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ABSTRACT: The hydrophobic ionic liquid [C8mim][PF6] (1-octyl-3-methylimidazo-
lium hexafluorophosphate)-based bicontinuous microemulsion stabilized by the anionic
surfactant [C4mim][AOT] (1-butyl-3-methylimidazolium bis(2-ethylhexyl) sulfosucci-
nate) was first tried as a medium for horseradish peroxidase (HRP)-triggered oxidative
polymerization of aniline. The effects of the mass ratio of [C8mim][PF6]-to-water (α),
the mass fraction of [C4mim][AOT] in the total mixture (γ), and temperature (T) on the
enzymatic polymerization were investigated using UV−vis−NIR absorption, electron
spin resonance, and small-angle X-ray scattering spectroscopy techniques. The
bicontinuous microemulsion is demonstrated to play a template role in the biosynthesis
of polyaniline (PANI). The conductivity of the resulting PANI depends on the
microemulsion microstructure and the microstructure- and T-dependent catalytic
properties of the solubilized HRP. With the increase in α, the conductivity of the
synthesized PANI decreases due to the increase in the template curvature (decrease of
the microdomain size) and the decrease in the activity and stability of HRP. Compared
with α, γ has little effect on the microdomain size of the template; so, the γ-dependent change in the conductivity of PANI is mainly
caused by the changes of the microstructure-dependent activity and stability of HRP. Over the range of 20−35 °C, T has little effect
on the microdomain size, but it greatly changes the activity and stability of HRP. With the increase in T, the activity of HRP
increases steadily, but its stability decreases significantly, which should be one of the reasons why the conductivity of PANI decreases
with increasing T. In conclusion, lower values of α, γ, and T are favorable for the biosynthesis of conductive PANI. The present study
not only deepens the insight into the role of the template in the process of PANI synthesis, but also opens up a green new way for
the biosynthesis of the conducting polymer.

■ INTRODUCTION

Conducting polymers are a very important kind of polymer
material, and they have wide applications in the fields of
electromagnetic shielding, energy storage, electrochromic
display devices, sensors, and so on. As one of the most
promising conducting polymers, polyaniline (PANI) has been
extensively studied.1−5 Usually, PANI is synthesized chemically
or electrochemically.6−8 These traditional polymerization
methods usually need harsh reaction conditions, resulting in
an adverse effect on the environment. Relatively speaking, the
biosynthesis of PANI is an environmentally benign strategy,
and this strategy has attracted great attention in recent
decades.9−11

So far, there have been many attempts to synthesize PANI
by oxidoreductase-catalyzed oxidative polymerization.11−17 In
addition to the biocatalyst, templates are also found to be a key
parameter for the biosynthesis of PANI. It is believed that the
templates can interact directly with the reacting aniline
monomer and the growing polymer chains, or they can
spatially confine the reaction to reduce the occurrence of side
reactions, and finally control the chemical structure and

morphology of the synthesized PANI.13,18,19 The templates
used for the enzymatic polymerization of aniline are mostly
soft templates, which are composed of strong acid-type
polyelectrolytes or strong acid-type surfactant aggregates.
Compared with polyanionic templates, the surfactant aggre-
gates as templates are more favorable due to their well-defined
microstructure and multiple microstructure-tuning parameters.
Many reports have been released on the use of the anionic
surfactant, especially bis(2-ethylhexyl)sulfosuccinate (AOT)-
based micelles20−25 and vesicles26−29 as templates for the
biosynthesis of conductive PANI. However, less attempt has
been made to utilize the anionic surfactant-stabilized micro-
emulsions, especially bicontinuous microemulsions as tem-
plates.30 Compared with droplet-type microemulsions, bicon-
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tinuous microemulsions have some unique properties, such as
high solubilization capacity, large interfacial area, and zero-
averaged interfacial curvature.31−34 The utilization of anionic
surfactant-stabilized bicontinuous microemulsions as templates
for the enzymatic polymerization of aniline may be more
conducive to controlling the morphology of PANI and
resulting in high-quality PANI. A first attempt has been
made by our group, and the study on the enzymatic
polymerization of aniline in the traditional bicontinuous
microemulsion medium indicates that the bicontinuous
microemulsion can act as a template in the biosynthesis of
PANI, and the conductivity of the synthesized PANI depends
on the template microstructure as well as the activity and
stability of the solubilized enzyme.35,36

An ionic liquid (IL) is a molten organic salt composed of an
organic cation and an organic or inorganic anion with a

melting point at room temperature or below 100 °C.
Compared with molecular solvents, ILs could be regarded as
“green solvents” due to their low saturated vapor pressure.37

The use of hydrophobic ionic liquid (HIL) instead of a
traditional molecular organic solvent as an oil phase to
construct a green bicontinuous microemulsion has recently
attracted great attention. At present, some HIL-based
bicontinuous microemulsions stabilized by nonionic surfac-
tants are available,38−42 but their phase inversion temperatures
are mostly high, resulting in their incompatibility with
enzymes. In view of the template effect of anionic surfactant
aggregates in the biosynthesis of PANI, it is significant to
construct an anionic surfactant-stabilized HIL-based bicontin-
uous microemulsion with moderate phase inversion temper-
ature. Till now, there has been no report on the biosynthesis of
conductive PANI in a green microemulsion medium. The

