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Enzyme-free glucose sensors with efficient
synergistic electro-catalysis based on a ferrocene

derivative and two metal nanoparticlesy

Tao Zhan,1® Xiao-Zhen Feng,® Qi-Qi An,t° Shiyong Li, @2 Mingyue Xue,?
Zhencheng Chen,*® Guo-Cheng Han @ *® and Heinz-Bernhard Kraatz & *©

Gold electrodes (GE) were modified by the deposition of copper nanoparticles (CuNPs) and cobalt
nanoparticles (CoNPs), followed by drop-casting of the ferrocene derivative FcCO-Glu-Cys-Gly-OH (Fc-
ECQ), resulting in two enzyme-free electrochemical sensors Fc-ECG/CuNPs/GE and Fc-ECG/CuNPs/GE.
The ferrocene-peptide conjugate acts as an effective redox mediator for glucose oxidation, while metal

nanoparticles acted as non-biological sites for glucose oxidation. Field emission scanning electron
microscopy (FESEM), cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were
carried out for characterization, while differential pulse voltammetry (DPV) was used for glucose

quantification.
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Under optimized conditions,

DPV shows a linear relationship between glucose

concentration and the peak current. Both sensors showed a surprisingly high sensitivity of 217.27 and

378.70 pA mM~t cm™2, respectively. A comparison to other glucose sensors shows a sensitivity that is 25
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1. Introduction

Diabetes has become a worldwide problem especially in low-
and middle-income countries. According to the global report on
diabetes® from the World Health Organization (WHO) in 2016,
the prevalence of diabetes has been steadily increasing for the
past three decades. There were 422 million cases counted in
2014 alone, which is even far more than was predicted by Wild
et al.” Monitoring glucose levels in those affected by diabetes is
critical for managing the disease.® The earliest enzyme-based
glucose sensor was developed by Clark and Lyons.* And there
has been a steady development of new electrochemical glucose
sensors, largely by allowing the determination of blood glucose
concentrations exploiting the catalytic function of glucose
oxidase (GOx) or glucose dehydrogenase (GDH).>* Enzymatic
glucose sensors have been successfully commercialized and are
based on key contributions by Turner and others,” who
advanced the use of redox mediators like ferrocene derivatives
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times higher. The sensors exhibit good
experiments, recovery rates were 87.39-107.65% and 100.00-106.887%, respectively.

reproducibility, stability, and repeatability. In injection

in enzymatic glucose detection. However, the performance of
enzymatic sensors is closely related to the stability and bioac-
tivity of the redox enzyme that is part of the sensor, which is
often strongly affected by environmental factors, including
temperature and pH. Thus enzyme-free glucose biosensors, the
fourth generation of glucose biosensors, have attracted
increasing attention as they would not suffer from such
drawbacks.®®

Non-enzymatic glucose sensors usually use modified elec-
trode materials as electrocatalysts in alkaline solution.'®
Precious metals (Au, Ag and Pt),">** transition metals (Fe, Cu,
Co, Ni and Pd)*“*** as well as their oxides,"””*® and metal-
organic framework-based materials'® are most commonly used
to electrochemically catalyze glucose to glucolactone, followed
by hydrolysis to gluconic acid or gluconate. Such sensors are
often more stable and provide reproducible results, while at
the same time are more cost effective and easier to store, due
to the absence of enzymes. However, many also suffer from low
sensitivity and a narrow linear range. In addition, their func-
tion is limited to a strong alkaline environment (usually pH
13.0).2*' At present, a considerable number of innovative
nanostructures have been reported to improve on these
obvious drawbacks and enhance the sensitivity of the sensor
systems and render then useable under physiological condi-
tions."** And part of this development is the push for appli-
cations of smart sensors in intelligent wear, sensing human
health by detecting the glucose content in sweat.?® Ferrocene is
a widely used redox electronic medium which can accelerate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electron transfer and catalytic reaction in electrochemical
reaction.”** Substituted ferrocene derivatives are particularly
useful in this context as substituents can enhance the electron
donor ability of ferrocene.”**” An example is ferrocene cova-
lently linked to glutathione, which has advantages of multiple
active binding sites and good biocompatibility.”®*® Over the
past few years, our group has successfully constructed several
high-performance sensors using the ferrocene-glutathione
conjugate Fc[CO-Glu-Cys-Gly-OH]| (Fc-ECG).**** And while
ferrocene derivatives have long been used in enzyme-based
electrochemical glucose sensors, but are relatively less
applied to enzyme-free glucose sensors.****

