20,67]

 The pioneering work of 

Brennecke’s group demonstrating that ILs (e.g. [Bmim][PF6]) 

and scCO2 form biphasic systems was crucial.
68

 Thus, the high 

solubility of scCO2 in the IL phase, being able to extract 

previously dissolved hydrophobic compounds (e.g. 

naphthalene), was a useful opportunity to separate scCO2-

soluble products from reaction media based on ILs.
69

 This 

discovery was key for further developments in multiphase 

green catalytic processes involving both chemical 

transformation and product extraction steps. Catalysis in 

multiphase operation offers promising opportunities for 

developing continuous chemical processes (e.g. the catalyst 

operates in one phase and the product is continuously 

delivered and extracted in the second phase).
4a,5,55,70

 

Biocatalysis in IL/scCO2 biphasic systems was originally 

described in 2002, as the first operational approach for 

developing fully green chemical processes in non-aqueous 

environments.
71

 By this approach, the scCO2 flow transports 

the substrate(s) to the IL phase containing the biocatalyst, and 

extracts the product(s) from the IL phase afterwards. 

Subsequently, the product(s) are obtained IL-free from the 

reactor by simple decompression, whereas CO2 can be 

recycled by re-compression. Additionally, if the reaction 

product does not require any further purification, the 

approach enhances the economic benefit of the process, 

because the system runs as a black-box able to transform pure 

substrates into pure products without waste generation. 

Biotransformations occur into an IL phase (catalytic phase), 

while substrates and products remain largely in the SCF phase 

(extractive phase). It should be noted that an appropriate 

knowledge of the phase behaviour of the IL/scCO2 systems is 

essential for developing any process, because it determines 

the contact conditions between scCO2 and solutes. This 

includes the partitioning behaviour of organic compounds 

between both neoteric solvents, as well as the conditions for 

reducing the viscosity of the IL phase, thus enhancing the 

mass-transfer rate of any catalytic system.
67

 

This green biocatalytic approach was firstly tested for two 

different reactions catalysed by CALB: aliphatic esters 

synthesis by transesterification between 1-alkanols and vinyl 

esters (e.g. butyl butyrate from vinyl butyrate and 1-butanol), 

and the kinetic resolution of rac-1-phenylethanol in a wide 

range of conditions (100-150 bar and 40-100ºC).
71a

 Under 

these conditions, the enzyme showed an exceptional level of 

activity, enantioselectivity (ee> 99.9) and operational stability 

(e.g. the enzyme only lost 15% activity after 11 cycles of 4 h). 

Thus, excellent results can also be obtained for 

biotransformations in scCO2 using the enzyme coated with ILs 

even under extreme conditions, i.e. 100 bar and 150ºC.
72

 By 

the appropriate selection of the IL with respect to the polarity 

features of substrates and products, clear improvements of 

productivity can be obtained because of the better mass-

transfer phenomena between IL and scCO2 phases.
73

 

A further step towards green biocatalysis in IL/scCO2 

biphasic systems was the appropriate selection of the acyl 

donor in the CALB-catalysed kinetic resolution (KR) of rac-1-

phenylethanol, because the selective separation of the 

synthetic product can be included as an integrated step in the 

full process. By increasing the alkyl chain length of the acyl 

donor (i.e. vinyl laurate), the stereoselective synthetic product 

(R-1-phenylethyl laurate) can be selectively separated from the 

non-reacted S-1-phenylethanol with scCO2 into two different 

cryo-traps (see Fig. 10). This process takes advantage of the 

fact that the solubility of a compound in scCO2 depends on 

both its polarity and its vapour pressure. Thus, if the alkyl 

chain of an ester product is long enough, its low volatility 

should mean that it is less soluble in scCO2 than the 

corresponding alcohol. Using this experimental approach, the 

introduction of two additional separation chambers connected 

with cryo-traps, and the selection of an appropriate pressure 

and temperature, resulted in the selective separation of the 

synthetic product and the unreacted alcohol from the reaction 

mixture (66% yield, ee>99.9%).
74

 

Integrated multicatalytic processes, whereby one initial 

substrate is catalytically transformed into one final product by 

two or more consecutive catalytic steps in the same reaction 

system, is of great interest for developing future chemical 

industry.
5,64

 The dynamic kinetic resolution (DKR) of sec-

alcohols can be taken as an example to illustrate a clean  
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Fig. 11. Continuous flow reactor based on CALB immobilised on 

covalently supported ionic liquid-like phases (SILLPs) for the synthesis 
of biodiesel in scCO2.

84
  

multicatalytic approach in IL/scCO2 biphasic systems. A DKR 

process is based on the combination of an enzymatic kinetic 

resolution (KR) reaction with an in situ chemical racemisation 

of the undesired enantiomer, which theoretically should 

permit to reach up to 100% of one enantiomeric pure product. 

This approach was successfully demonstrated by combining an 

immobilized CALB with a faujasite-type zeolite (CBV400) into a 

packed bed reactor under scCO2 at 50ºC and 100 bar. By 

coating both chemical and enzymatic catalysts with 

[Btma][NTf2], a nearly pure enantiomeric product (98% yield, 

96% ee) was directly obtained at the outlet of the reactor for  

14 days of continuous operation and without any loss in 

enzyme activity.
75

 This work clearly shows the exciting 

potential of multi-catalytic (enzymatic or chemo-enzymatic) 

systems in ILs/scCO2 for synthesizing optically active 

pharmaceutical drugs by a sustainable approach.  

