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CNTs need to be dispersed in aqueous solution for their successful use, and most methods to disperse
CNTs rely on tedious and time-consuming acid-based oxidation. Here, we report the simple dispersion
of intact multi-walled carbon nanotubes (CNTs) by adding them directly into an aqueous solution of

. glucose oxidase (GOXx), resulting in simultaneous CNT dispersion and facile enzyme immobilization

. through sequential enzyme adsorption, precipitation, and crosslinking (EAPC). The EAPC achieved high

. enzyme loading and stability because of crosslinked enzyme coatings on intact CNTs, while obviating

. the chemical pretreatment that can seriously damage the electron conductivity of CNTs. EAPC-driven

. GOXx activity was 4.5- and 11-times higher than those of covalently-attached GOx (CA) on acid-treated
CNTs and simply-adsorbed GOx (ADS) on intact CNTs, respectively. EAPC showed no decrease of GOx
activity for 270 days. EAPC was employed to prepare the enzyme anodes for biofuel cells, and the EAPC
anode produced 7.5-times higher power output than the CA anode. Even with a higher amount of bound
non-conductive enzymes, the EAPC anode showed 1.7-fold higher electron transfer rate than the CA
anode. The EAPC on intact CNTs can improve enzyme loading and stability with key routes of improved
electron transfer in various biosensing and bioelectronics devices.

. Carbon nanotubes (CNTs) have gathered great attention due to their unique physical, chemical and electrical
- properties, which allows for their use in nanoelectronics'~, nanocomposites**, nanolithography®’, biosensing®"!,
. drug delivery'?'%, and cancer targeting treatment!>-'”. However, aggregation and poor dispersion of hydrophobic
CNTs in hydrophilic aqueous solution makes their versatile uses difficult, especially in aqueous-based bio-related
: applications, by limiting effective interaction of biomolecules with CNTs. Various techniques have been proposed
* to improve the dispersion of CNTs in aqueous buffer solution!®-2°. For example, the dispersion of CNTs was
. improved via covalent or non-covalent functionalization?!-??, chemical oxidation using strong acids***, plasma
. treatment®, polymer wrapping®?, surfactant addition®*-*°, and DNA or protein addition®-**, In bio-related
applications, CNTs are usually treated with strong acids, generating hydrophilic carboxyl groups on the surface
of CNTs, which allows for dispersion of CNTs in aqueous solution and can be used to provide carboxylic acid
. groups for the chemical attachment of biomolecules. However, acid treatment of CNTs is not only tedious and
© time-consuming, but also causes structural defects that can seriously impair electrical conductivity of CN'Ts!*.
: In the present work, we report the simple dispersion of CNTs without acid treatment by adding CNTs directly
into an enzyme solution, and their use for facile enzyme immobilization. We hypothesize that good dispersion of
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Figure 1. Comparison of the CNT dispersion in the absence and presence of enzymes. (a) Aggregated
CNTs in aqueous solution, and (b) well-dispersed CNTs in enzyme solution (10 mg/mL GOx), together with
hypothetical schematics for both CNT aggregation in aqueous solution and dispersed CNTs in enzyme solution.

CNTs can be attributed to the amphiphilic nature of an enzyme’s surface*®*!, where hydrophobic moieties enable
interaction with the hydrophobic CNT surface while hydrophilic moieties interact with the aqueous solution,
thereby preventing CNT aggregation and leading to effective CNT dispersion. Based on this phenomenon of
CNT dispersion in an enzyme-containing solution, we have developed a novel protocol of enzyme immobili-
zation and stabilization, called “enzyme adsorption, precipitation, and crosslinking (EAPC)”. The first step of
enzyme adsorption represents dispersion of CNTs in the enzyme solution, which is followed by the sequential
steps of enzyme precipitation and chemical crosslinking. We prepared EAPCs of glucose oxidase (GOx) on intact
CNTs and investigated the resulting conjugate morphology, activity and stability. Immobilized and stabilized GOx
in the form of EAPC was also employed to fabricate an enzyme anode for biofuel cells. Even though enzymatic
biofuel cells have a great potential as a small power source for implantable devices as well as biosensors, their
practical applications are being hampered by their short lifetime and low power output**~*. The successful incor-
poration of EAPC with high enzyme loading and stability can lead to the development of highly-effective enzyme
electrodes by improving both lifetime and power density of biofuel cells.

