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a b s t r a c t

Ionic liquids (ILs) as neoteric solvents and microwave irradiation as alternative energy source are becoming
two important tools for many enzymatic reactions. However, it is not well understood what properties
of ILs govern the enzyme stabilization, and whether the microwave irradiation could activate enzymes
in ILs. To tackle these two important issues, the synthetic activities of immobilized Candida antarctica
lipase B (Novozyme 435) were examined in more than twenty ILs through microwave heating. Under
microwave irradiation, enhanced enzyme activities were observed when the enzyme was surrounded
onic liquid
nzyme stabilization
ipase
icrowave
on-thermal effect
olvent effect
og P

by a layer of water molecules. However, such enhancement diminished when the reaction system was
dried. To understand the effect of IL properties, the enzyme activities under microwave irradiation were
correlated with the viscosity, polarity and hydrophobicity (log P) of ILs, respectively. The initial reaction
rates bear no direct relationship with the viscosity and polarity (in terms of dielectric constant and EN

T )
of ILs, but have a loose correlation (a bell curve) with log P values. The enzyme stabilization by ILs was
explained from aspects of hydrogen-bond basicity of anions, dissolution of the enzyme, ionic association
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. Introduction

The use of non-aqueous media has offered many advantages
o the biocatalysis field, including better substrate dissolution,
mproved enzyme’s thermal stability, enhanced enzyme selectiv-
ty, and more synthetic strategies [1–3]. However, the volatility
nd toxicity of many conventional organic solvents are obvious
rawbacks of this approach. To substitute these organic solvents,
new type of non-volatile solvents known as ionic liquids (ILs),

as recently gained serious attention in biocatalysis [4], mainly
ue to their extremely low vapor pressures and designable physi-
al/chemical properties. Although many researchers have reported
igh enzyme activity and stability in ILs, it is still not quite
lear what properties of ILs affect the catalytic behaviors of

nzymes.

In addition to factors such as water activity, pH, excipients and
mpurities [5], several solvent properties of ILs are often related
o the enzyme’s destabilization, such as polarity [6–8], hydrogen-
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ond basicity [9–11], anion nucleophilicity [12], IL network [13,14],
on’s kosmotropicity [15–23], and viscosity [8,24]. However, none
f these properties are solely responsible for enzyme functions in
Ls; in many cases, multiple factors have to be considered. To fur-
her understand the solvent effects on enzyme stabilization, the
rst objective of this study is to investigate the general properties
overning the enzyme’s activity in ILs.

The second objective of this study is to examine whether
icrowave irradiation (vs. conventional conductive heating)

nduces enzyme activation in ILs. Microwave irradiation has
ecome a routine heating device employed in various chemical
eactions, and is an energy-efficient heating method for sealed-
essel processes [25]. However, its applications as an energy
ource for enzymatic synthesis are rather limited [26,27]. The
iggest controversy in the field of microwave-promoted reactions

s whether the rate acceleration is caused by the non-thermal
ffect of microwaves. This controversy is partly due to the fact
hat many earlier reactions were simply cooked in household
icrowave ovens without accurate control of temperatures. Many
nvestigators argued that the reaction-rate increase in response to

icrowave irradiation is caused by the superheating of solvents
eyond their normal boiling-points [28,29]. Other investigators,
owever, proposed the existence of non-thermal effect based on
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Table 1
Initial lipase activities in organic solvents and ILs at 40 ◦C under microwave irradiation, and correlations with physical properties of solventsa

Solvent Halidea

(ppm)
Initial activity
(�mol/min/mg E)

Dielectric
constant εr

(T in ◦C)

EN
T

(25 ◦C) H-bond basicity
(ˇ) (25 ◦C)

Viscosity (cP)
(T in ◦C)

Cp (J/g K)
(T in ◦C)

log P

1 t-BuOH None 1.65 12.47 (25)b 0.395h 0.95t 4.312 (25)b 2.97 (25)b 0.35n

2 1-BuOH None 0.60 17.84 (20)b 0.85t 2.544 (25)b 2.39 (25)b 0.84n (0.80k)
3 DCM (CH2Cl2) None 0.56 8.93 (25)b 0.309f −0.014f 0.413 (25)b 1.19 (25)b 1.25t1,n (0.633l)
4 THF None 0.98 7.52 (22)b 0.207h 0.523t 0.456 (25)b 1.72 (25)b 0.46n (0.49k)
5 Acetonitrile None 0.44 36.64 (20)b 0.460,f 0.451h 0.370f, 0.31r 0.369 (25)b 2.23 (25)b −0.34n

(−0.33k)
6 [EMIM][Tf2N] 600 Br− 0.86 12.3 (25)d,e 0.676i 34 (25)o −1.18y (−1.05 to −0.96w)
7 [BMIM][Tf2N] 260 Br− 0.76 11.7 (25)d 0.642g 0.243f 52 (20)o 1.05 (25)q 0.11±0.01 (−0.96 to

−0.21w, 0.33y)
8 [HMIM][Tf2N] 140 Cl− 0.30 0.654i 79.5 (70)s1 0.64±0.01 (0.15 to 0.22w,

0.65y)
9 [BMIM][PF6] 160 Cl−x 0.64 11.4 (25)c 0.667g 0.207f, 0.21 (20)s 207 (25)o 1.14 (25)q −1.66w (−2.39±0.27,m,y

−2.38 ± 0.25r1,−2.06y)
10 [EMIM][OAc] 350 Br− 0.12 0.814v 162 (20)o −2.53 ± 0.02
11 [EMIM][TFA] 2830 Br− 0.00 35 (20)o −2.75 ± 0.28
12 [HMIM][TFA] 510 Cl− 0.14 −2.30 ± 0.21
13 [BMIM][dca] n/d 0.12 −2.32 ± 0.02
14 [EMIM][BF4] 2420 Br− 0.04 12.8 (25)c 0.71j 34 (25)o 1.28 (100)p −2.57 ± 0.06
15 [BMIM][BF4] 160 Cl−x 0.21 11.7 (25) c 0.673g 0.376f 119.78 (25)p 1.66 (100)p −2.51 ± 0.04