In this work, we exploit the ferrocene-glutathione conjugate
Fc-ECG as electron transfer mediator and make use of gold
electrodes that were modified with either copper nanoparticles
(CuNPs) or cobalt nanoparticles (CoNPs) to give sensor
surfaces that exhibit excellent catalytic activity of glucose
oxidation. Electrochemical methods, including cyclic voltam-
metry (CV), differential pulse voltammetry (DPV) and electro-
chemical impedance spectroscopy (EIS), were used to study
the electrochemical performance of the modified electrodes.
In addition, the surfaces were fully characterized by field
emission scanning electron microscopy (FESEM) and energy
dispersive spectroscopy (EDS) that allowed us to characterize
surface morphologies for each of the modification steps. The
sensor systems described in this contribution exhibit wide
linear ranges and high sensitivities for glucose detection,
while showing a good reproducibility, repeatability, stability,
and selectivity.

2. Experimental section
2.1 Reagents and apparatus

Glucose (99% purity) was obtained from Shanghai Aladdin
Biochemical Technology Co., Ltd and used as received. Glucose
injections were purchased from Hubei Kelun Pharmaceutical
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Co., Ltd. Fc[CO-Glu-Cys-Gly-OH] (Fc-ECG) was produced by
Xi'an Chemical Reagent Factory. Copper sulfate (CuSO,-5H,0)
was purchased from Xilong Science Co., Ltd. Cobalt chloride
(CoCl,-6H,0) was purchased from Guangdong Province
Chemical Reagent Engineering Technology Research and
Development Center. Folic acid (FA) was obtained from Nanjing
Chemical Reagent Co., Ltd. B-Cyclodextrin (B-CD) was
purchased from Shanghai Yuanye Biotechnology Co., Ltd.
Dopamine (DA) and ascorbic acid (AA) were obtained from the
Shanghai Reagent Factory. Phosphate buffer solution (PBS) was
prepared from NaH,PO, and Na,HPO, and the pH was
adjusted. All aqueous solutions in the experiments were
prepared with ultra-pure (UP) water and all other reagents were
analytically pure.

Cyclic voltammetry (CV), differential pulse voltammetry
(DPV), amperometric i—t measurements (i-¢) and electrochemical
impedance spectroscopy (EIS) experiments were performed on
the CHI660E electrochemical workstation (Shanghai Chenhua
Instrument Co., Ltd, Shanghai, China) controlled from
a computer and equipped with a conventional three-electrode
system, consisting of an Ag/AgCl (with saturated KCI) as the
reference electrode, a platinum wire as the counter electrode and
GE as the working electrode (¢ = 0.3 cm). In the electrochemical
glucose detection experiments 0.1 M NaOH solution was used as
the electrolyte. Morphologies and elemental composition of all
samples were characterized by field emission scanning electron
microscope (FESEM, Hitachi SU8020 from Japan) with a resolu-
tion of 1.0 nm and an element range of B5-U92.

2.2 Modification gold electrodes to form Fc-ECG/CuNPs/GE
and Fc-ECG/CoNPs/GE

Prior to modification, the gold electrodes were polished and
then rinsed with ethanol, followed by rinsing with UP water.
Then CuNPs were deposited onto the surface of GE by i-t at
—0.37 V for 180 s in a mixed solution of 0.1 M CuSO, and 0.1 M
H,S0,. Similarly, CoONPs was deposited on GE via CV with a scan
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Scheme 1 Preparation of Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE sensors for glucose detection by DPV technique in alkaline solution.
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Fig.1 SEM (left) and EDS (right) characterization of the prepared electrodes. (A and B) Screen printing electrode with gold deposited; (C and D)

CuNPs/GE; (E and F) Fc-ECG/CuNPs/GE; (G and H) CoNPs/GE; (I and J) Fc-ECG/CoNPs/GE.

interval from —1.10 to —0.68 V for 5 circles in 0.01 M CoCl,. dried in air. Thus Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE
Finally, Fc-ECG was dropped on the modified GE with 0.50 mM were obtained. The synthetic approach is illustrated in

Fc-ECG (dissolved in water with the help of acetonitrile) and Scheme 1.
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3. Results and discussion
3.1 Characterization of the modified electrodes

The morphologies and elemental composition of the modified
electrode Fc-ECG/CuNPs/GE and Fe-ECG/CoNPs/GE have been
investigated by FESEM with scanning electron microscopy
(SEM) and X-ray energy dispersion spectroscopy (EDS). For ease
of investigation, screen printed gold electrodes were used for
this purpose. Fig. 1 shows the results of the SEM and EDS
studies of the two electrode surfaces.

