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ABSTRACT The porous high surface area and conducting properties of S2__om Nafion

mesoporous carbon nanoparticles, (NPs (<500 nm diameter of NPs, pore
dimensions ~6.3 nm), are implemented to design electrically contacted enzyme
electrodes for biosensing and biofuel cell applications. The relay units ferrocene
methanol, Fc-MeOH, methylene blue, MB™, and 2,2’-azinobis(3-ethylbenzo-
thiazoline-6-sulfonic acid), ABTS?~, are loaded in the pores of the mesoporous
CNPs, and the pores are capped with glucose oxidase, GOx, horseradish peroxidase,
HRP, or bilirubin oxidase, BOD, respectively. The resulting relay/enzyme-functio-
nalized CNPs are immobilized on glassy carbon electrodes, and the relays encapsulated in the pores are sufficiently free to electrically contact the different
enzymes with the bulk electrode supports. The Fc-MeOH/GOx CNP-functionalized electrode is implemented for the bioelectrocatalyzed sensing of glucose,
and the MB"/HRP-modified CNPs are applied for the electrochemical sensing of H,0,. The ABTS>/BOD-modified CNPs provide an effective electrically
contacted material for the bioelectrocatalyzed reduction of 0, (k.. = 94 electrons-s ). Integration of the Fc-MeOH/GOx CNP electrode and of the

electrically wired ABTS?~/BOD (NP electrode as anode and cathode, respectively, yields a biofuel cell revealing a power output of ~95 ;W -cm 2,
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he electrical contacting of redox en-
szmes with electrode supports is a

key process in the activation of the
bioelectrocatalytic functions of enzymes for
amperometric biosensors' 3 and biofuel
cell applications.*~ Different methods to elec-
trically contact redox enzymes with electro-
des were developed, including the use of
diffusional electron transfer mediators,>'°
tethering of redox relays to the proteins,’' '3
immobilization of the proteins in redox
polymer matrices,'* "7 reconstitution of en-
zymes on relay-cofactor units associated
with electrodes,'® reconstitution of enzymes
on cofactor—metal nanoparticle dyads,’*?°
and the electropolymerized integration of
enzymes in relay-modified Au nanoparticle
matrices.?' While each of the methods reveals
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advantages, the different approaches are
also accompanied by certain drawbacks
and limitations. For example, whereas the
reconstitution of apo-enzymes on relay-
cofactor units associated with electrodes leads
to highly efficient turnover electron transfer,
the method is applicable only to monolayer
configurations, thus limiting the overall con-
tent of the electrically wired enzymes asso-
ciated with the electrodes. In turn, the
immobilization of enzymes in thick redox
polymer matrices introduces limitations on
substrate transport to the enzyme and diffi-
culties to yield effective charge transfer.
Similarly, the direct functionalization of
enzymes with redox mediator units leads
to their partial deactivation, which is en-
hanced upon increasing the loading of the
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mediator, and to a random distribution of relay-
modified proteins, which exhibit an average non-optimized
loading. Also, the use of diffusional electron transfer
mediators often leads to effective electrical contacting
of enzymes with electrodes, but such electrodes lack
fully integrated electrical wiring features, and interfering
cross-talks between the anode and the cathode via the
diffusional electron mediators often perturb the bio-
electrocatalytic functions of the systems.

Carbon-based nanomaterials attract growing inter-
est as functional materials for electrical contacting of
redox systems with electrodes.??~?® The redox fea-
tures of Cgq allowed its implementation as an electron
mediator for the electrical contacting of redox en-
zymes with electrodes.?” Also, the reconstitution of
apo-enzymes on cofactor-functionalized carbon nano-
tubes was applied for the effective electrical commu-
nication of redox enzymes with electrodes, and relay-
cross-linked carbon nanotubes were applied to acti-
vate the bioelectrocatalytic functions of redox proteins.2®
Furthermore, the adsorption of different redox en-
zymes, such as laccase or bilirubin oxidase, on carbon
nanotubes partially unfolded the proteins, thus allow-
ing the electrical communication of their redox centers
with the conductive carbon nanotubes and the elec-
trical wiring of the resulting hybrids with macroscopic
electrodes.? 3" Also, the deposition of redox enzymes
on graphene, carbon nanotubes, or carbon nanoparti-
cles led to the direct electrical contacting of redox
enzymes with electrodes. For example, the deposition
of glucose oxidase on graphene led to the bioelectro-
catalytic oxidation of glucose3*3® Similarly, the ad-
sorption of fructose dehydrogenase or laccase on
carbon nanoparticles led to electrically wired enzyme
hybrids that stimulated the bioelectrocatalytic oxida-
tion of fructose® or the bioelectrocatalyzed reduction
of oxygen.3® Also, redox relay units were tethered to
pyrene adsorbed onto carbon nanotubes, and these
mediated the electrical wiring of redox enzymes with
electrodes.®

