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ABSTRACT: Improving bioelectrocatalytic current response
of redox enzymes on electrodes has been a focus in the
development of enzymatic biosensors and biofuel cells. Herein
a mediatorless electroreduction of oxygen is effectively
improved in terms of a remarkable enhancement by ca.
600% in maximum reductive current by simply adding 20%
ethanol into laccase solution during its immobilization onto
single-walled carbon nanotubes (SWCNTs). Conformation
analysis by circular dichroism and attenuated total reflectance
infrared spectroscopy demonstrate promoted laccase-
SWCNTSs contact by ethanol, thus leading to favorable
enzyme orientation on SWCNTs. Extended investigation on

Ethanol-assisted
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acetone-, acetonitrile-, N,N-dimethylformamide (DMF)-, or dimethyl sulfoxide (DMSO)-treated laccase-SWCNTs electrodes
shows a 400% and 350% current enhancement at maxima upon acetone and acetonitrile treatment, respectively, and a complete
diminish of reductive current by DMF and DMSO. These results together reveal the important role of organic solvents in
regulating laccase immobilization for direct bioelectrocatalysis by balancing surface wetting and protein denaturing.

B INTRODUCTION

In the realm of biofuel cells and biosensing, laccase has received
enormous attention for its catalytic ability in bioelectroreduc-
tion of oxygen. Being one of the blue multicopper oxidases
(MCOs), laccase comprises totally four copper atoms classified
into a mononuclear type-1 (T1) copper abstracting electrons
from phenolic substrates, and a trinuclear type-2 (T2)/type-3
(T3) copper cluster reducing oxygen to water. A highly
conserved histidine-cysteine-histidine tripeptide bridges T1
copper and T2/T3 cluster as an intramolecular electron
transfer (IET) highway.! Compared to precious metallic
catalysts, laccase possesses unique advantages, such as high
catalytic efficiency at high redox potentials, clean oxygen
reduction avoiding peroxide toxicification, resistance to
contamination and relatively low cost. In spite of these
superiorities, heterogeneous electron transfer through the
insulating protein matrix and interfacial space remains a
major challenge in designing enzymatic electrodes for improved
bioelectrocatalytic current response. Common strategies can be
divided into two aspects: mediated electron transfer (MET)
and direct electron transfer (DET). The former strategy
involves incorporation of redox mediators to shuttle electrons
between laccase active sites and electrodes, and current
densities have been greatly enhanced as reported.” MET-
based systems, however, are frequently concomitant with
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overpotential increase, voltage output drop and mediator
leaching. Therefore, DET via fast interfacial tunneling has
emerged as a central theme of research on mediator-free
bioelectrocatalysis for miniaturized, integratable or implantable
bioelectronic devices.

Efficient direct electroreduction of oxygen relies on a close
proximity (within 1.5 nm) of the laccase copper sites to the
electrode surface.”* X-ray crystallography has shown that a
monomeric laccase from fungus or plants consists of three
domains (D1, D2, D3) which together constitute an antiparallel
P-sheet barrel with a hydrophobic interior. Primary electron
acceptor (T1 copper) sits about 6.5 A underneath the protein
surface in D3, while T2/T3 copper cluster is about 12 A deeply
embedded between D1 and D3 (Figure 1)." Accordingly, DET
between T1 copper and electrodes is readily achievable with
favorable positioning of the hydrophobic binding pocket at
electrode surfaces. Ever since the first DET example of laccase
absorbed on a carbon black electrode reported in 1978,> a main
body of the efforts have focused on engineering the electrode-
enzyme interface aimed at rational immobilization. These
include physical adsorption on planar or nanostructred
carbonaceous or gold electrodes,” " conductive wiring by
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Figure 1. Crystal structure of fungus laccase from Trametes versicolor
(PDB 1GYC) with its secondary structures highlighted. Blue:
antiparallel f-strands. Yellow: a-helices. Dark gray: unordered
structures including random coils and turns. Cyan: extended f-strand.
Orange spheres represent copper ions. Small red spheres represent
bound hydroxo ligands. Thin sticks represent the coordination sites.