Results and Discussion

Preparation of EAPC on CNTs. Figure 1 shows the aggregation of native multi-walled carbon nanotubes
(CNTs) in 100 mM phosphate buffer (PB, pH 7.0) and the good apparent dispersion of CNTs in GOx solution
(10 mg/ml GOx in 100 mM PB, pH 7.0). While hydrophobic native CNTs undergo significant aggregation in
PB, good CNT dispersion is observed in the presence of GOx (Fig. 1b). It may be hypothesized that the sur-
factant-like, amphiphilic nature of the GOx surface facilitates this CNT dispersion. According to 3D structural
analysis, GOx has a hydrophobic patch on its surface that can interact with the hydrophobic side wall of intact
CNTs, resulting in facile GOx adsorption onto the surface of CNTs (Fig. S1). Concomitantly, hydrophilic inter-
actions between water molecules and hydrophilic side chains on the surface of GOx lead to highly-dispersed
intact CNTs in aqueous enzyme solution (Figs S1 and 1b). To test the hypothesis of CNT-GOx and GOx-water
interactions enabling both good enzyme adsorption onto CNTs and dispersability in aqueous solution, we added
an equal volume of hexane to aqueous GOx solutions containing well-dispersed intact CNTs at various GOx
concentrations (0 to 10 mg/ml). Interestingly, only in the absence of GOx, were all of the intact CNTs extracted
into the hexane phase. On the other hand, even with the lowest GOx concentration (0.1 mg/ml), intact CNTs
were not extracted into the hexane phase, and the CNTs were dispersed in aqueous GOx solution (Fig. S2). When
considering the hydrophobic nature of the intact CNT surface, the lack of CNT extraction into the hexane phase
in the presence of GOx strongly supports our hypothesis of hydrophobic interaction between CNT surface and
hydrophobic patch on the GOx surface that can allow for the retention of CNTs in the enzyme solutions. We
performed experiments to determine the dispersion of intact CNTs in aqueous solutions of trypsin (TR), chy-
motrypsin (CT), horseradish peroxidase (HRP), and bovine serum albumin (BSA) (Fig. S3a). Intact CNTs were
well dispersed in each of the protein solutions while CNTs aggregated without protein added to the solution.
We also assessed the effect of protein solutions on dispersing various graphene particles. As shown in Fig. S3,
similar results were obtained as that for CNTs. These results strongly support our hypothesis of CNT dispersion
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Figure 2. Schematic diagrams for the preparation of CA-GOx/ox-CNTs (CA) and EAPC-GOx/CNTs
(EAPC).

in aqueous protein solution based on CNT-protein and protein-water interactions, and this could be extended to
graphene particles (Fig. S3b).

To take advantage of well-dispersed and intact CN'Ts in an aqueous enzyme solution for the development of
a unique enzyme immobilization method, we first performed two additional steps of enzyme precipitation and
crosslinking after dispersing intact CN'Ts in aqueous GOx solution. To that end, we proceeded to precipitate GOx
by adding ammonium sulfate, and this step was followed by enzyme crosslinking with glutaraldehyde (Fig. 2a).
For comparison, we also prepared covalently-attached GOx (CA) on acid-treated CNTs (ox-CNTs) by employing
the EDC/NHS linker chemistry to conjugate the carboxyl groups on ox-CNTs with the amino groups on GOx
(Fig. 2b).

Scanning electron microscopy (SEM) images of EAPC revealed a thick coating of crosslinked GOx aggre-
gates on the surface of CNTs, which were not observed in the SEM images of other control samples such as
CNTs, 0x-CNTs and CA (Fig. 3). According to analyses of 20 randomly-selected tubular nanoparticles in the SEM
images (Fig. 3), the average thickness of tubular nanoparticles in the samples of CNTs, ox-CNTs, CA and EAPC
were 30+ 10, 35+ 5, 36 £ 7 and 52 & 13 nm, respectively (Table S1). Since the thickness of CNTs is estimated to
be 30 £ 10 nm, the thickness of crosslinked GOx coatings over CNTs in the samples of EAPC can be estimated
to be 22 nm. Because the size of GOx (6.0 x 5.2 x 3.7nm) can be estimated to be ~5.0nm*, the estimated EAPC
thickness of 22 nm represents 4~5 layers of crosslinked GOx aggregates.

Activity and stability of EAPC-GOx on CNTs. The activity of immobilized GOx was measured by
the oxidation of o-dianisidine, which is catalyzed by peroxidase using the hydrogen peroxide generated from
GOx-catalyzed glucose oxidation. The measured activities of ADS, CA and EAPC were 0.81, 2.0 and 9.0 units per
mg of CNTs (Fig. 4). The activity of EAPC was approximately 12- and 4.5-times higher than those of ADS and
CA, respectively. This improved activity of EAPC may be explained by enhanced enzyme loading when compared
to ADS and CA, as observed in the SEM images (Fig. 3). Interestingly, the activity ratio of 4.5 matches well with
the estimated 4~5 layers of crosslinked GOx aggregates from the SEM images of EAPC and CNTs. We also pre-
pared enzyme-CNT conjugates without the precipitation step, e.g., enzyme adsorption and crosslinking (EAC).
The activity of EAC was 2.3 units per mg of CNTs, which is 3.9-fold lower activity than that of EAPC. Hence,
enzyme precipitation is important to achieve high enzyme loadings in the form of EAPC.

Cyclic voltammograms (CVs) are typically used to measure the electrochemical activity of various types of
nanobiocatalytic materials. As shown Fig. 5, the peak currents of CA from its baseline (Al:,) and EAPC from
its baseline (Al,pc) were 0.48 and 0.85 A, respectively. The peak current of EAPC was 1.8-fold higher than
that of CA. This enhanced electrochemical activity of EAPC can be explained by its intact nature of CNTs where
its intrinsically high electron conductivity is maintained during its synthesis process. On the other hand, the
oxidized CNTs used in CA sample lead to its lower electrochemical activity due to their damaged surfaces and
decreased electron conductivity.

Figure 6 shows the stabilities of ADS, CA and EAPC in an aqueous solution at room temperature. The relative
activity is defined as the ratio of residual activity at each time point to the initial activity of each sample. ADS
and CA showed a monotonous decrease of GOx activity, while EAPC exhibited no activity loss for 270 days. The
inactivation of ADS can be explained by the denaturation of GOx, likely because the interaction between GOx
and CNT is not sufficiently strong to prevent enzyme denaturation over extended use. CA has covalent linkages
between GOx and CNT, which can prevent the detachment of GOx from the CNT. However, based on the method
used, the number of chemical linkages on each GOx molecule is expected to be small, and the prevention of
enzyme denaturation cannot be anticipated. On the other hand, the improved stability of EAPC suggests that the
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Figure 3. SEM images of CNTs, ox-CNTs, CA-GOx/0x-CNTs, and EAPC-GOx/CNTs. The white bar in each
image represents 300 nm.