Fig. 1A shows a bare screen printed gold electrode and the
EDS analysis (Fig. 1B) shows the presence of Au. After modifi-
cation with CuNPs, irregular crystallites are visible on the
surface (Fig. 1C), and the corresponding EDS image (Fig. 1D)
shows the presence of Cu on the surface. Drop-casting Fc-ECG,
alters the surface morphology of the surface and the presence of
Fe (Fig. 1E and F) as a result of ferrocene-peptide deposition
demonstrates the successful modification of Fc-ECG. Likewise,
CoNP modification is shown in Fig. 1G and H, and Fig. 1I and ]
show the presence of CoNPs and Fc-ECG.

CV and EIS experiments were carried out to characterize the
modified electrode surfaces for each of the modification steps.
The results of this study are shown in Fig. S1.{ Fig S1A and Bf
show the CV curves of different electrodes in PBS (pH = 7.0) and
the EIS curves are shown in Fig. S1C and D.{

As is expected, the bare gold electrode exhibits no electro-
catalytic activity in PBS. But as the electrode is modified with
CuNPs or CoNPs and then with Fc-ECG, new faradaic features
are visible (see Fig S1A and B,f curves b and c). Further char-
acterization of the electrode surfaces using electrochemical
impedance spectroscopy (EIS) allows to gain more information
about the electron transfer properties of the two different
electrode surfaces. Fig. 1C and D show the results of our EIS
study in the form of Nyquist plots, from which the electron
transfer resistance (R.) can be obtained with the help of an
equivalent circuit. Visually, the semi-circle related to R.;,**** GE
has a small impedance that was reduced by the deposited
CoNPs, which is opposite to the result of CoNPs, then Fc-ECG
also changed the impedance of the modified electrode
surface. Glucose, afterwards, increased the impedance of two
proposed sensor.

3.2 Electrocatalytic performance of the surfaces in glucose
solution

Fig. S21 describes the electrocatalytic properties of Fc-ECG/
CuNPs/GE and Fc-ECG/CoNPs/GE in the presence of glucose
(4 mM glucose and 0.1 M NaOH). As shown in Fig. S2A and B,
curve a is considered as a baseline as no obvious peak can be
observed on glassy carbon electrode (GCE) when tested in
glucose. It can be seen that CuNPs or CoNPs on the surface of
GE have a strong catalytic effect on the oxidation of glucose
which is likely to be generated by the redox pairs couples
Cu(u)/Cu(m), Co(m)/Co(1v) under alkaline conditions.'® More-
over, the modified Fc-ECG, as an effective redox reaction
mediator, accelerates the electron transfer between them
resulting in the significant amplification of the response

© 2022 The Author(s). Published by the Royal Society of Chemistry
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current.*® The possible reaction mechanism is shown in
Scheme 1. Both Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE are
feasible for glucose detection and the latter has the stronger
electrochemical response.

3.3 Optimization studies

Next, the optimization of the experimental conditions was
performed. Parameters to be considered include pH, amount
of Fc-ECG modification, temperature, i-t deposition time of
CuNPs, and the number of CV scans for deposition of CoNPs.
The responses of the surfaces to change in these parameters
are shown in Fig. S3A-E.T Fig. S3AT shows no influence of pH
on the electrochemical response at pH values below pH 13.0.
Thus, we chose strong alkaline conditions for our experi-
ments. This is also consistent with other reports showing the
need to alkaline conditions.”®** Fig. S3Bt shows maximum
peak current responses for Fc-ECG/CuNPs/GE and Fc-ECG/
CoNPs/GE at 25 °C. Fig. S3C,f DPV response of Fc-ECG/
CuNPs/GE and Fc-ECG/CuNPs/GE reached the maximum
value when 5 and 6 pL Fc-ECG was dropped onto the elec-
trodes, respectively. Considering that the responses were very
similar, it was decided to continue with a deposition of 5 pL of
Fc-ECG solution. Next, the conditions for NP depositions were
tested. Fig. S3D+t indicates that the largest peak response was
obtained at a deposition time of 180 s for CuNPs. While for
CoNPs the optimal conditions were obtained after 5 CV cycles
(Fig. S3E7).