(−2.44 ± 0.23r1, −2.52w)
9160 Br− 0.10

16 [OMIM][BF4] 150 Cl−x 0.53 439 (20)aa −1.34 ± 0.09
6050 Br− 0.31 (−1.14y)

17 [EtPy][TFA] 620 Br− 0.08 −2.57 ± 0.11
18 [EtPy][Tf2N] 480 Br− 1.14 −0.90 ± 0.06
19 [BuPy][Tf2N] 590 Cl− 0.89 76 (25)z −0.26 ± 0.08
20 [BMPyo][Tf2N] 800 Br− 0.91
21 [Amm110]Cl n/d 0.16 0.569v 572 (25)u

22 [Amm110][dca] n/d 0.89 0.543v 512 (25)u

23 [Bu3MeN][beti] 870 Br− 0.29 0.832v 687 (25)u

24 [Bu3MeN][Tf2N] 600 Br− 0.35 0.628v

25 [OctMe3N][beti] 460 Br− 0.15 0.569v

26 [Oct3MeN][Tf2N] 300 Br− 0.32 0.451v

27 [Et3HexN][Tf2N] 640 Br− 0.61 0.569v

aAll reactions were conducted in 2.0 mL solvent with 50 mg Novozyme 435; the initial rates were based on the mass of immobilized enzyme, not the actual protein content
(20%); X− is the impurity of halides (the type of halide is determined based on the starting materials used; n/d means ‘not determined’) meanings of ILs see section 2.1; bdata
from Ref. [55]; cRef. [114]; dRef. [115]; eRef. [116] (this Ref. also reported [EMIM][Tf2N] εs = 15.76 or 14.01); fRef. [82]; gRef. [117]; hcalculated from ET(30) data in Ref. [118];
iRef. [119]; jRef. [7]; kRef. [79,80]; lcalculated from hydrophobic fragmental constants in Ref. [120,121]; mRef. [12]; nRecommended value of Sangster in Ref. [122]; ofrom a
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he Cannon-Fenske Routine (CFR) viscometer at 25 ◦C using benzyl alcohol as the re
95 at 20 ◦C; the data reported here are for dried ILs); vdetermined by this study; w

alide is unknown, and the impurity was calculated as Cl− concentration; yef. [134,

he argument that polar functional groups exhibit higher reactivity
ith adjacent reactants under microwaves than under conduc-

ive heating at the same temperature [30]. Nowadays, specialized
icrowave reactors equipped with in situ temperature and pres-

ure controls are commercially available [31]. With this technology,
ome researchers still reported higher enzyme activities and selec-
ivities in organic solvents under microwave irradiation [32–34].
ontradictorily, recent studies suggested that the microwave irra-
iation and thermal heating made no difference on the synthetic
ctivities of C. antarctica lipase B (CaLB) at various temperatures
40–100 ◦C) [35–37].
Despite such a controversy, the utilization of ILs as media for
icrowave-assisted reactions is advantageous [38–40]. Organic

olvents are usually flammable and volatile, which is a safety
azard for high-temperature and closed-vessel applications using

f
1
l

Scheme 1. Lipase catalyzed transesterificat
]; tRef. [128]; r1Ref. [129]; s1Ref. [130]; t1Ref. [131]; udetermined by this study using
ce (5.474 mPa s [132]) (based on Solvent Innovation, [Amm110]Cl has a viscosity of
lated from octanol–water partition coefficient (KOW) in Ref. [133]; xthe identity of
Ref. [136]; aaRef. [137].

icrowaves. In contrast, ILs are ideal solvents for microwave reac-
ions because they have high boiling-points, low vapor pressures
nd high thermal stabilities [41,42]. In addition, typical ILs have
oderately high dielectric constants (in the range of 10–15), and

elatively low heat capacities (in the range of 1–2) (see Table 1 and
ef. [43]). This unique combination allows ILs to absorb microwaves
fficiently and to be heated up easily. Owing to these advantages,
Ls have been investigated as solvents in a number of microwave-

ediated reactions [38–40,44]. However, the use of microwave
rradiation for enzymatic catalysis in ILs is very limited (for exam-
le, Ref. [45]).
To achieve the above two objectives, a model reaction chosen
or this study is the transesterification between ethyl butyrate and
-butanol catalyzed by Novozyme 435 (immobilized C. antarctica

ipase B). Scheme 1 illustrated a fast formation of an acyl-enzyme

ion of ethyl butyrate with 1-butanol.
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Scheme 2. Structure of AMMOENGTM 110 ([Amm110]Cl).

ntermediate, followed by the competition between esterification
nd hydrolysis.