Figure 1. Effect of α on the fishlike phase diagram (fish-tail part) of the [C8mim][PF6]/buffer/[C4mim][AOT]/n-butanol (δ = 0.100)
pseudoternary system [α = 0.250 (a), 0.350 (b), 0.450 (c), 0.500 (d), and 0.552 (e)]. The signs (×, +, and ○) in the fish-tail region are the
sampling points for the preparation of the microemulsion as a medium for the subsequent polymerization reaction. The symbols of 2̅, 3, 1, and 2
represent Winsor I-type microemulsion (i.e., upper-phase HIL/W-type microemulsion coexisting with a HIL excess phase), Winsor III-type
microemulsion (i.e., middle-phase microemulsion coexisting with both a HIL excess phase and a water excess phase), Winsor IV-type bicontinuous
microemulsion, and Winsor II-type microemulsion (i.e., lower-phase W/HIL-type microemulsion coexisting with a water excess phase),
respectively.
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present study will open up a green new way for the
biosynthesis of conductive PANI.

■ RESULTS AND DISCUSSION
Effect of the Mass Ratio of HIL-to-Water (α) on the

Enzymatic Polymerization of Aniline. The anionic
surfactant bis(2-ethylhexyl) sulfosuccinate sodium salt
(NaAOT), which is commercially available, is commonly
used to construct self-organized systems as anionic templates
for enzymatic polymerization of aniline.15,22,35 As NaAOT is
scarcely soluble in HIL, a surfactant counterion replacement
strategy was adopted in our previous work to enhance its
solubility in HIL. Using this strategy, we successfully
constructed an AOT-stabilized HIL-based bicontinuous micro-
emulsion.43,44 Based on our previous study on the influence of
the alkyl-chain length (n) on the cation [Cnmim]+ (1-alkyl-3-
methylimidazolium) on the phase behavior of the water
(buffer)/[Cnmim][AOT]/[Cnmim][PF6] microemulsion,
here, [C4mim][AOT] and [C8mim][PF6] are selected as the
surfactant and the oil phase, respectively. In order to be able to
select appropriate composition for the microemulsion as the
medium for enzymatic oxidative polymerization of aniline, it is
necessary to draw the T−γ fishlike phase diagram (fish-tail
part) of the [C4mim][AOT]/[C8mim][PF6]/buffer (50 mM
NaH2PO4, pH = 4.3)/n-butanol pseudoternary system (δ =
0.100) at different α values (γ, δ, and α are defined as the mass
fractions of the surfactant (with alcohol) in the total mixture,
the alcohol in the mixture of the surfactant and alcohol, and
the HIL in the mixture of the HIL and buffer, respectively).
The corresponding results are shown in Figure 1 and Table 1.

Over the α range studied, the [C4mim][AOT]-stabilized
[C8mim][PF6]-based microemulsion systems display moderate
phase inversion temperatures, indicating that these systems
could be used as media for the biosynthesis of PANI. Just as in
the traditional oil/water system,45,46 here, the coordinates of
the fish-tail points vary with the change in the α value. Table 1
shows that as α increases, the surfactant efficiency γ̃ changes
little, but the phase inversion temperature T̃ increases. This
changing trend goes contrary to that observed in the traditional
oil/water system stabilized by the ionic surfactant NaAOT, in
which T̃ decreases with the increase in α.46,47 This is mainly
due to the fact that the T-dependent aggregation mechanism of
the present system is different from that of a classic water/
NaAOT/oil system, although both systems have the same T-
dependent apparent phase sequence.43

Figure 2 shows the UV−vis−NIR absorption spectra of the
reaction systems which were recorded after 12 h horseradish
peroxidase (HRP)-catalyzed polymerization of aniline in

different bicontinuous microemulsions (varying α at constant
T and γ, the composition of the corresponding medium is
identified by a “×” point in the phase diagrams shown in
Figure 1). According to the literature, the absorption peaks at
ca. 420 nm and ca. 1010 nm in the spectra are assigned to the
characteristic absorption of conductive PANI (especially the
peak at ca. 1010 nm, its intensity is positively correlated with
the conductivity of the resulting PANI).28,48 The absorption at
ca. 565 nm could be ascribed to the branching of the resulting
PANI20 or the formation of phenazine units during the
reaction.49 It can be seen from Figure 2 that with the decrease
of α, the intensity of the characteristic absorption peaks of the
resulting PANI increases significantly, and moreover, the peak
in the NIR region red-shifts (from 987 to 1015 nm), indicating
that smaller α favors the linear growth of PANI, and the
resulting PANI is more conductive.6,30