Another interesting example is the chemoenzymatic 

cascade oxidation in scCO2–water biphasic media for the 

enantioselective sulfoxidation of thioanisole
.76a

 In this system, 

Pd(0) catalyses the formation of H2O2 from H2 and O2 in the 

supercritical phase; the peroxide is subsequently used  by the 

chloroperoxidase as an oxidant for the asymmetric 

sulfoxidation in the aqueous phase. In spite of the moderate 

reaction yields (14–60%), and the significant activity loss of the 

enzyme with time (up to 90% in 3 days at 40ºC and 130 bar), 

this work exemplifies the potential of compartmentalisation of 

the catalytic processes in multiphase systems. The alkene 

epoxidation of olefins with enzymatically generated peracids in 

hydrogen-bond-donating ILs (e.g. 1-(3-hydroxypropyl)-3-

methylimidazolium nitrate) is another example of a chemo 

enzymatic process carried out using a lipase-catalysed cascade 

and hydrogen peroxide as the terminal oxidant (i.e. up to 86% 

yield for 24 h reaction).
76b

 

A further step towards optimised IL/scCO2 biphasic systems 

arose from the development of the immobilization of the ILs 

species onto solid supports. The immobilisation facilitates the 

separation processes and avoids a possible accidental spill on 

the environment. Besides, it reduces the process cost, as a 

minimal amount of IL is employed in catalytic processes in 

those biphasic systems.
77

 The supported ionic species can be 

obtained either by adsorbing ILs onto solid supports 

(Supported Ionic Liquid Phases or SILPs),
4a,71-73

 or by covalently 

binding IL-like fragments on the surface of the solid support 

(Supported Ionic Liquid-like Phases or SILLPs).
5,78

 

The development of covalently Supported Ionic Liquid-Like 

Phase (SILLP) either by functionalization of PS-DVB surfaces 

with IL-like (imidazolium) moieties or by polymerisation of the 

corresponding functional monomers has open a new way to 

greatly reduce the amount of ILs and to facilitate their full 

reuse/recovery in continuous green chemical processes. In this 

approach, ILs properties are transferred onto the solid phase 

leading to a supported ionic liquid-like phase (SILLP), either in 

particles or monoliths.
79

 A large diversity of SILLPs, varying 

cation, anion, as well as support nature and loading, have been 

characterized, including their thermal stability and polarity, 

which was dependent on the polarity induced by structural 

changes in the IL-like moieties. Thus, the SILLPs might be 

regarded as “solid solvents” or as nanostructured materials 

with microenvironments of tuneable polarity able to 

immobilised and stabilise catalytic species.
5
 

These SILLPs have been successfully used as supports for 

metal catalysts,
80

 organocatalysts
81 

and biocatalysis.
15b

 

Bioreactors based on SILLPs were prepared as styrene-

divinylbenzene polymeric monoliths containing imidazolium 

units (ca. 55 to 40% wt IL per gram of polymer), resulting in a 

IL-coating of the solid support surface. These SILLPs were able 

to adsorb C. antarctica lipase B, leading to highly efficient and 

robust heterogeneous biocatalysts, as it was observed for the 

flow synthesis of citronellyl propionate in scCO2 (100 bar and 

40-100ºC).
82

 The catalytic activity of these mini-flow-

bioreactors remained nearly unchanged for seven operational 

cycles of 5 h each in different supercritical conditions. This 

excellent catalytic efficiency of CALB-SILLPs derivatives was 

also observed for the DKR of rac-1-phenylethanol by using a 

single reactor in continuous operation under supercritical 

conditions. In this reactor, both the immobilized enzyme and 

an acid catalyst (e.g. zeolite CP811E-150) were mixed together 

to perform a “one-pot” catalytic system in scCO2. By using this 

approach, the CALB-SILLPs derivatives did not require any 

additional coating with an IL layer to achieve good activity and 

stability. The optimisation of the experimental conditions 

(flow, pressure, temperature, etc.) increased the yields of the 

desired product up to 92% with e.e. >99.9% for the continuous 

DKR of rac-phenylethanol with vinyl propionate in scCO2.
83

 In 

another example, different nanostructured supports, based on 

different 1-decyl-2-methy-imidazolium cations covalently 

attached onto a polystyrene-divinylbenzene porous matrix 

(SILLPs), were used as carriers to immobilize CALB. The 

Page 9 of 15 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

10 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

suitability of these immobilized lipase derivatives to carry out 

the synthesis of biodiesel (methyl oleate) by methanolysis of 

triolein has been tested in both t-butanol and scCO2 (180 bar, 

45 ºC) as reaction media (see Fig. 11). The use of modified 

supports with low IL loading covalently attached to the main 

polymeric backbone chains provide structured materials 

leading to the best biodiesel yields (up to 95%) and operational 

stability (85% biodiesel yield after 45 cycles of 8-4 h) in scCO2 

(45 ºC, 180 bar). The presence of t-butanol, as an inert 

cosolvent, in the scCO2 phase was key to avoid the poisoning 

of the biocatalyst by the polar by-product glycerol.
84

 These 

results clearly illustrate the potential of SILLPs-supported 

biocatalysts for the production of a green biofuel, as biodiesel, 

by a fully green technology under flow operation. 

6. Applications of ionic liquids in DNA technology. 

Nucleic acids are biopolymers characterized by their great 

conformational flexibility that permits their adaptation to the 

new media conditions or functional requirements. In this 

sense, the huge tunability of ILs can provide new solubilisation 

media for many applications, from DNA isolation to 

stabilization of conformational structures for technological 

applications.
85

 In this context, the study of UV melting curves 

of DNA sequences has shown that A-T base pairs are more 

stable in the choline-dhp (hydrated choline dihydrogen 

phosphate, CDP) IL than G-C base pairs, as compared with 

water.
86

 This IL also increases the stability of Hoogsteen 

interactions, making it comparable to that of Watson-Cricks 

base pairs, which seems to rely on the electrostatic 

interactions between the organic cations of the ILs-network 

with the phosphate backbone at the minor grooves in DNA, 

while anions mainly form hydrogen bonds with cytosine, 

adenine and guanine bases.
87

 All these interactions are 

responsible of a highly stable structure of double stranded 

DNA (dsDNA) in ILs that retains the native B-form 

crystallographic structure. Additionally, as these ILs avoid the 

proper folding of proteins, e.g. nucleases, they help to reduce 

DNA degradation during storage.
86

  

The higher stability of dsDNA and triplex DNA in ILs makes 

possible the use of probes that recognize a specific sequence 

without a previous step of denaturation. This simplifies the 

methodology required for sensing devices for particular DNA 

sequences, such as DNA microarrays, Southern blotting or in 

situ hibridation, of great relevance in medicine and 

nanobiosensing.
88

 It should be highlighted the special 

relevancy of G-quadruplexes in biological systems, especially in 

cancer. For example, they are present in human telomeres, 

where they inhibit telomerase activity, and in oncogene 

promoter regions, where they regulate gene expression.
89

 G-

quadruplexes are highly polymorphic according to the media 

conditions or different stimuli, which has raised a great 

interest in non-biological applications as catalysts, biosensors 

and DNA-based architectures.
90

 Since for many applications 

the conditions must be strictly anhydrous, deep eutectic 

solvents (DESs, which shares most of the remarkable qualities 

of ILs but differ from ILs in the presence of a non-ionic organic  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12. Timed degradation profile of a siRNA in (a) phosphate buffer, 