10 - 9.0
E 8 -
S
> -
E o0 6 -
2 oo
-
o £
1T 4
S
~ 2.0
2_
0.81
0 [ ]

ADS-GOx/CNTs  CA-GOx/ox-CNTs EAPC-GOx/CNTs

Figure 4. Activities of ADS-GOx/CNTs, CA-GOx/0x-CNTs, and EAPC-GOx/CNTs in an aqueous buffer
solution (100 mM sodium phosphate, pH 7.0). GOx activity was measured by the time-dependent increase of
absorbance at 500 nm, which represents the oxidation of o-dianisidine catalyzed by peroxidase using hydrogen
peroxide generated by GOx-catalyzed glucose oxidation.

multi-point covalent linkages of enzyme molecules effectively prevent enzyme molecules within EAPCs from
being structurally denatured and leached away from the EAPC matrix.

Biofuel cell application of EAPC-GOx on CNTs. To exploit the potential applications of highly stable
EAPC-GOx/CNTs with high enzyme loading and activity, we prepared an enzyme anode using EAPC that can
be integrated into a prototype biofuel cell*. GOx has potential uses in electrochemical applications, including
biosensors!®#”48 and biofuel cells***°->¢. In addition, recent studies indicate that a good interface between GOx
and CNTs is a critical factor in the efficient transfer of electrons from the GOx active site flavin to CN'Ts!57%8,
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Figure 5. Cyclic voltammograms (CVs) of CA-GOx/ox-CNTs and EAPC-GOx/CNTs with 200 mM glucose

in aqueous buffer solution (100 mM sodium phosphate, pH 7.0). The scan rate was 50mVs~".
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Figure 6. The stabilities of ADS-GOx/CNTs, CA-GOx/ox-CNTs and EAPC-GOx/CNTs in aqueous buffer
solution (100 mM sodium phosphate, pH 7.0) at room temperature. Relative activity is defined by the ratio of
residual activity at each time point to the initial activity of each sample.

For comparison purposes, a CA-based enzyme anode was also prepared. To fabricate these enzyme-containing
anodes, CA and EAPC were applied onto carbon papers (CPs) via Nafion entrapment to integrate into the fuel cell
module. The electrochemical performance of each anode was measured in terms of current-voltage characteristic
(V-I) plots (Fig. 7a). According to the V-I plots, the biofuel cell with the EAPC anode produced a higher open
cell potential (OCP), a less ohmic overpotential (i.e., a lower slope of its V-I plot) and higher maximum current
density output compared to that with the CA anode. Power density plots were also constructed based on these
V-Iplots (Fig. 7b). The power density outputs of the biofuel cell with EAPC anode were higher than that with CA
anode for the entire current density range. Furthermore, the biofuel cell with EAPC anode produced 7.5 times
higher maximum power density output than that with CA anode.

The electrochemical performance enhancement of the EAPC-based anode can be analyzed in terms of elec-
tron generation rate and electron transfer rate. It is reasonable to assume that the electron generation rate in
enzyme electrodes is proportional to the enzyme activity per unit weight of CN'Ts**-L. As shown in Fig. 4, the
enzyme activity of EAPC per unit weight of CNT is higher than that of CA. Because we fixed the weight loading
of CNTs for both CA- and EAPC-based enzyme anodes in our biofuel cell tests, the number of electrons generated
per unit time in the biofuel cell with the EAPC anode should be higher than that with the CA anode. However,
the electrons generated at the active-site center of GOx during glucose oxidation must be collected at the current
collector to produce a net power output. To this end, the electron transfer rate constant can be used to quantify
how efficiently each enzyme electrode can transfer the electrons from the enzyme active sites to the backbone
electrode of carbon paper. Laviron’s simulation, based on CV's at various scan rates, was employed to obtain elec-
tron transfer rate constants of the CA and EAPC anodes (Fig. $4)%%. The electron transfer rate constants of CA
and EAPC were 1.8 and 3.1s7, respectively (Table 1); hence, the electron transfer rate constant of EAPC anode
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Figure 7. The voltage—current (a) and power density-current (b) curves of biofuel cells using the enzyme
anodes of CA-GOx/0x-CNTs and EAPC-GOx/CNTs.

CA-GOx/ox-CNTs* 2.0 1.8 1.1
EAPC-GOx/CNTs** 9.0 3.1 7.9
Ratio (**/*) 4.5 1.7 7.2

Table 1. Comparison of CA and EAPC enzyme activities, electron transfer rate constants of enzyme-based
electrodes, and maximum power densities of enzyme-containing anodes in biofuel cell operation. The ratio
of maximum power densities between the two formulations matches well with the combination of activity and
electron transfer rate constant ratios.

was 1.7 times higher than that of CA anode. This suggests that the EAPC electrode is more efficient in transfer-
ring electrons from the enzyme active sites to the backbone electrode even though it contains a higher number
of non-conductive enzyme molecules in the form of crosslinked enzyme clusters. In other words, EAPC-based
biofuel cells generate more electrons and transfer these electrons more efficiently to the current collector than
CA-based biofuel cells. Consequently, the biofuel cell with EAPC anode showed higher electrochemical perfor-
mance than that with CA anode.