In order to confirm the above inference, the polaron
concentrations of the resulting PANI systems mentioned above
were measured using the electron spin resonance (ESR)
technique. Figure 3 shows the corresponding ESR spectra. The
derived characteristic parameters are listed in Table 2. With the
increase in α, the concentration of polarons in the resulting
system decreases gradually, indicating that the conductivity of

Table 1. Characteristic Parameters of the Fishlike Phase
Diagrams (Fish-Tail Part) of the Pseudoternary System at
Different α Valuesa

α γ̃ T̃/°C

0.250 0.612 10
0.350 0.626 13
0.450 0.626 16
0.500 0.621 17
0.552 0.606 19

aγ̃ is the lowest surfactant concentration (i.e., the surfactant
efficiency) beyond which the Winsor IV phase is formed, and T̃ is
the corresponding phase inversion temperature.

Figure 2. UV−vis−NIR absorption spectra of the reaction systems (δ
= 0.100, γ = 0.650, and Treaction = 20 °C) at different α values (the α
value gradually increases from top to bottom) after 12 h HRP-
catalyzed polymerization of aniline ([aniline]overall = 8.0 mM,
[HRP]overall = 2.0 μM, and [H2O2]overall = 9.0 mM).

Figure 3. ESR spectra of the resulting systems after 12 h enzymatic
polymerization of aniline in different bicontinuous microemulsions
(with different α values). The medium and reaction conditions are the
same as those in Figure 2.
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the synthesized PANI does decrease with the increase in α.
Table 2 also shows that the peak-to-peak width ΔHpp gradually
increases with α, indicating that the degree of delocalization of
polarons in PANI decreases gradually,48 that is, the
conductivity of PANI becomes worse.
To explore the mechanism of the α effect on the

conductivity of the synthesized PANI, the α-dependent
microstructure of the HIL-based bicontinuous microemulsion
and the effect of the microstructure on the activity and stability
of the solubilized HRP were studied. The microstructure of
bicontinuous microemulsions of different α values at constant
T and γ values was characterized by small-angle X-ray
scattering (SAXS). As can be seen from Figure 4, the scattering

curves [the absolute scattering intensity I(q) vs the scattering
vector q] obtained at different α values are similar, and with
the increase in α, the broad scattering peak shifts gradually to
the right, that is, the qmax value becomes larger. The shoulder
on the right side of the scattering curve originates from the
substructure of pure IL.50−52 Via the Teubner−Strey (T−S)
model fitting,53 the parameters d, ξ, and fa of the micro-
structure formed by the surfactant aggregates were obtained
and are summarized in Table 3, where d is the mean repeat

distance of the HIL and water domains, ξ is the correlation
length, and fa is the amphiphilicity factor.

As shown in Table 3, within the α range studied, all fa values
are less than −0.80, indicating that all bicontinuous micro-
emulsions have an ordered microstructure.54 With the increase
in α, both the mean repeat distance (d) and the correlation
length (ξ) decrease, indicating that the corresponding
microdomain size becomes smaller with the increase in the
HIL content. Compared with the traditional oil/water system,
the smaller d value of the present system is due to the higher
surfactant content required to form the optimal single-phase
microemulsion (i.e., lower surfactant efficiency), which results
in a larger interfacial area and smaller HIL- and water-domain
size.55,56

The activity and stability of the solubilized HRP in the above
bicontinuous microemulsions were also measured to inves-
tigate the effect of the microstructure on HRP. Based on the
kinetic curves in different microemulsions (Figure S1), the
kinetic parameters of HRP in the corresponding medium were
derived. Table 4 shows that the turnover number (kcat) varies

markedly with α; however, the Michaelis constant (Km)
changes little with α (a slight increase). This phenomenon
could be explained as follows: as the water-domain size of the
HIL-based bicontinuous microemulsion is much smaller than
the molecular size of HRP,57 the electrostatic interaction
between the solubilized HRP (in the water-domain, with net
positive charges at pH 4.3) and the negatively charged
surfactant interface enhances gradually with the decrease in
d, thereby resulting in a decrease in kcat; on the other hand, the
decrease of d with α at a fixed γ value makes the arrangement
of the surfactant on the interface loose, and some HILs may
penetrate into the surfactant palisade layer, which may have a
certain impact on the HRP conformation, thereby leading to a
decrease in kcat.

58 The same reason can be used to explain why
the stability of HRP decreases with the increase in α (as shown
in Figure 5).
When the microstructure of the microemulsion and the

catalytic performance of the solubilized HRP are correlated
with the aforementioned α effect on the UV−vis−NIR and
ESR spectra of the synthesized PANI, it is found that the
conductivity of the synthesized PANI is determined by the

Table 2. Corresponding Characteristic Parameters Derived
from the ESR Spectra at Different α Values

α g ΔHpp/G spins/μM

0.250 2.003 16.44 26.23
0.350 2.003 17.07 24.22
0.450 2.003 17.62 17.39
0.500 2.003 18.56 16.35
0.552 2.003 18.77 14.47

Figure 4. SAXS spectra of the [C8mim][PF6]/buffer/[C4mim]-
[AOT]/n-butanol (T = 20 °C, δ = 0.100, γ = 0.650) pseudoternary
system at different α values. The samples are identified by a “×” point
in Figure 1. Symbols are the experimental data, and solid lines are the
T−S fits.