Mesoporous carbon attracts substantial research
interest as a high surface area material exhibiting elec-
trical conductivity. The high surface area features of
mesoporous carbon were implemented to remove
pollutants®” or trap materials for controlled delivery.383°
Also, the adsorption of redox proteins, such as hemo-
globin, on conductive mesoporous carbon was re-
ported to electrically contact redox proteins with
macroscopic electrodes.*®

The different electrically contacted redox enzymes
associated with the carbon nanomaterials were exten-
sively studied to design different amperometric sen-
sors or biofuel cell elements.*’ =3 In the present study,
we introduce the use of mesoporous carbon nanopar-
ticles as a functional material to electrically contact
redox proteins with electrodes. Specifically, we dis-
cuss the development of “smart” carbon nanoparticles,
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CNPs, where electron relays are trapped inside the
pores by means of redox enzyme caps, resulting in
integrated bioelectrocatalytic assemblies. We use the
electrically wired enzyme/CNPs for the development of
bioelectrocatalytic electrodes acting as sensors or as
functional components in biofuel cell elements. We
compare the enzyme/CNP-modified electrodes to ana-
logue enzyme/carbon-based material-functionalized
electrodes, and we highlight the clear advantages of
the enzyme/CNP assemblies over the other systems.

RESULTS AND DISCUSSION

Mesoporous carbon nanoparticles, CNPs (<500 nm
diameter, pore dimensions 6.3 nm), were interacted
with different redox mediator solutions. The resulting
relay-loaded CNPs were deposited and dried on a
glassy carbon electrode, followed by the rinsing of
the surface with water to remove the excess of non-
adsorbed relay molecules. In the following stage, an
enzyme, respective to the relay employed, was depos-
ited on the electrode to cap the relay-loaded pores. The
resulting protein-modified surfaces were cross-linked
by bis(sulfosuccinimidyl) suberate, BS3, and subse-
quently, the enzyme-capped relay-loaded mesoporous
CNP surface was coated with a 0.5% Nafion solution to
yield the integrated bioelectrocatalytic electrode.
Using this method, we prepared three relay-loaded
mesoporous CNP assemblies, which were capped by
three different enzymes. These included (i) ferrocene
methanol, Fc-MeOH, -loaded CNPs capped by glucose
oxidase, GOx; (i) methylene blue, MB™, -loaded CNPs
capped by horseradish peroxidase, HRP; and (iii) 2,2'-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid), ABTS?™,
-loaded mesoporous CNPs capped by bilirubin oxidase,
BOD. Figure 1 depicts the cyclic voltammograms of the
respective enzyme-capped, relay-loaded mesoporous
CNP-modified electrodes as a function of scan rates.
We find that the peak currents depend linearly on the
scan rates, consistent with surface-confined redox
species. The entrapment of the relay units in the pores
of the CNPs was further supported by Brunauer—
Emmett—Teller (BET) analyses. Whereas the unloaded
CNPs revealed an average pore dimension of 6.3 nm
and surface area of 193 m?-g ™, with the entrapment
of Fc-MeOH, pore dimensions corresponding to 5.5 nm
and surface area of 170 m?-g~' were revealed. The
decrease in the pore dimensions and the nanoparticle
surface area is attributed to the partial occupation of
the pores by the Fc-MeOH relay. The coulometric
analysis associated with the cyclic voltammograms
corresponding to the differently capped relay units
shown in Figure 1 indicates a loading of 5.0 X
108 mol-g~ ' of CNPs for Fc-MeOH, 1.9 x 10 8 mol-g~"
of CNPs for MB™, and 1.8 x 102 mol-g~" of CNPs for
ABTS?". Figure S1, Supporting Information, shows the
SEM images of the mesoporous CNPs before and
after the capping of the pores with GOx. While the
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Figure 1. Cyclic voltammograms corresponding to different relay molecules adsorbed on CNP-modified GC electrodes and
measured at variable scan rates. (A) Fc-MeOH relay. Scan rates: (a) 5, (b) 15, (c) 30, (d) 60, and (e) 100 mV - s~ '.(B) ABTS?~ relay.
Scan rates: (a) 5, (b) 10, (c) 25, (d) 50, (e) 100, (f) 150, and (g) 200 mV - s . (C)MB" relay. Scan rates: (a) 10, (b) 25, (c) 50, (d) 100,
and (e) 200 mV-s~ . The insets present the linear dependence observed between the peak oxidation currents and the applied
scan rates for the different relay molecules. All measurements were performed in a HEPES buffer (0.1 M, pH = 7.0).