3.4 Glucose detection assays

Next in our study, we evaluated the electrochemical responses
of the Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE sensor
surfaces at optimized conditions to various glucose concentra-
tions in 0.1 M NaOH solution (see Fig. 2A and B).

DPV curves showed in Fig. 2 reveal that the oxidation
current (I, pA) of glucose at both sensors increases with
increasing glucose concentration (¢, mM) and has excellent
linear relationships. The glucose oxidation current on Fc-ECG/
CuNPs/GE is proportional to glucose concentration from 0.40
to 2.30 mM (Fig. 2A). The linear regression equation is I =
1.69792 + 15.35783¢ (R*> = 0.99196). The detection limit of
proposed Fc-ECG/CuNPs/GE is calculated as 0.13 mM (S/N = 3)
and the sensitivity is 217.27 pA mM ™" cm >, Fig. 2B illustrates
the DPV curves obtained from Fc-ECG/CoNPs/GE (the inset
shows a good linear relationship between the glucose
concentration and the peak current), the linear regression
equation is I = 8.65946 + 26.76856¢ (R* = 0.99627). A sensitivity
0f378.70 pAmM ' cm~? and a detection limit of 0.23 mM (S/N
= 3) were obtained. Obviously, Fc-ECG/CoNPs/GE exhibits
a higher sensitivity and wider linear range. The electro-
chemical responses exhibit a linear range and sensitivity that
compares well to glucose sensors reported previously and lis-
ted in Table 1.

3.5 Selectivity, stability, reproductivity and repeatability

For the next set of experiments, i-t measurements were carried
out to evaluate the stability and the selectivity of the Fc-ECG/

RSC Adv, 2022, 12, 5072-5079 | 5075
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(A) DPVs of Fc-ECG/CuNPs/GE in mixed solution of 0.1 M NaOH and different concentrations (0.40-2.30 mM) glucose, inset: calibration

plots for various concentrations of glucose; (B) DPVs of Fc-ECG/CuNPs/GE in mixed solution of 0.1 M NaOH and different concentrations (0.70—
3.60 mM) glucose, inset: calibration plots for various concentrations of glucose.

Table 1 Performance comparison of various glucose sensors

Sensitivity
Sensors Linear ranges (mM) (LA mM ' em?) Reference
NPGWE 0.50-10.00 128.80 37
PAA-VS-PANI/GPL-FePc/GOx-CH 1.00-20.00 18.11 38
PAA-rGO/VS-PANI/LuPc,/GOx-MFH 2.00-12.00 15.31 39
Cu/Cu,0O nanoporous NPs 0.01-5.50 123.80 40
PANS-Cu/Cu,O/FTO 0.0005-2.60 — 41
AuNPs@CuO NWs/Cu,O/CF 0.0028-2.00 1.62 42
NiCo-LDH/CCCH/CuF 0.001-1.50 10.78 43
Fc-ECG/CuNPs/GE 0.40-2.30 217.27 This work
Fc-ECG/CoNPs/GE 0.70-3.60 378.70 This work

CuNPs/GE and Fc-ECG/CoNPs/GE were studied (Fig. 3A). To
verify the stability of prepared sensors, glucose was detected
by two sensors every 5 min continuously for three times
(Fig. 3B). For repeatability study, studies were carried out on
four different electrodes. The peak current response for the
four electrodes is shown in Fig. 3C (the inset were DPVs).
More broadly, the reproducibility of two constructed sensors
was studied by measuring consecutive samples of the same
concentration, and the results are illustrated in Fig. 3D (the
inset are the DPV responses for the individual
measurements).

