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ABSTRACT

The direct electron transfer and enzyme catalytic activity were investigated in
electrochemical biosensor based on glucose oxidase (GOx) and electrochemical
reduced graphene oxide-poly-(L-lysine) (ERGO-PLL) hybrid composite film
embedded in a biocompatible matrix of Nafion. The ERGO-PLL was fabricated onto
glassy carbon electrode (GCE) through one step electrodeposition of RGO
incorporating PLL from graphene oxide-L-lysine aqueous dispersion. The fabrication
process of Nafion/GOX/ERGO-PLL/GCE has been characterized by cyclic
voltammetry and electrochemical impedance spectroscopy, and the surface
morphology of modified electrodes were characterized by scanning electron
microscopy. A pair of well-defined redox peaks with formal potential and peak
separation of -0.461 V and 30 mV were observed at scan rate of 50 mV s, the
electron transfer rate constant was calculated to be 18.7 s™*, demonstrated that direct
electron transfer between immobilized GOx with ERGO-PLL and GCE was achieved.
Moreover, the fabricated enzyme biosensor exhibited excellent electrocatalytic
activity for determination of glucose in O,-free PBS (7.40) with linear voltammetric
response from 0.005 to 9.0 mmol L™, and detection limits (S/N=3) of 2.0 pmol L™
This work indicates that ERGO-PLL based modified electrode is superior to that of
graphene based, and could be applied in biosensors, bioelectronics and

electrocatalysis, etc.

Keywords: Glucose oxidase; Graphene; L-lysine; Electron transfer; Electrochemical

biosensor

1. Introduction



Direct electron transfer (DET) between the cofactor of a redox active enzyme
(oxidoreductase) or a redox protein and an electrode is significant to the development
of electrochemical devices for sensing and energy conversion [1]. DET is rarely
observed and reported for only few redox enzymes/proteins and it is seldom detected
between these enzymes/proteins and a bare electrode in the absence of redox
mediators. Mostly, this is due to the fact that the redox active centers of the
enzymes/proteins are deeply buried in their surrounding globular protein structures. A
number of studies have been carried out to facilitate electron transfer between the
redox active site of the enzymes/proteins and electrode [2, 3]. Various nanomaterials
such as carbon nanotubes[4], carbon ionic liquid [5], graphite nanoparticles [6],
graphene nanosheets [7] and other nanocomposites, etc. [8] have been employed to
achieve DET by decreasing long electron-tunneling distance.

Glucose oxidase (GOx) is an oxidoreductase which consists of two identical
polypeptide chains containing a redox center (FAD and FADH,), it catalyses the
oxidation of glucose to gluconolactone with the consumption of oxygen and
production of hydrogen peroxide [9]. Achieving the direct electron transfer of GOx
depends significantly on the distance between the redox center and the electrode
surface. Graphene, a two-dimensional (2D) planar structure of sp? carbon atoms, has
attracted considerable attention in recent years, especially been used for construction
of electrochemical biosensors applications [10, 11]. Numerous studies report
successful achievements of the direct electron transfer of GOx based on graphene [7,
12]. Furthermore,  graphene-based  hybrids  composites  including
graphene/AuNPs/chitosan nanocomposite film [13], graphene-conducting polyaniline
composite [14], graphene-polyethyleneimine- AuNPs hybrid [15],

Zn0O-nanorods/graphene heterostructure [16],



triethylenetetramine-functionalized  graphene [17] and reduced graphene
oxide-magnetic nanoparticles nanocomposite [18] have been employed to achieve
DET of GOx and further to apply in glucose sensitive determination.

Lysine, an a-amino acid, is used in the biosynthesis of proteins. It contains an
a-amino group that is in the protonated -NH3z* form under physiological conditions.
Electropolymerization is effective method for electrode modification action with a
property of desired matrices, homogeneity in electrochemical deposition, good
stability and strong adherence to electrode surface [19]. Poly-L-lysine (PLL) has been
employed as a conductive polymer in the construction of electrochemical sensors for
dissolved oxygen [20], glucose [21] and protein [22], etc. because of its simple and
rapid preparation, good biocompatibility and reproducibility. Electropolymerized PLL
is used as a positively charged polymer interface to adsorb GO nanosheets, and then
adsorbed GO was electrochemically reduced by cyclic voltammetry to prepare
ERGO/PLL/GCE [21]. Our previous work developed the preparation method with
directly electrodeposited reduced graphene oxide from GO dispersions based on
electropolymerized PLL of positively charged polymer as an electrode interface to
adsorb negatively charged GO nanosheets by electrostatic attraction [23].

This study reported a novel method to construct an ERGO-PLL hybrid composite
onto GCE through one step electrodeposition of reduced graphene oxide incorporating
polymerized L-lysine from graphene oxide-L-lysine aqueous dispersion. The
thickness of functionalized graphene film can be easily controlled by using the
electrodeposition technique, a distinct advantage over previously developed methods.
The direct electron transfer and enzyme catalytic activity were investigated in
electrochemical biosensor based on GOx and ERGO-PLL hybrid composite film

embedded in a biocompatible matrix of Nafion. The fabrication process of



Nafion/GOX/ERGO-PLL/GCE was analyzed with cyclic voltammetry and
electrochemical impedance spectroscopy, and the surface morphology of the modified
electrodes were characterized by scanning electron microscopy (SEM). The
electrochemical properties and electrocatalytic activities toward glucose of the

modified electrodes were demonstrated.