It is possible that the enhanced electrochemical performance of EAPC-based biofuel cells is largely a result of
its higher enzyme loading than CA-based biofuel cells. If so, the open circuit potential (OCP) should be similar
for both types of enzyme electrodes. However, the OCP of EAPC-based biofuel cell is 1.5-fold higher than that
of its CA-based counterpart, which indicates that the EAPC intrinsic electronic properties (e.g., electron transfer
rate constant) are improved. Even though theoretical OCP values are a thermodynamic property, experimental
values in working fuel cells are strongly influenced by kinetic parameters, including the charge transfer rate due
to the small amount of current leakage. The ohmic overpotential for the EAPC anode is also lower than that of
the CA-anode as shown in their V-I plots. Furthermore, the maximum power density ratio between EAPC-based
and CA-based biofuel cells (7.2) is higher than their enzyme activity ratio (4.5) (Table 1). This difference can be
explained by the difference in their electron transfer rate constants. When the activity ratio between EAPC and
CA samples is multiplied by their electron transfer rate constant ratio (1.7), the multiplied value (7.6) is similar
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to their maximum power density ratio under the biofuel cell operating condition (7.2). This analysis suggests that
the higher power output of the EAPC anode vs. the CA anode results from the combined effects of higher electron
generation rate and improved electron transfer efficiency offered by the EAPC sample. The lower electron transfer
rate constant of CA electrode can be explained by the damage of CNTs upon acid treatment, which lowers the
electron conductivity of CNTs*. As a result, intact CNTs used in the EAPC anode have higher intrinsic electrical
conductivity than ox-CNTs used in the CA anode.

In summary, simple dispersion of intact CNTs in aqueous enzyme solutions represents an effective protocol
for the facile enzyme immobilization on intact CN'Ts. When considering the tedious and time-consuming sur-
face functionalization of CNTs for their use in aqueous solution, this simple protocol of CNT dispersion in the
operating enzyme solution can renovate the protocols of enzyme immobilization on CNTs. As an example, in the
present work we demonstrated the successful dispersion of CNTs in GOx solutions with simultaneous adsorption
of the enzyme onto the CNTs followed by precipitation and crosslinking. Such EAPCs of GOx resulted in highly
active and stable form of immobilized enzyme preparations at high enzyme loading. The prevention of CNT
defects by obviating the tedious acid-treatment step for increasing the hydrophilicity, and hence dispersibility,
of CNTs is likely to be helpful in taking full advantage of CNT electron conductivity in various electrochemical
applications. As an example, the EAPC of GOx showed improved electron conductivity in a biofuel cell operation
when compared to conventional enzyme immobilization of covalent enzyme attachment using acid-treated and
oxidized CNTs. The versatile uses of CNTs are well established and still growing, and it is anticipated that the
simple CNT dispersion in enzyme solutions can find additional applications of biomolecules in the development
of biosensing and bioelectronics devices.

Methods

Materials. Glucose oxidase (GOx) from Aspergillus niger, trypsin (TR) from porcine pancreas, chymotrypsin
(CT) from from bovine pancreas, horseradish peroxidase (HRP), and bovine serum albumin (BSA), sulfuric
acid (H,SO,), nitric acid (HNO;), sodium phosphate monobasic, sodium phosphate dibasic, Tris-HCI, Trizma
base, 2-(N-morpholino)ethanesulfonic acid (MES), glutaraldehyde (GA), ammonium sulfate, 3-D-glucose, o-di-
anisidine and Nafion® were purchased from Sigma Aldrich (St. Louis, MO, USA). N-hydroxysulfosuccinimide
(NHS) was obtained from Alfa Aesar (Ward Hill, MA, USA), while N-ethyl-N’-(3-dimethylaminopropyl) carbo-
diimide hydrochloride (EDC) was purchased from Pierce (Rockford, IL, USA). CNTs (multi-walled, 30+ 15nm
in outer diameter and 1~5pm in length, purity >95%) were purchased from Nanolab Inc. (Newton, MA, USA),
while graphenes (3 nm in average flake thickness and 10 um in average diameter) were purchased from Graphene
Laboratories Inc. (Calverton, NY, USA). A carbon paper (CP) and membrane electrode assembly (MEA) were
purchased from Fuel Cell Store (San Diego, CA, USA).

Preparation of ADS, CA, EAC and EAPC on CNTs. CNTs (2mg) in 2mL of phosphate buffer (PB,
100 mM, pH 7.0) were mixed with 1 mL of GOx solution (10 mg/mL in 100 mM PB, pH 7.0). The mixture was
incubated at room temperature under shaking (200 rpm) for 1 h and incubated at 4 °C overnight. We denote this
process as the enzyme adsorption (EA) of GOx (ADS-GOx/CNTs, ADS).

For preparation of covalently-attached GOx on CNTs (CA-GOx/0x-CNTs, CA), CNTs were incubated in the
acid solution, consisting of H,SO, (98%, 7.5mL) and HNO; (70%, 2.5 mL), at room temperature under shaking
(200 rpm) overnight. Acid-treated CNTs were washed with distilled water, dried at 80 °C in a vacuum oven, and
stored at room temperature. Acid-treated and dried CNTs (ox-CNTs, 20 mg) were suspended in distilled water
(10 mL), and then added to a mixture of MES buffer (4 mL, 500 mM, pH 6.5), NHS aqueous solution (4 mL,
434mM), and EDC aqueous solution (2mL, 53 mM). After rigorous stirring at room temperature for 1 h, the
suspension was excessively washed with 100 mM MES buffer (pH 6.5). CA was prepared by adding EDC-NHS
conjugated CNTs (2mg/mL) to the 1 mL of GOx solution (10 mg/mL in 100 mM PB, pH 7.0). The mixture was
then incubated at room temperature under shaking (200 rpm) for 1h and incubated at 4 °C overnight.