nonmodified particles (Figure S1A) reveal a highly
porous structure, the protein-functionalized CNPs show
aless porous structure (Figure S1B), consistent with the
coverage of the pores by the enzyme. It should be
noted that the surface area of the CNPs is ca. 25-fold
higher than the surface area of graphite (8 m?-g~ ") and
ca. 3-fold lower in comparison to the surface area of
CNTs (520 m2-g~"). The advantage of the CNPs rests,
however, on their porous structure: (i) The pores enable
the physical trapping of the relay units through the
capping of the pores with the enzymes. In turn,
the other carbon materials allow only the physical
adsorption and, therefore, the desorption to and from
the carbonaceous structures. (ii) The confinement of
the relay in the nanosized pores reduces the degrees of
freedom for diffusion, and thus, the diffusion rate of the
relay toward contacting the redox site of the capping
enzyme is increased.

The effect of locking the relay units at the pores of
the CNPs by the enzymes was further examined. Figure 2A
shows the time-dependent cyclic voltammograms of
the Fc-MeOH-loaded CNPs in the absence of the GOx
capping, yet protected with the Nafion layer. A rapid
depletion of the current is observed, indicating the
release of the relay units from the CNPs. In contrast,
Figure 2B depicts the time-dependent cyclic voltam-
mograms of the Fc-MeOH relay units capped by GOx
and protected by Nafion. The Nafion co-additive assists
in adhering and stabilizing the enzyme on the elec-
trode. Evidently, small changes in the currents are
observed, implying that the relay is not released from
the enzyme-capped CNPs. The initial slight release of
Fc-MeOH is attributed to the desorption of the relay
molecules from nonpore domains and to Fc-MeOH
associated with large pores, which are inefficiently
capped by the GOx. It should be noted that after ca.
30 min, the amperometric response of Fc-MeOH levels
off to a constant value that remains unchanged for
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several days, implying that the relay units are, indeed,
protected in the pores by the enzyme capping units.
Figure 2C compares the rates of release of Fc-MeOH
from the enzyme-locked and from the enzyme-free
Fc-MeOH-loaded CNPs. Evidently, the Fc-MeOH relay
units entrapped in the CNP pores by the GOx are
effectively protected against leakage from the elec-
trode. This property was observed, also, for the
other enzyme-capped, relay-loaded CNP systems
(for example, Figure S2 shows the effect of BOD on
the locking of ABTS?™ at the pores of the CNPs).

The effect of the carbon material on the retention of
the relay units in the matrix was further examined by
immobilization of the relay molecules on single-walled
carbon nanotubes, SWCNTs, and the surface capping
of the relay-modified SWCNTs with the respective
enzymes and the Nafion film. Figure 3A depicts the
time-dependent cyclic voltammograms of Fc-MeOH
associated with the SWCNTs/GOx/Nafion assembly.
A rapid depletion of the voltammograms is observed,
implying that Fc-MeOH is released from the SWCNTs.
Similarly, Figure 3B shows the time-dependent cyclic
voltammograms of ABTS?™ associated with the SWCNTs
and protected by BOD and Nafion. A time-dependent
decrease in the redox currents associated with the
ABTS?™ relay is clearly observed, yet the rate of re-
lease of ABTS?  from the SWCNTs is smaller com-
pared to that of Fc-MeOH. The slower release of ABTS*~
is attributed to the sr-stacking of ABTS?~ to the SWCNTSs.
Comparison of the release process of ABTS>~ from the
BOD/Nafion-capped CNPs (Figure S2C, curve (a)) and
the release of ABTS?>~ from the BOD/Nafion-capped
SWCNTs (Figure 3C) indicates, however, that while this
relay molecule is fully protected at the CNP matrix, it is
being slowly released from the SWCNTs. The release of
Fc-MeOH from an analogous graphite assembly was
further examined by the adsorption of Fc-MeOH on
graphite flakes, followed by the encapsulation of the
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Figure 2. (A) Cyclic voltammograms corresponding to the time-dependent release of Fc-MeOH from Fc-MeOH-loaded CNP-
modified electrode, following the immersion of the electrode in HEPES buffer (0.1 M, pH = 7.0) for (a) 0, (b) 2, (c) 4, (d) 6, (e) 10,
(f) 20, and (g) 30 min. Scan rate 20 mV-s~". (B) As in (A), for GOx-capped, Fc-MeOH-loaded CNP-modified electrode. Time
intervals of immersion: (a—j) 0—30 min. (C) Time-dependent relative decrease in the amperometric responses by (a) GOx-
capped Fc-MeOH-loaded CNP-modified electrode and (b) Fc-MeOH-loaded CNP-modified electrode.