carbon nanotubes (CNTs), carbon or gold nanoparticles,” '

entrapment in polymers, licguid-crystal cubic phases, carbon
microcrystals or aerogels,”” " covalent conjugation by cross-
linkers, pyrene derivatives or self-assembled thiol mono-
layers,”>””~** supramolecular wiring by substrate-mimicking
ligands,"” ™" and site-directed tethering by non-natural amino
acids or affinity tags.’”® Another important aspect of
improving DET calls for reduction of the protein backbone.
For example, a part of the peptide chain hindering T1 copper
can be genetically removed to increase DET rate with the
truncated laccase.”’ Small bacterial laccase (SLAC) has also be
introduced into DET construction due to naturally lessened
spatial hindrance as well as mising glycosylated shell.”>"*
Among all nanomaterials for laccase immobilization, CNTs
have attracted particular concerns because of their excellent
conductivity, robustness and high surface area. Our group
reported the first success in DET of laccase physically adsorbed
on single-walled CNTs (SWCNTs) and cellulose derivative-
modified multiwalled CNTs (MWCNTSs) a decade ago.”"**
Soon later Bilewicz et al. provided a series of nanostructured
platforms incorporated with CNTs to build direct electrical
connectivity for laccase.”” Dong et al. introduced a layer-by-
layer fabrication of the laccase/poly- -lysine/CNT composites
capable of direct bioelectrocatalysis.”> Barton et al. realized
DET-based oxygen reduction by entrapping SLAC in a
SWCNT-containing Nafion film.°> High current/power
densities of oxygen-consuming biofuel cells were achieved
through controlled immobilization of laccase in a free-standing
film of CNT forest by Nishizawa et al,** and through
mechanical comépression of laccase into a pure CNT disk by
Cosnier et al.”®> With pyrene-succinimidyl ester-modified
MWCNTSs, Ramasamy et al. were able to study DET kinetics
in covalently conjugated laccase during oxygen reduction.’®
Taking advantage of the hydrophobic binding pocket in laccase,
supramolecular wiring opens up a unique road toward DET on
tailored CNTs. Minteer et al. developed a synthetic linker
bearing an anthracene head and a pyrene tail to wire the active
site of laccase by aromatic docking.*>* Bilewicz et al. further
thoroughly explored effects of phenyl, naphthyl, terphenyl,
anthracene and anthraquinone wires in directing laccase
molecules on arylated CNTs.**"” Similar attempt was made
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by Cosnier et al. using adamantine-modified MWCNTs to
rationalize laccase orientation.”

Direct bioelectrocatalysis by laccase adsorbed on CNTs has
been ascribed to controlled enzyme orientation through
hydrophobic and 7z—7 interactions between the CNT surface
and aliphatic and aromatic residues inside the substrate-binding
pocket.”” Even so, ideal positioning of laccase on CNTs
without external driving forces is difficult to achieve, in
particular concerning the narrow pocket opening (~1 nm),
glycosylated and hydrated shell against hydrophobic surface
interactions, and discrete nonpolar patches on the protein
surface that may yield different molecular orientations. Besides
supramolecular aromatic wiring as mentioned above, enzyme
inhibitors including organic solvents might help orientate
laccase molecules on CNTs. So far, quite a number of CNT-
based laccase electrodes featuring DET, especially those
requiring Nafion entrapment, have been prepared from
aqueous-nonaqueous mixtures,"’s’%é8 and it was reported
recently that laccase adsorbed from an ethanol-buffer solution
onto MWCNT-covered carbon paste electrodes gave larger
current densities.'”” However, potential effects of organic
solvents on laccase immobilization and subsequent bioelec-
trocatalytic performance have never been analyzed. Starting
from this point, we embarked on the simple immobilization
approach by adsorbing laccase onto SWCNT's with a moderate
content of ethanol in buffered solution. Voltammetric
characterization illustrated a significant enhancement in direct
reduction current with the laccase-SWCNT-modified electrode
prepared from an ethanol—water mixture. To better understand
the role of ethanol during laccase immobilization, circular
dichroism and infrared spectroscopy were used to elucidate the
conformation and orientation changes of laccase upon physical
adsorption. Furthermore, a series of common organic solvents
were examined to gain an insight into the relation between their
physiochemical properties and direct bioelectrocatalysis.

B EXPERIMENTAL SECTION

Preparation of Laccase-SWCNT Electrodes. Crude laccase
powder obtained from Trametes versicolor (1 g, Sigma-Aldrich) was
initially cleaned up as previously described.** Chromatographically
pure laccase for spectroscopic experiments was prepared as follows:
crude powder was dissolved in 10 mL of 0.01 M sodium acetate (pH
6.0) and filtered through a 0.20 ym syringe filter unit. Proteins were
then precipitated by ammonium sulfate at 80% of its saturation for 12
h at 4 °C under gentle stirring. Precipitates were collected at 12000 g
for 20 min and redissolved in 2.5 mL of 0.01 M sodium acetate buffer
(pH 6.0). Resultant solution was quickly desalted through a PD-10
Sephadex G25 column (GE Healthcare), followed by anion-exchange
separation through a Q-Sepharose Fast Flow (GE Healthcare) column
eluted by step-washing (0.01 M, 0.02 M, 0.0S M, 0.10 and 0.20 M
sodium acetate, pH 6.0). Collected fractions exhibiting laccase
activities toward ABTS were pooled in an Amicon filter unit (mass
cutoff: 10 kDa) at 5000 g. Purified blue laccase was then verified by
SDS-PAGE (Figure S1) and UV-—vis spectroscopy (Figure S2).
Protein concentration was determined by BCA assay.