Table 3. Corresponding Microstructural Parameters of the
Bicontinuous Microemulsions at Different α Values

α d (Å) ξ (Å) fa

0.250 31.5 18.2 −0.859
0.350 29.4 16.7 −0.855
0.450 28.2 15.9 −0.853
0.500 27.8 15.5 −0.850
0.552 27.4 15.1 −0.847

Table 4. Kinetic Parameters of HRP in Bicontinuous
Microemulsions of Different α Values

α kcat (s−1) Km (mM) kcat/Km (mM−1 s−1)

0.250 240.0 1.47 163.3
0.350 150.5 1.71 88.0
0.450 95.1 1.97 48.3
0.500 59.8 2.22 26.9
0.552 33.0 2.54 13.0
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microstructure of the bicontinuous microemulsion and the
microstructure-dependent enzymatic properties of the solubi-
lized HRP. As α increases, the microdomain size d decreases
and the interfacial curvature of the microdomain increases,
which may be unfavorable to the linear growth of PANI, thus
leading to a blue shift of the absorption peak in the NIR region
and a decrease in the polaron concentration of the PANI
system. In addition, the decrease in the activity and stability of
HRP with increasing α reduces the amount of the synthesized
PANI, which makes the characteristic absorption and the
polaron concentration of the polymerization system de-
crease.35,36 It follows that the bicontinuous microemulsion
has a microenvironmental effect on the solubilized HRP and a
template effect on the HRP-catalyzed polymerization of
aniline.
Effect of the Surfactant Concentration (γ) on the

Enzymatic Polymerization of Aniline. In a traditional
microemulsion system, the surfactant content is one of the
important factors affecting the microstructure of the micro-
emulsion.53,55,56 Therefore, the γ effect on the HRP-catalyzed
polymerization of aniline in the present bicontinuous micro-
emulsion system was explored (the microemulsion composi-
tion is identified by a “○” point in Figure 1). It can be seen
from Figure 6 that with the increase in γ, the intensity of the
absorption peak in the NIR region decreases, and the decrease
is accompanied by a small blue shift (from 1010 to 1000 nm).
The above result indicates that the conductivity of the
synthesized PANI decreases with the increase in γ. This
inference is supported by the ESR results (Figure 7 and Table
5). It is shown that with the increase in γ, the polaron
concentration in the PANI system decreases gradually and the
ΔHpp increases a little, confirming that the conductivity of the
synthesized PANI decreases with the increase in γ.
To explore the mechanism of the γ effect on the conductivity

of the synthesized PANI, the microstructure of the HIL-based
bicontinuous microemulsion and the catalytic performance of
the solubilized HRP at different γ values were investigated.
Figure 8 shows the SAXS data of bicontinuous microemulsion
systems at different γ values at 20 °C. The corresponding
microstructural parameters obtained by T−S model fitting are
listed in Table 6. Table 6 indicates that as γ increases, d
decreases slightly, but ξ remains unchanged. This trend is quite
different from that observed in a traditional oil/water system in
which the d and ξ values decrease markedly with increasing

γ.53 This difference should be ascribed to the low surfactant
efficiency of the present HIL/water system.55

The kinetics of the solubilized HRP was also studied to
understand the microenvironmental effect of the medium on
HRP in the bicontinuous microemulsions of different γ values
(see Figure S2). As can be seen from Table 7, with the increase
in γ, kcat decreases markedly, while Km increases slightly. As a
result, the catalytic efficiency (kcat/Km) decreases significantly
with increasing γ. This is mainly caused by the high surfactant
concentration. The high surfactant concentration results in a
small water domain size, and the small water domain size can
significantly enhance the electrostatic interaction between
HRP and the surfactant. Although the dependence of d on γ at
high surfactant concentration is no longer significant, the
electrostatic interaction becomes stronger, so kcat is decreased

Figure 5. Effect of α on the stability of HRP in [C4mim][AOT]-
stabilized [C8mim][PF6]-based bicontinuous microemulsion (T = 20
°C, δ = 0.100, and γ = 0.650). ([ABTS]overall = 3.0 mM, [HRP]overall =
2.5 nM, and [H2O2]overall = 2.0 mM).

Figure 6. UV−vis−NIR absorption spectra of the resulting PANI
systems of different surfactant concentrations which were sampled
after 12 h enzymatic polymerization of aniline in bicontinuous
microemulsions (α = 0.350, δ = 0.100, [aniline]overall = 8.0 mM,
[HRP]overall = 2.0 μM, [H2O2]overall = 9.0 mM, and Treaction = 20 °C).