relay in a cross-linked GOx/Nafion layer. Figure 4A
depicts the time-dependent cyclic voltammograms of
the Fc-MeOH relay associated with the graphite as-
sembly. A rapid decrease in the currents is observed,
indicating the release of the relay units from the
graphite matrix. Figure 4B compares the time-depen-
dent amperometric responses obtained following the
adsorption of Fc-MeOH on the three carbon matrices
(mesoporous CNPs, SWCNTSs, and graphite). Evidently,
the Fc-MeOH associated with the CNPs is protected
against release. This is attributed to the encapsulation
of the relay in the CNP pores and its capping by the
enzyme, a configuration that protects the relay in the
CNPs matrix in the form of an integrated structure.
We then examined the bioelectrocatalytic functions
of the enzyme-capped, relay-loaded CNP-modified
electrodes. In these experiments, we determined the
loading of the enzymes in the respective CNP matrices,
using appropriate assays. Figure 5A depicts schemati-
cally the GOx-capped Fc-MeOH-loaded CNP configura-
tion assembled on a glassy carbon electrode for the
relay-mediated bioelectrocatalyzed oxidation of glu-
cose. The surface coverage of GOx on the mesoporous
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CNPs was estimated to be ca. 1.9 x 1078 mol-g~' of
CNPs (Figure S3A, panel I). The activity of the enzyme
associated with the electrode corresponded to 82%
of the native enzyme activity (Figure S3B, panel I).
Figure 5B shows the cyclic voltammograms and the
respective calibration curve corresponding to the bio-
electrocatalytic oxidation of variable concentrations
of glucose by the GOx-capped Fc-MeOH-loaded CNP-
modified electrodes. The resulting electrocatalytic ano-
dic currents are observed at the redox potential of the
Fc-MeOH electron mediator, implying that the relay
communicates the redox centers of the enzymes with
the electrodes. Indeed, in a control experiment, where
Fc-MeOH was eliminated from the CNPs, yet the pores
were capped with GOx, no electrocatalytic currents
were observed. Evidently, the electrocatalytic anodic
currents were intensified as the concentration of glu-
cose was increased, and a saturation current of ca. 150
UA was observed at a glucose concentration of 80 mM.
Knowing the loading of GOx on the CNPs and the
saturation current, we estimate the turnover rate of
electrons between the enzyme and the electrode to be
995 electrons-s~'. The turnover rate corresponding to
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Figure 3. (A) Cyclic voltammograms corresponding to the time-dependent release of Fc-MeOH from Fc-MeOH-loaded GOx-
capped SWCNT-modified electrode, following the immersion of the electrode in HEPES buffer (0.1 M, pH = 7.0) for (a) 0, (b) 5, (c) 10,
(d) 15, (e) 20, (f) 30, (g) 60, and (h) 90 min. Scan rate 20 mV-s~". (B) As in (A), for BOD-capped, ABTS? -loaded SWCNT-modified
electrode. Time intervals of immersion: (a—g) 0—60 min. (C) Time-dependent relative decrease in the amperometric responses by
(a) BOD-capped, ABTS? -loaded CNP-modified electrode and (b) BOD-capped ABTS? -loaded SWCNT-modified electrode.