For the preparation of enzyme adsorption, precipitation, and crosslinking on CNTs (EAPC-GOx/CNTs,
EAPC), ammonium sulfate (22 wt% for GOx) was added to the CNTs (2 mg) pre-dispersed in 1 mL of GOx
(10mg/mL), and the mixture was incubated at room temperature for 30 min. After the enzyme precipitation step,
crosslinking was performed by adding GA to the mixture at a final concentration of 0.25% (w/v) GA to generate
EAPC-GOx. As a control, enzyme adsorption and crosslinking (EAC) on CNTs (EAC-GOx/CNTs, EAC) was pre-
pared without the enzyme aggregation step by omitting the addition of ammonium sulfate for EAPC. The other
conditions for preparation of EAC were the same as those for the preparation of EAPC. After GA addition, the
samples were incubated at room temperature under shaking (200 rpm) for 30 min, followed by incubation at 4°C
overnight. After overnight incubation, all GOx immobilized samples were treated with Tris buffer (100 mM, pH
7.2) for 30 min, and washed excessively until no enzyme leaching was observed. All the GOx-immobilized CNTs
were suspended in 100 mM PB (pH 7.0) at the concentration of 0.5 mg/mL CNTs, and stored at 4 °C until use.

Activity and stability measurements. The activity of immobilized GOx on CNTs was measured by a
conventional GOx assay®®>. GOx-immobilized CNTs (10uL, 0.5 mg/mL) were added to the mixture of 10% (w/v)
D-glucose solution (980 uL) with 10 uL of 0.21 mM o-dianisidine and 6 units/mL horseradish peroxidase solution.
GOx activity was determined by measuring the increase in absorbance at 500 nm over time by using a UV-Vis
spectrophotometer (UV-1800, Shimadzu, Japan). One unit of GOx activity is defined by the amount of enzyme
that catalyzes the oxidation of 1 pmole of glucose per min. GOx stability was determined by measuring residual
enzyme activity after different times of incubation by using an aliquot from the stock solutions of free and immo-
bilized enzymes under incubation at room temperature. The relative activity was calculated from the ratio of
residual activity at each time point to the initial activity of each sample.
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Preparation of enzyme anodes, and operation of enzymatic biofuel cell. A CP electrode with a
thickness of 0.37 mm and an area of 0.33 cm? was used as the backing material for preparation of enzyme anodes.
CP was treated with the mixed solution of sulfuric acid and hydrogen peroxide to enhance its hydrophilicity.
The acid-treated CPs were immersed in 0.5% Nafion® containing GOx immobilized by one of the two methods
described above for 10 min, and dried under ambient conditions. The CP enzyme anodes were kept in 100 mM
PB (pH 7.0) at least overnight before use.

An air-breathing home-made biofuel cell (2 x 2 cm) was used to test each enzyme anode, and the electro-
chemical measurements were performed using a Bio-Logic SP-150 potentiostat (BioLogic Science Instrument,
Grenoble, France)*>¢*. The key components of a biofuel cell are the anode chamber, enzyme anode, current collec-
tor, and MEA. The MEA consists of a proton exchange membrane (Nafion® 117) and a Pt cathode. Glucose solu-
tion (200mM) in 100 mM PB (pH 7.0) was fed as a fuel to the anode chamber, while ambient air was provided to
the cathode. Polarization curves were obtained using the constant load discharge (CLD) mode. In this manner an
external load was applied to the cell from a resistance box while the current and voltage outputs were measured.

Laviron simulation for electron transfer rate constants. The electron transfer rate constant of each
enzyme electrode was estimated using Laviron’s model®. By adopting the model’s formula, two straight lines,

(1) E,, — E,vs.logv and (2) E . — E, vs. log v, were obtained. E , is the anodic peak potential, E,. is the cathodic
P: g 1% g P: p p ol

peak potential, log v is the logarithm of the scan rate, and E,) is the average potential of anodic and cathodic peak

potentials. The electron transfer rate constants could be calculated using the transfer coefficient (o), which is

determined from the intercepts of the two straight line fits (the anodic and cathodic line fits)®.

References

1. Li, J., Papadopoulos, C. & Xu, J. Nanoelectronics: Growing Y-junction carbon nanotubes. Nature 402, 253-254 (1999).

2. Deheer, W. A., Chatelain, A. & Ugarte, D. A carbon nanotube field-emission electron source. Science 270, 1179-1180 (1995).

3. De Volder, M. E. L., Tawfick, S. H., Baughman, R. H. & Hart, A. J. Carbon Nanotubes: Present and Future Commercial Applications.
Science 339, 535-539 (2013).

4. Andrews, R. & Weisenberger, M. C. Carbon nanotube polymer composites. Curr. Opin. Solid State Mater. Sci. 8, 31-37 (2004).

5. Sahoo, N. G, Rana, S., Cho, J. W,, Li, L. & Chan, S. H. Polymer nanocomposites based on functionalized carbon nanotubes. Prog.
Polym. Sci. 35, 837-867 (2010).

6. Dai, H. ], Hafner, J. H,, Rinzler, A. G., Colbert, D. T. & Smalley, R. E. Nanotubes as nanoprobes in scanning probe microscopy.
Nature 384, 147-150 (1996).

7. Yan, Y. H., Chan-Park, M. B. & Zhang, Q. Advances in carbon-nanotube assembly. Small 3, 24-42 (2007).

8. Chen, R.]. et al. Noncovalent functionalization of carbon nanotubes for highly specific electronic biosensors. P. Natl. Acad. Sci. USA
100, 4984-4989 (2003).

9. Liu, Y.,, Wang, M. K,, Zhao, E, Xu, Z. A. & Dong, S. J. The direct electron transfer of glucose oxidase and glucose biosensor based on
carbon nanotubes/chitosan matrix. Biosens. Bioelectron 21, 984-988 (2005).