. Materials and methods

.1. Materials and enzyme

N-ethylpyridinium bromide ([EtPy]Br) and N-n-butylpyri-
inium chloride ([BuPy]Cl) were obtained from the Alfa Aesar
ompany (Ward Hill, MA, USA). 1-Ethyl-3-methylimidazolium
exafluorophosphate ([EMIM][PF6]) purchased from TCI Amer-

ca (Portland, OR, USA), was washed with water twice to
emove soluble halides, followed by an intensive drying
efore use. 1-Butyl-3-methylimidazolium tetrafluoroborate
[BMIM][BF4]) (purity 99.9%, water content 0.017%, ≤100 ppm
hloride), 1-methyl-3-octylimidazolium tetrafluoroborate
[OMIM][BF4]) (purity ≥97.0%), 1-ethyl-3-methylimidazolium
romide ([EMIM]Br), 1-butyl-3-methylimidazolium bro-
ide ([BMIM]Br), 1-hexyl-3-methylimidazolium chloride

[HMIM]Cl), 1-butyl-1-methylpyrrolidinium bromide ([BMPyo]Br),
ilver acetate (Ag[OAc]), silver trifluoroacetate (Ag[TFA]),
ilver tetrafluoroborate (Ag[BF4]), Sodium dicyanamide
Na[dca]), bis(trifluoromethane)sulfonimide lithium salt
Li[CF3SO2]2N, also known as Li[Tf2N] or Li[TFSI]), phospho-
us pentoxide (P2O5), Reichardt’s dye, and other reagents
ere purchased from Sigma–Aldrich (St. Louis, MO, USA).
is(perfluorethylsulfonyl)imide lithium salt (Li[CF3CF2SO2]2N,
r known as Li[beti]) was obtained from IoLiTec Ionic Liquids
echnologies GmbH & Co. (Denzlingen, Germany). AMMOENGTM

10 (short as [Amm110]Cl, Scheme 2) was obtained from Solvent
nnovation GmbH (Nattermannallee, Germany) as a colorless liquid
mp <−65 ◦C, density = 1.03 g/cm3 at 20 ◦C, viscosity = 495 mPa s at
0 ◦C, pH 3.83 and conductivity = 0.090 mS/cm).

Novozyme 435® obtained from Sigma–Aldrich is a thermal sta-
le lipase B from C. antarctica (CaLB) immobilized on acrylic resin
0.3–0.9 mm in diameter and 0.430 g/cm3 in bulk density). Its opti-

um reaction temperature range is 40–60 ◦C. The specific activity
s 7000 PLU/g. This immobilized enzyme contains about 20 (wt.%)
f CaLB [46]. To find the water content of this enzyme, a pre-
eighed sample of enzyme particles was dried in an oven at 100 ◦C

vernight. The weight loss was found to be ∼3% (a literature value is
% H2O [35]). However, the saturation water content of this enzyme
ould be as high as 16% [47]. For experiments requiring the dried
nzyme, a small amount of enzyme in an open-top vial was placed
n a sealed vessel containing the drying agent P2O5 for at least 24 h.

.2. Microwave equipment

The microwave oven (operated at 2.45 GHz) is a commercial
onomode unit known as the CEM® Discover Lab-Mate (CEM Cor-

oration in Matthews, NC). This unit is equipped with an infrared

emperature probe and pressure monitoring sensor. The microwave
ven is controlled by the Discover Applications Software (Chem-
river 3.6) provided by CEM. The temperature, power and pressure
rofiles were recorded by this software. The reaction was conducted

n a 10 mL glass reactor, which was sealed and then clamped on top

c
m
d
d
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y the microwave unit. The reaction mixture was stirred by a Teflon-
oated magnetic bar in the solution through a rotating magnetic
late beneath the microwave cavity.

.3. Preparation of ILs

Most hydrophilic ILs were synthesized using the silver-salt
etathesis method [7,17]. The hydrophobic ILs (Tf2N− and beti−)
ere synthesized through a precipitation reaction [48]: an aqueous

olution of halide based IL (1 molar equiv.) reacted with Li[Tf2N]
1.1 molar equiv) solution for 2 h. After the phase separation, the
L phase was washed with distilled water several times until no
alides could be detected by the silver nitrate test. All final ILs were
ried in an oven at 102 ◦C over 24 h. All prepared ILs are colorless

iquids. Dried Acros® 3A molecular sieves were added into ILs to
emove residual water. 1H NMR, FT-IR and HPLC spectra confirmed
he structures and purities of prepared ILs.

[Amm110][dca] (dca = dicyanamide) was prepared through an
nion-exchange method. The procedures are briefly described as
he following: about 100 mL of the resin (Amberlite® IRA-400 Cl,
.4 meq/mL by wetted bed volume, 16–50 mesh) was packed in a
lass chromatography column, and washed thoroughly with dis-
illed water and methanol, until the eluent became colorless and
o precipitate in the eluent could be detected by 0.1 M AgNO3 solu-
ion. The Cl− ions in the resin were exchanged by dca− ions through
lowly washing the column with an excess amount of sodium
icyanamide solution. The column was then washed with distilled
ater to remove residues of sodium dicyanamide in the column.

Amm110]Cl (42.0 g) in 200 mL water was further slowly dripping
hrough the column, and the eluting solution was collected and
ecolorized by activated charcoal. Water was removed from the
lear solution through a rotary evaporator under vacuum at 60 ◦C.
he product was further dried in oven at 102 ◦C over 24 h, yield-
ng 33.4 g colorless and viscous liquid. Dried Acros® 3A molecular
ieves were added into the IL during storage.

The halide contents in ILs were determined by the silver chro-
ate method [49]: 1.5 g aqueous solution of K2CrO4 (27 mM, as

ndicator) containing about 0.1 g IL was titrated with 1.4 mM sil-
er nitrate until a red precipitate of silver chromate appeared. The
alide content (in ppm) was calculated as the ratio of halide mass
ver IL mass.

