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A B S T R A C T

A glucose biosensor was fabricated by glucose oxidase (GOD) immobilized on gold nanoparticles decorated on
single layer graphene (Au/SLG) modified glassy carbon electrode, with 6-(ferrocenyl)hexanethiol (Fc–C6H12–SH)
as electron transfer medium (GOD/Fc/Au/SLG/GCE). The free-standing Au/SLG was obtained by sputtered gold
nanoparticles on chemical vapor deposition (CVD)-generated monolayer graphene. This process avoids compli-
cated polymer-transfer processes of graphene and affords AuNPs with good dispersion and clean surface pro-
moting immobilization of GOD. Since the clean surface and lower background current of free-polymer-transferred
CVD-generated graphene, the ductility monolayer graphene is suit for ultrasensitive detection of low concen-
tration of glucose. Synergy with electron mediator facilitates electron transfer process, the sensor has enhanced
electrochemical performance with the detection limit of 0.1 nM (S/N¼ 3) and good selectivity. The sensor was
further studied for real perspiration test with attractive feasibility, which has potential application in perspiration-
based wearable glucose detection.
1. Introduction

Sensitive detection of glucose has been widely studied for the value in
diabetes diagnosis field [1–3]. Electrochemical methods were widely
investigated, including invasive, minimally invasive, and non-invasive
detection in skin interstitial fluid and biofluids [4–9]. Among them,
non-invasive glucose detection addresses the limitations of finger-stick
blood testing, represents the ideal choice for advanced diabetes man-
agement in perspiration, salivary and tears samples [10,11]. Especially,
sensitivity sensor was developed to detect lower concentration of glucose
in perspiration samples, which diffusing from blood vessels with a cor-
relation of 10 μM to 0.7mM in diabetic patients [12,13]. In addition,
analysis of practical perspiration samples can be applied in the field of
flexible wearable non-invasive glucose detection and therapeutic drug
delivery in the future [14,15].

Glucose oxidase (GOD) was widely used to fabricate glucose
biosensor cause its sensitivity and specificity for glucose detection [16].
Gold nanoparticle has larger surface-to-volume ratio and outstanding
conductivity, what’s more, it is stable, modifiability, and biocompati-
bility than other metal nanoparticals, which was widely used as immo-
bilizer agents and electrode modifiers [17]. Graphene, as the thinnest
two-dimensional carbon material with large specific surface area,
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remarkable mechanical and electrical properties, was also widely used
due to the advantages of increasing loading capacity and improve elec-
tron transport [18–21]. All them together, gold nanoparticles decorated
graphene immobilized GODmodified electrode, was expect to accurately
measure ultralow concentration of glucose, especially in perspiration
samples [22–26].

Specially, graphene as an important support material has an elevated
space for optimizing the detection performance of the sensor. Graphene
powder have the residual of oxygen-containing functional groups and
surfactants induced from synthesized process, which reducing the elec-
trical conductivity and leading insensitive detection. Interlayer agglom-
eration of graphene also reduces surface area and exposure of the active
site of the supported catalyst [27–29]. The Chemical vapor deposition
(CVD) method is cracking carbon source into carbon atoms at higher
temperature, then depositing or segregating them on growth substrate at
lower temperature. CVD-generated graphene can be single layer with
good crystal quality, avoid layer stacking and inducing
oxygen-containing functional groups. It is superior to construct more
sensitive sensor because it maintains excellent electrical conductivity and
good ductility [30,31]. However, the complicated transfer process by
polymethyl methacrylate (PMMA) or polydimethylsiloxane (PDMS)
adhering to the surface of graphene and etching the growth substrate
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could remain polymer on surface of graphene, which lead to insensitive
detection [32].