Glassy carbon electrodes (GCE, diameter: 3 mm, CHI Instruments)
were prepolished with alumina slurry (0.3 and 0.0S ym) on a polishing
cloth and cleaned by sonication in ethanol and deionized water.
SWCNTs (purity: >90%, diameter: 1—2 nm, length: 5—30 um,
purchased from Beijing DK Nano Technology Co. LTD) were purified
by refluxing in 2.6 M nitric acid for 10 h. Purified SWCNT's were then
dispersed in 50% ethanol under sonication for 15 min to get a uniform
suspension (2 mg mL™"), 5 uL of which was coated onto each GCE by
drop-casting and dried under a hot incandescent lamp for 1 h. Equal
volumes of laccase solution and SWCNT suspension (in deionized
water) were mixed on vortex in the absence or presence of 20%
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ethanol, acetonitrile, acetone, DMF or DMSO for 1 min and then by
sonication for 1 min at room temperature. After that, another S yL of
the laccase-SWCNT mixture was pipetted onto the SWCNT-modified
GCE. All electrodes were slowly dried under ambient air at room
temperature for 2 h in an inverted beaker to allow sufficient contact
between laccase molecules and the SWCNT surface.

Electrochemical Evaluation of Direct Bioelectrocatalysis.
Cyclic voltammetry of as-prepared electrodes was conducted in a
three-electrode system linked to a CHI potentiostat. A platinum spiral
wire and an Ag/AgCl electrode (KCl-saturated) were used as counter
electrode and reference electrode, respectively. Sodium phosphate
buffer or sodium acetate buffer (0.10 M, pH 6.0) was used as the
medium and supporting electrolyte. N,- or O,-saturated solution was
prepared by purging with high-purity N, or O, gas for at least 30 min
before test. CV scanning setup was as follows: 0.8 to —0.1 V, 10 mV
sec™!, 2 cycles.

Conformation Analysis by Circular Dichroism. Purified laccase
(1 mg mL™") was incubated with or without SWCNTs in the absence
or presence of 20% ethanol in 0.050 M sodium acetate buffer (pH 6.0)
under gentle agitation for 15 min at room temperature. Circular
dichroism (CD) spectra were collected with a demountable cuvette
(light path: 0.02 cm) in a JASCO circular dichroism spectrometer (J-
815). CD scanning setup was as follows: 260 nm —180 nm, 200 nm/
min, 0.25 s response (time constant), 1 nm bandwidth. Blank solutions
containing no laccase were scanned as baselines. All spectra were
averaged from five repeats. Spectra analysis according to existed
reference set® was accomplished by the DichroWeb server at http://
dichroweb.cryst.bbk.ac.uk/html/ home.shtml.”*~7> Mean residual ellip-
ticity was calculated using a molecular weight of Trametes versicolor
laccase being 56 kDa and residue number being 499.

Conformation Analysis by Infrared Spectroscopy and
Spectra Processing. For attenuated total reflectance infrared
spectroscopic (ATR-IR) measurements, S uL of the laccase-SWCNT
mixture was dropped onto a CaF, slide, which was dried under
ambient air at room temperature for 2 h in a half-covered Petri dish
and then in vacuum overnight. Dried laccase-SWCNT films were
analyzed by a Fourier Transform (FT) IR spectrophotometer
equipped with an ATR accessory. Different IR spectra were obtained
by subtracting a reference spectrum collected with the bare SWCNT
film after a nine-point smoothing of raw spectra. Second- and fourth-
derivative IR spectra were obtained using a five-point Savitsky-Golay
function. All spectra processing and peak measurements were done in
OMNIC. To assess the secondary structures in laccase, curve fitting of
the amide I band was conducted in Origin to derive Gaussian
component bands by the following procedure. Briefly, a linear baseline
was drawn between 1700 and 1600 cm™' on the difference IR
spectrum without subtraction. Band width was initially set to 8 cm™.
Peak positions assigned according to second-/fourth-derivative IR
spectra and literature were allowed to shift slightly during fitting.