2. Experimental

2.1. Reagents and apparatus

Graphene oxide was prepared by the Hummers method [24, 25]. The prepared GO
was dispersed in 10 mM sodium phosphate buffer saline (PBS, pH 7.40) to get the 1.0
mg mL™ suspension. Glucose, Glucose Oxidase (GOx, 140 U mg™), L-lysine and
Nafion perfluorinated resin solution (5 wt.% in lower aliphatic alcohols and water,
contains 15% water) were obtained from Sigma-Aldrich. Other reagents are analytical
grade. Millipore Milli-Q water (18 MQ cm) is used in all experiments.

Fourier transform infrared (FT-IR) measurements were performed with a System
2000 infrared spectrometer (Perkin Elmer, America) with a KBr plate. Images of
SEM were captured using TM-1000 tabletop microscope (Hitachi, Japan). All
electrochemical measurements were determined on CHI 660D electrochemical
workstation (Shanghai Chenhua, China) using a conventional three-electrode system,
where a GCE (diameter 3.0 mm) was used as the working electrode, a platinum wire
counter electrode, and a saturated Ag/AgCl electrode reference electrode. All
voltammetric measurements were performed from negative potential to positive
potential, and before all voltammetric measurements (unless otherwise noted), sample
solutions were purged with nitrogen for at least 20 min to remove oxygen. The
parameters applied for the square wave voltammetry were as follows: 25 mV, 15 Hz

and 2.0 s were chosen for amplitude, frequency and quiet time, respectively. 10 mM
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PBS (pH 7.40) containing 100 mM KCI was used as electrolyte.
2.2. Preparation of modified electrodes

GCE was firstly polished using 0.3, 0.1 and 0.05 um alumina slurry followed by
rinsing thoroughly with water. Then, the clean GCE was performed with one step
electrodeposition of reduced graphene oxide incorporating polymerized L-lysine from
-1.5 V to 2.2 V for 8 circles at a scan rate of 25 mV s, in a Nx-saturated 100 mM
KCI-10 mM PBS (pH 7.40) containing 1.0 mg mL™ GO and 1.0 mM L-lysine (5:2,
v/v) aqueous dispersion, under a continuously stirring condition. After that, 5 uL
Glucose Oxidase of 5 mg mL™ was dropped onto the effective surface of
ERGO-PLL/GCE, dried in 4 °C refrigerator for 2 hours. Subsequently, 4 uL Nafion of

0.5 wt.% diluted with ethanol (=99.7) was dropped onto the modified electrode

which was constructed a thin film to prevent the leakage of adsorbed GOx (denoted as
Nafion/GOX/ERGO-PLL/GCE). For comparison, PLL/GCE and ERGO/GCE were
prepared using GCE in the Ny-saturated 100 mM KCI-10 mM PBS (pH 7.40)
containing either 1.0 mM L-lysine or 1.0 mg mL™ GO aqueous solution with the same
electrodeposition conditions as that for the ERGO-PLL/GCE. Nafion/GOx/GCE,
Nafion/GOx/PLL/GCE and Nafion/GOX/ERGO/GCE were prepared using GCE,
PLL/GCE and ERGO/GCE with the same modified process as that for the
Nafion/GOX/ERGO-PLL/GCE, respectively. All modified electrodes obtained were

rinsed with water thoroughly and were stored at 4 °C when not in use.

3. Results and discussion

3.1. FT-IR spectroscopic characterization of GO with L-lysine
Fig. 1 displays FT-IR spectra of GO, L-lysine and GO-L-Lys. The FT-IR
spectrum of GO (curve, a) shows that a broad and intense peak of O-H group at 3140

cm?, a C=0 peak at 1643 cm™, a C-OH stretching peak at 1134 cm™. These
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confirmed a successful oxidation of graphite, and there were a number of hydrophilic
groups, i.e., -OH, -COOH and epoxides in the surface of GO obtained [26]. The
FT-IR spectrum of L-lysine (curve, b) shows a peak 1597 cm™ originating from the
carboxyl double bond, the 1512 cm™ peak and 1340 cm™ peak are indicative of an NH
bending and the NH, vibration, respectively. And the 1404 cm™ peak is indicative of
free lysine [27]. The adsorption of L-lysine onto the GO leads to a shift of the
vibration at 1597 cm™ and 1512 cm™ to 1659 cm™ and 1520 cm * respectively. While
the vibration at 1404 is unchanged (curve, c¢). This is maybe attributed to that the
impact of electrostatic interaction between the negatively charged GO nanosheets and
positively charged L-lysine, suggesting that L-lysine is successfully bound to the GO

nanosheets.
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Figure 1 FT-IR spectra of graphene oxide (curve a), L-lysine (curve b) and graphene
oxide-L-lysine (curve c).

3.2. Preparation and electrochemical characterization of ERGO-PLL/GCE

As shown in Fig. 2, for the amplified part of the first voltammetric cycle in the
inset, it can be seen that an oxidation onset potential of bare GCE appears at about
+1.2 V and a reduction peak appears at -0.6 V. This might attributed to that the

electrode activation process of a freshly polished GCE, which introduced some



oxygen-containing functional groups including phenolic and carbonyl groups, as well
as evolved oxygen was derived from oxidation of water, could be created on the
surface of GCE [28]. From the second voltammetric cycle, the oxidation onset
potential appears at about +0.8 V and an oxidation peak occurs at about +1.3 V,
which might ascribed to that the oxidation process of L-lysine. And a wider reduction
peak appears at approximately from -0.4 V to -0.8 V, which might ascribed to that the
merged reduction process of L-lysine and actively evolved oxygen. In addition, the
cyclic voltammograms exhibits the other oxidation peak around 0 V from the second
cycle, which could be assigned to the incorporation of quinone groups at the activated
GCE electrode surface [28], as well as some oxygen-bearing groups of the
electrodeposited ERGO [23]. Furthermore, it can further find that the redox peak
currents and background currents rapidly increased and then negligibly changed from
3rd to 8th cycles. The increased currents could be assigned to the oxidation of
L-lysine and the reduction of GO on the GCE surface, and the gradually growth of
ERGO-PLL composite film along with the continuous electrode activation. In this