(b) 20% (w/w) CDP IL and (c) 50% (w/w) CDP IL after incubating for 
specified time intervals in RNase A solution at 37ºC. Reproduced from 

Ref. 94 with permission from the Royal Society of Chemistry. 

molecular component as predominant constituent) provide an 

excellent water free medium that stabilizes G-quadruplexes in 

their parallel favoured conformation.
91

  

Related to this characteristic of molecular biosensing 

through structural changes in DNA sequences, aptamers are 

single stranded nucleic acids (ssDNA or RNA) that specifically 

recognize desired targets, such as proteins, amino acids, 

antibiotics or small molecules.
92

 In this way, Machado et al.
 93

 

have studied the influence of ethylammonium nitrate in the 

capacity of molecular recognition of an AMP aptamer 

molecular beacon. At high concentrations, this IL reduced the 

thermal stability of the intramolecular dsDNA structure of the 

probe, and accelerates the hybridization rate of ssDNA. 

Nevertheless, this exceptional characteristic of increased 

stability of nucleic acids in ILs is not only circumscribed to DNA. 

As can be seen in Fig 12, the hydrated CDP (buffered choline 

hydrogen phosphate) IL is able to prolong the shelf-life of small 

interfering RNA (siRNA) for up to three months, even in the 

presence of RNase A.
94

 The IL prevents the de-winding of 

dsRNA, as well as its cleavage by RNase A at 37ºC incubation. 

The use of ILs as solvents offers an extraordinary chance for 

siRNA easy handling, which is the main problem in the strategy 

of silencing gene expression.  

Compaction is also an important issue in long-term storage 

DNA, because of the increased resistance against chemical, 

biochemical and mechanical stress, like UV radiation.
95

 In this 

way, it has been also reported how guanidinium  
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Fig. 13. Screening of the suitability of ILs (70 mM) to promote PCR 

amplification of a GC-rich (80% GC content), 266 bp gene fragment. 
Reproduced from Ref. 102 with permission from the Royal Society of 

Chemistry. 

tris(pentafluoroethyl)trifluorophosphate IL (Gua-IL) can 

increase intra- and interstrand attractions between DNA 

molecules by compensating DNA backbone charges through 

electrostatic interactions.
96

 The Gua-IL induced compaction is 

comparable to that induced by histone proteins, nanoparticles, 

dendrimers and PEG.  

 The excellent suitability of ILs for dissolving and stabilizing 

DNAs has opened the door to their testing in the isolation and 

purification of DNA from aqueous solutions.
97

 DNA extraction 

represents a significant bottleneck in many applications due to 

the complexity of isolating highly pure DNA from a cellular 

matrix or complex environmental samples. The need of 

eliminating contaminants like proteins, small organic 

molecules, polysaccharides, phospholipids as well as organic 

solvents that may interfere with downstream applications, 

have encouraged the development of new methodologies with 

high throughput, purity and recovery. One of the first attempts 

was the use of ILs for in situ dispersive liquid-liquid 

microextraction of DNA.
98 

This method showed a high 

extraction efficiency of DNA, although the DNA recovery from 

the IL solvent was non-efficient. Since then, several 

approaches have been carried out, such as Fe3O4 magnetic 

nanoparticles (NPs) modified with [C6MIM][Br] (1-hexyl-3-

methylimidazolium bromide), which improves the rate of DNA 

adsorption and subsequent stripping for their recycling.
99

 In 

the same context, a fast method for plasmid DNA extraction 

based on polymeric IL microspheres (PIL, poly [1-vinyl-3-(2-

methoxy-2-oxylethyl)imidazolium] [PF6]) has been reported.
100

 

This PIL exhibits an excellent capacity of DNA 

adsorption/extraction (up to 190.7µg DNA/mg PIL) with 

respect to other methods described to date, as well as an easy 

stripping from the microspheres by simply regulating the salt 

concentration. Even more, the application of ILs in DNA 

extraction has been improved by introducing hydrophobic 

magnetic ILs solvents that combine the tunability of the IL with 

the magnetic nature of the solvent.
101

 The use of these 

magnetic ILs allows avoiding the centrifugation steps, which 

are time-consuming and may affect the quality of the isolated 

DNA. 

Furthermore, it should be highlighted how the role of ILs 

come out as a key to solve serious technical problems in 

Molecular Biology, such as the poor amplification of GC-rich 

DNA sequences by PCR.
102

 These sequences are very common 

in promoter elements that regulate gene expression, and there 

is an obstacle for several purposes where PCR is routinely 

used, such as sequencing and replication of genes, detection 

and diagnosis of diseases, forensic identification of genetic 

fingerprints or manipulation of transgenic organisms. Thus, it 

has been demonstrated that a bicyclic imidazolium IL is highly 

effective not only for promoting PCR of GC-rich DNA by 

minimizing non-specific amplification, but also for facilitating 

PCR of normal-GC DNA under mild conditions (see Fig. 13).
102

  

Finally, it should also be pointed out the potential of 

applications of ILs in the field of nanobiosensing. In this way, 

deserve to the mentioned here the reports on the combination 

of ILs with nanomaterials (e.g. CeO2-SWNTs-BMIMPF6, etc.) for 

the hybridization and detection of DNA,
103

 the development of 

DNA films with high ionic conductivity by using ILs,
104

 as well as 

the carbon IL composite electrodes (CILE) based on 

chitosan/Fe3O4 microsphere-graphene carriers to immobilize 

ssDNA probes.
105

 These electrodes show a high rate of 

recognition, good stability and high grade of discrimination 

between DNA sequences, as reported for the product of 

soybean lectin gene sequence.
106

 The exceptional qualities of 

ILs for nucleic acids technologies make them suitable for a 

wide range of applications in medicine and nanotechnology in 

the near future. 

6. Conclusions 

Nature has always been a source of inspiration for chemists. 