Here, we use CVD-generated graphene bonded sputtering technology
to prepare a self-supporting graphene/gold nanoparticles composite film
without polymer assist transfer, which is used to immobilize GOD for
ultralow concentration glucose detection. Sputtering deposited gold
nanoparticles avoid residual surfactant; single layer graphene prepared
by CVD can achieve good dispersion and active surface area maximum
exposure of gold nanoparticles, which were beneficial to the immobili-
zation of the enzyme. 6-(ferrocenyl)hexanethiol (Fc–C6H12–SH) as elec-
tron transfer mediators was used to realize the electron transfer between
redox enzyme center and electrode surface [33–35]. Sputtered gold
nanoparticles as medium were used to attach 6-(ferrocenyl)hexanethiol
and 6-amino-1-hexanethiol hydrochloride to electrode by forming Au–S
bonds. The glutaraldehyde was used as crosslinking agent in order to
attached GOD to the modified electrode through connecting aldehyde
groups (–CHO) with amino groups (–NH2) of GOD and 6-amino-1-hexa-
nethiol hydrochloride by Schiff base reaction. The optimized biosensor
towards glucose ultralow concentration detection was evaluated by cy-
clic voltammetry (CV), differential pulse voltammetry (DPV) and elec-
trochemical impedance spectroscopy (EIS) models.

2. Experimental

2.1. Reagents and apparatus

Copper foils with 25 μm thick and 99.8% purity were bought from
Alfa Aesar Company. Hydrogen (H2), methane (CH4) and nitrogen (N2)
gases with 99.99% purity were bought from Jinan Deyang Special gas
Company. The reduced graphene oxide (RGO) dispersion in water (1mg/
mL) was purchased from Leadernano Tech. L.L.C. Glucose oxidase (GOD,
from aspergillus niger, �15,000 units/g solid, without added oxygen), 6-
(ferrocenyl)hexanethiol and 6-amino-1-hexanethiol hydrochloride were
both bought from Sigma-Aldrich Co. L.L.C. Glutaraldehyde (24–26%
mass fraction in water) was obtained from J&K Scientific Ltd. Glucose
(C6H12O6), ammonium persulfate ((NH4)2S2O8), disodium hydrogen
phosphate dihydrate (Na2HPO4⋅2H2O) and sodium dihydrogen phos-
phate dihydrate (NaH2PO4⋅2H2O) were procured from Sinopharm
Chemical Regent Company. Glassy carbon electrode and gold electrode
were polished with aluminum oxide powders with diameters of 50 nm
and 300 nm, purchased from Shanghai Chenhua Instrument Company.
The phosphate buffered solution (pH¼ 7) was prepared by Na2H-
PO4⋅2H2O and NaH2PO4⋅2H2O with concentration of 0.1 mol L�1.
Glucose oxidase (GOD) solution (5mg/mL) was prepared by GOD pow-
der dissolved in phosphate buffered solution (0.1mol L�1, pH¼ 7) and
stored in 4

�
C refrigerator. All reagents in experiments were of analytical

grade and used as received. All water used in experiments were ultrapure
water with a resistivity of 18.2MΩcm.

Single layer graphene was obtained by G-CVD equipment from
Xicheng Company. The vacuum sputter equipment was obtained from
Denton VacuumCompany (DESK V Cold Sputter, Moorestown, USA). The
99.999% purity gold target was bought from GRIKIN Advanced Material
Company. All electrochemistry measurements were carried out in the
electrochemical workstation (CHI–660C) bought from Shanghai Chen-
Hua Instrument Company. Electrochemical studies were performed using
a standard three-electrode system. Platinum (Pt) plate was used as the
counter electrode and saturated calomel electrode (SCE) used as the
reference electrode, respectively. A glassy carbon electrode (GCE) with
diameters of 3mm was polished to mirror finish using Al2O3 suspension
and sonicated in ultrapure water and ethanol in sequence. The cleaned
GCE was used to attach to Au/SLG in the solution ensuring the graphene
was contact with GCE and the gold nanoparticles were exposed outside of
the electrode. The modified electrode was dried overnight in air so that
the graphene was in stable contact with the electrode.

