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Abstract—A new biocatalyst consisting of glucose oxidase (GOx) and polyethylenimine (PEI) immobilized on car-
bon nanotube (CNT) (CNT/PEI/GOx) was developed, while cyclic voltammogram (CV) behaviors of several related
catalysts including the CNT/PEI/GOx were analyzed in terms of charge transfer resistances (R,s) obtained by measur-
ing Nyquist plots using electrochemical impedance spectroscopy (EIS). A qualitative correlation between the flavin ade-
nine dinucleotide (FAD) redox reactivity measured by the CV and R, was established. As factors affecting both the
FAD reactivity and R, concentrations of GOx, glucose, and phosphate buffer solution, electrolyte pH and ambient
condition were considered and evaluations of the catalysts using the CV curves and Nyquist plots confirmed that a pat-
tern in the FAD reactivity was closely linked to that in the R, implying that FAD reactivities of the catalysts are pre-
dicted by the measurements of their Rs. Even regarding performance of the enzymatic biofeul cells (EBCs) using the
reacted catalysts, a pattern of the R,s is compatible with that in the maximum power densities (MPDs) of the EBCs.

Keywords: Glucose Oxidase, Charge Transfer Resistance, Flavin Adenine Dinucleotide Redox Reactivity, Enzymatic
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INTRODUCTION

The utilization of glucose oxidase (GOx) as a catalyst for the
enzymatic biofuel cell (EBC) and glucose biosensor is very prom-
ising [1-3] compared other types of enzymes [4,5]. Since the EBC
and glucose biosensor using the GOx-based catalysts consider glu-
cose as a fuel in the blood circulation system of human body, they
can be used for implantable bioelectrical devices [6]. To date there
have been many attempts to develop the EBC and glucose biosen-
sor using the GOx-based catalyst, but due to its limitations, such as
poor catalytic activity, low enzyme loading, sluggish charge trans-
fer rate and short lifetime, the progress for development of such
bioelectrical devices has been slow [7-10].

To address these problems, support materials like the carbon
nanotubes (CNT) and graphene have been often suggested because
it is known that they could promote the immobilization of enzyme
moieties [11,12]. For instance, non-covalent adsorption [13], encap-
sulation [14], covalent coupling [15], affinity bonding [16] and
enzyme cross-linking [17] methods have been the GOx immobili-
zation methods suggested. Of these, the GOx immobilization via
covalent coupling and adoption of the enzyme catalytic structure
to the EBC and glucose biosensor have been widely tried because
of their easy fabrication process. Based on that, enhancements in
the performance of bioelectrical devices, such as high maximum
power density (MPD) and sensitivity; can be achieved [18-20]. Fur-
thermore, with these methods, GOx molecules could be strongly
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immobilized and promote the glucose oxidation reaction (GOR)
that is a required reaction to operate the EBC and glucose biosen-
sor effectively.

For fabricating excellent catalytic structure, it is critical to choose
superior entrapping polymer (EP) that should be positively charged
because the support material and GOx are all negatively charged
and play a bridging role with both the support material and GOx
[21]. In this regard, polyethylenimine (PEI) is one of the proper EPs,
which is positively charged in neutral pH (isoelectric point; pl: ~10.5)
[22]. Due to such polarity, the support material and GOx are eas-
ily entrapped with the PEI by an attractive force [23]. PEI also has
abundant amine functional bonds, and then the bonds are closely
attached to the amine bonds of GOx to form a strong physical bond-
ing. As a result, PEI is probably acting as a highway for promoting
electron transfer from the active sites (flavin adenine dinucleotide
(FAD)) that are located deep inside GOx via the supporter mate-
rial to the electrode [24].

According to Shervedani et al., most bioelectrical devices con-
sist of two main parts connected in series: biochemical recogni-
tion system and transducer [25]. The role of the biochemical rec-
ognition system is to translate information produced from the bio-
chemical domain to the output signal, while that of transducer is
to transfer the output signal to the electrical domain. Based on
that, the glucose based bioelectrical transducers are usually depen-
dent on potentiometric or amperometric detection [26,27]. Here,
the conventional potentiometric or amperometric detection relies
on potential or current, respectively, that was obtained from oxida-
tion reaction of glucose to gluconolactone by the catalytic activity
of GOx. However, the detections have fundamental limitations, such
as the noisy response and gradual decadence [26]. To alleviate such
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difficulties, a Nyquist plot of electrochemical impedance spectros-
copy (EIS) is considered because the EIS can produce smoother
response, powerful, nondestructive, and more informative than
amperometric or potentiometric detection [25].