B RESULTS AND DISCUSSION

Synthetic substrate analogues carrying aromatic moieties were
designed to wire laccase molecules on surfaces through 7—n
interactions, the rationale for immobilization by supramolecular
docking.**"*#>*=57 Eollowing this idea, another potential
solution to laccase orientation control may be provided by
enzyme inhibitors that can occupy the binding pocket and
reside on surfaces of CNTs as well. In the work by Haber et al.,
a list of water-miscible organic solvents were identified as
laccase inhibitors.””’* In the meantime, many of these organic
inhibitors exhibit different affinities to the conjugated surface of
CNTs according to solvent nature.”® Therefore, this work was
originated from the question: can organic solvent molecules
affinitive to both the substrate binding sites and the CNT
surface, similar to anthracene-pyrene linkers, help control the
immobilization orientation of laccase on CNTs? To address our
concern, ethanol, the most commonly used organic solvent in
lab and a laccase inhibitor as well, was chosen as the model
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cosolvent introduced into the laccase-SWCNT mixture to assist
immobilization.

Effect of Ethanol on Direct Reduction Current
Response of Laccase on SWCNTs. Figure 2 presents
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Figure 2. Direct electroreduction of O, catalyzed by laccase. Top:
Cyclic voltammograms of untreated laccase (A) or ethanol-treated
laccase (B) immobilized on SWCNT/GCE in N,-saturated (black
line), air-saturated (blue line) and O,-saturated (red line) sodium
phosphate buffer (0.1 M, pH 6.0). Scan rate, 10 mV sec™’. Bottom:
(C) linear sweep voltammograms of untreated laccase (dashed line) or
ethanol-treated laccase (solid line) immobilized on SWCNT-modified
rotating ring disk electrodes in O,-saturated phosphate buffer. Scan
rate, 10 mV sec™'. Rotating speed, 500 rpm.

representative cyclic voltammograms of the untreated or
ethanol-treated laccase-SWCNTs electrodes in 0.1 M phos-
phate buffer (pH 6.0). Cathodic currents in oxygenated
solutions starting at ca. + 0.60 V (vs. Ag/AgCl) close to the
formal reduction potential of fungus laccase (+0.78 V vs
NHE)"® confirmed the bioelectrocatalytic activity of laccase-
SWCNT composites toward oxygen reduction without
mediators, which was also evidenced by the disappearance of
turnover currents in deoxygenated solutions. Switching from
untreated laccase-SWCNT to ethanol-treated laccase-SWCNT
composites only caused a small positive shift in open circuit
potential as well as onset potential for oxygen reduction by ca.
1S mV as shown by polarization curves (Figure S3), but
resulted in marked changes in current response. The ethanol-
treated laccase-SWCNT electrode displayed a steep reductive
peak with its maximum current density being 16.6 A cm™ at
+0.56 V under ambient air and 50.9 yA cm™ in oxygen-
saturated solution at +0.47 V (all background subtracted).
Contrarily, the oxygen reduction current at the untreated
laccase-SWCNT electrode was significantly reduced and almost
reached a plateau at +0.45 V (2.7 uA cm™2) under ambient air
and at +0.35 V (7.3 pA cm™) under oxygen saturation. To
exclude oxygen diffusion limitation, hydrodynamic examination
at a rotation speed of 500 rpm was conducted on rotating disk
electrodes (RDEs) modified by laccase-SWCNT composites.
As shown in Figure 2C, oxygen reduction at the ethanol-treated
laccase-SWCNT RDE vyielded a current density of 711 yA cm™
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at +0.4 V, which increased by about 70% from that obtained
with the untreated laccase-SWCNT RDE (415 pA cm™).

We then investigated electron transfer pathways at the
electrode-laccase interface through halide inhibiting experi-
ments. Trametes versicolor laccase purified from oxygenated
solutions was in its resting oxidized form with a hydroxo ligand
bridging T3 coppers (proved by UV—vis absorbance at 330 nm
resulted from y,—OH to T3 copper charge transfer transition,
Figure $2).77 During the voltammetric scan from 0.8 to 0.0 V
under anaerobic condition, laccase could undergo a relatively
slow four-electron transition from the resting oxidized form to
the fully reduced form, which was accomplished by DET from
the electrode to T1 copper and subsequent IET to T2
copper.”” This corresponds to the cathodic peak (Cu**/Cu'*)
at ca. + 0.45 V in N,-saturated solution that was 400% higher at
the ethanol-treated laccase-SWCNT electrode (5.28 pA/cm™,
Figure 3B) than at the untreated laccase-SWCNT electrode
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Figure 3. Cyclic voltammograms of untreated laccase (A) or ethanol-
treated laccase (B) on SWCNT/GCE in N,-saturated sodium acetate
buffer (0.1 M, pH 6.0) in the absence (black line) or presence of
inhibiting ions: 150 mM NaCl (red line); 1 mM NaF (blue line). Scan

rate, 5 mV sec” .