All transmission electron microscopy (TEM) images were taken by
JEM-1011 (JEOL). Scanning electron microscopy (SEM) images were
2

performed by JSM-6700F. The structure and feature of materials were
analyzed by Raman spectroscopy (PHS–3C) and X-ray photoelectron
spectroscopy (ThermoFisher K-Alpha).

2.2. Preparation of Au/SLG/GCE and GOD/Fc/Au/SLG/GCE

2.2.1. Au/SLG/GCE
Chemical vapor deposition single layer graphene support gold nano-

particles modified glassy carbon electrode, was prepared as our previous
report,whichdenoted asAu/SLG/GCE [36]. Briefly, the gold nanoparticles
were sputtered on the typical low-pressure chemical vapor deposition
(LPCVD) graphene growth on copper foils, with the sputtering power
output of 30W and sputtering time of 30 s. Then copper foil with growth
graphene was etching by 0.2mol/L (NH4)2S2O8 for one night and washed
several times by water. The free-standing gold nanoparticles decorated
graphene (Au/SLG)filmwasfloat onwaterfinally. Glassy carbon electrode
(GCE) picked up the Au/SLG films to ensure that graphene adhered the
surface of GCE and gold nanoparticles are exposed to the outside. Then
modified electrode was dried in nature and short as Au/SLG/GCE.

2.2.2. GOD/Fc/Au/SLG/GCE
The 6-(ferrocenyl)hexanethiol and GODmodified Au/SLG/GCE, short

for GOD/Fc/Au/SLG/GCEwas prepared as working electrode. First of all,
the Au/SLG/GCE was immersed in the mixed solution of 6-(ferrocenyl)
hexanethiol and 6-amino-1-hexanethiol hydrochloride (2 mmol/L) for
4 h. Then, the modified electrode was dried in air and following
immersed in glutaraldehyde solution for 4 h. Lastly, GOD solution (3 μL,
5 mg/mL) was dropped on the modified electrode. The modified elec-
trode was stored in the 4 �C refrigerator overnight standby, abbreviated
as GOD/Fc/Au/SLG/GCE.

2.3. Preparation of contrast electrodes

2.3.1. SLG/GCE
The single layer graphene on GCE was construct as SLG/GCE for

comparison. In detail, PMMA solution (5 μL, 5% mass fraction) was spin
coated on the surface of CVD-generated graphene on copper foils and
cured at 120 �C for 2 h. Copper foils were etched by (NH4)2S2O8 solution
(0.2mol/L) overnight and the free-standing PMMA supported graphene
film was suspended on the solution. Then the PMMA supported graphene
film was transfer to the surface of GCE, the PMMA was removed by hot
acetone. The monolayer graphene modified gold electrode was obtained,
as short for SLG/GCE.

2.3.2. Fc/Au/SLG/GCE
The prepared modified electrode (Au/SLG/GCE) was immersed in 6-

(ferrocenyl)hexanethiol solution (2mmol/L) to link the sulfhydryl
groups (–SH) with gold nanoparticles to form Au–S bonding. After
soaking for 4 h, the obtained modified electrode was dried and denoted
as Fc/Au/SLG/GCE.

2.3.3. GOD/Au/SLG/GCE
The GOD modified Au/SLG/GCE, short for GOD/Au/SLG/GCE was

prepared as working electrode. First of all, the Au/SLG/GCE was
immersed in the 6-amino-1-hexanethiol hydrochloride solution
(2mmol/L) for 4 h. Then, the modified electrode was dried in air and
following immersed in glutaraldehyde solution for 4 h. Lastly, GOD so-
lution (3 μL, 5 mg/mL) was dropped on the modified electrode. The
modified electrode was stored in the 4 �C refrigerator overnight standby,
abbreviated as GOD/Au/SLG/GCE.

2.3.4. Fc/GOD/Au/RGO/GCE
By replacing single layer CVD-grown graphene film with reduced

graphene oxide (RGO) powder, the modified electrode Fc/GOD/Au/RGO/
GCE was constructed. The RGO ethanol dispersion (5 μL, 1mgmL�1) was
dropped on the removable GCE, then sputtering gold nanoparticals on



Scheme 1. (a) Process of synthesize GOD/Fc/Au/SLG/GCE, (b) GOD/Fc/Au/SLG/GCE application in glucose detection.