.4. Enzymatic transesterification

Organic solvents were dried by anhydrous MgSO4 before use.
he enzyme was not usually dried over P2O5 unless indicated other-
ise. A typical reaction procedure is as followings: 2.0 mL solution

f organic solvent or ionic liquid containing substrates of 0.1 M ethyl
utyrate (26.5 �L) and 0.5 M 1-butyl alcohol (91.5 �L) was placed in
10 mL capped glass-tube (specifically designed for the microwave
ven), followed by the addition of 50 mg Novozyme 435. The reac-
ion mixture was stirred at a constant temperature in a water-bath
r under microwave irradiation. When the microwave was used,
–2 W of energy was sufficient to maintain the desired low tem-
erature (40 ◦C) for reactions conducted in ILs, and generally less
han 10 W energy was needed for organic solvents. Samples of the
eaction mixture (50 �L) were periodically withdrawn and diluted
ith 100 �L of HPLC eluent. The eluent consisted of 65% (v/v) MeOH

nd 35% (v/v) aqueous acetate buffer (0.05 M, pH 4.5). The flow
ate was 1.0 mL min−1. The column is a Schimadzu Premier C18

olumn (150 mm × 4.6 mm, particle size 5 �m). The LC-10AT Schi-
adzu HPLC is equipped with a SPD-10Avp UV–vis dual wavelength

etector and a Schimadzu RID10 refractive index detector. The UV
etection wavelength was 215 nm. The injection volume was 20 �L.
he product concentration was determined by comparing the sam-
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by at least a layer of water), the reaction rates were generally
higher under microwaves than through regular thermal heating
[32–34,59-64]. On the other hand, if the enzyme and substrates
were intensively dried before reactions, the microwave irradiation
52 H. Zhao et al. / Journal of Molecular C

le’s peak area with the standard curve of butyl butyrate. The initial
ate was calculated based on the yield of butyl butyrate at 15 min
f reaction time (although the reaction was normally monitored
or over 1 h). All experiments were run at least in duplicate. The
ercent errors were less than 5%.

.5. Determination of log P

In determining log P values of imidazolium ILs, a shake flask
ethod [12,50] was modified. Distilled water saturated with 1-

ctanol, and 1-octanol saturated with distilled water were used
n all measurements. 1-Octanol and water in various volume ratios

ere added into an 8 mL Wheaton sample vial. The 1-octanol/water
olume ratio is 3/2 for all Tf2N− based ILs, 6/2 for [BMIM][PF6],
nd 7/1 for all water-miscible ILs. A small amount of IL (∼5 mg)
as added into the vial to ensure that the IL concentration in

ither phase was less than 10 mM. The sample vial was repeatedly
nverted for 5 min at a rate of about 30 inversions per min. The

ixture in the vial was completely separated into two clear layers
fter several hours. There were no or little emulsions observed in
his process. The IL concentrations in both phases were analyzed by
PLC: an aliquot of 50 �L was withdrawn from 1-octanol or aque-
us layer, and diluted with 100 �L of HPLC eluent. The HPLC eluent
as a 70/30 (v/v) MeOH/H2O mixture. The same HPLC and column
escribed previously were used for the log P determination. The
etection wavelength was 210 nm since imidazolium ILs showed a
trong absorbance near this wavelength [51]. All experiments were
un in duplicate. Since the HPLC integrated area of IL is proportional
o its concentration, the partition coefficient (P) was simply calcu-
ated by dividing the IL area of 1-octanol layer over the IL area of
queous layer.

.6. Measurement of IL polarity (EN
T scale)

Reichardt’s dye in methanol was added into 1.0 mL solvent, fol-
owed by evaporation of methanol by vacuum at 40 ◦C. The final
oncentration of Reichardt’s dye was 100 �M. The visible spectrum
f the dye solution was measured at 25 ◦C. The EN

T scale was calcu-
ated from the wavelength of maximum absorption �max (nm) of
eichardt’s dye in the solvent by Eq. (1).

N
T = 28591/�max − 30.7

32.4
(1)

ased on this method, the EN
T value of methanol was determined

s 0.759 (�max = 517 nm) by this study, which is very close to the
iterature value (515 nm) [52].

. Results and discussion

.1. Effect of IL purity

The purity of ILs is known to affect their physical proper-
ies, and further influence the reactions performed in them [53].
ecently, Lee et al. [11] reported that the activity of Novozyme
35 in [OMIM][Tf2N] decreased linearly with the chloride con-
ent, and 1 (wt.%) increase in [OMIM]Cl (∼1540 ppm Cl−) caused
% decrease in enzyme activity. However, another lipase (from
hizomucor miehei) could tolerate much less Cl−; its activity in
OMIM][Tf2N] with 2% [OMIM]Cl was only about 2% of the activity
n pure [OMIM][Tf2N]. Their model reaction was the transesterifica-

ion of vinyl acetate with benzyl alcohol. The Víllora group [54] also
bserved higher CaLB activities when the impurities were removed
rom ILs through washing them with aqueous solutions of NaHCO3
r Na2CO3. Our data in Fig. 1 suggested that when 3000 ppm Cl− or
r− anions were present in [BMIM][Tf2N], the initial rates were 0.45

e
a
t
[
o

ig. 1. Effect of halide contents in [BMIM][Tf2N] on lipase activity (40 ◦C, microwave
rradiation).

nd 0.41 �mol/(min mg enzyme), respectively, which were ∼60% of
he activity (0.76) in [BMIM][Tf2N] with little halide (260 ppm Br−).
hese data suggest that the degree of halide inhibition depends
n specific substrates and enzymes. In our model reaction, when
he halide contents of ILs fell below 1000 ppm, there was no direct
orrelation between the lipase activity and the halide concentra-
ion (Table 1). However, it is always important to determine the
alide contents of ILs before using them in enzymatic reactions.
alides and other impurities should be removed from ILs as much
s possible.