(0.88 uA/cm™?, Figure 3A). As controls, no redox peaks were
obtained with either untreated or ethanol-treated laccase
immobilized on planar GCEs (Figure S4), showing the essential
role of SWCNTs in connecting the electrode and laccase
coppers. In the presence of 150 mM CI~, which was previously
suggested to coordinate T1 copper as a competitive
inhibitor,"””®”” maximum reductive current at +0.45 V was
reduced by 63% for untreated laccase-SWCNT's while only 26%
for ethanol-treated laccase-SWCNTSs. It is in good agreement
with the published finding that CI™ has less inhibitory effect on
laccase molecules in an appropriate orientation with the
substrate binding pocket facing the electrode surface due to
potential steric hindrance to CI~ access to T1 copper,”®”*™*°
even though we are still not clear about the reason for the
decrease of nonturnover current of Cl™-coordinated T1 copper.
Interestingly, reductive current of ethanol-treated laccase-
SWCNTs at +0.40 V did not change (4.77 uA/cm™?) upon
blockade of T1 copper by CI™ and even increased after NaCl
addition as scanned more negatively, which was not observed
for untreated laccase-SWCNTs. Contrarily, similar current
suppression was observed for both types of electrodes when 1
mM NaF was added to strongly inhibit T2 copper and shut
down T1-T2/T3 IET, resulting in almost complete loss of the
electrochemical activity of laccase. Taken together, inhibition
data imply one plausible possibility of the current contribution
from the electrode-T2/T3 copper cluster DET in ethanol-
treated laccase-SWCNT composites that was not influenced by
CI” but blocked by F~. Small cathodic peaks were spotted at ca.
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+0.20 V and appeared to be independent of halide coordination
(no significant changes in either potential or current density),
which were most likely due to impurities or even dissociated
coppers.

Effect of Ethanol on Laccase Conformation. Conforma-
tional changes of laccase during physical adsorption before
dehydration were characterized by circular dichroism. Far-UV
spectra of chromatographically purified laccase in different
solutions were collected to analyze protein secondary structures
(Figure 4, top). The positive peak at 198 nm and negative peak
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Figure 4. Spectroscopic elucidation of the laccase conformation. Top:
Far-UV CD of untreated laccase (black line) or ethanol-treated laccase
(red line) in sodium acetate buffer (0.0S M, pH 6.0) with (solid line)
or without (dashed line) 0.5 mg mL™' SWCNT. Laccase
concentration is 1 mg mL™". Light path length is 0.02 cm. Bottom:
Difference IR spectrum of the dried laccase film. Red square shows the
Amide I band region with inset showing Gaussian band fitting.

at 218 nm mainly contributed by S-sheets demonstrated the
essential antiparallel p-barrel structure that accommodates
coppers in native laccase. Spectra comparison to existed
reference set®” suggested that native hydrated laccase contained
38.7% f-sheets, 6.8% a-helices and 54.5% unordered structures.
In the presence of 20% ethanol, secondary composition of
laccase changed slightly to 39.5% f-sheets, 7.7% a-helices and
54.5% unordered structures, showing that ethanol at a
moderate concentration placed a negligible impact on laccase
conformation. Addition of SWCNT altered the hydrophobicity
of the surrounding environment of laccase in solution and
resulted in blue shifts of both positive and negative peaks. A
significant transition from f-sheets (36.7%) to a-helices (9.3%)
was due to a protein domain deformation at the SWCNT-
laccase interface. A dramatically larger transition (32.4% f-
sheets and 14.9% a-helices) was observed when both SWCNTs
and ethanol were present in solution, indicating an aggravated
shape distortion of the p-barrel in laccase. These data
demonstrate that ethanol molecules promote the hydrophobic
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Figure S. Fractions of different secondary structures in immobilized laccase: (A) laccase film; (B) untreated laccase-SWCNT film; (C) ethanol-
treated laccase-SWCNT film. Error bars represent standard deviations of three independent measurements. LF and HF respectively stand for low-

frequency and high-frequency.