Fig. 1. SEM image of Au/SLG on GCE.
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RGO/GCE, which obtain Au/RGO/GCE instead of Au/SLG/GCE. The
other process is same as above to modify Fc and GOD, to obtain Fc/GOD/
Au/RGO/GCE. That is, 6-(ferrocenyl)hexanethiol and GOD modified with
RGO powder support gold nanoparticles on glassy carbon electrode was
denoted as contrast electrode Fc/GOD/Au/RGO/GCE.

2.4. Electrochemical measurements

The electrochemical measurements were carried out using home-
made electrolytic cell at room temperature, containing a beaker and
cover plate with three electrodes insert. The 20mL phosphate buffered
solution (0.1mol L�1, pH¼ 7) were added in the beaker and bubbling
with N2 for 30min to expel O2. All working potentials were reported
against the saturated calomel electrode (SCE).

The electrochemical behavior of modified electrodes was evaluated
by cyclic voltammetry (CV), differential pulse voltammetry (DPV) and
amperometric i-t curve models. The CV curves were recorded from - 0.1 V
to 0.7 V (vs. SCE) to exhibit the electrochemical behavior of modified
electrodes. The DPV model was used to measure the electrochemical
response of different concentrations of glucose injected into phosphate
buffered solution, ranging from �0.1 V to 0.7 V (vs. SCE). The ampero-
metric i-t curve was recorded the anti-interference performance of
biosensor, with 10 times glucose concentration of ascorbic acid (AA), uric
acid (UA) and dopamine (DA) inject at 0.5 V (vs. SCE). The real sample
analysis was also carried out in human perspiration samples.

3. Results and discussion

3.1. Principle

Scheme 1 is the preparation process of GOD/Fc/Au/SLG/GCE, start-
ing from CVD-generated graphene. The mechanism of glucose oxidation
has been reported previously as the second-generation biosensor with
ferrocenyl derivate as electron transfer medium facilitating the electron
transfer process [37]. The possible mechanism of electron transfer pro-
cess shows in Scheme 1 (b) and reactions show as followed:

Glucose þ GOD (ox) → Gluconolactone þ GOD (red)

GOD (red) þ 2Fcþ → GOD (ox) þ 2Fc þ 2Hþ

2Fc →2Fcþ þ 2e-

3.2. Characterization of Au/SLG

Fig. 1 represents SEM image of Au/SLG on the surface of GCE with the
well-dispersed gold nanoparticles (white dots) loaded on graphene. The
3

SEM images of CVD-generated graphene and Au/SLG both loaded on GCE
were shown in Fig. S1A and Fig. S1B. The CVD-generated graphene
showed good ductility covered on surface of GCE and had some wrinkles
caused by impurities. The TEM image of Au/SLG with the well-dispersed
gold nanoparticles (black dots) loaded on graphene was also shown in
Fig. S1C. It was confirming well ductility CVD-generated graphene act as
good platform to avoid gold nanoparticles agglomeration. The size dis-
tribution histogram of gold nanoparticles was inset Fig. S1C, showing the
average size with 8 nm (n¼ 180). Fig. S1D and inset photos were Au/SLG
covered on GCE and floated in solution.