Figure 7. ESR spectra of the resulting PANI systems sampled after 12
h enzymatic polymerization of aniline in bicontinuous micro-
emulsions of different γ values. The medium and reaction conditions
are identical to those shown in the caption of Figure 6.

Table 5. Corresponding Characteristic Parameters of ESR
Spectra Recorded in Figure 7

γ g ΔHpp/G spins/μM

0.650 2.003 17.07 24.22
0.670 2.003 17.22 16.51
0.690 2.003 18.60 14.96

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c03150
ACS Omega 2021, 6, 20699−20709

20703

https://pubs.acs.org/doi/suppl/10.1021/acsomega.1c03150/suppl_file/ao1c03150_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03150?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


significantly with the increase in γ.44 This is also the reason
why the stability of HRP decreases with the increase in γ
(Figure 9).

Based on the γ-dependent microstructure of the HIL-based
bicontinuous microemulsion and the microstructure-depend-
ent catalytic performance of the solubilized HRP in the system,
together with the γ effect on the UV−vis−NIR characteristic
absorption and the polaron concentration of the PANI
synthesis system, the following inference could be drawn.
The present γ effect is caused mainly by the microstructure-
dependent catalytic performance of HRP. The reasons are as
follows. With the increase in γ, the microdomain size of the
HIL-based bicontinuous microemulsion changes little, and the
blue shift of the characteristic absorption peak in the NIR
region is also small, so the template effect of the microstructure
should not be responsible for the significant change of the
conductivity of PANI with γ. However, the catalytic activity
and stability of the solubilized HRP decrease significantly with
the increase in γ, which reduces the amount of PANI
synthesized in the system, thus leading to a decrease in the
conductivity of the PANI synthesis system.

Effect of Temperature (T) on the Enzymatic Polymer-
ization of Aniline. The HRP-catalyzed polymerization of
aniline in the HIL-based bicontinuous microemulsion was
studied at different temperatures to understand the temper-
ature effect. Figure 10 shows the UV−vis−NIR absorption
spectra of the resulting PANI synthesis systems sampled after
12 h reaction in the bicontinuous microemulsion (the
composition of the microemulsion is identified by a “+”
point in the phase diagrams shown in Figure 1). It can be seen
from Figure 10 that the characteristic absorption peaks of the
PANI synthesis system are varied with T. Specifically, with the
increase in T, the absorption at 1000 nm (A1000nm) decreases
significantly, while the absorption at 565 nm (A565nm) increases
gradually, and the ratio of A1000nm to A565nm decreases
accordingly with the increase in T (see Figure 10B). In
addition, the absorption peak in the NIR region blue-shifts
significantly (from 1010 to 983 nm) with increasing T. The
above results indicate that the higher the T value, the worse the
linear growth of PANI, and thus the poorer the conductivity of
the synthesized PANI. This inference is corroborated by the
ESR results (see Figure 11 and Table 8). As T increases, the
polaron concentration in the system decreases gradually, and
the ΔHpp increases a little, demonstrating that the conductivity
of the synthesized PANI decreases with the increase in T.
In order to explore the mechanism of the T effect on the

conductivity of the synthesized PANI, the microstructure of
HIL-based bicontinuous microemulsion and the catalytic
performance of the solubilized HRP at different temperatures
were also studied. Figure 12 shows the I(q) ∼ q curves of the
bicontinuous microemulsion systems (α = 0.350, γ = 0.650,
and δ = 0.100) at different temperatures. The microstructural
parameters of the corresponding microemulsion system were
obtained via T−S model fitting (Table 9). Interestingly,
temperature has little effect on the microdomain size of the
bicontinuous microemulsion over the T range studied.
Now that the microdomain size of the microemulsion

changes little with T, the indirect effect of T on the HRP
activity caused by the microstructure can be neglected. In
other words, the activity of HRP can be directly used to study
the direct effect of T on HRP. The activity and stability of the
solubilized HRP at different temperatures are shown in Figure
13. The T-dependent activity of HRP in the bicontinuous
microemulsion indicates that there exists an optimal temper-
ature (about 35 °C) for HRP (Figure 13A); the stability of the

Figure 8. SAXS spectra of different bicontinuous microemulsion
systems at 20 °C. (α = 0.350; δ = 0.100; and γ = 0.650, 0.670, or
0.690). The samples are identified by a “○” point in Figure 1.
Symbols are the experimental data, and solid lines are the T−S fits.