.2. Effect of microwaves on the lipase activity

As shown in Table 1, most ILs have moderately high dielec-
ric constants (usually 10–15), which are close to that of t-butanol
12.47 at 25 ◦C, all dielectric data of organic solvents from Ref.
55]). We conducted a series of experiments (Fig. 2) in order
o better understand the microwave effect. When the solvents
dichloromethane or [BMIM][Tf2N]) and substrates were dried1 but
he lipase was not intensively dried (containing ∼3 wt.% water),
igher reaction rates were observed under microwaves than those

n water-bath. However, when the enzyme was also dried (over
2O5), the differences in reaction rates became insignificant. On
he other hand, if 1% (v/v) water was added into the bulk solvent
[BMIM][Tf2N]) and the enzyme was not dried, such a differ-
nce also diminished. This interesting behavior has actually been
eported by a number of papers. When the substrates and/or
nzyme(s) were not completely dried or a small amount of water
as added into the reactions (i.e. the enzyme is surrounded
1 Most ILs are hydroscopic in nature and may absorb water from air. After 24 h
xposure to air, the water contents in [BMIM][BF4], [BMIM][Tf2N] and [BMIM][PF6]
re 0.320, 0.097 and 0.083 M, respectively [56]. At room temperature, water con-
ent at saturation in [BMIM][PF6] is about 1.8% (v/v) [57], or 2.1 (wt.%) [58], and in
EMIM][Tf2N] and [BMIM][Tf2N] is 1.4 (wt.%) [48]. Our ILs were dried in oven and
ver molecular sieves, and FT-IR spectra did not show the OH absorption peak.
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ig. 2. Influence of microwave (MW) irradiation and water content on enzyme
ctivity (temperature is 40 ◦C; DCM is dichloromethane; IL is [BMIM][Tf2N]; ACN
s acetonitrile).

nd conductive heating made no difference on the initial rates and
onversion rates of the same reaction catalyzed by free or immo-
ilized CaLB at temperatures ranging from 40 to 100 ◦C (however,
he same group reported that the microwave irradiation caused a
lower enzyme inactivation in 1-butanol than the thermal heating
id) [35,36].

This fascinating phenomenon might be explained by the super-
eating of the water layer near the enzyme, rather than a true
on-thermal effect. As illustrated in Fig. 3(a), in a fairly dried
ydrophobic solvent and substrate environment, the enzyme par-
icle is surrounded by (at least) a layer of water molecules. The
olvent is hydrophobic so it does not strip off the water layer. In
his microenvironment, the water layer near the enzyme surface
as a much higher dielectric constant (80.1 at 20 ◦C) than surround-

ng organic solvent or IL (in the range of 7–40, mostly 7–20). The
tatic dielectric constant of dry protein powder is about 4 [65–68].
he immobilization support (acrylic resin) has a εr value in the
ange of 2.7–4.5 [69] (most plastics are in the range of 2–4). There-
ore, under microwave irradiation, the enzyme’s surface is likely to

ave a higher temperature than the bulk solvent due to the super-
eating of the water layer. This could explain the higher reaction
ates observed under microwaves when the enzyme was not dried
ut the solvent and substrates were dried. If the enzyme is also

t
i
i

ig. 3. Illustrations of water-induced superheating: (a) the free or immobilized enzyme
olvent is dry; (b) the enzyme particle is surrounded by a layer of water molecules while
ig. 4. Relationship between the enzyme activity and solvent’s log P values (40 ◦C;
ovozyme 435 was used as received without drying with P2O5; plot from data in
able 1, and the solvent numbers in the graph are consistent with those in Table 1;
he dash-lines are to guide the general trend, not to make correlations).

ntensively dried, this layer of water is expected to disappear. Dol-
an et al. [70] observed that during an intensive drying over P2O5,

ysozyme and subtilisin Carlsberg lost the surface layer of ‘essen-
ial water’, but retained 3–4 and 14–16 buried (or structural) water

olecules per enzyme molecule, respectively. In this case, there
s no superheating of the enzyme’s surface, therefore, the reac-
ions rates under both heating modes are very close. If additional
ater is added and dispersed (through vigorous stirring) into the
ulk solvent (Fig. 3b), the overall dielectric constant of the medium

s increased and the superheating effect on the enzyme surface
s reduced. In acetonitrile, the hydrophilic solvent tends to strip
he water molecules off the enzyme surface and disperses them
hroughout the reaction system. As a result, no superheating of
he enzyme’s surface and no enhanced rate were observed under

icrowave irradiation (Fig. 2). However, it is interesting to mention
hat in aqueous solutions the non-thermal effect has been observed
or thermophilic enzymes [71,72].

.3. Effect of IL viscosity
Lozano et al. [8] concluded that in addition to the IL polarity,
he activity of �-chymotrypsin also depended on the IL viscos-
ty; a higher enzyme activity was observed in [EMIM][Tf2N] than
n [MTOA][Tf2N] (MTOA = methyl trioctylammonium) because the

particle is surrounded by a layer of water molecules while the bulk hydrophobic
the bulk solvent contains a small amount of dispersed water.
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ormer IL (34 cP) is less viscous that the latter one (574 cP). van
antwijk and Sheldon [4] rationalized that the high viscosity of

Ls slows down the conformation changes of proteins, allowing
nzymes to maintain their native structures and activity. The sol-
ent viscosity could affect the reaction rate in terms of the mass
ransfer limitation when the reaction is rapid and the IL is rela-
ively viscous. However, this is not always true for all biocatalytic
eactions in ILs. For example, Basso et al. [73] suggested that during
he amide synthesis through immobilized penicillin G amidase, the
iscosities of ILs ([BMIM][PF6] and [BMIM][BF4]) did not affect the
nitial rates despite their much higher viscosities than toluene.

Our data in Table 1 also suggest that IL viscosity is not directly
elated to the enzyme activity in our model reaction. A high vis-
osity may reduce the reaction rate, but the nature of IL structures
eems to be the determining factor of enzyme stabilization. For
xample, [Amm110][dca] (22) possesses a high viscosity (512 mPa s
t 25 ◦C), but it did not reduce the reaction rate despite the pres-
nce of the denaturing anion dca− [49] (see more discussion of this
L in a later section). In summary, the IL viscosity could influence
he enzymatic reaction rates in some cases, but is not the primary
actor in controlling enzyme stabilization.