interactions between SWCNTs and laccase, leading to partial
denaturing that appear trivial in the absence of SWCNTs.
Conformation of adsorbed laccase on SWCNT surface in dry
state was probed by ATR-IR. A typical difference IR spectrum
of the laccase film is shown in Figure 4 (bottom). The peak in
Amide I region (1700—1600 cm™") centered at ~1631 cm™" is
a characteristic of C==0 stretch in protein backbone, frequency
of which is very sensitive to secondary structures. Due to
extensive overlapping in Amide I band, second- and fourth-
derivative spectra were used to solve convoluted peaks (Figure
S5). In combination with previously summarized peak
positions,” six types of secondary structures were resolved to
give 14 component peaks and relative contributions: S-sheets
(1627 + 2, 1635 + S and 1642 + 1 cm™"), a-helices (1656 =+ 2
cm™1), random coils (1648 =+ 3 cm™), turns (1667 + 1, 1675 +
1, 1680 + 2 and 1685 + 2 cm™"), low-frequency (LF) S-sheets
(1606 + 2, 1615 + 2 and 1622 + 2 cm™!) and high-frequency
(HF) p-sheets (1691 + 2 cm™), shown in Figure S.
Compared to laccase deposited on a planar surface (the CaF,
slide), laccase adsorbed on SWCNTs turned out to have more
P-sheet content and a merely unaltered alpha content, which
contrasts with the conformation transition trend observed in
solution. Maintain of the ordered barrel structure implies that
SWCNTs with high surface curvature help stabilize dehydrated
laccase in its near-native form. Unexpectedly, the pJ-sheet
fraction showed no distinction with and without ethanol
involvement during immobilization. Although dissolved laccase
underwent a partial denaturing/unfolding induced by SWCNT's
and ethanol in solution, such a change faded with solvent
evaporation. IR peaks at low frequencies (<1624 cm™) usually
arise from protein—protein interaction-induced deformation. A
larger contribution of these peaks to the overall band shape
suggests more deformed f-sheets in laccase immobilized on
SWCNTs than those in the laccase film. It is probably a result
of protein aggregates or dense protein layers on SWCNT
surfaces. No obvious impact of ethanol on protein deformation
was observed in terms of almost the same LF f-sheet contents
in adsorbed untreated or ethanol-treated laccase. In contrast,
HEF f-sheet corresponding to flexible S-extend was significantly
affected by ethanol during enzyme immobilization, even though
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this type of structure only occupies a small fraction of the
enzyme entity (Figure 1, highlighted in cyan). Its peak area
ratio dropped just above zero after immobilization on
SWCNTs, while increased by about 200% in ethanol-treated
laccase. For unordered structures, ethanol did not alter the coil
fraction but caused a significant loss of turns.

Effect of Ethanol on Orientation of the Immobilized
Laccase. Like the C=0 stretch in the peptide linkage, N—H
in-plane bending gives rise to another characteristic Amide II
band centered between 1600 and 1500 cm™". A larger Amide II
peak was obtained with ethanol-treated laccase-SWCNT film,
showing an increased amount of detectable N—H in-plane
bending events. In fact, C=O0 stretch and N—H bending are
perpendicular to each other in the plane of f-sheet and
sensitive to its orientation with respect to the surface.
Therefore, the relative change of Amide I and II band intensity
is considered as a qualitative indicator of the protein orientation
on surface, and we used the Amide I/II ratio to assess the
orientation of immobilized laccase on SWCNT surface.** ™ As
shown in Figure 6, the Amide I/II ratio was effectively reduced
by ethanol, indicating a significant change of the laccase
orientation.

There are two types of orientation that can be adopted by a
[-strand on the surface of SWCNTs, “flat-on” and “end-on”. In
the “flat-on” orientation, both vibration motions of C=0 and
N-—H are parallel to the surface. In the “end-on” orientation,
the N—H in-plane bending switches to a perpendicular
direction with respect to the surface. As a result, its vibration
intensity detected by ATR-IR increases.”” Our data suggests a
trend that the relative orientation of f-sheets was converted
from “flat-on” to “end-on” under the influence of ethanol.

Besides the relative Amide I/II peak intensity ratio, fraction
change of HF p-sheets and unordered structures is another
useful hint for drawing the picture. As told by resolved
component IR bands, an increase of detectable C=O stretch
motions in HF f-sheets indicates a similar conversion of the
flexible f-extends from the “flat-on” to “end-on” orientation,
which was associated with loss of turns. Taken together with
the crystal structure of laccase, in which the flexible -extends
and turns are guarding the binding pocket opening (Figure 1),
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an “end-on” position of laccase with its pocket facing toward
the CNT sidewall is the most plausible choice in this particular
case.

Effect of Other Organic Solvents on the Immobilized
Laccase. As a step forward from our results with ethanol, we
investigated effects of more organic solvents on laccase
immobilization. Figure 7 displays a set of cyclic voltammograms
recorded with laccase electrodes prepared with acetone,
acetonitrile (ACN), DMF or DMSO. Maximum reductive
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current densities of acetone- and ACN-treated electrodes in
oxygenated solution were significantly increased respectively by
approximately 400% and 350%, as compared to that of the
untreated laccase electrode. DMF treatment brought down the
oxygen responsive current densities, which completely went
away after DMSO.