work, 8 cycles were used for ERGO-PLL electrodeposition.
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Figure 2 Cyclic voltammograms obtained of GCE in continuously stirring condition of
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N.-saturated 100 mM KCI-10 mM PBS (pH 7.40) containing 1.0 mg mL™ GO and 1.0 mM
L-lysine (5:2, v/v) scan from -1.5 V to 2.2 V for 8 circles with a scan rate of 25 mV s™.

3.3. Morphologic characterization of modified electrodes

From Fig. 3, it can be seen that the PLL nanoparticles were obtained on the
surface of PLL/GCE (Fig. 3A), while the ERGO film exhibited a thin wrinkled paper
like structure on the surface of ERGO/GCE (Fig. 3B). And the ERGO-PLL/GCE
displayed not only ERGO film morphology but also PLL nanoparticles and
homogeneously distributed on the GCE surface (Fig. 3C), which similar to that
fabricated by firstly polymerized of L-lysine and electrodeposited reduced graphene
oxide onto the GCE [23]. Furthermore, the PLL nanoparticles was distributed into the
multi-layered structure of graphene nanosheets, leads to that the ERGO-PLL hybrid
composite obtained with a similar three-dimensional structure. This is obviously
beneficial to the subsequent GOx immobilization. The characterization demonstrates
that the ERGO-PLL composite is successfully constructed on the GCE surface by
proposed with here one step electrodeposition method. When the GOx enzyme was
immobilized and then the Nafion film was covered on the surface of ERGO-PLL
modified electrode, the Nafion/GOX/ERGO-PLL/GCE showed deposition of enzyme
globular structure and nafion porous structure, indicating that the enzymes were

successfully immobilized on the modified electrode surface (Fig. 3D).



Figure 3 SEM images of PLL/GCE (A), ERGO/GCE (B), ERGO-PLL/GCE (C) and
Nafion/GOX/ERGO-PLL/GCE (D).

3.4. Electrochemical characterization of modified electrodes

In order to monitor each immobilization step, corresponding cyclic
voltammograms and impedance spectra in electroactive probes system of potassium
ferricyanide and potassium ferrocyanide were recorded. Fig. 4A shows that a pair of
redox peaks at bare GCE (curve, a) with a peak potential separation (AE,) of 78 mV
and the ratio of redox peak currents (ip/ipc) is close to 1.0. While at ERGO-PLL/GCE
(curve, b), the redox peak currents slightly increase (the increase rates for ipa and ipc
are 12.4% and 13.7%, respectively.) and the value of AE, changes to 68 mV. This
could be ascribed to ERGO-PLL nanocomposite modified provides a large effective
electrode surface area and with synergistic effects between ERGO and PLL [23]. For
comparison at GOX/ERGO-PLL/GCE (curve, c), the redox peak currents clearly
decrease (the rate of decrease for ip, and ipc Were 52.9% and 46.7%, respectively.) and
the value of AE, clearly changes to 163 mV. This is probably attributed to the fact that

an insulating layer of the immobilized GOx on the surface of ERGO-PLL composite
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can hinder the electron transfer. While at Nafion/GOX/ERGO-PLL/GCE (curve, d),
the redox peak currents further decrease (the decrease rates for ip, and i,c are 88.6%
and 86.0%, respectively.) and the value of AE, is slightly changes to 189 mV. This is
attributed to the fact that covered Nafion film with negative charge can further hinder

the electron transference of the [Fe(CN)g]* "

probes to the electrode surface. These
results indicate that the GOx modified electrode was successfully obtained.

Fig. 4B shows the EIS diagrams of the bare and modified GCEs. The Re (34 Q,
curve b) of the ERGO-PLL/GCE was lower than that of the bare GCE (200 Q, curve
a), suggesting that ERGO-PLL composite film has been formed on the GCE surface,
greatly improves the conductivity and the electron transfer process. When GOx was
adsorbed into the ERGO-PLL film, the R¢; increased distinctly to 1938 Q (curve c),
suggesting that the GOx was steadily adsorbed into the ERGO-PLL film, and hinder

374 to the electrode surface.

the electron transfer from the redox probe of [Fe(CN)s]
When nafion was covered onto the GOX/ERGO-PLL modified layer, the Re further
increased to 5798 Q (curve d), suggesting that a layer of nafion was formed, and with
a little inhibition of the electron transfer of the redox couple. These results obtained
from EIS are in agreement with the results obtained from cyclic voltammograms

which demonstrated again that the proposed enzyme modified electrode was

successfully fabricated.
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Figure 4 Cyclic voltammograms (A) and electrochemical impedance spectra (B) of GCE (curve a),
ERGO-PLL/GCE (curve b), GOX/ERGO-PLL/GCE (curve c¢) and Nafion/GOX/ERGO-PLL/GCE
(curve d) in 100 mM KCI-10 mM PBS (pH 7.402 containing 2.0 mM KsFe(CN)e/K4Fe(CN)g (1:1)
at scan rate of 100 mV s™*. Frequency range: 10° to 1 Hz; potential: 0.24 V; perturbation signal: 5
mV. The inset shows the Randle equivalent circuit applied to fit the impedance spectroscopy.