.4. Effect of IL polarity

It is known that polar organic solvents could remove internally
ound (essential) water from the enzyme, causing the enzyme inac-
ivation [2,74]. Therefore, high enzyme activities could be achieved
n less polar, hydrophobic organic solvents, especially at high tem-
eratures. However, Narayan and Klibanov [75] found that the
olvent polarity and water-miscibility are irrelevant to enzymatic
ctivities of three lipases and one protease in organic solvents.
he common polarity parameters include dielectric constants (εr),
ildebrandt solubility (ı), dipole moments (�), and those popular

olvatochromic polarity scales (such as EN
T and Kamlet–Taft scales).

Enzymes are more flexible in solvents with high εr (such as
ater) than in those with low εr [76–78]. The higher flexibility
ay afford a higher enzyme activity, but also gives more freedom

o the protein chains for extension and denaturation especially at
igh temperatures. However, we did not observe any correlation
etween the initial enzyme activity and the solvent’s εr (Table 1).
anne et al. [79–81] also found no direct relationship between the
poxidizing immobilized-cell activities with various solvent polar-
ty indicators including εr, Hildebrand solubility parameter (ı), and
T(30) scale. Park and Kazlauskas [7] observed the trend of lipase
from Pseudomonas cepacia) activity increasing with the IL polar-
ty. Lower synthetic activities of �-chymotrypsin were also found
n less polar ILs [8]. Our data in Table 1 suggested no correlation
etween the lipase activity and the solvatochromic polarity scale
N
T .

As mentioned in Section 1, another parameter that may influ-
nce the enzyme activity is the hydrogen-bond (H-bond) basicity.
he solvent’s H-bond basicity is usually quantified by the Kamlet
nd Taft scale, which is a multi-parameter system through compar-
ng the UV–vis spectra of closely related dyes in various solvents
Eq. (2)),

max(probe) = �max,0 + a˛ + bˇ + s�∗ (2)

here �max(probe) is the maximum wavelength of UV–vis
bsorption band of the solvatochromic indicator, ˛ reflects the
-bond acidity (H-bond donating ability, property of IL cation),

reflects the H-bond basicity (H-bond accepting ability, prop-

rty of IL anion), and �* reflects dipolarity/polarizability. The
-bond acidities are in a decreasing order of [BMIM][PF6]

0.634) > [BMIM][BF4] (0.627) > [BMIM][Tf2N] (0.617) > acetonitrile
0.350) > dichloromethane (0.042) [82], which is not consistent

h
t
[
d
2

sis B: Enzymatic 57 (2009) 149–157

ith the enzyme activities obtained in these solvents (Table 1).
eanwhile, only three ILs in Table 1 have literature values of ˇ

actors, which do not afford a full discussion of the dependence on
-bond basicity. However, the H-bond basicity could have a con-

iderable impact on the enzyme stabilization in some ILs, such as
enaturing chloride [9,11] or lactate based ones [10]. Anderson et
l. [83] reported that [BMIM][BF4], [BMIM][Tf2N] and [BMIM][PF6]
ave close H-bond basicities, which are much lower than that of
BMIM]Cl. In our work, the enzyme is less active in [Amm110]Cl
21) than in [Amm110][dca] (22), suggesting the stronger H-bond
cceptor, Cl− ion, is more enzyme-denaturing than dca−. The role
f H-bond basicity will be further discussed in the next section.

.5. Effect of IL hydrophobicity and enzyme dissolution

‘Hydrophobicity’ may be considered as a narrower concept
f ‘polarity’. However, it is practically important to separate

hydrophobicity’ from ‘polarity’ because the former is often related
o the miscibility with water [6]. For example, [BMIM][Tf2N] and
BMIM][BF4] have about the same polarity (based on EN

T values in
able 1), but the former IL is much more hydrophobic than the latter
ne.

The hydrophobicity of ILs may be quantified by the log P scale,
concept derived from the partition coefficient of ILs between

-octanol and water. Generally, enzymes are more stable in sol-
ents with a larger log P (>3) (such as hexane, log P = 3.9) than
ower log P (such as ethanol, log P = −0.24) [79,84]. Russell’s group
12] measured the log P values (<−2.0) of several ILs, and sug-
ested that they are very hydrophilic in nature based on the
aane’s scale. They also observed that free lipase (Candida rugosa)
as only active in hydrophobic IL [BMIM][PF6] (log P = −2.39),
ut inactive in other hydrophilic ILs including [BMIM][CH3COO]
log P = −2.77), [BMIM][NO3] (log P = −2.90) and [BMIM][CF3COO]
12]. Nara et al. [85] achieved higher transesterification activities
f lipases in [BMIM][PF6] than in [BMIM][BF4]. Goto’s group also
eported higher activities of PEG-modified lipase [86] and subtil-
sin [87] in more hydrophobic ILs such as [EMIM][Tf2N]. Zhang et
l. [88] obtained low penicillin acylase stabilities in [BMIM][BF4]
nd [BMIM][dca]. The Víllora group [89] observed lower stabil-
ty of penicillin G acylase in [BMIM][BF4] than in hydrophobic ILs
Tf2N− and PF6

−), particularly in the absence of substrate. Ha et
l. [90] also found Novozyme 435 was less active and less sta-
le in [BMIM][BF4] than in other hydrophobic ILs. These examples

mplied that the high hydrophobicity (large log P) of ILs could be
eneficial to the enzyme stabilization. However, some studies also
evealed relatively high enzyme activities in hydrophilic ILs (such
s [BMIM][BF4], [EMIM][BF4], [BMIM][OTf] and [MMIM][MeSO4])
7,10,91–94].