10. Martinez, M. T. et al. Electronic anabolic steroid recognition with carbon nanotube field-effect transistors. ACS Nano 4, 1473-1480
(2010).

11. Justino, C. I. L., Rocha-Santos, T. A. P. & Duarte, A. C. Advances in point-of-care technologies with biosensors based on carbon
nanotubes. Trac-Trend Anal. Chem. 45, 24-36 (2013).

12. Bianco, A., Kostarelos, K., Partidos, C. D. & Prato, M. Biomedical applications of functionalised carbon nanotubes. Chem. Commun.
7, 571-577 (2005).

13. Rybak-Smith, M. J. & Sim, R. B. Complement activation by carbon nanotubes. Adv. Drug Deliver. Rev. 63, 1031-1041 (2011).

14. Liu, A. ], Zhai, S. M., Zhang, B. & Yan, B. Analytical strategies for real-time, non-invasive tracking of carbon nanomaterials in vivo.
Trac-Trend Anal. Chem. 48, 1-13 (2013).

15. Wong, B. S. et al. Carbon nanotubes for delivery of small molecule drugs. Adv. Drug Del. Rev. 65, 1964-2015 (2013).

16. Gannon, C.J. et al. Carbon nanotube-enhanced thermal destruction of cancer cells in a noninvasive radiofrequency field. Cancer-
Am. Cancer Soc. 110, 2654-2665 (2007).

17. Bhirde, A. A. et al. Targeted killing of cancer cells in vivo and in vitro with EGF-directed carbon nanotube-based drug delivery. ACS
Nano 3, 307-316 (2009).

18. Tasis, D., Tagmatarchis, N., Georgakilas, V. & Prato, M. Soluble carbon nanotubes. Chem-Eur. J. 9, 4001-4008 (2003).

19. Guldi, D. M. et al. Functional single-wall carbon nanotube nanohybrids-associating SWNTs with water-soluble enzyme model
systems. J. Am. Chem. Soc. 127, 9830-9838 (2005).

20. Kim, S. W. et al. Surface modifications for the effective dispersion of carbon nanotubes in solvents and polymers. Carbon 50, 3-33
(2012).

21. Nakashima, N., Tomonari, Y. & Murakami, H. Water-soluble single-walled carbon nanotubes via noncovalent sidewall-
functionalization with a pyrene-carrying ammonium ion. Chem. Lett. 31, 638-639 (2002).

22. Luong, J. H. T,, Hrapovic, S., Wang, D., Bensebaa, F. & Simard, B. Solubilization of multiwall carbon nanotubes by
3-aminopropyltriethoxysilane towards the fabrication of electrochemical biosensors with promoted electron transfer. Electroanal.
16, 132-139 (2004).

23. Datsyuk, V. et al. Chemical oxidation of multiwalled carbon nanotubes. Carbon 46, 833-840 (2008).

24. Wang, Z. W,, Shirley, M. D., Meikle, S. T., Whitby, R. L. D. & Mikhalovsky, S. V. The surface acidity of acid oxidised multi-walled
carbon nanotubes and the influence of in-situ generated fulvic acids on their stability in aqueous dispersions. Carbon 47, 73-79
(2009).

25. Imasaka, K., Kato, Y. & Suehiro, J. Enhancement of microplasma-based water-solubilization of single-walled carbon nanotubes using
gas bubbling in water. Nanotechnology 18, 335602 (2007).

26. Chen, J. et al. Noncovalent engineering of carbon nanotube surfaces by rigid, functional conjugated polymers. J. Am. Chem. Soc.
124, 9034-9035 (2002).

27. Saint-Aubin, K., Poulin, P, Saadaoui, H., Maugey, M. & Zakri, C. Dispersion and Film-Forming Properties of Poly(acrylic acid)-
Stabilized Carbon Nanotubes. Langmuir 25, 1320613211 (2009).

28. Islam, M. E, Rojas, E., Bergey, D. M., Johnson, A. T. & Yodh, A. G. High weight fraction surfactant solubilization of single-wall
carbon nanotubes in water. Nano Lett. 3, 269-273 (2003).

29. Moore, V. C. et al. Individually suspended single-walled carbon nanotubes in various surfactants. Nano Lett. 3, 1379-1382 (2003).

30. Wang, L. et al. Dispersion of single-walled carbon nanotubes by a natural lung surfactant for pulmonary in vitro and in vivo toxicity
studies. Part. Fibre. Toxicol. 7, 1-10 (2010).

31. Zheng, M. et al. DNA-assisted dispersion and separation of carbon nanotubes. Nat. Mater. 2, 338-342 (2003).

SCIENTIFICREPORTS | 7:40202 | DOI: 10.1038/srep40202 8



www.nature.com/scientificreports/

32.
33.
34,
35.
36.
37.

38.
. Zhang, X. E, Sreekumar, T. V., Liu, T. & Kumar, S. Properties and structure of nitric acid oxidized single wall carbon nanotube films.

40.
41.
42.
43.
44,
45.

46.
47.

48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
. Moehlenbrock, M. J. & Minteer, S. D. Extended lifetime biofuel cells. Chem. Soc. Rev. 37, 1188-1196 (2008).
60.
61.
62.

63.
64.

65.

Matsuura, K. et al. Selectivity of water-soluble proteins in single-walled carbon nanotube dispersions. Chem. Phys. Lett. 429,
497-502 (2006).

Tsai, T.-W. et al. Adsorption of glucose oxidase onto single-walled carbon nanotubes and its application in layer-by-layer biosensors.
Anal. Chem. 81,7917-7925 (2009).