In this study, we investigated the electrochemical correlation
between the Nyquist plots using EIS and cyclic voltammogram
(CV) behavior of CNT/PEI/GOx structure. Here, PEI is consid-
ered EP, while CNT as supporter material. Also, the CNT/PEI/
GOx structure is fabricated by the layer by layer (LbL) method be-
tween PEI and GOx [22]. To confirm viability of the CNT/PEI/GOx
structure as well as validity of the electrochemical correlation, per-
formance of the EBC using CNT/PEI/GOx was also evaluated.

EXPERIMENTAL

1. Materials

The multiwall carbon nanotubes (MWCNT, average diameter
20 nm, purity is higher than 99%) were obtained from Carbon
NanoTech MR99 (Gyeongbuk, Korea). Glucose oxidase (GOx, from
Aspergillus niger type X-S, 150.000 U-g ' solid) and polyethyleni-
mine were purchased from Sigma Aldrich (Milwaukee, W1, USA).
2. Preparation of CNT/PEI/GOx

CNT/PEI/GOx layers were prepared by the layer-by-layer (LbL)
deposition between PEI on MWCNT and GOx as shown in Fig
1(a). First, 10 mL of 2.5 mg-mL™" PEI solution (in 0.01 M PBS pH
7.4) and 50 mg of CNT were mixed. The CNT/PEI mixture solu-
tion was sonicated for 10 min and stirred for 2 h. Then, the mix-
ture was centrifuged. Deionized (DI) water was used to remove
excessive PEIs by washing method. After that, the mixture was
immersed into the different concentrations of GOx solution (2, 4,
6,8 and 10 mg-mL ") overnight and the different mixtures includ-
ing GOx were centrifuged again and their supernatants were
removed, completing the GOx/PEI/CNT catalyst [10,22,28].
3. Half-cell and Full-cell Electrochemical Characterization

The electrochemical measurements involved using a computer
connected potentiostat (SP-240, BioLogic). A pt wire and Ag/AgCl
(soaked in 3.0 M NaCl) were used as the counter and reference
electrodes for three electrode cell measurements. To fabricate the
working electrode, 10 L of catalytic ink was dropped on the glass
carbon electrodes (GCE) and dried. Then, 5wt% Nafion solu-
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tions were dropped on the catalytic ink-loaded GCE [29,30]. PBS
was used as an electrolyte to promote redox reaction of the active
sites within GO, while high purity N, and air gases were provided
to the electrolyte to create anaerobic (N, state) and aerobic (air state)
conditions.

The impedance spectra were determined in the frequencies from
60 kHz to 10 Hz with ten steps per decade, while the modulating
potential was 10 mV. All the Nyquist plots were determined with
approach by Randles equation, as shown in Fig. 1(b). In the cir-
cuit formed by the Randles equation, R, and R, stand for the solu-
tion resistant and charge transfer resistant, while C; and Z,, stand
for the double layer capacitance and Warburg diffusion region.

To measure the polarization curves from the EBC single cells, a
potentiostat was also connected with a frequency response analyzer
(FRA). By coupling the FRA with the potentiostat, the power out-
put was analyzed as a product of current and potential. Pt/C was
used as cathode catalyst. For cathode, 100 cc min™' O, gas was fed
to the electrode, while 0.2 M glucose solution was circulated as a
tuel for the anode electrode. During the EIS measurement, H, gas
was fed into the cathode to consider only electron transfer resis-
tance occurring in the anode.

RESULTS AND DISCUSSION

1. Optical Characterization of CNT/PEI/GOx

Morphology of the catalyst was investigated using scanning elec-
tron microscope (SEM). The SEM images are represented in Figs.
2(a)-(b). According to the images, an average diameter of bare CNT
was ~20 nm (Fig. 2(a)), while that of CNT/PEI/GOx was ~24 nm
(Fig. 2(b)). Even by visual inspection, the CNT bundles of Fig. 2(b)
seem to be thicker than those of Fig. 2(a), meaning that the PEI
and GOx moieties were well immobilized on the CNT in Fig. 2(b).
2. Electrochemical Characterization of CNT/PEI/GOx