the bioelectrocatalytic oxidation of glucose by the CNP
electrode is by ca. 50% higher than the reported rate of
electron transfer between the GOx redox center and its
native electron acceptor, 0,.** This effective electrical
communication between the enzyme and the elec-
trode surface suggests that the electrocatalytic cur-
rents should be only slightly affected by increasing the
levels of oxygen in the electrolyte solution. A compara-
tive analysis testing glucose, 80 mM, on the GOx-
capped Fc-MeOH-loaded CNP-modified electrode un-
der air and in O,-saturated buffer solutions revealed,
indeed, only a 10% difference in the electrocatalytic
currents (Figure S4). The electrode was then imple-
mented to detect glucose in the concentration range
relevant to diabetes. Figure 5C shows the glucose-
dependent chronoamperometric responses of the
electrode at 0.4 V vs SCE and the resulting calibration
curve (inset). One may realize that in this concentration
range a linear relation between the glucose concentra-
tion and the electrocatalytic current exists, suggesting
that such electrodes could be implemented for glucose
analysis using a single-point calibration process.

A further electrically wired electrode for the bio-
electrocatalytic reduction of H,0, involved the horse-
radish peroxidase (HRP)-capped methylene blue, MB*-
loaded mesoporous CNPs. The loading of HRP on the
CNPs was spectroscopically assayed to be ca. 1.7 x
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1078 mol-g~" of CNPs (cf. Supporting Information).

Figure 6 shows the cyclic voltammograms correspond-
ing to the bioelectrocatalyzed reduction of H,0,. Con-
trol experiments revealed that, in the absence of MB™,
no electrocatalyzed reduction of H,0, occurred,
indicating that the MB* indeed electrically wired the
enzyme with the electrode. As the concentration of
H,0, was increased, the electrocatalytic cathodic cur-
rents intensified. Figure 6, inset, shows the resulting
calibration curve, indicating that, at a H,0, concentra-
tion that corresponds to 25 mM, the cathodic currents
reach a saturation value of ca. 220 uA. Knowing the
loading of HRP on the CNPs matrix, we estimated
the maximum turnover rate of electrons from the
electrode to HRP to be approximately k.. = 1360
electrons-s™".

A further bioelectrocatalytic electrode based on
mesoporous CNPs, which was examined included bilir-
ubin oxidase (BOD) electrically wired through ABTS? -
loaded CNPs. Bilirubin oxidase was previously directly
wired to electrodes by the partial unfolding of the
enzyme units on carbon nanotubes.***® Furthermore,
it was established that 2,2’-azinobis(3-ethylbenzo-
thiazoline-6-sulfonic acid), ABTS?™, acts as a mediator
for the diffusional wiring of BOD with electrode sur-
faces. In view of this previous art, we addressed the
basic questions: (i) Do the mesoporous CNPs exhibit

VOL.7 = NO.12 = 11358-11368 = 2013 “@L@Mi{\)

WWwWW.acsnano.org

11362



01 00 01 02 03 04
E, Volts (vs. SCE)

B
( )100-
X 80+ 2
o
©
o 60
(2]
3
= 40 b
£
S 20
()
0 c

0 10 20 30 40 50 60
Time, min

Figure 4. (A) Cyclic voltammograms corresponding to the
time-dependent release of Fc-MeOH from GOx-capped,
Fc-MeOH-loaded graphite-modified electrode, following
immersion in HEPES buffer (0.1 M, pH = 7.0) for (a) 0, (b) 1,
(c) 2, (d) 3, (e) 4, (f) 5, (9) 6, (h) 8, (i) 15, (j) 30, and (k) 60 min.
Scan rate 20 mV-s ™. (B) Time-dependent relative decrease
in the amperometric responses by the GOx-capped: (a) Fc-
MeOH-loaded CNPs-modified electrode, (b) Fc-MeOH-loaded
SWCNTs-modified electrode, and (c) Fc-MeOH-loaded gra-
phite-modified electrode.

similar properties to SWCNTSs, reflected by the adsorp-
tion of BOD onto the carbon material and the direct
electrical wiring of BOD with the electrode via partial
unfolding of the enzyme? (ii) Does the entrapment of
ABTS?™ in the pores of the CNPs improve the electrical
contacting of BOD with the electrode? And is the
bioelectrocatalytic reduction of O, by the ABTS® -
loaded CNPs significantly improved as compared to
the BOD/SWCNT system?