Raman spectroscopy was used as nondestructive tool to analyze layer
numbers and crystal structure of graphene. The typical features peaks of
graphene grown on copper foils are the G and 2D bands as shown in
Fig. 2. The sharp peaks of G and 2D bands at ~ 2645.9 cm�1 and ~
1588.7 cm�1 indicate graphene has good crystalline quality. The in-
tensity ratio of I2D/IG identifies the number of graphene is single layer.
The weak intensity of D peak at ~1329.5 cm�1 reveals the primarily form
of graphene is sp2 hybridized carbon atoms with few structure defect [38,
39]. The Raman spectrum of SLG transfer to GCE was also showed in
Fig. 2. The PMMA assist transfer method was used to transfer
CVD-generated graphene to the surface of GCE, the transfer process
increased the defect of graphene with the increased D peak and D þ D’
peak. The Raman spectrum of Au/SLG identifies increased D peak and
full width at half maximum (FWHM) of G and 2D peaks, along with slight
blue shift of G peak and decreased intensity of 2D peak. These changes
induced by increased disorder can attribute to the deposition process of



Fig. 4. Cyclic voltammogram curves of (a) glassy carbon electrode (GCE), (b)
SLG/GCE, (c) Au/SLG/GCE, (d) Fc/Au/SLG/GCE and (e) GOD/Fc/Au/SLG/GCE
in phosphate buffered solution with scan rate of 50mV s�1.

Fig. 2. Raman spectrums of single layer graphene on copper foil (SLG), single
layer graphene transfer onto GCE (SLG0), Au/SLG, Fc/Au/SLG and GOD/Fc/Au/
SLG on GCE.
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the gold nanoparticles. The decreased intensity ratio of I2D/IG identifies
the added number of graphene, which showed the tendency of graphene
to form wrinkles. After 6-(ferrocenyl)hexanethiol (Fc–C6H12–SH) and
GOD attached onto Au/SLG/GCE, the D peaks and full width at half
maximum (FWHM) of G and 2D peaks increased obviously, which
showed the increasing of defect structure.

Fig. 3 shows the C 1s and Au 4f XPS spectra of Au/SLG. The C 1s peak
are fitted into three components associated with C––C, C–C and O–C––O,
located at binding energies of 284.5 eV, 285.1 eV and 286.7 eV, respec-
tively [40,41]. The C–C and C––C bonding assigned to sp3 and sp2 hy-
bridized carbon atoms of graphene, and the weak oxidation of low
intensity of O––C–O functional groups declaring the stability of graphene
in the testing condition. The Au 4f peak are fitted into two components
corresponding to Au(0) 4f 7/2 and Au(0) 4f 5/2, located at binding en-
ergies of 84.0 eV and 87.7 eV, respectively [42]. In addition, the present
Au 4f peaks illustrates the sputtering process could deposit gold nano-
particles on graphene corresponding to others characterization.
3.3. Electrochemical response of modified electrodes

The electrochemical performance of contrast electrodes were studied
using cyclic voltammogram (CV) model. The CV curves of glassy carbon
electrode, GCE (a), single layer graphene on glassy carbon electrode,
SLG/GCE (b), Au/SLG/GCE (c), Fc/Au/SLG/GCE (d) and GOD/Fc/Au/
SLG/GCE (e) were shown in Fig. 4. In phosphate buffer solution, both
Fig. 3. XPS survey spectra of A
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GCE, SLG/GCE and Au/SLG/GCE have no redox peak. The CV curves of
Fc/Au/SLG/GCE and GOD/Fc/Au/SLG/GCE showed a pair of obvious
redox peaks at 0.22 V and 0.37 V (vs SCE). The well-defined anodic and
cathodic peaks were induced by the ferrocene moiety, indicating 6-
(ferrocenyl)hexanethiol (Fc) was covalently bonded with Au/SLG/GCE
for fast electron transfer.

The electrochemical behavior of GCE, Au/SLG/GCE and GOD/Fc/
Au/SLG/GCE towards glucose oxidation was investigated as shown in
Fig. 5(A). The GCE and Au/SLG/GCE have low capacitance in 20mL
phosphate buffered solution without glucose, and no redox peaks
observed when 50 μM glucose injected into solution. It is revealing that
GCE and Au/SLG are electrochemically silent for glucose in the potential
range. By contrast, the CV curve of GOD/Fc/Au/SLG/GCE has obvious
response peak at 0.55 V (vs. SCE) when 50 μM glucose added, corre-
sponding to the conversion of GOD (ox) to GOD (red). In addition, cyclic
voltammogram curves of Fc/Au/SLG/GCE and GOD/Au/SLG/GCE in
phosphate buffered solution absent and present of 50 μM glucose were
shown in Fig. S2. It can be seen that the lack of the electron mediator 6-
(ferrocenyl)hexanethiol and glucose oxidase, the modified electrode
cannot achieve detection of ultra-low concentration of glucose.