The design of multicatalytic processes, mimicking metabolic 

pathways, to achieve a maximum catalytic efficiency towards 

desired products with the minimum production of wastes, is 

the main goal of sustainable chemistry. For this aim, nature 

provides us active biopolymers (i.e. enzymes and nucleic 

acids), which are the most powerful toolbox for carrying out 

selective, clean and sustainable transformations, as well as for 

developing new technologies for molecular footprinting 

analysis in medicine, food, etc. The XXI century is the century 

of sustainability, where the development of a network of 

green chemical processes will depend on the implementation 

of new integrated reaction / separation systems, where active 

biopolymers are the core.  

The use of biocatalytic approaches in green non-

conventional reaction media holds much promise for the 

development of a sustainable chemical manufacturing 

industry. Biocatalytic processes in non-aqueous environments 

enhance the possible technological applications and expand 

the repertoire of enzyme mediated transformations. 

Furthermore, it has been demonstrated that ILs have an 

exceptional ability to over-stabilize enzymes, or to provide 

exceptional properties to nucleic acids, opening a new window 

of processing options not available using conventional organic 
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solvents. The excellences of hydrophobic ILs for enzyme 

catalysis have been supplemented by the phase behaviour of 

ILs based on cations with long alkyl chains, also named 

Sponge-Like Ionic Liquids (SLILs). The sponge-like character of 

these ILs allows the development of easy and green methods 

for efficiently separating a hydrophobic organic compound 

(e.g. biodiesel) from a homogeneous ionic liquid/organic 

compound mixture using a simple cooling and centrifugation 

approach, as opposed to the usual heating step applied in 

classical separation processes in Chemical Engineering (e.g. 

distillation). 

On the same way, SCFs are being increasingly used to carry 

out enzymatic reactions. SCFs improves enzymatic reaction 

rates, simplify product recovery, and are ideal replacement for 

conventional organic solvents as they are more 

environmentally friendly. Furthermore, the unique phase 

behaviour of IL/scCO2 systems allows processes involving 

reaction and downstream isolation and purification steps, 

facilitating the easy reuse of the catalyst and the IL phase. The 

combination of enzymes with multiphase neoteric systems 

should be explored as a clear strategy for developing integral 

new green synthetic processes. Multi-enzymatic and/or multi-

chemoenzymatic green chemical processes in multiphase 

neoteric systems for synthesizing pharmaceutical drugs are 

only a starting point, but demonstrated that  the development 

of a sustainable chemical industry is possible and it should be 

irreversible. 

Acknowledgements 

This work was partially supported by the Fundación SENECA-

CARM 19278/PI/14, PROMETEO/2012/020 and UJI P1-1B2013-

37 grants  

Notes and references 

                                                             

 

 

 

 

 

1  P. T. Anastas and J. C. Warner, Green Chemistry: Theory and 

Practice, Oxford University Press: New York, 1998. 
2  a) R. A. Sheldon, Chem. Commun. 2008, 3352–3365; b) C. A. 

Busacca, D. R. Fandrick, J. J. Song and C. H. Senanayake, Adv. 

Synth. Cat. 2011, 353, 1825-1864. 
3  a) A. Farran, C. Cai, M. Sandoval, Y. M. Xu, J. Liu, M. J. Hernaiz and 

R. J. Linhardt. Chem. Rev., 2015, 115, 6811–6853; b) K. L. Luska, P. 
Migowski and W. Leitner, Green Chem. 2015, 17, 3195-3206. 

                                                                                                         

 

 

 

 

 

4  a) P. Lozano. Green Chem. 2010, 12, 555-569; b) P. Pollet, E. A. 
Davey, E. E. Ureña-Benavides, C. A. Ecker and C. L. Liotta, Green 

Chem., 2014, 16, 1034–1055;  
5  E. García-Verdugo, B. Altava, M. I. Burguete, P. Lozano and S. V. 

Luis, Green Chem. 2015, 17, 2693–2713. 
6  R. S. Varma, Green Chem. 2014, 16, 2027–2041; b) Z. L. Wu, E. 

Borretto, J. Medlock, W. Bonrath and G. Cravotto, ChemCatChem, 
2014, 6, 2762-2783.  

7  a) E. Buchner, Ber. Dtsch. Chem. Ges. 1900, 33, 3307-3310; b) E. 
Buchner and R. Rapp, Ber. Dtsch. Chem. Ges. 1901, 34, 1523-1530; 
c) E. Buchner and J. Meisenheimer, Ber. Dtsch. Chem. Ges, 1903, 
36, 634-638.  

8 a) V. Gotor-Fernandez and V. Gotor, Curr. Opin. Drug Discov. 

Develop. 2009, 12, 784-797; b) C. M. Clouthier and J. N. Pelletier. 
Chem. Soc. Rev. 2012, 41, 1585-1605; c) V. Kohler and N.J. Turner, 
Chem. Commun. 2015, 51, 450-464. 

9  a) A. Kumar and S. Singh, Curr. Rev. Biotechnol., 2013, 4, 365-378; 
b) A. Currin, N. Swainston, P. J. Day, D. B. Kell, Chem. Soc. Rev. 

2015, 44, 1172-1239; c) G. A. Applegate and D. B. Berkowitz, Adv. 

Synth. Cat. 2015, 357, 1619-1632 
10  a) A.M. Klibanov, Nature 2001, 409, 241-245; b) E. Busto, V. 

Gotor-Fernandez and V. Gotor, Chem. Soc. Rev. 2010, 39, 4504-
4523; c) M.S. Humble and P. Berglund, Eur. J. Org. Chem. 2011, 
19, 3391-3401.  

11  a) D. M. Solano, P. Hoyos, M. J. Hernaiz, A. R. Alcantara and J. 
M. Sanchez-Montero, Bioresour. Technol. 2012, 115, 196-207, b) 
M. Perez-Sanchez, M. Sandoval, M. J. Hernaiz and P. D. de Maria, 
Curr. Org. Chem. 2013, 17, 1188-1199; c) J. M. Palomo and M. 
Filice, Biotechnol. Adv. 2015, 33, 605-613.  