Figure 7A shows the cyclic voltammograms corre-
sponding to the BOD-capped ABTS® -loaded CNPs.
Under N,, the quasi-reversible redox wave of ABTS*~
is detected, curve (a), implying that, indeed, the pores
are loaded with ABTS?™. Under air, curve (b), as well as
under O,, curve (c), electrical cathodic currents are
observed. The cathodic current observed under O, is
intense and indicates an effective reduction of O, to
H,0, at E = +0.45 V vs SCE. We then analyzed system-
atically the BOD-catalyzed reduction of O, by the
CNPs system, in comparison to the SWCNTs system.
Figure 7B shows the cyclic voltammograms corre-
sponding to BOD adsorbed and cross-linked on SWCNTs,
or on CNPs, and protected by the Nafion film in the
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absence of the relay molecules. In these experiments,
the content of carbon material is identical in the two
systems and the coverage of the biocatalyst, BOD, is
similar (1.8 & 0.2 x 10~® mol-g~' of carbon). One may
realize that both matrices reveal very similar biocata-
lytic properties toward the reduction of O,. While under
N, no electrocatalytic currents are observed, both of
the carbon materials electrocatalyze the reduction of
0,. These results suggest that the BOD adsorbed on the
CNPs is partially unfolded, similarly to the BOD bound
to SWCNTSs, a process that yields direct electrical con-
tact between the enzyme and the carbon matrices.
Figure 7C reveals, however, that the incorporation
of ABTS?™ to the SWCNT or CNP matrices leads to
substantially different bioelectrocatalytic properties
toward the reduction of O,. In these experiments,
ABTS?~ was adsorbed on the SWCNTSs or trapped in
the pores of the CNPs, and the carbon material was
capped with BOD, followed by cross-linking of the
enzyme and its protection by a Nafion film. In both
systems, the content of the carbon material was iden-
tical, and the coverage of BOD was similar. Under N,
both carbon matrices revealed the quasi-reversible
cyclic voltammogram of ABTS?™, indicating the similar
coverage of the relay unit on the two carbon matrices.
The cyclic voltammograms corresponding to the BOD-
electrocatalyzed reduction of O, in the presence of
ABTS%™ on SWCNTs showed, however, an electrocata-
lytic current, curve (b), only slightly larger compared to
the system in the absence of ABTS® . This result implies
that ABTS>™ has only little effect on the bioelectro-
catalyzed reduction of O, by the BOD/SWCNT system.
In turn, the BOD-capped ABTS? -loaded CNP matrix
reveals, at £ = 0.35 V vs SCE, ca. 3-fold higher electro-
catalytic current, as compared to the ABTS®> /BOD/
SWCNT system, curve (b') (this catalytic current is also
ca. 2-fold higher as compared to the BOD/CNP system
lacking the ABTS?™). These results indicate that ABTS®™,
indeed, wires the BOD capping units with the elec-
trode, thus leading to the enhanced electrocatalyzed
reduction of O,. Furthermore, it should be noted that
the ABTS®> /BOD-capped SWCNT system is unstable,
and ABTS?™ is desorbed from the SWCNT matrix (the
results in Figure 7C, curves (a) and (b), were recorded
immediately after the construction of the electrode,
under conditions where ABTS?~ was still fully adsorbed
on the SWCNTs matrix). In contrast, the BOD-capped
ABTS? -loaded CNPs revealed prolonged bioelectro-
catalytic stability. The ABTS?~ was locked in the pores,
and the bioelectrocatalytic functions of the BOD de-
creased by <10% after 2 days. Knowing the maximum
cathodic current, which is extracted under saturation of
the electrolyte with oxygen, and knowing the surface
coverage of BOD, the turnover rate of the enzyme was
estimated to be k. = 94 electrons-s~. It should be
noted that for all of the enzyme-protected, relay-encap-
sulated mesoporous CNP systems, effective electron

VOL.7 = NO.12 = 11358-11368 = 2013 “@L@Mi{\)

WWwWW.acsnano.org

11363



Glucose

0 10 20 30 40 50 60 70 80 90

0.0 0.1 0.2 0.3 0.4
Voltage, V (vs. SCE)