The investigation of different scan rate influenced the peak current
value of GOD/Fc/Au/SLG/GCE present 50 μM glucose was performed in
Fig. 5(B). The peak current values were increased with scan rate
increased from 0.02 V/s to 0.2 V/s (inner to outer). The redox potentials
were shifted slightly and the peak current values have well linearly
relationship with scan rate. The linear relationships of peak current
values with the scan rate were inset Fig. 5(B) with correlation coefficient
of 0.998, indicating the adsorption dynamics control process. The
u/SLG: (A) C 1s; (B) Au 4f.



Fig. 5. (A) Cyclic voltammogram curves of GCE (black curve), Au/SLG/GCE (blue curve) and GOD/Fc/Au/SLG/GCE (red curve) in phosphate buffered solution absent
(dash line) and present (solid line) of 50 μM glucose with scan rate of 50mV s�1; (B) cyclic voltammogram curves of GOD/Fc/Au/SLG/GCE in phosphate buffered
solution containing 50 μM glucose at different scan rates from 0.02 V/s to 0.2 V/s with regular interval of 20mV s�1, inset was the plots of current value versus scan
rate at 0.5 V (vs. SCE).

Fig. 6. Cyclic voltammogram curves of (A) GOD/Fc/Au/SLG/GCE and (B) GOD/Fc/Au/RGO/GCE in phosphate buffered solution (a curve) absent and (b curve)
present 100 nM glucose with scan rate of 50mV s�1.
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electron transfer properties of GCE, Au/SLG/GCE and GOD/Fc/Au/SLG/
GCE were studied by CV and EIS techniques using standard ferricyanide
solutions, as shown in Fig. S3.

The electrochemical behavior of GOD/Fc/Au/SLG/GCE and Fc/
GOD/Au/RGO/GCE towards glucose oxidation was investigated as
shown in Fig. 6(A) and Fig. 6(B) respectively. Both CV tests were carried
out in 20mL phosphate buffered solution with absent (a) and present (b)
100 nM glucose at the scan rate of 50mV s�1 from�0.1 to 0.7 V (vs. SCE).
Fig. 7. (A) Differential pulse voltammetry curves of GOD/Fc/Au/SLG/GCE in phosp
0.1 μM, 10 μM, 50 μM, 100 μM, 200 μM, 1mM, 3mM and 5mM; (B) the plots of cur

5

The capacitance of GOD/Fc/Au/SLG/GCE is lower than Fc/GOD/Au/
RGO/GCE in the phosphate buffered solution without glucose, which can
account for the larger capacitance of RGO powder than CVD-generated
single layer graphene [43]. Moreover, both of the modified electrodes
have redox peak at 0.2 V and 0.35 V (vs SCE), account for the process of
ferrocene moiety gain and loss electron. After added 100 nM glucose, the
CV curve of GOD/Fc/Au/SLG/GCE ((b) curve in Fig. 6(A)) yielded a
distinct peak at 0.58 V (vs. SCE). The redox peak indicates the
hate buffered solution with different concentration of glucose from 0 nM, 1 nM,
rent value versus concentration of glucose at 0.5 V (vs. SCE).



Table 1
Comparison of graphene-supported gold nanoparticles biosensor for glucose
detection.