Edri, E. & Regev, O. “Shaken, not stable”: Dispersion mechanism and dynamics of protein-dispersed nanotubes studied via
spectroscopy. Langmuir 25, 10459-10465 (2009).

Edri, E. & Regev, O. pH effects on BSA-dispersed carbon nanotubes studied by spectroscopy-enhanced composition evaluation
techniques. Anal. Chem. 80, 4049-4054 (2008).

Horn, D. W, Tracy, K., Easley, C. J. & Davis, V. A. Lysozyme dispersed single-walled carbon nanotubes: Interaction and activity. J.
Phys. Chem. C 116, 10341-10348 (2012).

Karajanagi, S. S., Vertegel, A. A., Kane, R. S. & Dordick, J. S. Structure and function of enzymes adsorbed onto single-walled carbon
nanotubes. Langmuir 20, 11594-11599 (2004).

Karajanagi, S. S. et al. Protein-assisted solubilization of single-walled carbon nanotubes. Langmuir 22, 1392-1395 (2006).

J. Phys. Chem. B 108, 16435-16440 (2004).

Brode, P. E, Erwin, C. R, Rauch, D. S., Lucas, D. S. & Rubingh, D. N. Enzyme behavior at surfaces. Site-specific variants of subtilisin
BPN’ with enhanced surface stability. J. Biol. Chem. 269, 23538-23543 (1994).

Koutsopoulos, S., Patzsch, K., Bosker, W. T. E. & Norde, W. Adsorption of trypsin on hydrophilic and hydrophobic surfaces.
Langmuir 23, 2000-2006 (2007).

Kim, J., Grate, ]. W. & Wang, P., Nanobiocatalysis and its potential applications. Trends Biotechnol. 26, 639-646 (2006).

Meredith, M. T. & Minteer, S. D. Biofuel cells: enhanced enzymatic bioelectrocatalysis. Annu. Rev. Anal. Chem. 5,157-179 (2012).
Kim, J., Jia, H. E. & Wang, P. Challenges in biocatalysis for enzyme-based biofuel cells. Biotechnol. Adv. 24, 296-308 (2006).

Hecht, H. J., Kalisz, H. M., Hendle, J., Schmid, R. D. & Schomburg, D. Crystal structure of glucose oxidase from Aspergillus niger
refined at 2.3 A resolution. J. Mol. Biol. 229, 153-172 (1993).

Fischback, M. B. et al. Miniature biofuel cells with improved stability under continuous operation. Electroanal 18, 2016-2022 (2006).
Lim, S. H., Wei, J., Lin, . Y., Li, Q. T. & KuaYou, J. A glucose biosensor based on electrodeposition of palladium nanoparticles and
glucose oxidase onto nafion-solubilized carbon nanotube electrode. Biosens. Bioelectron 20, 2341-2346 (2005).

Guan, W. ], Li, Y., Chen, Y. Q., Zhang, X. B. & Hu, G. Q. Glucose biosensor based on multi-wall carbon nanotubes and screen
printed carbon electrodes. Biosens. Bioelectron 21, 508-512 (2005).

Zhao, H. Y, Zhou, H. M., Zhang, J. X., Zheng, W. & Zheng, Y. E. Carbon nanotube-hydroxyapatite nanocomposite: A novel platform
for glucose/O-2 biofuel cell. Biosens. Bioelectron 25, 463-468 (2009).

Ammam, M. & Fransaer, ]. Glucose/O2 biofuel cell based on enzymes, redox mediators, and Multiple-walled carbon nanotubes
deposited by AC-electrophoresis then stabilized by electropolymerized polypyrrole. Biotechnol. Bioeng. 109, 1601-1609 (2012).
Milton, R. D,, Giroud, E, Thumser, A. E., Minteer, S. D. & Slade, R. C. T. Hydrogen peroxide produced by glucose oxidase affects the
performance of laccase cathodes in glucose/oxygen fuel cells: FAD-dependent glucose dehydrogenase as a replacement. Phys. Chem.
Chem. Phys. 15, 19371-19379 (2013).

Hou, C. T, Yang, D. P, Liang, B. & Liu, A. H. Enhanced Performance of a Glucose/O2 Biofuel Cell Assembled with Laccase-
Covalently Immobilized Three-Dimensional Macroporous Gold Film-Based Biocathode and Bacterial Surface Displayed Glucose
Dehydrogenase-Based Bioanode. Anal. Chem. 86, 6057-6063 (2014).

Cadet, M. et al. An enzymatic glucose/O-2 biofuel cell operating in human blood. Biosens. Bioelectron 83, 60-67 (2016).

Karimi, A., Othman, A., Uzunoglu, A., Stanciu, L. & Andreescu, S. Graphene based enzymatic bioelectrodes and biofuel cells.
Nanoscale 7, 6909-6923 (2015).

Le Goff, A., Holzinger, M. & Cosnier, S. Recent progress in oxygen-reducing laccase biocathodes for enzymatic biofuel cells. Cell.
Mol. Life Sci. 72, 941-952 (2015).

Babadi, A. A, Bagheri, S. & Hamid, S. B. A. Progress on implantable biofuel cell: Nano-carbon functionalization for enzyme
immobilization enhancement. Biosens. Bioelectron 79, 850-860 (2016).

Ivnitski, D. et al. Entrapment of enzymes and carbon nanotubes in biologically synthesized silica: Glucose oxidase-catalyzed direct
electron transfer. Small 4, 357-364 (2008).

Wang, J. Electrochemical glucose biosensors. Chem. Rev. 108, 814-825 (2008).