Nafion membrane

acid

Gluconic h uwn G |

0 5 10 15 20 f
[Glucose], mM e *
60 {
d
T t
404
b
1 |
20
a
ol t

0 20 40 60 80 100 120 140 160
Time, s

Figure 5. (A) Schematic illustration of the bioelectrocatalytic oxidation of glucose on the GOx-capped, Fc-MeOH-loaded CNP-
modified electrode. (B) Cyclic voltammograms corresponding to the bioelectrocatalytic oxidation of variable concentrations
of glucose on the GOx-capped, Fc-MeOH-loaded CNP-modified electrode: (a) 0, (b) 10, (c) 20, (d) 30, (e) 40, (f) 50, (g) 60, (h) 70,
(i) 80, and (j) 90 mM glucose. Inset: calibration curve corresponding to the amperometric responses at E = 0.4 V vs SCE for the
different concentrations of glucose. Scan rate 5 mV-s ™. (C) Chronoamperometric responses at E = 0.4 V for the oxidation of
variable concentrations of glucose, relevant to diabetes, on the GOx-capped, Fc-MeOH-loaded CNP-modified electrode: (a) 0,
(b) 4, (c) 8, (d) 12, (e) 16, and (f) 20 mM glucose. Inset: calibration curve corresponding to the amperometric responses for the
different concentrations of glucose. All measurements were performed in a HEPES buffer (0.1 M, pH = 7.0) under air.

transfer turnover rates for the respective bioelectro-
catalytic transformations are observed. Nevertheless,
the cyclic voltammograms of the relay-loaded meso-
porous CNPs reveal quite a large peak-to-peak separa-
tion, implying a nondiffusional electron transfer to the
relay units. Indeed, the electron transfer rates between
the conductive CNPs and the relays were deter-
mined by the Laviron method*’ to be 10, 18, and 13
electrons-s™" for the FcMeOH, MB™, and ABTS™ re-
lays, respectively. To account for this apparent discre-
pancy, we note that the electron transfer between the
conductive CNPs and the relays is, indeed, nondiffu-
sional, but the confined volume of the nanopores and
diminished directional mobility of the relay units in the
nanoenvironment increase the diffusion rate of the
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relay to the capping enzyme units, thereby increasing
the probability to electrically contact the enzyme cap
with the conductive matrix.

The successful design of the electrically wired GOx-
capped Fc-MeOH-loaded CNP anode for the oxidation
of glucose and the preparation of the effective BOD-
capped ABTS? -loaded CNPs as an electrically wired O,
reduction cathode paved the way to construct a
glucose/O, biofuel cell (Figure 8A). The electrocatalytic
oxidation of glucose by the Fc-MeOH-mediated pro-
cess proceeds at an onset potential of £ = —0.05 V vs
SCE. In turn, the ABTS?> -mediated reduction of O, at
the BOD-functionalized electrode proceeds at ca. E =
40.45 V vs SCE. This provides a potential difference
between the anode and the cathode of ca. 0.5 V that
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Figure 6. Cyclic voltammograms corresponding to the bioelectrocatalytic reduction of variable concentrations of H,O, on
the HRP-capped, MB"-loaded CNP-modified electrode: (a) 0, (b) 5, (c) 10, (d) 15, (e) 20, (f) 25, and (g) 30 mM H,0,. Scan rate 5
mV-s~". Inset: calibration curve corresponding to the amperometric responses at E = —0.6 V vs SCE for the different
concentrations of H,0,. Measurements were performed in a HEPES buffer (0.1 M, pH = 7.0) that was purged for 20 min with N,.
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Figure 7. (A) Cyclic voltammograms corresponding to the bioelectrocatalytic reduction of variable concentrations of O, on
the BOD-capped, ABTS?> -loaded CNP-modified electrode: (a) Electrolyte purged with N, (b) under air and (c) electrolyte
purged with O,. (B) Cyclic voltammograms corresponding to the bioelectrocatalytic reduction of O, on (a) BOD-capped
SWCNT-modified electrode in a N,-purged electrolyte; (b) BOD-capped SWCNT-modified electrode in an O,-purged
electrolyte; (a’) BOD-capped CNP-modified electrode in a N,-purged electrolyte; (b’) BOD-capped CNP-modified electrode
in an O,-purged electrolyte. (C) Cyclic voltammograms corresponding to the bioelectrocatalytic reduction of O, on (a) BOD-
capped, ABTS? -loaded SWCNT-modified electrode in a N,-purged electrolyte; (b) BOD-capped, ABTS? -loaded SWCNT-
modified electrode in an O,-purged electrolyte; (a’) BOD-capped, ABTS*> -loaded CNP-modified electrode in a N,-purged
electrolyte; (b’) BOD-capped, ABTS? -loaded CNP-modified electrode in an O,-purged electrolyte. The HEPES buffer

electrolyte (0.1 M, pH = 7.0) was purged for 20 min with either N, or O,. In all measurements, the scan rate was 5 mV-s—".

allows the operation of the biofuel cell. Figure 8B, panel |,
shows the discharge (polarization) curve of the biofuel
cell, measured at variable external resistances under
0,. The power output of the cell is presented in

TRIFONOV ET AL.