3.5. Electrochemical behaviors of GOx modified electrodes

The electron transfer behaviors of GOx modified electrodes were investigated in
the Ny-saturated and Oj-saturated 100 mM KCI-10 mM PBS (pH 7.40) by cyclic
voltammetry. As shown in Fig. 5 and Table 1, while in Nj-saturated PBS system,
comparison of bare GCE (curve a), Nafion/GOx/GCE exhibited no redox peaks
(curve b). While Nafion/GOx/PLL/GCE (curve d) presented a pair of small redox
peaks with the formal potential (E®) of -0.444 V, the AE, of 39 mV and the /iy is
0.57, compared with PLL/GCE (curve c). Moreover, comparison of ERGO/GCE
(curve e), Nafion/GOX/ERGO/GCE (curve f) also presented a pair of small redox
peaks with the E® of -0.474 V, the AE, of 41 mV and the /iy is 0.70. These results
indicate that a weak and quasi-reversible electron transfer between immobilized GOx
and PLL nanoparticles modified GCE was presented, as well as that between
immobilized GOx and ERGO modified GCE. While Nafion/GOX/ERGO-PLL/GCE
(curve h) presented a pair of impressive and well-defined redox peaks with the E® of

-0.461 V, the AE, of 30 mV and the ip/iyc is 0.97, compared with ERGO-PLL/GCE
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(curve g). Furthermore, the values of redox peak currents were significantly raised 4.3
times for i, and 2.5 times for iy as against Nafion/GOx/PLL/GCE, and 2.1 times for
ira and 1.5 times for i, as against Nafion/GOX/ERGO/GCE, respectively. These
results demonstrate that ERGO-PLL hybrid composite film exhibited a distinctly
reversible electron transfer between GOx and modified GCE, suggesting that the
prepared hybrid nanocomposite was an appropriate media for GOx immobilization
and direct electron transfer. The superior electrochemical performance of the
ERGO-PLL hybrid composite film modified electrode could be attributed to the fact
that there were significant edge-plane-like defective sites, larger surface area, good
electronic conductivity, as well as the synergistic effects between ERGO and PLL
[23].

While in O,-saturated PBS system, comparison of bare GCE (curve @), the
reduction peak potential of dissolved oxygen was negatively shifted from -0.31 V to
-0.72 V at Nafion/GOx/GCE (curve b"). For the absence of GOx modified electrodes,
an obvious reduction peak of dissolved oxygen appeared at -0.28 V for PLL/GCE
(curve c¢'), -0.27 V for ERGO/GCE (curve ¢') and -0.29 V for ERGO-PLL/GCE
(curve g"), respectively. For the presence of GOx modified electrodes, the reduction
peak of dissolved oxygen were negatively shifted to -0.62 V for
Nafion/GOx/PLL/GCE (curve d’), -0.63 V for Nafion/GOx/ERGO/GCE (curve ') and
-0.61 V for Nafion/GOX/ERGO-PLL/GCE (curve, h’), respectively. In addition, a
weak redox peaks appeared which was direct electron transfer of immobilized GOx
with Epa 0f -0.53 V and Epc of -0.62 V for Nafion/GOx/PLL/GCE (curve d’), Epa of
-0.57 V and Ej of -0.63 V for Nafion/GOx/ERGO/GCE (curve f), Ep, 0f -0.59 V and
Epc of -0.61 V for Nafion/GOX/ERGO-PLL/GCE (curve, h'), respectively. These

results indicate that the dissolved oxygen has an important effect on direct electron
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transfer of GOx.
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Figure 5 Cyclic voltammograms obtained of (A): GCE (curves a and a’) and Nafion/GOx/GCE
(curves b and b"), (B): PLL/GCE (curves ¢ and c¢’) and Nafion/GOx/PLL/GCE (curves d and d'),
(C): ERGO/GCE (curves e and e¢') and Nafion/GOX/ERGO/GCE (curves f and f), (D):
ERGO-PLL/GCE (curves g and g") and Nafion/GOX/ERGO-PLL/GCE (curves h and h’) in
N-saturated (curves a, b, ¢, d, e, f, g and h) O,-saturated (curves a’, b, ¢, d’, €', f, g’ and h’) 100
mM KCI-10 mM PBS (pH 7.40) at scan rate of 50 mV s™.

Table 1. Electrochemical behaviors of GOx modified electrodes in N»-saturated 100 mM KCI-10
mM PBS (pH 7.40).

Electrodes S Epe E AE toe e Ipallpc
\% V) Vv mv) A WA
Nafion/GOx/GCE / / / / / /
Nafion/GOx/PLL/GCE -0.424 -0.463 -0.444 39 0.8 1.4 0.57
Nafion/GOX/ERGO/GCE -0.454 -0.495 -0474 41 1.6 2.3 0.70

Nafion/GOX/ERGO-PLL/GCE -0.446 -0.476 -0.461 30 3.4 3.5 0.97

Fig. 6 displays the cyclic voltammograms of Nafion/GOX/ERGO-PLL/GCE in 10
mM PBS (pH 7.40) at the scan rate from 25 to 1000 mV s *. It can be seen that the
absolute values of redox peak currents linearly increase with the scan rates (Fig. 6B

lines, a and b), and a slight shift in redox peak potential is observed (Fig. 6B lines, ¢
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and d). These results indicate that the direct electron transfer process between GOXx
and modified GCE is surface-confined with a fast electron transfer [29].