It is important to explore the PEI adoption effect by measuring
active surface area of the catalysts and redox reaction rate of the
FADs that were placed deep inside of the GOx. For doing that, the
CV curves of GCE, CNT, CNT/PEI and CNT/PEI/GOx were meas-
ured (Fig. 3(a)). About the measurements, there are two import-
ant observations. First, there were no redox peaks in the bare GCE,
CNT and CNT/PEI while there was a pair of redox peaks at 046 V

(b)

Fig. 1. Schematics of (a) CNT/PEI/GOx catalyst and (b) Randles circuit diagram.
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Fig. 3. (a) Cyclic Voltammogram (CV) curves and (b) Nyquist plots of the GCE, CNT, CNT/PEI, CNT/PEI/GOx catalysts and (c) CV curves
and (d) Nyquist plots of the CNT/PEI/GOx catalysts measured under GOx concentrations of 2, 4, 6, 8 and 10 mg-mL . For the tests,
0.01 M PBS (pH 7.4) acted as electrolyte at N, state and potential scan rate was 100 mV-s ",

vs. Ag/AgCl in the CNT/PEI/GOx. The redox peak is attributed to
the FAD redox reaction (GOx(FAD)+2H"+2e <>GOx(FADH,)),
and second, in a comparison of the bare CNT and CNT/PEI, a
background current of the CNT/PEI increased. It was due to adop-
tion of the PEL Such adopted PEI which possesses excellent entrap-
ping ability, modified the property of CNT surface in a more hy-
drophilic way, thereby both the entrapping capability of PEI and
hydrophilic surface made formation of the electrical double layer
easy, increasing the background current.

To confirm these phenomena using the EIS, the related Nyquist

plots were measured (Fig. 3(b)). In the Fig. 3(b), R, was similar in
all catalysts (39.3-39.9 QQ), whereas R, increased with a sequential
addition of the CNT, PEI and GOx to the GCE from 3.8 to 11.9Q
(CNT on the GCE), from 11.9 to 14.8 Q (CNT/PEI on the GCE),
from 14.8 to 28.5 Q (CNT/PEI/GOx on the GCE), respectively. Since
the PEI is EP and relatively nonconductive [31,32], the PEI decreases
conductivity of the CNT from ~10°-10" to ~43 S-cm * [33,34]. Such
effect of PEI was already reported [31]. GOx also induces the same
result, meaning that use of the GOx would increase R, due to its
nonconductive property [35]. One thing to mention here was War-
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burg diffusion region of the CNT/PEI was nearly 45°, which is
attributed to the semi-infinite diffusion of protons occurring at the
interface between the CNT/PEI and electrolyte [36].

The catalytic activity of the CNT/PEI/GOx was measured to
determine an optimal GOx concentration under various GOx con-
centrations because the optimal concentration leads to the highest
redox reaction rate of FAD. It was gained by peak current density
of the FAD redox reaction measured by the CV curves (Fig. 3(c)).
According to the Fig. 3(c), the FAD redox reaction peak increased
until the GOx concentration reached 8 mg-mL™" and in the GOx
concentration of 10 mg-mL ™, the peak was a little dropped, con-
firming that the optimal concentration of GOx was 8 mg-mL ™" with
the current density of 0.37 mA-cm ™. Fig. 3(d) represents the Nyquist
plots showing EIS behavior of the CNT/PEI/GOx catalyst meas-
ured with the increment in GOx concentration. According to Fig.
3(d), R, was almost the same in all catalysts (39.45-39.84 Q2), whereas
R, increased from 28.5 to 39.1 Q during an increment of the GOx
concentration from 2 to 10 mg-mL™. As explained, because the GOx
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is non-conductive, it was expected that the R, would increase with
an addition of the GOx concentration and the increase in R, meant
an increment in the amount of immobilized GOx [35]. Also, regard-
ing the optimal GOx concentration, there was a difference between
results obtained from CV curves and Nyquist plots (by CV curves,
8 mg-mL™" was optimal GOx concentration, while by Nyquist plots,
10 mg-mL " was optimal one). It is apparent evidence that in GOx
of more than 8 mg-mL ", electron transfer from GOXx to electrode
was not effective although more GOx moieties were immobilized
on the CNT/PEL