Zebda, A. et al. Mediatorless high-power glucose biofuel cells based on compressed carbon nanotube-enzyme electrodes. Nat.
Commun. 2,370 (2011).

Kwon, K. Y. et al. Electrochemical activity studies of glucose oxidase (GOx)-based and pyranose oxidase (POx)-based electrodes in
mesoporous carbon: Toward biosensor and biofuel cell applications. Electroanal. 26,2075-2079 (2014).

Laviron, E. General expression of the linear potential sweep voltammogram in the case of diffusionless electrochemical systems. J.
Electroanal. Chem. 101, 19-28 (1979).

Bergmeyer, H. U. Methods of enzymatic analysis. 2d English edn (Verlag Chemie; Academic Press, 1974).

Kim, R. E., Hong, S.-G., Ha, S. & Kim, J. Enzyme adsorption, precipitation and crosslinking of glucose oxidase and laccase on
polyaniline nanofibers for highly stable enzymatic biofuel cells. Enzyme Microb. Technol. 66, 35-41 (2014).

Takada, K., Gopalan, P, Ober, C. K. & Abruna, H. D. Synthesis, characterization, and redox reactivity of novel quinone-containing
polymer. Chem. Mater. 13, 2928-2932 (2001).

Acknowledgements

This work was also supported by the Global Research Laboratory Program (2014K1A1A2043032) and the 2016,
University-Institute Cooperation Program’ through the National Research Foundation of Korea (NRF) grant
funded by the Korea government Ministry of Science, ICT and Future Planning (MSIP). This work was supported
by Energy Efficiency & Resources Core Technology Program (20142020200980) of the Korea Institute of Energy
Technology Evaluation and Planning (KETEP) grant funded by the Korea government Ministry of Trade,
Industry and Energy. B.C.K. also thanks to the support by the Korea Institute of Science and Technology (KIST)
Institutional Program (2E26260). This work was also supported by a Korea University Grant.

Author Contributions

B.C.K,, IL, J.S.D,, ].K. designed this project. B.C.K,, L.L,, S.-].K., Y.W,, K.Y.K,, C.J., and H.J.A. performed
experiments. B.C.K,, S.-].K,, J.S.D., H.-T.J., S.H., ].S.D. and J.K. discussed and analysed the results. B.C.K., LL.,
S.H.,J.S.D., and J.K. worked on the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

SCIENTIFIC REPORTS | 7:40202 | DOI: 10.1038/srep40202 9


http://www.nature.com/srep

www.nature.com/scientificreports/

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Kim, B. C. et al. Fabrication of enzyme-based coatings on intact multi-walled carbon
nanotubes as highly effective electrodes in biofuel cells. Sci. Rep. 7, 40202; doi: 10.1038/srep40202 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

TEE o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFICREPORTS | 7:40202 | DOI: 10.1038/srep40202 10


http://creativecommons.org/licenses/by/4.0/

	Fabrication of enzyme-based coatings on intact multi-walled carbon nanotubes as highly effective electrodes in biofuel cell ...
	Results and Discussion

	Preparation of EAPC on CNTs. 
	Activity and stability of EAPC-GOx on CNTs. 
	Biofuel cell application of EAPC-GOx on CNTs. 

	Methods

	Materials. 
	Preparation of ADS, CA, EAC and EAPC on CNTs. 
	Activity and stability measurements. 
	Preparation of enzyme anodes, and operation of enzymatic biofuel cell. 
	Laviron simulation for electron transfer rate constants. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Comparison of the CNT dispersion in the absence and presence of enzymes.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Schematic diagrams for the preparation of CA-GOx/ox-CNTs (CA) and EAPC-GOx/CNTs (EAPC).
	﻿Figure 3﻿﻿.﻿﻿ ﻿ SEM images of CNTs, ox-CNTs, CA-GOx/ox-CNTs, and EAPC-GOx/CNTs.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Activities of ADS-GOx/CNTs, CA-GOx/ox-CNTs, and EAPC-GOx/CNTs in an aqueous buffer solution (100 mM sodium phosphate, pH 7.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Cyclic voltammograms (CVs) of CA-GOx/ox-CNTs and EAPC-GOx/CNTs with 200 mM glucose in aqueous buffer solution (100 mM sodium phosphate, pH 7.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ The stabilities of ADS-GOx/CNTs, CA-GOx/ox-CNTs and EAPC-GOx/CNTs in aqueous buffer solution (100 mM sodium phosphate, pH 7.
	﻿Figure 7﻿﻿.﻿﻿ ﻿ The voltage–current (a) and power density-current (b) curves of biofuel cells using the enzyme anodes of CA-GOx/ox-CNTs and EAPC-GOx/CNTs.
	﻿Table 1﻿﻿. ﻿  Comparison of CA and EAPC enzyme activities, electron transfer rate constants of enzyme-based electrodes, and maximum power densities of enzyme-containing anodes in biofuel cell operation.



 
    
       
          application/pdf
          
             
                Fabrication of enzyme-based coatings on intact multi-walled carbon nanotubes as highly effective electrodes in biofuel cells
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40202
            
         
          
             
                Byoung Chan Kim
                Inseon Lee
                Seok-Joon Kwon
                Youngho Wee
                Ki Young Kwon
                Chulmin Jeon
                Hyo Jin An
                Hee-Tae Jung
                Su Ha
                Jonathan S. Dordick
                Jungbae Kim
            
         
          doi:10.1038/srep40202
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep40202
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep40202
            
         
      
       
          
          
          
             
                doi:10.1038/srep40202
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40202
            
         
          
          
      
       
       
          True
      
   