The surface coverage (I') of electroactive GOx on the modified electrode was
calculated as Sharp et al reported method [30]. The I obtained was about 1.64 x 10 **
mol cm? and it was close to that the theoretical value reported for monolayer
coverage of GOx (1.89 x 10! mol cm ) [31], and also for GOx immobilized on CdS
colloid (1.54 x 10 ** mol cm™2) [32] and on gold nanoparticles (9.8 x 10 ** mol cm™?)
[33]. Furthermore, the electron transfer rate constant ks of immobilized GOx in the
Nafion/ERGO-PLL film was estimated as 18.7 s™ according to the model of Laviron
[34] using the formula ks = mnFv/RT which is appropriate when the peak-to-peak
separation is less than 200 mV; here m is a parameter related to the peak-to-peak
separation, F is Faraday’s constant, R is the gas constant, T is the temperature, n is the
number of electrons transferred, and v is the scan rate. This value was larger than
previously reported values for GOx immobilized in the exfoliated graphite nanosheets
and Nafion composite film was 12.6 s* [35], and also for GOx immobilized on
ERGO/sodium dodecy! sulfate film was 4.1 s [36], ERGO/PLL composite film was
3.3 s [21] and graphene-chitosan nanocomposite was 2.8 s™ [37]. This can be
probably attributed to that the rapid charge-transfer of graphene was enhanced by
decorating PLL, which acts synergistically with graphene to facilitate charge transfer
[19, 38]. In addition, it should be noticed that Nafion used here has two functions, one
is to prevent the leakage of immobilized GOx, and the other is to promote the
electronic transfer of GOx [35]. These results demonstrate again that the
Nafion/GOX/ERGO-PLL/GCE modified electrode provides fast electron transfer

between the redox center of GOx and the surface of GCE.
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Figure 6 (A) Cyclic voltammograms and (B) the plots of peak currents and potentials of anodic
and cathodic versus scan rate obtained of Nafion/GOX/ERGO-PLL/GCE in N,-saturated 100 mM
KCI-10 mM PBS (pH 7.40) at scan rate (from inner to outer), 25, 50, 75, 100, 200, 300, 400, 500,
600, 700, 800, 900 and 1000 mV s, lines a and b are the plots of peak currents, and lines ¢ and d
are the plots of peak potentials versus scan rate.

From Fig. 7A, it can be seen that the redox peak currents of immobilized GOx
increased gradually and then decreased with increasing of pH value, the larger peak
currents were obtained at pH 7.4. Therefore, the pH value of supporting electrolyte in
following electrochemical measurements was chosen at pH 7.4. Fig. 7B shows that
the relationship between the redox peak potentials and the pH value of the solution. It
can be seen that the formal potentials E® were shifted negatively with the increasing
pH value of the solution, suggesting that protons were participated in the electron
transfer process of GOx. Furthermore, the linear regression equations of redox peak
potentials and pH values can be expressed as Ep. (V) = -0.072 - 0.049 pH (R =
-0.9894) and Epc (V) =-0.090 - 0.052 pH (R = -0.9920). The slopes obtained are close
to the theoretical value of —58.6 mV/pH [39], which indicated that the numbers of

electron and proton are equal in the electron transfer process of the immobilized GOXx.
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Figure 7 (A) Cyclic voltammograms and (B) effects of pH on the oxidation peak current (line a)
and reduction peak current (line b), oxidation peak potential (line ¢) and reduction peak potential
(line d) of Nafion/GOX/ERGO-PLL/GCE in Nyp-saturated 100 mM KCI-10 mM PBS with pH
values of 5.4, 6.4, 7.4, 8.4 and 9.4 at scan rate of 50 mV's .

3.6. Electrocatalytic activities of Nafion/GOx/ERGO-PLL/GCE

The electrocatalytic activities of Nafion/GOX/ERGO-PLL/GCE toward glucose
were further investigated by cyclic voltammetry in the absence and presence of
oxygen PBS containing different concentrations of glucose (Fig.8). As shown in Fig.
8A, it can be seen that the oxidation peak currents of immobilized GOx were nearly
unchanged while the reduction peak currents decreased continuously, and both the
oxidation peak potentials and reduction peak potentials were nearly unchanged with
increasing glucose concentrations. This result can be attributed to that the direct
electron transfer of the immobilized GOx on the Nafion/GOX/ERGO-PLL/GCE in the
absence of oxygen PBS is a reversible (the AE, of 30 mV and the ipa/ip is 0.97) and
surface-confined with a fast electron transfer process. The electrode reaction could be

expressed as following:

GOx-FAD (0) + 2e” + 2H" <> GOx-FADH; (R) 1)
And when glucose was added to the buffer solution, the enzyme catalysis reaction

of immobilized GOx toward glucose comes up on electrode surface:
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Glucose + GOx-FAD (O) — Gluconolactone + GOx-FADHj; (R) (2

In the case of absence of oxygen, the GOx-FAD (O) on the electrode surface was
reduced to GOx-FADH; (R) in two ways. One part was enzyme catalysis reaction and
the other part was electrode reaction. However, the total amount of GOx-FADH; (R)
on the electrode surface remain unchanged. Therefore, while continuously added
glucose to the buffer solution, the part of enzyme catalysis reaction for GOx-FAD (O)

would be increased and that of electrode reaction would be decreased.

A B 1
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Current/pA

0 mM ;
14 -40
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Figure 8 Cyclic voltammograms of Nafion/GOX/ERGO-PLL/GCE in Ny-saturated (A) and
O,-saturated (B) 100 mM KCI-10 mM PBS (pH 7.40) containing different concentrations of
glucose (from bottom to top: 0, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0 mM) at scan rate of 50 mV' s .