Table 6. Corresponding Microstructural Parameters of
Bicontinuous Microemulsion Systems at Different γ Values
Derived from Figure 8

γ d (Å) ξ (Å) fa

0.650 29.4 16.7 −0.855
0.670 28.9 16.5 −0.857
0.690 28.5 16.7 −0.862

Table 7. Kinetic Parameters of HRP in Different
Bicontinuous Microemulsions

γ kcat (s−1) Km (mM) kcat/Km (mM−1 s−1)

0.650 150.5 1.71 88.0
0.670 108.1 1.90 56.9
0.690 52.8 2.30 23.0

Figure 9. Effect of γ on the stability of HRP in [C4mim][AOT]-
stabilized [C8mim][PF6]-based bicontinuous microemulsion medium
(T = 20 °C, α = 0.350, and δ = 0.100). ([ABTS]overall = 3.0 mM,
[HRP]overall = 2.5 nM, and [H2O2]overall = 2.0 mM).
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solubilized HRP, however, always decreases markedly with an
increase in T (Figure 13B).
Based on the T effect on the microstructure of the

microemulsion and the activity and stability of the solubilized
HRP, together with the T effect on the UV−vis−NIR
characteristic absorption and the polaron concentration of
the synthesized PANI system, it can be inferred that it is the
stability of HRP, not the template effect of the microstructure
of the microemulsion, that should be responsible for the
change of the conductivity of the synthesized PANI with T.
The fact that the microdomain size of the HIL-based
bicontinuous microemulsion changes little with T but the
stability of HRP decreases markedly with the increase in T
supports this inference.35 It is known that the oxidative
polymerization of aniline is a free-radical reaction, and higher
reaction temperature may result in a higher degree of
branching whether or not the enzyme is involved in the
polymerization.59,60 Hence, a relatively low temperature is
conducive to the biosynthesis of high-quality PANI in the

green [C4mim][AOT]-stabilized [C8mim][PF6]-based bicon-
tinuous microemulsion system.

■ CONCLUSIONS
In the present work, the effects of the composition of the HIL-
based microemulsion and T on the enzymatic polymerization
of aniline were explored for the first time. The study
demonstrates that the [C4mim][AOT]-stabilized [C8mim]-
[PF6]-based bicontinuous microemulsion takes a template role

Figure 10. (A) UV−vis−NIR absorption spectra of the resulting systems at different Ts after 12 h HRP-catalyzed polymerization of aniline in the
[C4mim][AOT]-stabilized [C8mim][PF6]-based bicontinuous microemulsion (α = 0.350, γ = 0.650, and δ = 0.100). (B) Changes of A1010, A565,
and A1010/A565 with T. ([Aniline]overall = 8.0 mM, [HRP]overall = 2.0 μM, and [H2O2]overall = 9.0 mM).

Figure 11. Effect of T on the ESR spectra of the resulting system after
12 h enzymatic polymerization of aniline in bicontinuous micro-
emulsions (α = 0.350, γ = 0.650, and δ = 0.100) ([aniline]overall = 8.0
mM, [HRP]overall = 2.0 μM, and [H2O2]overall = 9.0 mM).

Table 8. Characteristic Parameters Derived from the ESR
Spectra Shown in Figure 11

T g ΔHpp/G spins/μM

20 2.003 17.07 24.22
25 2.003 17.13 21.59
30 2.003 17.90 16.85
35 2.003 18.18 15.46

Figure 12. SAXS curves of the [C4mim][AOT]-stabilized [C8mim]-
[PF6]-based bicontinuous microemulsions at different Ts (α = 0.350,
γ = 0.650, and δ = 0.100). The samples are identified by a “+” point in
Figure 1. Symbols are the experimental data, and solid lines are the
T−S fits.

Table 9. Corresponding Microstructural Parameters of the
above Pseudoternary Systems at Different Ts

T (°C) d (Å) ξ (Å) fa

20 29.4 16.7 −0.855
25 29.5 17.0 −0.858
30 29.2 17.0 −0.861
35 29.3 17.1 −0.862
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in the biosynthesis of PANI, and the conductivity of the
synthesized PANI depends on the microemulsion micro-
structure and the microstructure- and T-dependent catalytic
performance of the solubilized HRP. The conductivity of the
synthesized PANI decreases with the increase in α due to the
increase in the template curvature (decrease of the micro-
domain size) and the decrease in the activity and stability of
HRP. Compared with α, γ has little effect on the microdomain
size of the template; so, the γ-dependent change of the
conductivity of the synthesized PANI is mainly caused by the
changes in the microenvironment-dependent activity and
stability of HRP. For T, it is found that over the range of
20−35 °C, T has little effect on the microdomain size. With
the increase in T, the activity of HRP increases steadily, but its
stability decreases significantly, which should be responsible for
the decrease in the PANI conductivity with increasing T.
Within the scope of the study, lower values of α, γ, and T (i.e.,
α = 0.250, γ = 0.650, and T = 20 °C) are conducive to the
biosynthesis of conductive PANI. The present studies open up
a green new way for the biosynthesis of conductive PANI.