As displayed in Figure 8, there seems to be a tendency that
current enhancement decreases as the change of f-barrels
holding copper sites is intensified. With respect to untreated
laccase on SWCNTS, the fraction of regular f-sheets is similar
in acetone-treated laccase but altered significantly in ACN-,
DMF- and DMSO-treated laccase. Thus, reduction in direct
bioelectrocatalytic performance of corresponding electrodes
follows the order of DMSO > DMF > ACN > acetone. The
fractions of LF f-sheets in DMF- and DMSO-treated laccase
also dramatically increase, implying much higher degree of
deformation of p-barrels, while in the HF pf-sheet region,
fraction change is somehow ruleless. Alpha and turn contents
are in no statistical differences upon organic solvent treatment,
except that DMF converted merely half of a-helices and turns
to f-sheets (especially deformed p-sheets). Random coil
contents in acetone and ACN-treated laccase are increased by
about 30%, most likely due to further unfolding of deformed p-
sheets.

Discussion. Laccase catalyzes the oxidation of a broad range
of aromatic (mostly phenolic) compounds, suggesting a
promiscuous binding pocket other than a specific binding site
(Figure 1). Substrate accommodation mainly relies on 7—x
interactions and hydrogen bonding with residues in the pocket.
As a matter of fact, all available binding sites are close to the
enzyme surface and easily accessed by solvent molecules.
Adverse impacts on laccase activity imposed by organic solvents
in a homogeneous aqueous-nonaqueous mixture follow the
formation of new hydrogen bonds (inhibition effect) and
globule distortion by water substitution in the hydration shell
(denaturing effect).® Standing on this basis, we initially
proposed that partial unfolding of laccase under denaturing
effect to reduce the spatial hindrance between buried copper
sites and surfaces of CNTs was responsible for observed
improvement of current response in direct bioelectrocatalysis
by ethanol-aided laccase immobilization. However, CD and IR
data provided opposing evidence. Ethanol at 20% did not
induce significant conformation alteration in a homogeneous
solution, whereas just intensified a reversible distortion of the
p-barrel at the enzyme-CNT interface. This finding is in
accordance with studies by Mozhaev et al. and Rodakiewicz-
Nowak et al. that have demonstrated the prevailing of inhibition
effect over denaturing effect of organic solvents at moderate
concentrations.”>’*%¢ Therefore, instead of driving laccase to
unfold, ethanol promoted contact of laccase and the CNT
surface to facilitate a favorable “end-on” orientation (Figure 9).
For laccase, ethanol behaved as a weak mixed competitive
inhibitor that partly substituted bound water molecules in the
binding pocket by forming new hydrogen bonds. For
SWCNTs, readily adsorbed ethanol molecules wetted the
hydrophobic surfaces, turning them more amenable to ethanol-
substituted laccase from the aqueous phase. The stability (over
time) of SWCNT dispersion against agglomeration and
precipitation in solution followed the order of ethanol-
laccase-SWCNT > laccase-SWCNT = ethanol-SWCNT >
SWCNT (results not shown). In this sense, surface wetting by
organic solvent molecules played an essential part in establish-
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Figure 9. Schematic illustration of the effect of ethanol on the
orientation of laccase on SWCNT. Orange spheres represent the
copper ions. Light blue and pink spheres respectively represent the
water and ethanol molecules in the hydration shell of laccase.

ing sufficient heterogeneous contact, more or less similar to
surfactant-assisted DET on CNTs."’

It should be admitted that cyclic voltammetric and
spectroscopic data presented here only give averaged results
over the whole laccase population. Idealizing each single laccase
molecule orientation simply by physical adsorption is not easy.
In other words, different orientations existed on either
untreated laccase-SWCNT or ethanol-treated laccase-SWCNT
electrode. Laccase molecules in the absence of ethanol were
immobilized in a more random fashion during electrode
deposition, while ethanol-wetted interface was evidenced to
provide increased population or probability of laccase adopting
the beneficial orientation (Figure 9). One indirect proof of this
mechanism comes from the cathodic current contribution at
more negative potentials, assigned to direct electroreduction of
T2/T3 coppers in closer proximity with SWCNT surfaces.
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Compared to DET at T1 copper, longer tunneling distance
between the electrode and T2/T3 copper cluster (over at least
1.2 nm) would yield lower electron transfer rate, so DET at
T2/T3 copper cluster was barely achieved except for a limited
number of studies about wiring the T2/T3 site on gold surfaces
with the substrate binding pocket facing outward.'>*”** The
observed cathodic current independent of CI~ binding but
suppressed by F~ began to emerge at +0.40 V, which is to some
extent consistent with reported larger overpotentials for T2/T3
DET process.'”® However, this indeed needs more exper-
imental evidence as it has never been investigated on
carbonaceous electrodes.