In next, it is also important to understand the effect of the PBS
electrolyte concentration on catalytic activity of the CNT/PEI/
GOx. For that, FAD redox reaction rate of the CN'T/PEI/GOx was
measured under three different concentrations of PBS electrolyte
solution (Fig. 4(a)). Fig. 4(a) implies two results. First, as the PBS
concentration increased from 0.01 to 1M, the FAD redox reac-
tion peak decreased. It is probably due to an increase in the con-
centration of ionic charges, such as Na', Cl", PO;" and K that are
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Fig. 4. (a) CV curves and (b) Nyquist plots of the CNT/PEI/GOx catalysts measured under PBS (pH 7.4) concentrations of 0.01, 0.1 and 1M
at N, state, while () is their electron transfer rate constants.
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contained in the PBS solution as forms of NaCl, KCl, NaHPO,
and KH,PO, [37]. Such increased ionic charges would increase
conductivity of the electrolyte and then they would be accumu-
lated at the interface between the electrode (including catalyst) and
electrolyte [38], preventing FAD redox reaction in the catalyst sur-
face and having the FAD redox reaction peaks decrease as shown
in Fig. 4(b).

Second, anodic current peak of the CNT/PEI/GOx in 1.0 M PBS
was slightly shifted to the negative potential direction with a de-
crease in AE,. The narrower AE, means that the FAD redox reac-
tion caused by the catalyst is controlled by the surface reaction and
electron transfer rate of the catalyst is high [39,40]. Fig. 4(c) pres-
ents Nyquist plots of the experimental sets measured in the Fig,
4(a). Regarding R, the CNT/PEI/GOx catalyst using 0.01 M PBS
had the highest R; (39.7 Q2), while the catalysts using 0.1 and 1 M
PBS showed R of 32.4 and 12.9 Q2 On the other hand, in a com-
parison of R, the catalyst using 1 M PBS had the highest R, (8.5€2),
while the catalyst using 0.1 and 0.01 M PBS showed R s of 29.6
and 37.7Q

The low R and R, in the catalyst using 1 M PBS are due to a high
electrolyte conductivity derived from ionic charge and, because of
that, confirm that electrolyte also plays a role in connecting be-
tween CNT and GOx (catalyst) like mediator for electron transfer
[24]. Especially, low R, indicates that system is in a highly conduc-
tive state (due to high ionic charge), so the electron mobility and
its transfer rate constant are high in high conductive system as
shown in Fig. 4(d).

It is also important to understand the relationship between the
pH of electrolyte and peak potential of the FAD redox reaction
(Fig. 5(a)). According to the Fig. 5(a), as the pH of electrolyte in-
creased from 4 to 9, the peak potential of FAD redox reaction lin-
early dropped with slopes of —59.6 and —60.1 mV-pH " for the oxida-
tion and reduction reactions. These values were compatible with
the reference value (—58.6 mV-pH ) for desirable two-electron and
two-proton reactions [41-43].

Fig. 5(b) presents the Nyquist plots showing EIS behavior of the
CNT/PEI/GOXx catalyst in different electrolyte pHs (from pH 3 to
9). There are several noticeable results. First, with an increase in
the electrolyte pH from pH 7.4 to 9, R, decreased from 39.9 to
383 Q and R, decreased from 37.7 to 35.3 Q. It is attributed to

the ionic charge produced from NaOH (base chemical) included
for the pH adjustment. Namely, the NaOH solution is decom-
posed and then it is divided into OH™ and another proton (Na')
that are probably accumulated in the electrolyte solution. As we
explained in previous part, accumulation of the ionic charge in-
duces decreases in the R, and R, Second, in reduction of the pH
(from pH 74 to 5 and 3), both R and R, decreased (from 39.7 to
17.9 and 9.0Q for R, and from 37.7 to 17.7 and 15.2Q for R,).
Similar to the NaOH effect, the acid chemical (H,SO,) fed for the
pH adjustment is decomposed and then it is divided into H" and
another electron (SO;") that are probably accumulated in the elec-
trolyte solution, lowering the R, and R ,. This conductivity-improved
electrolyte facilitates electron transfer of the FAD redox reaction
inside the GOx [44].