As can be seen form line a in Fig. 3A, current responses
from the Fc-ECG/CoNPs/GE were generated when 10 mM
glucose were added dropwise at 100, 150, 400, 500 s. The
electrochemical response to glucose addition of the Fc-ECG/
CuNPs/GE surface is shown in line b. Importantly, the addi-
tion of potential interferents (1.00 mM FA, 10.00 mM B-CD,
0.01 mM DA, 0.50 mM AA 1.00 mM NaCl and 20.00 mM
NaNO;) does not cause any significant changes in the elec-
trochemical response. The experimental data shown in
Fig. 3B (the insets are corresponding DPVs) indicates that the
peak current value of Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/
GE was 4.63 + 0.28 pA (RSD = 4.30%) and 87.66 + 2.10 pA
(RSD = 2.23%), respectively. From the experimental data in
Fig. 3C, when the electrochemical responses from four

5076 | RSC Adv, 2022, 12, 5072-5079

different electrodes gives measured peak current values for
Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE of 40.18 + 4.00 pA
(RSD = 3.16%) and 68.48 + 4.14 pA (RSD = 6.44%), respec-
tively, indicating consistency and repeatability of the
measurements. Moreover, when four separate measurements
are made with one electrode, the peak current values of Fc-
ECG/CuNPs/GE and Fc-ECG/CoNPs/GE were 4.65 + 0.15 puA
(RSD = 2.23%) and 87.66 =+ 2.10 pA (RSD = 2.23%), respec-
tively (Fig. 3D).

3.6 Analysis of real sample

Finally, Fc-ECG/CoNPs/GE and Fc-ECG/CoNPs/GE sensors
were used to detect the concentration of glucose in glucose
injection to investigate the feasibility of practical applica-
tions. In this experiment, 4 mL glucose injection with
a diluted concentration of 1.30 mM with 1 mL NaOH added
was drew to be tested for three times. According to the linear
equation obtained above, the average concentrations detec-
ted using Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE were
1.38 and 1.45 mM, respectively. Standard addition method
was carried out for recovery study on two prepared sensors.
Glucose injection added with 1.70, 2.00 and 2.30 mM glucose
was used for Fc-ECG/CuNPs/GE testing and 1.60, 2.00,
2.30 mM glucose injection were added for Fc-ECG/CuNPs/GE

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Selectivity of Fc-ECG/CuNPs/GE (b) and Fc-ECG/CoNPs/GE (a) in the presence of interfering substances by i—t measurements; (B)
stability studies of Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE in the presence of 0.4 and 3.6 mM glucose, respectively (the insets are the DPV
responses); (C) repeatability studies of Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE by using 4 different preparations of the same electrodes in the
presence of glucose (the insets are the DPV responses); (D) reproducibility studies of Fc-ECG/CuNPs/GE and Fc-ECG/CoNPs/GE by measuring 4
times (the insets are the DPV responses).

Table 2 Detection of glucose in glucose injection samples (n = 3)

Measured
Added glucose (mM) current (pA) Concentration founded (mM) Recovery (%) RSD (%)
a® b* a’ b* a“ b a® b*
23.54 30.42
0 22.67 30.42 1.38 = 0.04 1.45 £ 0.01 — — 2.61 0.40
22.38 30.26
30.52 37.35
1.70(a)/1.60 (b) 29.83 37.09 1.83 £ 0.17 1.71 £ 0.10 107.65 106.88 6.44 0.58
2 27.13 36.91
31.61 45.01
2.00 31.26 44.18 2.00 £+ 0.14 2.00 & 0.03 100.00 100.00 2.40 0.77
30.22 44.45
34.22 50.43
2.30 32.03 49.65 2.01 £ 0.11 2.30 £ 0.15 87.39 100.00 5.11 1.38
31.13 49.00

% a: Fc-ECG/CuNPs/GE; b: Fe-ECG/CoNPs/GE.

testing. According to the experimental data listed in Table 2, and 106.88%, suggesting the potential practical application
the recovery rate of Fc-ECG/CuNPs/GE was between 87.39 and  of Fc-ECG/CoNPs/GE as expected.
107.65% while that of Fc-ECG/CoNPs/GE was between 100.00

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv, 2022, 12, 5072-5079 | 5077
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4. Conclusions

In this contribution, the construction of two simple enzyme-free
glucose sensors was described, in which gold electrodes were
modified with CuNPs and CoNPs followed by drop-casting of
the ferrocene-peptide Fc-ECG as redox mediator. The two sensor
surfaces exhibit high catalytic activity for glucose oxidation
allowing the quantification of glucose over a large linear range,
providing excellent stability, repeatability, reproducibility,
selectivity, and sensitivity, making them potentially useful for
the determination of glucose in blood.
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