As shown in Fig. 8B, it can be seen that two obvious reduction peaks were
appeared at about -0.61 V and -0.35 V when Nafion/GOX/ERGO-PLL/GCE in the
presence of oxygen PBS containing different concentrations of glucose. And the peak
currents of the two reduction peaks decreased continuously while peak potentials are
negligibly changed with increasing glucose concentrations. Additionally, the oxidation
peaks are very weak and almost invisible, which can be ascribed to that in the

presence of oxygen, the reduced enzyme is oxidized quickly at the surface of the
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electrode:

GOX-FADH, (R) + 0, — GOx-FAD (O) + H,0, (3)

Therefore, these two reduction peaks of appeared at about -0.61 V and -0.35 V can
be ascribed to that the electrochemical reduced processes of oxidation state of
GOx-FAD and dissolved oxygen, respectively. For the comparison, the cyclic
voltammetric performances of the absence and presence of GOx modified electrodes
in the N,-saturated, air-saturated and O,-saturated PBS were investigated (as shown in
Fig. S1 of supplementary data). The results suggesting that the reduction peak
potential of oxidation state of GOx-FAD was negatively shifted from -0.45 V to -0.61
V on Nafion/GOX/ERGO-PLL/GCE in the presence of oxygen PBS, compared with
that in the absence of oxygen PBS, and the reduction peak potential of dissolved
oxygen was negatively shifted from -0.31 V to -0.35 V in the presence of oxygen PBS
on Nafion/GOX/ERGO-PLL/GCE, compared with that on Nafion/ERGO-PLL/GCE.
This might due to that the simultaneous presence of oxidation state of GOx-FAD and
dissolved oxygen competing and inhibiting each other for their reduction reactions on
the modified electrode surface. Furthermore, in the case of presence of oxygen, it is
clearly seen that both the reduction peak current of oxygen (at about -0.35 V) and the
reduction peak current of oxidation state of GOx-FAD (at about -0.61 V) decreased
with increasing glucose concentration, suggesting the consumption of oxygen and the
course of the enzyme catalysis reaction of GOx with glucose. However, the reduction
peak currents of dissolved oxygen did not change with the addition of glucose on

Nafion/ERGO-PLL/GCE (absence of GOx), indicating that the immobilized GOx
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showed DET properties have catalytic activity towards glucose oxidation. These
results indicated that the immobilized GOx molecules have DET ability are

responsible for the glucose oxidation and O, consumption.
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Figure 9 (A) Effects of the applied potential at Nafion/GOX/ERGO-PLL/GCE on the changed of
amperometric current (Al) for 0.2 mM glucose under Nj-saturated atmosphere. Amperometric
response of Nafion/GOX/ERGO-PLL/GCE to the successive injection of glucose into the stirred
100 mM KCI-10 mM PBS (pH 7.40) under (B) N,-saturated, (C) air-saturated and (D)
O,-saturated atmosphere on -0.4 V.

In order to further approve that the charge transfer process without formation of
H,0,, we performed two experiments. Firstly, the effects of the applied potential at
Nafion/GOX/ERGO-PLL/GCE on the changed of amperometric current (Al) for
glucose under N,-saturated atmosphere was investigated. And then the amperometric
measurements at the optimized constant potential in the N,-saturated, air-saturated

and O,-saturated PBS solution for different glucose concentrations were performed,
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respectively. From Fig. 9A, it can be seen that the preferable applied potential of the
glucose biosensor was -0.4 V. Comparison of the Fig. 9B, C and D, it can be seen that
the background current was smaller (~3.5 pA) and went to equilibrium quickly (~100
s) in the N,-saturated PBS solution (Fig. 9B). Additionally, the amperometric response
gradually decreased for the increasing glucose concentration. While in the
air-saturated test system, the background current was larger (~6 pA) and went to
equilibrium sluggish, and the amperometric response clearly decreased for the
increasing glucose concentration (Fig. 9C). In the case of the O,-saturated PBS
solution (Fig. 9D), the background current was the largest (~30 uA) and almost could
not went to equilibrium within test time. The results indicating that the consumption
of O, during the course of amperometric measurement at the applied potential of -0.4
V, which are in accord with the cyclic voltammetric measurements (Fig. 8 and Fig.
S1). Furthermore, compared with blank measurement curve in the O,-saturated PBS
system, the amperometric response was nondescript from the background current for
the increasing glucose concentration, suggesting that the consumption of O, during
enzymatic reaction for the case of O,-saturated is negligible compared to the oxygen
level of background and consequently cannot be used to monitor the concentration
change of glucose.

Secondly, the cyclic voltammetric and amperometric measurements in the
N,-saturated atmosphere PBS solution for different H,O, concentrations were
performed, respectively. From Fig. 10A, it can be seen that the reduction peak

currents increased while the oxidation peak currents decreased with the increasing
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H20, concentration, which can be regarded as the increasing of the concentration of
oxygen in the test system. This result suggests that the reduction peak currents should
be decreased as well as the oxidation peak currents should be increased while the
consumption of oxygen in the test system, which is obviously different from that the
electrocatalytic activity of glucose (Fig. 8A). From Fig. 10B, it can be seen that the
amperometric response also increased clearly with the increasing H,O, concentration,

running counter to what the glucose response (Fig. 9B).
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Figure 10 (A) Cyclic voltammograms obtained on Nafion/GOX/ERGO-PLL/GCE in 100 mM
KCI-10 mM PBS (pH 7.40) containing 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.6 and 2.0 mM H,0, under
N,-saturated atmosphere at scan rate of 50 mV s*. (B) Amperometric response of
Nafion/GOX/ERGO-PLL/GCE to the successive injection of H,O, into the stirred 100 mM KCI-10
mM PBS (pH 7.40) under N-saturated atmosphere on -0.4 V.