Materials Linear range
(μM)

Detection limit
(μM)

Reference

GOx/PRGO-AuNPsa 0.4–4 0.06 [44]
GNS-PEI-AuNPsb 1–100 0.32 [45]
GA/GNs/GODc 50–450 0.597 [46]
Nafion/GOD/f-G-Aud ~30,000 1 [47]
GOx/rGO/AuNR 10–7000 3 [48]
Graphene/AuNP/GOD/
Nafion

10–366 4 [49]

GA@GNs/GNse 10–16000 4 [50]
GR-MWNTs/AuNPs/GOD 10–5200 4.1 [51]
Au/rGO/AuPtNP/GOx/
nafion

100–2300 5 [52]

PPy-RGO-(AuNPs-GOD)4f 200–8000 5.6 [53]
Graphene-AuNPs-GOD 43.6–261.6 8.9 [54]
S-GNs-AuNPs-GOxg 1000–12000 9.3 [55]
GOD/AuNPs/graphene 0–2220 16.7 [56]
GOx/ERGO-AuNPsh 200–20000 17 [24]
AuNPs–rGO/GOD 2000–18000 45 [57]
GOx/AuNP/PANI/rGO/NH2-
MWCNTsi

1000–10000 64 [58]

GOx/graphene/PFLO/AuNPsj 100–1500 81 [59]
GOx/AuNPs-graphene-
chitosan

2000–10000 180 [60]

SGN/Au/GODk 2000–16000 200 [61]
GOx-GO–SH–Au 3000–9000 319.4 [62]
Fc/GOD/Au/SLGl 0.0005–5000 0.0001 This work

a PRGO: partially reduced graphene oxide.
b Glucose oxidase on graphene-polyethylenemine-gold nanoparticles hybrid.
c Graphene aerogel/gold nanoparticle/glucose oxidase.
d f-G-Au: functionalized graphene decorated with gold nanoparticles.
e Graphene aerogel-gold nanoparticles nanohybrids.
f Gold nanoparticles and glucose oxidase onto polypyrrole-reduced graphene

oxide matrix.
g S-GNs: sulfur-modified graphene nanosheet.
h ERGO: electrochemical reduced graphene oxide.
i Glucose oxidase immobilized amine terminated multiwall carbon nanotubes/

reduced graphene oxide/polyaniline/gold nanoparticles.
j PFLO: poly(9,9-di-(2-ethylhexyl)-fluorenyl-2,7-diyl)-end capped with 2,5-

diphenyl-1,2,4-oxadiazole.
k SGN: sulfonated graphene nanosheet.
l 6-(ferrocenyl)hexanethiol/glucose oxidase/gold nanoparticles/single layer

graphene.
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electrochemical oxidation of glucose, with 6-(ferrocenyl)hexanethiol as
electron transfer intermediate and graphene as platform facilitate the
electron transport process. The good response of GOD/Fc/Au/SLG/GCE
towards low concentration of glucose detection can attribute to the low
background current of SLG. In addition, the well exposure of gold
nanoparticles to immobilize GOD enhanced catalytic efficiency. How-
ever, the Fc/GOD/Au/RGO/GCE ((b) curve in Fig. 6(B)) showed no
obvious peaks towards glucose oxidation but a slight rise of current
value.
3.4. DPV determination of glucose

The differential pulse voltammetry (DPV) model was used to measure
the different concentrations of glucose injected into 20mL phosphate
buffered solution from 0.3 V to 0.7 V (vs. SCE) in Fig. 7(A). The
Table 2
Detection of glucose in human perspiration samples using GOD/Fc/Au/SLG/GCE (n¼
Samples Spiked (μM) Found (μM) Recovery (%)

1 10 10.98� 0.043 109.80 5
2 50 48.75� 0.031 97.50 25
3 100 101.58� 0.042 101.58 50

RSD: relative standard deviation.

6

concentration curves were 0 nM, 1 nM, 0.1 μM, 10 μM, 50 μM, 100 μM,
200 μM, 1mM, 3mM and 5mM, respectively. The peak current values at
0.5 V were increased with increasing concentration of glucose. The cur-
rent values mutated when higher concentrations of glucose were added,
indicating the good sensitivity of the sensor toward ultralow concentra-
tions of glucose. The linear correlation relationship of current with low
and high concentration of glucose in Fig. 6(B) were I ¼ 0.7842 þ 3.5234
� C (μA, mM, R2¼ 0.900) and I ¼ 1.2341 þ 0.06635 � C (μA, mM,
R2¼ 0.970), respectively. The detection range was ranged from 0.1 nM
to 5mM, with the detection limit of 0.1 nM at a signal-to-noise ratio of 3.