12  J. M. Bernal, P. Lozano, E. Garcia-Verdugo, M. I. Burguete, G. 
Sanchez-Gomez, G. Lopez-Lopez, M. Pucheault, M. Vaultier and S. 
V. Luis, Molecules, 2012, 17, 8696-8719; b) A. Gog, M. Roman, M. 
Tosa, C. Paizs and F. Irime, Renew. Energ. 2012, 39, 10–16; c) G. 
Lourinho and P. Brito, Rev. Environ. Sci. Biotechnol. 2015, 14, 287-
316. 

13  a) R. Fernandez-Lafuente, J. Mol. Catal. B Enzym. 2010, 62, 197-
212; b) M. B. Ansorge-Schumacher and O. Thum. Chem. Soc. Rev. 
2013, 42, 6475-6490; c) G. L. Zhang, F. Qi, H. Y. Jia, C. L. Zou and C. 
Li. RSC Adv., 2015, 5, 52444-52451; d) N. S. Neta, J. A. Teixeira and 
L. R. Rodrigues, Crit. Rev. Food Sci. Nutr., 2015, 55, 595-610. 

14  a) F. van Rantwijk and R.A. Sheldon. Chem. Rev. 2007, 107, 
2757-2785; b) C. Roosen, P. Muller and L. Greiner. Appl Microbiol. 

Biotechnol. 2008, 81, 607-614; c) T. Itoh. J. Synth. Org. Chem. 

Japan, 2009, 67,143-155; d) W. W. Gao, F. X. Zhang, G. X. Zhang 
and C. H. Zhou, Biochem. Eng. J. 2015, 99, 67-84. 

15  a) H.R. Hobbs, N.R. Thomas. Chem. Rev. 2007, 107, 2786-2820, 
b) P. Lozano, E. Garcia-Verdugo, S. V. Luis, M. Pucheault and M. 
Vaultier, Curr. Org. Synth, 2011, 8, 810-823; c) Z. Knez, E. 
Markocic, M. Leitgeb, M. Primozic, M. K. Hrncic and M. Skerget, 
Energy, 2014, 77, 235-243.  

16.  Y. Li and P. C. Cirino, Biotechnol. Bioeng. 2014, 111, 1273-1287; 
b) S. D. Brown and P. C. Babbitt, J. Biol. Chem. 2014, 289, 30221-
30228. 

Page 12 of 15ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13  

Please do not adjust margins 

Please do not adjust margins 

                                                                                                         

 

 

 

 

 

17  a) H. Frauenfelder, G. Chen, J. Berendzen, P. W. Fenimore, H. 
Jansson, B.H. McMahon, I. R. Stroe, J. Swenson, R.D. Young, Proc. 

Natl. Acad. Sci. USA, 2009, 106, 5129-5134; b) B. H. McMahon, H. 
Frauenfelder, P. W. Fenimore, Eur. Phys. J.-Spec. Top., 2014, 223, 
915-926 

18  T. Arakawa, Y. Kita and S. N. Timasheff, Biophys. Chem. 2007, 
131, 62-70. 

19 a) J. Dupont, R. F. de Souza and P. A. Z. Suarez, Chem. Rev. 2002, 

102, 3667-3699; b) J. Dupont and J. D. Scholten, Chem. Soc. Rev. 
2010, 39, 1780-1804; c) J. P. Hallett and T. Welton, Chem. Rev. 
2011, 111, 3508-3576; d) J. Dupont and M. R. Meneghetti, Curr. 

Opin. Colloid In. 2013, 18, 54-60.  
20 P. Lozano, J. M. Bernal, E. Garcia-Verdugo, G. Sanchez-Gomez, 

M. Vaultier, M. I. Burguete, S. V. Luis, Green Chem. 2015, 17, 
3706-3717. 

21 Wasserscheid P, Welton, T. (Eds) Ionic Liquids in Synthesis, Wiley-
VCH, Weinheim, 2008. 

22 a) S. N. V. K. Aki, J. F. Brennecke, A. Samanta, Chem. Commun. 
2001, 413-414; b) C. F. Poole, J. Chromatrogr. A, 2004, 1037, 49-
82. 

23 P. Bonhote, A. P. Dias, N. Papageorgiou, K. Kalyanasundaram and 
M. Gratzel. Inorg. Chem. 1996, 35, 1168-1178. 

24  a) M. Erbeldinger, A. J. Mesiano and A. J. Russell, Biotechnol. Prog. 
2000, 16, 1129-1131; b) R. Madeira-Lau, F. van Rantwijk, K. R. 
Seddon and R. A. Sheldon, Org Lett. 2000, 2, 4189–4191. 

25  Search in ISI Web of Knowledge, Topic: (ionic liquid* AND 
biocatal*) OR (ionic liquid* AND enzym*); Year published: 2000-
2015. 

26  a) P. Dominguez de Maria (Ed.) Ionic Liquids in 

Biotransformations and Organocatalysis: Solvents and Beyond. 
Wiley-VCH. 2012; b) J. Dupont, T. Itoh, P. Lozano and S. V. 
Malhotra (Eds). Environmentally friendly syntheses using ionic 

liquids. CRC Press-Taylor & Francis. 2014. 
27  a) H. Zhao and S. V. Malhotra, Biotechnol Lett. 2002, 24, 1257-

1260; b) S. Shipovskov, H. Q. N. Gunaratne, K. R. Seddon and G. 
Stephens, Green Chem. 2008, 10, 806-810 

28 a) P. Lozano, T. De Diego, D. Carrie, M. Vaultier and J. L. Iborra. 
Biotechnol. Lett. 2001, 23, 1529-1533; b) M. Persson and U. T. 
Bornscheuer, J. Mol. Catal. B: Enzym. 2003, 22, 21-27; c) J. L. Kaar, 
A. M. Jesionowski, J. A. Berberich, R. Moulton and A. J. Russell, J. 
Am. Chem. Soc. 2003, 125, 4125-4131 

29 a) S. N. Baker, T. M. McCleskey, S. Pandey and G. A. Baker. Chem. 

Commun, 2004, 940-941; b) T. De Diego, P. Lozano, S. Gmouh, M. 
Vaultier and J. L. Iborra, Biotechnol. Bioeng. 2004, 88, 916-924; c) 
T. De Diego, P. Lozano, S. Gmouh, M. Vaultier, J.L. Iborra, 
Biomacromolecules, 2005, 6, 1457-1464. 