From the above, we can demonstrate that the charge transfer of immobilized GOx
at the proposed glucose biosensor is O,-free and without formation of H,O,. Direct
electron transfer mechanism of immobilized GOx in the
Nafion/GOX/ERGO-PLL/GCE was different from that of on the polyphenanthroline
modified GCE [40] and hole transporting polymeric semiconductors [41]. There are
two types of GOx biosensors, one is real type of third generation biosensor in which

GOx-FADH; transfers electron to the electrode [42]. The other pseudo third
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generation type in which the consumption of O, is monitored, and GOx has no
electrocatalytic effect during the course of enzymatic reaction [43]. In this work,
based on the DET of immoblized GOx, the decrease of the reduction current can be
used to determination of glucose, the scheme of direct electron transfer of the
Nafion/GOX/ERGO-PLL/GCE and the electrocatalysis of glucose and oxygen are

shown in Scheme 1.

Glucose Gluconolactone

Scheme 1 Schematic illustration of direct electron transfer of the Nafion/GOX/ERGO-PLL/GCE
(1), the electrocatalysis of glucose (2) and oxygen (3).

3.7. Determination of glucose

Cyclic voltammetry, differential pulse voltammetry, chronoamperometry and
square wave voltammetry (SWV) were performed at the
Nafion/GOX/ERGO-PLL/GCE for determination of glucose in the absence and
presence of oxygen PBS. It shows that higher current sensitivity and better resolution
can be obtained using SWV in the absence of oxygen PBS test system. The SWV
profiles obtained for tested different concentrations of glucose besides the plotted
calibration curve are shown in Fig. 11. The calibration range of glucose concentration
from 0.005 to 10.0 mM. And the statistical analysis of cathodic peak current (lc,)
versus the concentrations of glucose revealed three linear ranges (Fig. 11B). The Ic,

decrease linearly with the increase of the glucose concentration from 0.005 to 0.05
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mM, and the linear equation was calibrated as 1, (LA) = 182.2 Cgucose (MM) - 30.1
with the correlation coefficient of 0.9915. And the I, decrease linearly with the
increase of the glucose concentration from 0.1 to 1.0 mM, the linear equation was Iy
(uA) = 9.1 Cyiucose (MM) - 19.9 with the correlation coefficient of 0.9850. As well as
the Ic, decrease linearly with the increase of the glucose concentration from 1.0 to 9.0
mM, the linear equation was Ic (LA) = 0.6 Cgycose (MM) - 11.5 with the correlation
coefficient of 0.9904. And the sensitivity of the biosensor for glucose detection were
about 2579 pA mM?t cm? 129 pA mM? cm? and 8 pA mM™T cm? in the
concentration range from 0.005 to 0.05 mM, from 0.1 to 1.0 mM and from 1.0 to 9.0
mM, respectivity. The detection limit (defined as 3o, where o is the standard
deviation of the blank) for glucose was 2.0 uM, and much higher sensitivity 2578.9
uA mM™em™? as compared with other nanostructured supports. These performances
are improved and comparable with those reported glucose biosensors (Table 2). It is
well known that glucose concentration of the diabetic is above 7.0 mM [51],

suggesting the proposed biosensor is appropriate for blood sugar monitoring.
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Figure 11 (A) Square wave voltammograms and (B) the reduction peak currents at
Nafion/GOX/ERGO-PLL/GCE in N,-saturated 100 mM KCI-10 mM PBS (pH 7.40) containing
different concentrations of glucose (from bottom to top: 0, 0.005, 0.01, 0.02, 0.03, 0.04, 0.05, 0.1,
0.2,0.3,04,0.5,0.6,0.7,08,0.9, 1.0, 1.5, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 mM). Other
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condition: 25 mV, 15 Hz and 2.0 s were chosen for amplitude, frequency and quiet time,

respectively.

Table 2. Comparison of the performance of glucose biosensors.

. Limit of Sensitivity
o . Linear range . 1
Electrode modified materials (mM) detection (LAmM Reference
(uM) cm?)
Graphene-chitosan 0.08-12.0 20 37.93 [44]
RGO-Fe;0,4 nanoparticles 0.05-1.0 0.1 59 [45]
GO-didodecyldimethylammonium upto 0.6 20 3.1 [46]
bromide
Biomass-derived macroporous carbon 0.007-23.7 2.3 19.16 [47]
RGO-chitosan/concanavalin A 1.0-10.0 - - [48]
Nitrogen-doped carbon nanotubes 0.0058-18.0 1.9 29.4 [49]
AUNPs- chitosan /graphene tape 0.616-14.0 202 9 [50]
electrode
0.005-0.05 2579
ERGO-PLL 0.1-1.0 2.0 129 This work
1.0-9.0 8

4. Conclusion

In summary, a convenient and simple method of fabricating glucose biosensor is
proposed. GOx can be effectively immobilized on ERGO-PLL hybrid composite film
which was constructed onto GCE through one step electrodeposition of reduced
graphene oxide incorporating polymerized L-lysine from graphene oxide-L-lysine
aqueous dispersion. Biocompatible film of Nafion was used here to prevent the
leakage of immobilized GOx and meanwhile to promote the electronic transfer of
GOx. The fast and direct electron transfer between immobilized GOx with

ERGO-PLL and GCE was achieved and the fabricated enzyme biosensor exhibited

excellent electrocatalytic activity for the determination of glucose under mediator-free
25



physiological conditions. This work indicates that the excellent performance of
ERGO-PLL hybrid composite film based modified electrode proposed here is superior
to that of graphene based, should applied in biosensors, bioelectronics and

electrocatalysis etc.
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Figure Captions

Scheme 1 Schematic illustration of direct electron transfer of the
Nafion/GOX/ERGO-PLL/GCE (1) and the electrocatalysis of glucose (2) and oxygen
(3).