■ EXPERIMENTAL SECTION

Materials. NaAOT (≥97%) and 2,2′-azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) diammonium salt (ABTS,
≥98%) were obtained from Sigma-Aldrich. HRP (powder,
EC 1.11.1.7) was purchased from Aladdin Co., Ltd. 1-Butyl-3-
methylimidazolium chloride ([C4mim][Cl], >98%) and 1-
octyl-3-methylimidazolium hexafluorophosphate ([C8mim]-
[PF6], >98%) were purchased from TCI Co., Ltd. 2,2-
Diphenyl-1-picrylhydrazyl (DPPH, ≥98.5%) was obtained
from Shanghai Macklin Biochemical Technology Co., Ltd. n-
Butanol (n-C4H9OH, AR), sodium dihydrogen phosphate
(NaH2PO4, AR), hydrochloric acid (HCl, AR), aniline (AR),
and hydrogen peroxide (H2O2, AR) were all purchased from
Sinopharm Chemical Reagent Co., Ltd., China. All other
chemical reagents were of analytical grade. Ultrapure water
(18.25 MΩ cm) was used throughout the experiments.
[C4mim][AOT] (its chemical structure is shown in Scheme
S1) was prepared according to the literature,43,44 and its high
purity was confirmed in our previous work by 1H NMR
spectrum and mass spectrum.43

Phase Diagram Construction. The T−γ fishlike phase
diagram was drawn using a routine procedure which has been
described in our previous work.43,44,58 The parameters used to
describe the composition of a pseudoternary HIL/buffer/
surfactant (alcohol) system are defined as follows:

The mass fraction of the HIL in the mixture of the HIL and
buffer (α) is given by

m
m m

HIL

HIL buffer
α =

+

The mass fraction of the alcohol in the surfactant mixture
(δ) is given by

m
m m

alcohol

surfactant alcohol
δ =

+

The mass fraction of the surfactant (with alcohol) in the
total mixture (γ) is given by

m m
m m m m

surfactant alcohol

surfactant alcohol HIL buffer
γ =

+
+ + +

For a given binary mixture of buffer (NaH2PO4, pH 4.3, 50
mM) and [C8mim][PF6] (α was set), a known amount of the
surfactant [C4mim][AOT] (with n-butanol, δ = 0.100) was
added (weighed using a balance with an accuracy of ±0.1 mg).
After vortexing, the resulting mixture was put in a temperature-
controlled water bath (with an accuracy of ±0.1 °C) for a
period of time, and the number of coexisting phases was
visually determined after thermal equilibrium. For a given
system, the phase inversion of the system was determined
based on the change of the phase number of the system with
the temperature (the temperature was adjusted in steps of 1
°C). For a given α, γ was varied by diluting the original system
with the known amounts of [C8mim][PF6] and buffer, and
then the above steps were repeated to observe the phase
behavior of the system at different surfactant contents. Based
on the temperature-dependent phase number of systems at
different γ values, the T−γ fishlike phase diagram of the system
could be plotted.

SAXS Measurement. SAXS experiments were carried out
on SAXSess mc2 SAXS instrument (Anton Paar, Austria). The
sample in a quartz capillary (1 mm in diameter) was first
placed in the sample chamber for thermal equilibration
(temperature was controlled by Anton-Paar TCS 120), then
irradiated with X-ray (Cu Kα, λ = 0.154 nm) for 20 min. The
data collected were corrected against the empty quartz
capillary of the same type, followed by normalization by the
scattering of pure water (the empty capillary scattering was
subtracted). After correction of the incoherent scattering
estimated from the signal at high scattering vector q, the curve
of the absolute scattering intensity I(q) versus q was finally
obtained.

Figure 13. Activity ([HRP]overall = 1.0 nM) (A) and stability ([HRP]overall = 2.5 nM) (B) of the solubilized HRP in the bicontinuous
microemulsions at different Ts (α = 0.350, γ = 0.650, and δ = 0.100). ([ABTS]overall = 3.0 mM and [H2O2]overall = 2.0 mM).
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Determination of Kinetic Parameters of HRP. The
kinetic parameters of HRP were determined based on the
HRP-catalyzed oxidation of ABTS as substrate in the
[C4mim][AOT]-stabilized [C8mim][PF6]-based bicontinuous
microemulsion. For a given α, known amounts of buffer,
[C8mim][PF6], and [C4mim][AOT] (with n-butanol, δ =
0.100) were mixed and equilibrated at a temperature for a
period of time. After that, an aliquot of ABTS stock solution
(100 mM, prepared with the buffer) and an aliquot of H2O2
stock solution (421.2 mM, prepared with pure water) were
added and mixed well. The enzymatic reaction was initiated by
adding an aliquot of HRP stock solution (0.4 μM, prepared
with pure water). The reaction solution was quickly transferred
to a quartz cuvette (1 cm path length), and the cuvette was set
in the thermostated chamber of a UV-2550 UV−vis
spectrophotometer (Shimadzu Co., Suzhou, China) to
monitor the reaction by recording the time-dependent
absorbance change at 420 nm. The activity of HRP at different
levels of ABTS was determined based on the slope of the initial
linear portion of the kinetic curve. The kinetic parameters of
the HRP-catalyzed oxidation of ABTS were obtained by
Lineweaver−Burk plots. The molar extinction coefficient (ε =
36,000 L mol−1 cm−1) of the oxidation products of ABTS was
considered not to vary with the composition of the
microemulsion (the molecular weight of HRP is ca. 44 kDa).
Determination of the Stability of HRP. A mixed