30  a) P. Lozano, R. Piamtongkam, K. Kohns, T. De Diego, M. Vaultier 
and J.L. Iborra, Green Chem. 2007, 8, 780-784; b) Y. Abe, K. 
Yoshiyama, Y. Yagi, S. Hayase, M. Kawatsura and T. Itoh, Green 

Chem. 2010, 12, 1976-1980;c) K. Yoshiyama, Y. Abe, S. Hayase, T. 
Nokami and T. Itoh, Chem. Lett. 2013, 42, 663-665. 

31 a) J. K. Lee and M. J. Kim, J. Org. Chem. 2002, 67, 6845; b) M. J. 
Kim and J. K. Lee, WO 03/057871A1, 2003. 

                                                                                                         

 

 

 

 

 

32 M. B.Turner, S. K. Spear, J. G. Huddleston, J. D. Holbrey and R. D. 
Rogers, Green Chem. 2003, 5, 443–447. 

33 P. Lozano, B. Bernal., J.M. Bernal, M. Pucheault and M. Vaultier, 
Green Chem. 2011, 13, 1406–1410. 

34 a) Y. Kohno and H. Ohno, Chem. Commun. 2012, 48, 7119-7130; 
b) H. Ohno, K. Fujita and Y. Kohno, Phys. Chem. Chem. Phys. 2015, 
17, 14454-14460.  

35  a) J. Dupont, J. Braz. Chem. Soc. 2004, 15, 341-350; b) J. Dupont, 
Acc. Chem. Res. 2011, 44, 1223-1231; c) H. K. Stassen, R. Ludwig, 
A. Wulf and J. Dupont, Chem. Eur. J. 2015, 21, 8324-8335. 

36 a) P. Lozano, D. Combes and J. L. Iborra, J. Biotechnol. 1994, 35, 
9-18; b) P. Lozano, T. De Diego and J. L. Iborra, Eur. J. Biochem. 
1997, 248, 80-85.  

37 a) P. Terpstra, D. Combes and A. Zwick. J. Chem. Phys.1990, 92, 
65-70; b) V. Athes, D. Combes and A. Zwick, J. Raman Spectrosc. 
1998, 29, 373-378. 

38  R. Hayes, G. G. Warr and R. Atkin, Chem. Rev. 2015, 115, 6357-
6426. 

39 P. Lozano, T. De Diego, S. Gmouh, M. Vaultier, J.L. Iborra, 
Biocatal. Biotransfor. 2005, 23, 169-176. 

40 a) R. A. Sheldon and S. van Pelt. Chem. Soc. Rev. 2013, 42, 6223-
6235; b) R. C. Rodrigues, C. Ortiz, A. Berenguer-Murcia, R. Torres 
and R. Fernandez-Lafuente, Chem. Soc. Rev. 2013, 42, 6290-6307; 
c) O. Barbosa, C. Ortiz, A. Berenguer-Murcia, R. Torres, R. C. 
Rodrigues and R. Fernandez-Lafuente. RSC Adv. 2014, 4, 1583-
1600. 

41 a) S.H. Shöfer, N. Kaftzik, P. Wasserscheid and U. Kragl. Chem. 

Commun. 2001, 425-426; b) N. Kaftzkik, P. Wasserscheid and U. 
Kragl. Org. Proc. Res. Dev. 2002, 6, 553-557 

42 a) T. Itoh, E. Akasaki, Y. Nishimura, Chem. Lett. 2002, 154-155; b) 
K. Shimomura, H. Harami, Y. Matsubara, T. Nokami, N. Katada, T. 
Itoh, Catal. Today, 2015, 255, 41-48.  

43 T. Schafer, C. M. Rodrigues, C.A.M. Afonso and J. G. Crespo. 
Chem. Commun. 2001, 1622-1623. 

44 P. Shao and R. Y. M. Huang. J. Membr. Sci., 2007, 287, 162-179.  
45 a) L. Gubicza, N. Nemestothy, T. Frater and K. Belafi-Bako. Green 

Chem. 2003, 5, 236-239; b) L. Gubicza, K. Belafi-Bako, E. Feher, T. 
Frater, Green Chem. 2008, 10, 1284–7; c) Z. Findrik, G. Nemeth, D. 
Vasic-Racki, K. Belafi-Bako, Z. Csanadi and L. Gubicza, Process. 

Biochem. 2012, 47, 1715-1722. 
46 L. C. Branco, J. G. Crespo and C. A. M. Afonso. Chem. Eur. J. 2002, 

8, 3866-3871; L. C. Branco, J. G. Crespo and C. A. M. Afonso, 
Angew. Chem. Int. Ed. 2002, 41, 2771-2773. 

47 a) E. Miyako, T. Maruyama, N. Kamiya and M. Goto, Chem. 

Commun., 2003, 2926-2927; b) E. Miyako, T. Maruyama, N. 
Kamiya and M. Goto, Chem. Eur. J. 2005, 11, 1163-1170. 

48 P. Lozano, J.M. Bernal, G. Sánchez-Gómez, G. López-López and 
M. Vaultier. Energy Environ. Sci, 2013, 6, 1328-1338. 

49 a) S. K. Ritter, Chem. Eng. News, 2013, 91, 34–35; b) P Lozano, J. 
M. Bernal, C. Gomez, E. García-Verdugo, M. I. Burguete, G. 
Sánchez, M. Vaultier and S. V. Luis. Catal. Today, 2015, 255, 54-
59. 

50 a) P. Lozano, J.M. Bernal and A. Navarro. Green Chem. 2012, 14, 
3026-3033; b) P. Lozano, J. M. Bernal, A. Lajarin, D. Romera, E. 

Page 13 of 15 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE Journal Name 

14 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

                                                                                                         

 

 

 

 

 

Garcia-Verdugo, G. Sanchez-Gomez, M. Pucheault, M. Vaultier, M. 
I. Burguete and S. V. Luis. Curr. Green Chem. 2014, 1, 145-154. 

51 P. Lozano, J.M. Bernal, R. Piamtongkam, D. Fetzer and M. 
Vaultier. ChemSusChem, 2010, 3, 1359-1363; b) P. Lozano, J.M. 
Bernal and M. Vaultier, Fuel, 2011, 90, 3461-3467. 