Figure 1 FT-IR spectra of graphene oxide (curve a), L-lysine (curve b) and graphene
oxide- L-lysine (curve c).

Figure 2 Cyclic voltammograms obtained of GCE in continuously stirring condition
of N,-saturated 100 mM KCI-10 mM PBS (pH 7.40) containing 1.0 mg mL™ GO and
1.0 mM L-lysine (5:2, v/v) scan from -1.5V to 2.2V for 8 circles with a scan rate of 25
mV/s.

Figure 3 SEM images of PLL/GCE (A), ERGO/GCE (B), ERGO-PLL/GCE (C) and
Nafion/GOX/ERGO-PLL/GCE (D).

Figure 4 Cyclic voltammograms (A) and electrochemical impedance spectra (B) of
GCE (curve a), ERGO-PLL/GCE (curve b), GOX/ERGO-PLL/GCE (curve c) and
Nafion/GOX/ERGO-PLL/GCE (curve d) in 100 mM KCI-10 mM PBS (pH 7.40)
containing 2.0 mM KsFe(CN)s/KsFe(CN)s (1:1) at scan rate of 100 mV s

Frequency range: 10° to 1 Hz; potential: 0.24 V; perturbation signal: 5 mV. The inset
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shows the Randle equivalent circuit applied to fit the impedance spectroscopy.

Figure 5 Cyclic voltammograms obtained of (A): GCE (curves a and a') and
Nafion/GOx/GCE (curves b and b’), (B): PLL/GCE (curves ¢ and c') and
Nafion/GOx/PLL/GCE (curves d and d’), (C): ERGO/GCE (curves ¢ and e’) and
Nafion/GOx/ERGO/GCE (curves f and f'), (D): ERGO-PLL/GCE (curves g and g’)
and Nafion/GOX/ERGO-PLL/GCE (curves h and h’) in N,-saturated (curves a, b, c, d,
e, f, g and h) O-saturated (curves a’, b', ¢/, d’, ¢/, f, g’ and h") 100 mM KCI-10 mM
PBS (pH 7.40) at scan rate of 50 mV s™.

Figure 6 (A) Cyclic voltammograms and (B) the plots of peak currents and potentials
of anodic and cathodic versus scan rate obtained of Nafion/GOX/ERGO-PLL/GCE in
Ny-saturated 100 mM KCI-10 mM PBS (pH 7.40) at scan rate (from inner to outer),
25, 50, 75, 100, 200, 300, 400, 500, 600, 700, 800, 900 and 1000 mV s™, lines a and b
are the plots of peak currents, and lines ¢ and d are the plots of peak potentials versus
scan rate.

Figure 7 (A) Cyclic voltammograms and (B) effects of pH on the oxidation peak
current (line a) and reduction peak current (line b), oxidation peak potential (line c)
and reduction peak potential (line d) of Nafion/GOX/ERGO-PLL/GCE in N,-saturated
100 mM KCI-10 mM PBS with pH values of 5.4, 6.4, 7.4, 8.4 and 9.4 at scan rate of
50 mVs .

Figure 8 Cyclic voltammograms of Nafion/GOX/ERGO-PLL/GCE in N,-saturated (A)
and Op-saturated (B) 100 mM KCI-10 mM PBS (pH 7.40) containing different
concentrations of glucose (from bottom to top: 0, 0.25, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0

mM) at scan rate of 50 mV s .

Figure 9 (A) Effects of the applied potential at Nafion/GOX/ERGO-PLL/GCE on the

changed of amperometric current (Al) for 0.2 mM glucose under N,-saturated
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atmosphere. Amperometric response of Nafion/GOX/ERGO-PLL/GCE to the
successive injection of glucose into the stirred 100 mM KCI-10 mM PBS (pH 7.40)

under (B) N-saturated, (C) air-saturated and (D) O,-saturated atmosphere on -0.4 V.

Figure 10 (A) Cyclic voltammograms obtained on Nafion/GOX/ERGO-PLL/GCE in
100 mM KCI-10 mM PBS (pH 7.40) containing 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.6 and
2.0 mM H,O, under N-saturated atmosphere at scan rate of 50 mV s'. (B)
Amperometric response of Nafion/GOX/ERGO-PLL/GCE to the successive injection
of H,O; into the stirred 100 mM KCI-10 mM PBS (pH 7.40) under Nj-saturated

atmosphere on -0.4 V.

Figure 11 (A) Square wave voltammograms and (B) the reduction peak currents at
Nafion/GOX/ERGO-PLL/GCE in Nj-saturated 100 mM KCI-10 mM PBS (pH 7.40)
containing different concentrations of glucose (from bottom to top: 0, 0.005, 0.01,
0.02, 0.03, 0.04, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.5, 2.0, 3.0, 4.0,
5.0, 6.0, 7.0, 8.0, 9.0, 10.0 mM). Other condition: 25 mV, 15 Hz and 2.0 s were

chosen for amplitude, frequency and quiet time, respectively.
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Highlights

® Aconvenient and simple method of fabricating glucose biosensor is proposed.

® Graphene hybrid composite ERGO-PLL was prepared by one step
electrodeposition technology.

® The fast and direct electron transfer between immobilized GOx with ERGO-PLL

and GCE was achieved.
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