solution containing known amounts of [C8mim][PF6], buffer,
and [C4mim][AOT] (δ = 0.100) (α and γ were fixed) was
placed in a thermostated water bath for thermal equilibration,
and then a known volume of HRP stock solution (0.4 μM,
prepared with pure water) was added and mixed quickly. The
mixture was incubated at a constant temperature for a given
time (t = 0, 30, 60, 90, or 120 s), and then a known volume of
ABTS stock solution (100 mM, prepared with the buffer) was
added. After quick mixing, an aliquot of H2O2 stock solution
(421.2 mM, prepared with pure water) was added to initiate
the enzymatic reaction. The time-dependent absorbance
change at 420 nm was monitored at 20 °C on a UV-2550
UV−vis spectrophotometer (Shimadzu Co., Suzhou, China).
The activity of HRP at t = 0 s was set as a reference (100%);
the relative residual activity of HRP at different incubation
times was then obtained. The overall initial concentrations of
components in the microemulsion medium were [ABTS]overall
= 3.0 mM, [H2O2]overall = 2.0 mM, and [HRP]overall = 0.0025
μM.
HRP-Catalyzed Polymerization of Aniline. Based on the

selected α and γ values, a mixed solution of buffer,
[C8mim][PF6], and [C4mim][AOT] (δ = 0.100) was prepared
and set in a thermostated water bath for equilibration, an
aliquot of aniline stock solution (150.3 mM in 50 mM
NaH2PO4 solution, pH adjusted to 4.3 with HCl) and an
aliquot of H2O2 stock solution (421.2 mM, prepared with pure
water) were added and mixed well, followed by adding an
aliquot of HRP stock solution (896.0 μM, prepared with pure
water) to trigger the reaction. The reaction system was kept in
a thermostatic water bath for 12 h to complete the
polymerization. The overall initial concentrations of compo-
nents in the microemulsion medium were [aniline]overall = 8.0
mM, [H2O2]overall = 9.0 mM, and [HRP]overall = 2.0 μM,
respectively.
UV−Vis−NIR Measurement. The UV−vis−NIR spectra

of samples were recorded at room temperature on a Cary 5000
UV−vis−NIR spectrophotometer (Agilent, USA) over 350−

1300 nm using the corresponding microemulsion as control.
The path length was 1 cm, the scan speed was 600 nm min−1,
and the slit width was 2 nm.

ESR Measurement. ESR measurements were performed
on a JES-X320 ESR spectrometer (Jeol, Japan). The X-band
microwave frequency and the modulation frequency were
9.414 GHz and 100 kHz, respectively. The sample collected
after 12 h reaction was transferred to a glass capillary (with an
inner diameter of 0.9−1.1 mm) for measurement. The number
of signal acquisitions was 16. DPPH was used as a standard
sample; the spin concentration of a sample was calculated
based on the ratio of the ESR integrated area of the sample to
that of DPPH.
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P. Enzymatic Reactions in Confined Environments. Nat. Nanotechnol.
2016, 11, 409−420.
(20) Liu, W.; Kumar, J.; Tripathy, S.; Samuelson, L. A. Enzymatic
Synthesis of Conducting Polyaniline in Micelle Solutions. Langmuir
2002, 18, 9696−9704.
(21) Zou, F.; Xue, L.; Yu, X.; Li, Y.; Zhao, Y.; Lu, L.; Huang, X.; Qu,
Y. One Step Biosynthesis of Chiral, Conducting and Water Soluble
Polyaniline in AOT Micellar Solution. Colloids Surf., A 2013, 429,
38−43.
(22) Zou, F.; Li, Y.; Yu, X.; Zhang, J.; Huang, X.; Qu, Y. β-
Cyclodextrin Improves the Linearity of Polyaniline Synthesized
Enzymatically in AOT Micellar Solution. J. Mol. Catal. B: Enzym.
2014, 104, 35−41.
(23) Caramyshev, A. V.; Lobachov, V. M.; Selivanov, D. V.; Sheval,
E. V.; Vorobiev, A. K.; Katasova, O. N.; Polyakov, V. Y.; Makarov, A.
A.; Sakharov, I. Y. Micellar Peroxidase-Catalyzed Synthesis of Chiral
Polyaniline. Biomacromolecules 2007, 8, 2549−2555.

(24) Hu, X.; Shu, X.-S.; Li, X.-W.; Liu, S.-G.; Zhang, Y.-Y.; Zou, G.-
L. Hemoglobin-Biocatalyzed Synthesis of Conducting Polyaniline in
Micellar Solutions. Enzyme Microb. Technol. 2006, 38, 675−682.
(25) Guo, H.; Chen, J.; Xu, Y. Hb-Induced Biocatalyzed Synthesis of
Water-Soluble Polyaniline Nanocomposites with Controlled Handed-
ness in DBSA−CTAB Mixed Micelle Solutions. Synth. Met. 2015,
205, 169−174.
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