3. Performance of Glucose Biosensor Adopting CNT/PEI/GOx

Fig. 6(a) shows CV curves of the CNT/PEI/GOx catalyst that were
operated at aerobic condition with the addition of glucose. As the
glucose concentration increased, the CV curve of the CNT/PEI/
GOx catalyst was up-shifted. Since the glucose oxidation reaction
(GOR) (Glucose—Gluconolactone+2H"+2e") produced two pro-
tons and two electrons, such produced proton and electrons were
consumed for the reduction reactions of the FAD and O, [18]. Fig.
6(b) shows the Nyquist plots of the CNT/PEI/GOx catalyst mea-
sured with an increase in glucose concentration from 0 to 10 mM.
According to Fig. 6(b), R,; of the CNT/PEI/GOx catalyst decreased
from 38.9 to 30.1 Q, while its R, was almost the same (39.2-39.8 Q)).
The decrease in R, is due to the GOR that affects the FAD reduc-
tion reaction as previously reported [25,45]. As glucose concentra-
tion increases, the GOR occurs more often and proton/electron
pairs produced by the reaction are then consumed for ORR and
FAD redox reaction, indicating that electron transfer between elec-
trolyte and electrode including the enzymatic catalyst is facilitated.
With that, conductivity in the electrode also gradually increases
and such increased conductivity induces decrease in R ..

Fig. 6(c) represents the effect of glucose on FAD redox reaction
in N; state. There was no change in CV curve irrespective of glu-
cose provision. It is explained that GOR did not affect the FAD
redox reaction significantly, meaning that O, mediator is needed
to bridge electron transfer between the GOR and FAD redox reac-
tion [24]. For that reason, both R, and R, did not change very much
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as shown in Fig. 6(d). In brief, because of lack of mediator, elec-
tron transfer between the electrolyte and electrode including the
enzymatic catalyst was not further activated. In turn, this result did
not affect changes in the conductivity at the electrode, followed by
in the R,,.
4. Performance of GBFC Adopting CNT/PEI/GOx

To inspect the effect of CNT/PEI/GOx catalyst on EBC perfor-
mance, it is important to investigate the performance of the EBCs
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using the CNT, CNT/PEI and CNT/PEI/GOx as anodic catalysts
and the Pt/C as cathodic catalyst by measuring polarization curves;
and the measuring result is represented in Fig. 7(a). For obtaining
normalized result, the polarization curves were at least measured
twice with two samples per case. According to Fig. 7(a), the maxi-
mum power density (MPD) of the EBC using the CNT/PEI/GOx
was highest than that using the CNT and CNT/PEI (MPD of
EBCs adopting CNT, CNT/PEIL and CNT/PEI/GOx was 0.14, 0.4,
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and 0.87 mW-cm ). Such a pattern in MPD was similar to that in
CV curves of Fig. 3(a). Namely, when the PEI was adopted, EBC
MPD increased 185.7% from 0.14 to 0.4 mW-cm ™, while when
the GOx was further included, EBC MPD increased 118% from
0.4 to 0.87 mW-cm . In Fig. 3(a), Nyquist plots of the EBCs that
were the same structure to the Fig. 7(a) were also measured to
determine R, and R, (Fig. 7(b)). As a result, like other Nyquist plot
data, R of all the EBCs were similar (25.3-25.9 QQ), while R,s of
the EBCs using the CNT, CNT/PEI and CNT/PEI/GOx were 9.2,
11.5, and 14.5Q, respectively. These phenomena are compatible
with a pattern of the Nyquist plots shown in Fig. 3(b), so when the
GOx and PEI were included as components consisting of the cata-
lysts, R,s of the catalysts increased due to the nonconductive prop-
erty of the GOx and PEI [22,31].

CONCLUSIONS

A new biocatalyst, CNT/PEI/GOx, was developed and CV pat-
tern of the corresponding catalysts (CNT, CNT/PEL and CNT/
PEI/GOx catalysts) was examined and compared regarding their
R,s that was attained by Nyquist plots using EIS. According to
examination and comparison of the CVs and Nyquist plots, reac-
tivity of FAD redox reaction measured by both CV and R, showed
a close relationship. In addition, as parameters affecting the reac-
tivity of FAD redox reaction, concentrations of GOx, glucose and
phosphorous buffer solution, electrolyte pH and ambient condi-
tion were chosen and their effects were investigated by the CV
curves and Nyquist plots.

In experimental evaluations, it was confirmed that the reactiv-
ity of FAD redox reaction was connected with R, which means
that the difference in reactivity of FAD redox reaction that occurred
at the different catalysts can be simply predicted by examination of
their R s. As an example showing the relationship, the performance
of the EBCs using the catalysts was considered. When their MPDs
were examined, their trends were compatible with those in their
R, proving that there was a close correlation between the CV curves
and Nyquist plots regarding the reactivity of FAD redox reaction.
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