Table 1 has list similar graphene nanocomposites of glucose bio-
sensors for comparison. The detection limit of the GOD/Fc/Au/SLG/GCE
for glucose was lower to 0.1 nM (S/N¼ 3) than other similar materials. It
can attribute to the residue-free and well-dispersed gold nanoparticles on
graphene expose sites to attach GOD for better sensing performance. In
addition, the low background current value and toughness of CVD-
generated graphene is the key to ultra-low glucose sensitivity detection.

The selectivity of GOD/Fc/Au/SLG/GCE for glucose detection was
examined by DPV curve as shown in Fig. S4. The interference species of
0.5 mM ascorbic acid (AA), uric acid (UA) and dopamine (DA) was
injected into phosphate buffered solution containing 50 μM glucose. The
current response curve shows the high selectivity of GOD/Fc/Au/SLG/
GCE sensor for glucose detection.

3.5. Real sample detection

The feasibility of GOD/Fc/Au/SLG/GCE for practical applicability
was further investigated with human perspiration samples by standard
addition method. For actual sample determination experiments, filtered
human sweat is used directly without additional treatment. The results
listed in Table 2 demonstrated the good recovery percentage and yield of
biosensor, which calculated from the current response curve in Fig. 7(B).
The biosensor shows excellent capability to detect glucose in real
perspiration samples with the acceptable relative standard deviations
(RSD) of less than 5%. The successfully detection of ultralow concen-
tration of glucose and practical analysis of perspiration samples
confirmed the potential value in practical applications of perspiration-
based biosensors.

3.6. Reproducibility, repeatability and stability study of biosensor

The reproducibility of biosensor was study by measuring response
current value towards 0.5mM glucose in N2-saturated phosphate buff-
ered solution (0.1mol/L, pH¼ 7.0). The relative standard deviation
(RSD) for 6 successive tests was 3.8%. In order to study the repeatability
of the biosensor, three modified electrodes were prepared independently
for the electrochemical determination of 0.5mM glucose at different
times. The results showed the average sensitivity and relative standard
deviation of the biosensor were 6.8%. The biosensor was stored in a
refrigerator at 4 �C. The stability of the biosensor was investigated by
monitoring the current response of 0.5 mM glucose after two weeks,
which retained 81% of the initial current response.

4. Conclusion

In this work, a glucose biosensor was fabricated via immobilization of
glucose oxidase (GOD) and 6-(ferrocenyl)hexanethiol with gold
3).

Added (μM) Measured (μM) Yield (%) RSD (%)

15.87� 0.018 117.40 3.14
73.69� 0.061 94.76 2.75
152.23� 0.034 104.46 2.48
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nanoparticles decorated single layer graphene modified GCE (GOD/Fc/
Au/SLG/GCE). The free-standing CVD-generated graphene supported
sputtering gold nanoparticles were successfully obtained by free polymer
transfer method. The clean surface of gold nanoparticles with maximized
exposure sites on large specific surface area of monolayer graphene were
good for immobilizing glucose oxidase (GOD) and 6-(ferrocenyl)hex-
anethiol. In addition, the ferrocene derivatives were used as electron
mediators to facilitate electrons transfer process.

The low background current of high quality single layer graphene
supported gold nanoparticles account for the improved electrochemical
performance even for ultralow concentrations detecting. The sensor has
lower detection limit of 0.1 nM (S/N¼ 3) and wider detection range of
0.1 nM–5mM. In addition, the sensor has good stability, anti-
interference capability and good performance for real perspiration sam-
ples, which has huge potential value in flexibility perspiration-based
wearable biosensors for real-time detection.
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