Our lipase activity data were plotted against log P values of
ome ILs (Fig. 4). The enzyme activities in imidazolium and pyri-
inium based ILs (6–19) suggested a bell-shaped pattern: the
nzyme activity increasing with log P, reaching the highest activity
n [EtPy][Tf2N] (18), and then declining with a further increase in
og P. However, it is important to be aware that the log P scale is not
universal scale for solvent effect due to the complexity of enzyme-
olvent interactions; many exceptions to the log P rule have been
eported [95,96].

The activity in [OMIM][BF4] (16) is lower than the trend, and
he lipase was not quite active in other two BF4

− based ILs (14
nd 15). However, the enzyme activity still increased with the IL

ydrophobicity: 14 < 15 < 16 (Table 1). It is surprising to notice that
he lipase was still active in water-miscible [Amm110]Cl (21) and
Amm110][dca] (22). Although the anions Cl− and dca− are enzyme
enaturing [9,49,88], their molar concentrations are much lower in
1 and 22 than those in [BMIM]Cl and [BMIM][dca], respectively,
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ue to the high molar mass of [Amm110]+. The chloride anion is
maller than dicyanamide, which allows the chlorides to have a
tronger interaction with the protein, resulting in a lower lipase
ctivity in [Amm110]Cl (21) than in [Amm110][dca] (22).

As shown in Table 1, moderate to high enzyme activities
ere also seen in the hydrophobic pyrrolidinium IL (20) and

everal tetraalkylammonium ILs (23–27). A relatively low activ-
ty (0.15 �mol/min mg enzyme) was obtained in the lipophilic
OctMe3N][beti] (25). Unfortunately, the log P values of these
Ls are not available for comparative discussion. However, by
xamining their structures, an increasing order of hydrophobic-
ty can be established as [OctMe3N][beti] (25) < [Et3HexN][Tf2N]
27) < [Bu3MeN][Tf2N] (24) < [Bu3MeN][beti] (23). The respec-
ive enzyme activities in these ILs are 0.15, 0.61, 0.35, and
.29 �mol/(min mg enzyme) (Table 1), which is a bell-shape
rend as well. [Oct3MeN][Tf2N] (26) is more hydrophobic than
Bu3MeN][Tf2N] (24), but it is unknown if it is less hydropho-
ic than [Bu3MeN][beti] (23). The enzyme activity in 26 is
.32 �mol/(min mg enzyme).

Reslow et al. [97,98] observed a similar parabolic pattern
maximum enzyme activity at log P = ∼1.6) for �-chymotrypsin
atalyzed esterification of N-acetyl-l-phenylalanine with ethanol.
heir explanation of lower enzyme activities in very hydrophobic
olvents (such as toluene, log P = 2.60) was that the immobi-
ized enzyme (on glass beads) might aggregate, causing the mass
ransfer limitations. Since Novozyme 435 was immobilized on
crylic resin and under agitation, we did not observe any par-
icle aggregation. A very recent study [99] on the alcoholysis of
inyl butyrate and 1-butanol by free CaLB suggested that the lipase
ctivities were generally much lower in water-miscible ILs (such
s BF4

−, dca−, NO3
−, OAc−, etc.) than in water-immiscible ones

PF6
− and Tf2N−), which is consistent with our study. But their

nzyme activities [99] increased with the cation’s hydrophobicity
EMIM+ < BMIM+ < HMIM+ < OMIM+), which is not quite the same
s this study.

Our previous discussion implied that the enzyme is active in
ydrophobic solvents (with high log P). However, a higher log P of
he solvent also means a greater thermodynamic ground-state sta-
ilization of substrates [100], resulting in a lower conversion of the
ubstrate. This could explain the decreasing reaction rate in very
ydrophobic ILs (Table 1 and Fig. 4).

At present, we have not understood why higher hydrophobic-
ty of ILs may lead to higher enzyme activity (up to the optimum
ctivity as shown in Fig. 4). A common knowledge gained from
iocatalysis in organic solvents is that polar solvents strip off the

essential’ water from enzyme molecules, causing them to inacti-
ate [2,79]. However, Fig. 2 suggests that a relatively high enzyme
ctivity could still be maintained in [BMIM][Tf2N] when substrates,
L, and enzyme were all intensively dried. CaLB is known to be
ctive in organic solvents containing little or no water [35,36,101].
herefore, the solvent stripping capacity is likely not the main
echanism of Novozyme 435 inactivation by hydrophilic ILs. One

ossible explanation of the anion effect is based upon nucleophilic-
ty. Anions CH3COO−, CF3COO− (TFA−), and NO3

− are strongly
oordinating species and more nucleophilic than PF6

−, and may
nteract with the enzyme’s surface, causing lipase inactivation
12,102]. However, BF4

− is weakly coordinating and less nucle-
philic, and the enzyme activity in [BMIM][BF4] is much lower than
hat in [BMIM][Tf2N]. Not the nucleophilicity can explain this.

An alternative explanation may be derived from the correla-

ion between log P and solvent hydrogen-bond basicity. A general
egression equation has been established as the following [103],

og P = c + rR + s�∗ + a˛ + bˇ + vVx (3)

3

i
i

sis B: Enzymatic 57 (2009) 149–157 155

here R is the excess molar refraction obtained from refractive
ndex measurements, Vx is the McGowan’s characteristic volume or
imply the intrinsic volume of the solute, other symbols have the
ame meanings as Eq. (2). The correlations of 613 organic solutes
ielded the coefficient values of c = 0.088, r = 0.562, s = −1.054,
= 0.034, b = −3.460 and v = 3.814 (Vx in the unit of cm3 mol−1/100)

103,104]. The near-zero a-coefficient suggests that the hydrogen-
ond acidity does not contribute much to the partition. The s- and
-coefficients are negative because water is more dipolar and is
stronger hydrogen-bond acid than wet octanol [105]. The large

nd positive v-coefficient shows that larger solute molecules are
ore hydrophobic and tend to partition into the octanol layer.
ther correlations using different solutes reached similar conclu-

ions [106–108]. Based on Eq. (3), the higher the hydrogen-bond
asicity of an IL anion, the lower the log P value, and thus the

ower the enzyme activity due to the H-bonding interactions
etween the anion and enzyme. This explains the trend of increas-

ng enzyme activity with the increasing log P up to a critical
alue. Why then does the lipase activity decrease with a further
ncrease in log P? Since the increasing v-coefficient is quite posi-
ive in Eq. (3), an increase in the cation’s size results in increasing
og P. As discussed previously, the stabilization of substrates could
e one reason. But the possibility of hydrophobic interactions
etween large IL molecules and the enzyme cannot be completely
xcluded.