Notably, enhancement of the maximum oxygen reduction
current density upon ethanol treatment was obviously larger
under hydrostatic condition (ca. 600%, Figure 2B) than that
under hydrodynamic condition (ca. 70%, Figure 2C). Control
test by examining ethanol-wetted SWCNT electrodes in 0.1 M
phosphate buffer (pH 6.0) containing 1 mM K;Fe(CN), found
that the change in CV was negligible (Figure S6). Traces of
ethanol molecules adsorbed on SWCNT surfaces did not alter
either the dynamic behavior of water-soluble species (such as
dissolved oxygen molecules) within the hydrophobic matrix or
the conductivity and solvent-accessible surface area of the
SWCNT-modified electrode. This then brought up another
interesting question: was there an easier access of oxygen
molecules to T2/T3 copper cluster embedded in the ethanol-
treated laccase? Although secondary structure analysis has
excluded an exposure of T2/T3 cluster to the solution, subtle
local protein domain changes induced by bound ethanol could
not be completely ruled out. Second-derivative IR spectra
demonstrate a partial substitution of bound water molecules by
ethanol molecules in terms of upward shifts of C=0O stretch
frequencies due to weaker H-bonds (Figure $7).*” Particularly,
band positions (1800—1700 cm™") related to C=0 stretch in
aspartate and glutamate residues constituting the solvent
channel to T2 copper”” have all shifted 2—3 cm™ up,
indicating that its inner hydrophilic “wall” was decorated with
ethanol molecules. Transport of hydrophobic oxygen molecules
to the reduction site might be facilitated through the ethanol-
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substituted solvent channel, which merits our in-depth research
attention.

With more organic solvents investigated, we found it difficult
to extract a universal rule in regulating direct bioelectrocatalysis
by laccase. However, there is no doubt that a trade-off between
surface wetting and denaturing effect affects the performance of
the as-prepared electrodes. As the polarity of organic solvents
reduces (Table S1), its capability of joining hydrohpbilic
enzymes and hydrohpobic SWCNTs increases, and the
resultant catalytic current heightens in the order of DMSO <
DMF < ACN < acetone < ethanol. Interestingly, distortion of
the globular protein shape is aggravated in a reversed trend,
contrary to our statement that promoted SWCNT-laccase
contact induces higher degree of reversible unfolding. To
explain such a discrepancy, further inspection of the
physiochemical properties showed that organic solvents with
both higher denaturing capacity (proposed by Khmelnitsky et
al.)”" and lower vapor pressure intended to exert stronger and
extended denaturing effect on laccase during solvent evapo-
ration, which diminished positive effects of surface wetting.
This is especially in line with the current disappearance after
DME- or DMSO-aided immobilization. Compared to water
(2.34 kPa, 20 °C), DMF (0.36 kPa, 20 °C) or DMSO (0.06
kPa, 20 °C) was gradually concentrated due to slower
evaporation during enzyme immobilization and eventually
deactivated laccase, thus releasing coordinated copper ions
from completely unfolded enzymes. For ethanol (5.95 kPa, 20
°C), ACN (5.00 kPa, 20 °C) or acetone (24.5 kPa, 20 °C) with
a higher vapor pressure, organic solvent accumulation was
avoided. Even though acetone has the highest denaturing
capacity, rapid evaporation might offset part of its denaturing
effect on laccase conformation.

Bl CONCLUSION

Interactions between proteins in solution and solid surfaces
dominate the protein immobilization and determine the
bioelectrocatalytic activities. A lot of material and protein
engineering-based methods have been provided to the
construction of the electrode-protein interfaces enabling
efficient direct bioelectrocatalysis. In this work, we reexamine
a simple immobilization strategy that effectively improves direct
electrocatalytic current response by organic solvent-assisted
immobilization of laccase on SWCNTs. After an in-depth
exploration of the effects of water-miscible nonaqueous solvents
on laccase immobilization from structural biological and
physicochemical perspectives, we demonstrate the important
role of surface wetting and protein denaturing in regulating
enzyme conformation and orientation on the surfaces of
SWCNTs. As suggested in the present study, organic solvents
with lower polarity, weaker denaturing capcity and higher vapor
pressure turn out to be well-suited for assisting DET. On the
contrary, organic solvents with higher polarity, stronger
denaturing capacity and lower vapor pressure disfavor the
laccase-SWCNTs interactions and direct bioelectrocatalysis.
Turning back to the beginning question that whether and
how organic solvents affect the subsequent enzymatic electrode
performance, we can state that some knowledge has been
gained toward understanding of contributing factors, especially
surface wettability, in regulating laccase immobilization on
hydrophobic surfaces of nanomaterials, even though our
current knowledge is still distant from fully unravelling the
underneath answer including a quantitative correlation between
physiochemical properties of organic solvents and laccase DET
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efficiency. At this moment in time, we believe in the prominent
future of water-miscible, nonpolar organic small molecules as
useful tools in the design of electrode-enzyme interfaces on
new tailor-made platforms, whose surface wettabilities can be
fine-tuned or even patterned to achieve optimum, individu-
alized enzyme immobilization.
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