Figure 8B, panel Il, indicating a maximal power of
ca. P = 95 uW-cm™2 By increasing the potential
difference between the electrodes, particularly by im-
plementing relays exhibiting more negative potentials
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Figure 8. (A) Schematic illustration of the GOx-capped, Fc-MeOH-loaded CNPs//BOD-capped, ABTS® -loaded CNPs biofuel
cell. (B) Discharge characteristics of the biofuel cell in (A). Panel I: polarization curve. Panel IIl: power output. Measurements
were performed in a HEPES buffer solution (0.1 M, pH = 7.0) purged for 20 min with O, and using variable external resistances.

for the oxidation of glucose, the power output of the
cell could be further improved.

CONCLUSIONS

In conclusion, the present study has introduced a
new concept to electrically wire redox enzymes and
electrodes using mesoporous CNPs. The method is
based on the entrapment of relay units in the pores
of the CNPs, while capping the pores with the respec-
tive redox enzymes. The confinement of the relay units
to the conductive mesoporous CNP channels allows
the oxidation/reduction of the relays by the conductive
matrix and their “interchannel” diffusion to mediate
and electrically contact the capping redox enzymes,
while retaining the relay units in the pores. The high
surface area of the matrices, the close proximity

MATERIALS AND METHODS

Chemicals. Ferrocene methanol, 2,2’-azinobis(3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS?™), methylene blue, N-methyl-
2-pyrrolidone (NMP), Nafion perfluorinated ion-exchange
powder solution, mesoporous carbon nanoparticles (CNPs,
d < 500 nm), single-walled carbon nanotubes, graphite flakes,
glucose oxidase, GOx (from Aspergillus niger), horseradish

TRIFONOV ET AL.

between the relay units and enzymes, and the inte-
grativity of the components (while retaining elements
of diffusional electron wiring) represent the advan-
tages of the method.

The present study has applied the method for the
electrocatalytic wiring of three enzymes, GOx, HRP, and
BOD, and bioelectrocatalytic electrodes for the oxida-
tion of glucose as well as for the reduction of H,0, and
0,, respectively, were prepared. The electrical wiring of
other enzymes and the use of other relay systems by
this method could be, however, envisaged. Particularly
interesting is the development of a new, effective,
BOD-based O, reduction cathode. This electrically
contacted O, reduction electrode could be implemen-
ted to design biofuel cells of enhanced power outputs
as well as photo-bioelectrochemical cells.*®

peroxidase, HRP (from horseradish), and bilirubin oxidase, BOD
(from Myrothecium verrucaria), were purchased from Sigma.
Polyvinylidene fluoride (PVDF) was purchased from Arkema
Innovate Chemistry Company.

A CNP slurry was prepared by mixing 5 mg of CNPs in 0.5 mL
of NMP in the presence of 10 uL of either 0.1 M MB™ (dissolved in
water), 0.1 M Fc-MeOH (dissolved in water/ethanol, 1:1 v/v),
or 0.1 M ABTS?™ (dissolved in water). After 10 min of sonication,

A N N S
VOL.7 = NO.12 = 11358-11368 = 2013 @L%N J\kj

WWwWW.acsnano.org

11366



20 uL of a solution containing 10% (w/w) of PVDF in NMP was 3. Zayats, M.; Willner, B.; Willner, I. Design of Amperometric
added, and the resulting suspension was stirred for an addi- Biosensors and Biofuel Cells by the Reconstitution of
tional 20 min. Graphite flakes were sonicated for 1 h prior to Electrically Contacted Enzyme Electrodes. Electroanalysis
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water ar?d ethanol for 15 mi.n. Four microliters of the carbon 8. Topcagic, S.; Minteer, S. D. Development of a Membrane-
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. A ’ / .
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N X 12. Degani, Y.; Heller, A. Direct Electrical Communication
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