On the other hand, cations play an important role in
nzyme stabilization as well. CaLB showed higher activities
n several ILs with more hydrophobic cations, for examples,
HMIM][TFA] (12) vs. [EMIM][TFA] (11), [OMIM][BF4] (16) vs.
BMIM][BF4] (15) and [EMIM][BF4] (14), as shown in Table 1.
owever, the increase in cation hydrophobicity also increases the
verall IL hydrophobicity, which could induce further more sub-
trate ground-state stabilization or hydrophobic interactions. This
ppears to be the case for [EMIM][Tf2N] (6), [BMIM][Tf2N] (7), and
HMIM][Tf2N] (8) in Table 1, where the IL hydrophobicity increased
as indicated by their log P values), but the lipase activities
ecreased.

The high hydrogen-bonding basicity and overall hydrophilic
ature of water-miscible ILs drive the enzyme to dissolve

n these media (more or less); on the other hand, enzymes
re barely soluble in hydrophobic ILs [10,102]. The dissolution
f lipase in most hydrophilic ILs is an indication of strong
nteractions between the enzyme and solvent molecules. If
uch interactions are unfavorable for active sites and/or strong
nough to disrupt the protein structures (such as CaLB in
BMIM][lactate] and nitrate-based ILs [10,101]), the enzyme loses
ts catalytic capability in these hydrophilic media. However, if
uch interactions are not too strong but preferential for main-
aining the enzyme’s structures, these hydrophilic ILs do not
nactivate the enzyme (such as [Et3MeN][MeSO4] [10], Amm110-
eries ILs (Table 1 and Refs. [109,110]), and ether-functionalized
Ls [109]). Therefore, hydrophilic ILs have the general ten-
ency of dissolving and inactivating the enzyme, but some of
hem could stabilize the enzyme. [BMIM][BF4] is an interest-
ng IL: it is hydrophilic but does not dissolve CaLB [10], and
here are contradictory results on the enzyme activity in this
olvent. This IL behaves more like a polar and hydrophilic
rganic solvent, which does not dissolve the enzyme but may
enature it.
.6. Ionic association strength and hydrogen-bonds

The ionic association strength of LiX salts has been investigated
n a variety of aprotic solvents including glymes (see a short review
n the Supporting Information of Ref. [111]). The approximate ionic
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ssociation strength in aprotic solvents is listed below in an increas-
ng order [111,112]:

beti−, Tf2N− < PF6
− < ClO4

−, I− < SCN− < BF4
− < CF3SO3

−

< Br− < NO3
− < CF3COO− < Cl−

mazingly, this order is quite consistent with the anion effect on
nzyme activities (Table 1). This order represents the strength of
n anion in interacting with solvated cations through ionic attrac-
ion, or could be implied to represent the strength of interactions
etween the anion and the changed surface of macromolecules
such as proteins). The exact mechanism of this ion–protein inter-
ction is not fully understood.

Bernson and Lindgren [113] dissolved lithium salts LiX in
oly(propylene glycol) (MW = 3000) with hydroxy end-groups.
sing IR spectroscopy, they observed that the shifts of OH stretch-

ng band depend on the strength of hydrogen bond formed between
he OH group and the anion, as well as the coordination of cations
ith the OH group. The strength of anion coordination is fur-

her dependent on the hydrogen-bond basicity of the anion, and
s summarized from the IR band shifts as (an increasing order),

F6
− < BF4

− < ClO4
− < CF3SO3

− < I− < Br− < Cl−

n general, this series is consistent with the above ionic association
rder observed in aprotic solvents, with some variations.

From experimental data of IR and ESI-MS, Dupont [14] suggested
he strength of hydrogen-bond basicity in the similarly increasing
rder of

Ph4
− < PF6

− < BF4
− < CF3COO−

hese sequences confirm that the enzyme activity is likely related
o the hydrogen-bond acceptor strength of the anion: anions with
ow hydrogen-bond basicity are enzyme stabilizing. But the role of
ations and overall IL properties on enzyme stabilization cannot be
eglected.

. Conclusions

Higher enzyme activity was observed in ILs under microwave
eating when the lipase was surrounded by a water layer. The effect
f microwave irradiation on the enzyme activation was explained
ue to the superheating of the water layer near the enzyme’s sur-

ace. Several physical properties of ILs were correlated with the
ovozyme 435 activities in ILs under microwave irradiation. High
iscosity may reduce the reaction rate, but likely is not the deter-
ining factor. IL polarity scales (in terms of dielectric constant and

N
T ) were not found to have a direct relationship with the lipase
ctivity. However, IL hydrophobicity (log P) was observed to have a
oose correlation with enzyme activity. The lipase activity increased

ith the log P value to a maximum, and then decreased with a fur-
her increase in log P. The increasing trend was explained have as
eing the anion’s H-bond basicity, enzyme dissolution, anion ionic
ssociation ability, and cation hydrophobicity, while the decreas-
ng trend is likely caused by substrate ground-state stabilization or
ydrophobic interactions.
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