52 W. Leitner, Acc. Chem. Res. 2002, 35, 746-756; E. J. Beckman, J. 
Supercrit. Fluids, 2004, 28, 121-191.  

53 A. J. Mesiano, E. J. Beckman and A. J. Russel, Chem. Rev. 1999, 
99, 623-633. 

54 Z. Knez. J. Supercrit. Fluids. 2009, 47, 357-372 
55 H. R. Hobbs and N. R. Thomas, Chem. Rev. 2007, 107, 2786-2820  
56 K. Rezaei, E. Jenab and F. Temelli, Crit. Rev. Biotechnol. 2007, 27, 

183-195. 
57 a) S. Kamat, J. Barrera, E. J. Beckman and A. J. Russell, 

Biotechnol. Bioeng. 1992, 40, 158-166; b) P. Lozano, A. 
Avellaneda, R. Pascual and J. L. Iborra, Biotechnol. Lett. 1996, 18, 
1345-1350; c) T. Matsuda, T. Harada and K. Nakamura, Chem. 
Commun, 2000, 1367-1368; d) H. Monhemi, M. R. Housaindokht 
and A. Nakhaei-Pour. J. Phys. Chem. B, 2015, 119, 10406-10416. 

58 P. Lozano, G. Villora, D. Gómez, A. B. Gayo, J. A. Sánchez-Conesa, 
M. Rubio and J. L. Iborra, J. Supercrit. Fluids, 2004, 29, 121-128. 

59 W. Leitner and P.G. Jessop (eds). Handbook of Green Chemistry-

Green Solvents: Supercritical Solvents, vol. 4, Wiley-VCH, 2010. 
60 R. A. Sheldon, Chem. Soc. Rev. 2012, 41, 1437-1451. 
61 C. G. Laudani, M. Habulin, Z. Knez, G. D. Porta and E. Reverchon, 

J. Supecrit. Fluids, 2007, 41, 74-81. 
62 a) T. Matsuda, W. Watanabe, T. Harada, K. Nakamura, Y. Arita, Y. 

Misumi, S. Ichikawa and T. Ikariya, Chem. Commun. 2004, 2286-
2287; b) R. Couto, P. Vidinha, C. Peres, A. S. Ribeiro, O. Ferreira, 
M. V. Oliveira, E. A. Macedo, J. M. Loureiro and S. Barreiros, Ind. 

Eng. Chem. Res. 2011, 50, 1938-1946. 
63 A. Marty, D. Combes and J. S. Condoret, Biotechnol. Bioeng. 1994, 

43, 497-504. 
64 S. V. Luis and E. G. Garcia-Verdugo, Chemical Reactions and 

Processes under Flow Conditions, RSC, Green Chemistry Series, 
2009 

65 H. R. Hobbs, B. Kondor, P. Stephenson, R. A. Sheldon, N. R. 
Thomas and M. Poliakoff, Green Chem. 2006, 8, 816-821. 

66 T. Matsuda, K Watanabe, T. Kamitanaka, T. Harada and K. 
Nakamura, Chem. Commun. 2003, 1198-1199. 

67 a) S. Keskin, D. Kayrak-Talay, U. Akman and O. Hortaçsu, J. 

Supercrit. Fluids, 2007, 43, 150-180; b) M. Roth, J. Chromatogr. A 
2009, 1216, 1861-1880. 

68 L. A. Blanchard, D, Hancu, E. J. Beckman and J. F. Brennecke, 
Nature, 1999, 399, 28-29.  

69 a) S.G. Kazarian, B. J. Briscoe and T. Welton, Chem. Commun, 
2000, 2047-2048; b) S. G. Kazarian, N. Sakellarios and C. M. 
Gordon, Chem. Commun. 2002, 1314-1315; c) C. Cadena, J. L. 
Anthony, J. K. Shah, T. I. Morrow, J. F. Brennecke and E. J. Maginn, 
J. Am. Chem. Soc. 2004, 126, 5300-5308. 

70 C. P. Mehnert, E. J. Mozeleski and R. A. Cook, Chem. Commun, 
2002, 3010-3011. 

                                                                                                         

 

 

 

 

 

71 a) P. Lozano, T. De Diego, D. Carrié, M. Vaultier and J. L. Iborra, 
Chem. Commun, 2002, 692-693; b) M. T. Reetz, W. Wiesenhofer, 
G. Francio and W. Leitner, Chem. Commun, 2002, 992-993.  

72 P. Lozano, T. De Diego, D. Carrié, M. Vaultier and J. L. Iborra, 
Biotechnol. Prog. 2003, 19, 380-382.  

73 P. Lozano, T. De Diego, S. Gmouh, M. Vaultier and J. L. Iborra, 
Biotechnol. Prog. 2004, 20, 661-669. 

74 M.T. Reetz, W. Wiesenhofer, G. Francio and W. Leitner, Adv. 

Synth. Catal. 2003, 345, 1221-1228. 
75 P. Lozano, T. De Diego, C. Mira, K. Montague, M. Vaultier and 

J.L. Iborra. Green Chem. 2009, 11, 538-542 
76 a) S. K. Karmee, C. Roosen, C. Kohlmann, S. Lutz, L. Greiner and 

W. Leitner, Green Chem. 2009, 11, 1052–1055; b) A. J. Kotlewska, 
F. van Rantwijk, R. A. Sheldon, I. W. C. E. Arends, Green Chem. 
2011, 13, 2154-2160. 

77 a) C. P. Mehnert, Chem. Eur. J. 2004, 11, 50-56; b) P. Dominguez 
de Maria, Angew. Chem. Int. Ed. 2004, 47, 6960-6968.  

78 D. W. Kim and D. Y. Chi, Angew. Chem. Int. Ed. 2004, 43, 483-
485.  

79 N. Karbass, V. Sans, E. Garcia-Verdugo, M. I. Burguete, S. V. Luis, 
Chem. Commun. 2006, 3095-3097. 

80 a) D. F. Izquierdo, M. Yates, P. Lozano, M. I. Burguete, E. Garcia-
Verdugo and S. V. Luis, React. Funct. Polym. 2014, 85, 20-27; b) J. 
Restrepo, R. Porcar, P. Lozano, M. I. Burguete, E. Garcia-Verdugo 
and S. V. Luis, ACS Catal. 2015, 5, 4743-4750. 

81 a) M. I. Burguete, H. Erythropel, E. Garcia-Verdugo S. V. Luis and 
V. Sans, Green Chem. 2008, 10, 401-407; b) J. Restrepo, P. Lozano, 
M. I. Burguete, E. Garcia-Verdugo, and S. V. Luis, Catal. Tod. 2015, 
255, 97-101. 

82 P. Lozano, E. Garcia-Verdugo, R. Piamtongkam, N. Karbass, T. De 
Diego, M. I. Burguete, S. V. Luis and J. L. Iborra, Adv. Synth. Catal, 
2007, 349, 1077-1084. 

83 P. Lozano, E. García-Verdugo, N. Karbass, K. Montague, T. De 
Diego, M. I. Burguete and S. V. Luis. Green Chem. 2010, 12, 1803-
1810.  

84 P. Lozano, E. Garcia-Verdugo, J. M. Bernal, D. I. Izquierdo, M. I. 
Burguete, G. Sánchez-Gómez and S. V. Luis, ChemSusChem, 2012, 
5, 790-798. 

85 R. Vijayaraghavan, A. Izgorodin, V. Ganesh, M. Surianarayanan 
and D. R. MacFarlne, Angew. Chem. Int. Ed. 2010, 49, 1631-1633. 

86 H. Tateishi-Karimata and N. Sugimoto. Nucleic Acids Research, 
2014, 14, 8831-8844 

87 a) J. Hong, M. W. Capp, C. F. Anderson, R. M. Saecker, D. J. 
Felitsky, M. W. Anderson and M. T. Record Jr. Biochemistry, 2004, 
43, 14744-14758; b) H. Zhao, J Chem Technol Biotechnol. 2015, 
90, 19-25 

88 a) T. G. Drummond, M. G. Hill and J. K. Barton, Nat. Biotechnol. 
2003, 21, 192-1199; b) B. Lee, M. J. Campolongo, J. S. Kahn, Y. H. 
Roth, M. R. Hartman and D. Luo, Nanoscale, 2010, 2, 18-197; c) 
M. Marusic, H. Tateishi-Karimata, N. Sugimoto and J. Plavec, 
Biochimie, 2015, 108, 169-177 

89 C. Q. Zhao and X. C. Qu, Methods, 2013, 64, 52-58 
90 a) S. Roe, D. J. Ritson, T. Garner, M. Searle and J. E. Moses, Chem. 

Commun, 2010, 46, 4307-4311; b) Y. Peng, X. Wang, Y. Xiao, L. 

Page 14 of 15ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 15  

Please do not adjust margins 

Please do not adjust margins 

                                                                                                         

 

 

 

 

 

Feng, C. Zhao, J. Ren and X. Qu, J. Am. Chem. Soc. 2009, 31, 
13813-13818;  

91 K. Fujita and H. Ohno, Chem. Commun. 2012, 48, 5751-
5753. 

92 L. C. Bock, L. C. Griffin, J.A. Latham, E. H. Vermaas and J. J. Toole, 
Nature, 1992, 355, 564-566; b) A. Geiger, P. Burgstaller, H. Eltz, A. 
Roeder and M. Famulok, Nucleic Acids Res. 1996, 24, 1029-1036; 
c) K.M. You, S.H. Lee, A. Im and S.B. Lee, Biotechnol. Bioprocess 

Eng. 2003,8, 64-75 
93 I. Machado, V. C. Özalp, E. Rezabal and T. Schäfer, Chem Eur J. 

2014, 20, 11820-11825 
94 R. R. Mazid, U. Divisekera, W. Yang, V. Ranganathan, D. R. 

MacFarlane, C. Cortez-Jugo and W. Cheng, Chem Commun. 2014, 
50, 13457-13460. 

95 a) L. Cinque, Y. Ghomchi, Y. Chen, A. Bensimon and D. Baigl, 
ChemBioChem, 2010, 11, 340-343; b) S. G. Iacomino, G. Picariello, 
I. Stillitanoo and L. D´Agostino. Int. J. Biochem., Cell B. 2014, 47, 
11-19 

96 a) S. Satpathi, A. Sengupta, V.M. Hridya, K. Gavvala, R. K. Koninti, 
B. Rpy and P. Hazra, Scientific Reports, 2015, 5. DOI: 
10.1038/srep09137: 9137; b) A. Estevez-Torres, and D. Baigl, Soft 

Matter, 2011, 7, 6746-6756 
97 a) J. H. Wang, D. H. Cheng, X. W. Chen, Z. Du and Z. L. Fang, Anal 

Chem. 2007, 79, 620-625; b) T. Li, M.D. Joshi, D.R. Ronning and J.L. 
Anderson, J. Chromatogr. A, 2013, 1272, 8-14. 

98 C. Yao and J. L. Anderson, Anal. Bioanal. Chem. 2009, 395, 1491-
1502. 

99 M. Ghaemi and G. Absalan, Microchim. Acta, 2014, 181, 45-53 
100 X. Wang, L. Xing, Y. Shu, X. Chen and J. Wang, Anal. Chim. Acta, 

2014, 831, 64-69 
101 K.D. Clark, O. Nacham, H. Yu, T. Li, M. M. Yamsek, D.R. Ronning 

and J. Anderson, Anal. Chem. 2015, 87, 1552-1559. 
102 Y. Shi, Y-L. Liu, P-Y. Lai, M-C. Tseng, M-J. Tseng, Y. Li and Y-H. 

Chu, Chem. Commun., 2012, 48, 5325-5327. 
103 W. Zhang, T. Yang, X. Zhuang, Z. Guo and K. Jiao, Biosens. 

Bioelectron. 2009, 24, 2417-2422 
104 N. Nishimura and H. Ohno, J. Mater. Chem. 2005, 12, 2299-

2304 
105 F. Shi, S. Gong, L. Xu, H. Zhu, Z. Sun and W. Sun, Mater. Sci. Eng. 

C, 2013, 33, 4527-4532 
106 W. Sun, X. Qi, Y. Cheng, S. Liu and H. Gao, Talanta, 2011, 87, 

106-112 

Page 15 of 15 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t


