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ARTICLE INFO ABSTRACT

Editor: C. LingXin Polyimide-laser-engraved porous graphene (LEPG) are hopeful electrode modification materials for flexible
electrochemical sensing based on its high-efficiency preparation and low cost. Herein, a flexible, multi-patterned,
and miniaturized electrode was fabricated via a simple and novel direct laser engraving. 3D LEPG with porous
network structure can selective decorated with Pt nanoparticles (Pt NPs) by in situ electrochemical depositions
(Pt-LEPG) as sensitively HyO2 sensors with a wide range of linear (0.01-29 nM) and high sensitivity (575.75 pA
mM ! em?). Subsequently, a glucose biosensor was successfully constructed through immobilized glucose oxi-
dases (GOD) onto Pt-LEPG electrode. New-designed GOD/Pt-LEPG glucose sensor exhibited a noteworthy lower
limit of detection (0.3 pM, S/N = 3) and high sensitivity (241.82 pA mM" cm2), as much a wide-range of linear
(0.01-31.5 mM) at near-neutral pH conditions, enabling detect glucose in real human serum specimens with
satisfactory results. Predictably, these outstanding performance sensors have great potential in terms of flexible
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and wearable electronics.

1. Introduction

Hydrogen peroxide (H03) belongs to hazardous chemicals and
chemical threat agent, is also one of the carcinogens published by the
World Health Organization (WHO), formerly as a bleaching agent,
fungicide, preservative widely used in food(Su et al., 2020; Zhang et al.,
2009). However, the transportation and storage of high concentrations
of Hy0, are of great risks, presenting a major limitation for its appli-
cation. It is toxic due to its deleterious effects the central nervous system,
disturbing DNA genetic molecule synthesis as well as causing neuro-
psychiatric disorders(Kim et al., 2020). In biological systems, HyO2 be-
longs to the reactive oxygen species (ROS) group, compounds naturally
found in our body tissues that are essential for normal cell functions and
are inevitably generated. However, the inherent formation of ROS is
detrimental if their levels become too high. High levels of ROS, or
oxidative stress (OS), are one of the main causes of toxic mechanisms
(Blanco et al., 2020). The easy, green, and energy-saving fabrication of
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high-performance electrocatalysts toward detecting trace amounts of
H0, in different media remains challenging for a sustainable future.
Moreover, Hy0; is a byproduct of enzyme-catalyzed reactions such as
glucose oxidase (GOx), lactate oxidase (LOx), urate oxidase (UOx), and
cholesterol oxidase (ChoOx) (Shamkhalichenar and Choi, 2020; Dhara
and Mahapatra, 2019). As we all know, human blood glucose concen-
tration is an important indicator to measure human metabolic state and
health, especially, hyperglycemias is one of the most typical character-
istics of diabetics (Wang et al., 2017). Therefore, close monitoring the
blood concentration levels of HyO5 and glucose is essential for early
diagnosis.

Recently, the vigorous development and commercial success of
portable, wearable flexible electronic products have made people’s lives
more comfortable (Kwak et al., 2012; Boland, 2010). Among them,
flexible electronic devices have become a research hotspot due to their
broad application prospects in biomedical devices and wearable devices
(Long et al., 2020; Wang et al., 2020). In order to accurate detection of
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glucose and H30- level in blood, flexible glucose sensors can easily
realize the point of care diagnostic and mobile health by contacting the
surface of the skin. Moreover, compared with other optical detection
methods, electrochemical sensing has become most common method
over the past decades due to its advantages of simple application, high
sensitivity and low cost (Ganjali, 2017; Tajik and Beitollahi, 2019;
Beitollahi et al., 2019; Mahmoudi-Moghaddam et al., 2019; Ganjali,
2018). Therefore, flexible glucose electrochemical sensors have broad
application prospects in portable and wearable health monitoring
equipment.

To make electronic devices and sensors flexible, it is usually neces-
sary to choose a suitable flexible material as the substrate, such as
polyurethane (Wang et al., 2019), polydimethylsiloxane (PDMS) (Yang
et al., 2020), polyetherimide (PEI) (Cheng et al., 2017), polyimide (PI)
(Lu et al., 2019a), and so on. However, due to the relatively low elec-
trical conductivity of these materials, these materials must be combined
with conductive matrix, e.g. graphene (Dhara and Mahapatra, 2017),
carbon nanotubes (Kaviyarasu et al., 2019), metal nanoparticles (M NPs)
(Huang et al., 2017) and metal oxide (Liu et al., 2013) to form a novel
composite, which can improve the performance of the sensor (Dhara and
Mahapatra, 2017; Chaichi and Ehsani, 2016). As a flexible substrate, PI
films have been widely applied in flexible instruments on account of its
excellent flexibility, high tensile strength, thermal stability and excellent
chemical durability (Kurra et al., 2019; Liu et al., 2020). For instance,
Zhan et al. (Zhang et al., 2020) reported a flexible non-enzyme glucose
sensing (Cu NPs-LIG) ground on laser-induced graphene (LIG) decorated
with Cu NPs. Surprisingly, patterned porous graphene can be formed by
CO», infrared laser irradiation PI film that term LIG (Lin et al., 2014), and
the LIG exhibited highly conductive. In addition, LIG as non-hazardous
and eco-friendly materials for mass production does not require addi-
tional reagents and conditions, and is a green synthesis method
compared with traditional methods for graphene synthesis in environ-
ment protection (Lin et al., 2014).

Thanks to distinct physicochemical properties, e.g. excellent flexi-
bility, good electrical conductivity, and large specific surface areas,
graphene serving as a promising support material (Xu et al., 2014),
which has appealed great attentions in the electrochemical sensing fields
(C.O. C.and N.S. T., 2010; Hao et al., 2018). In addition, they can act as
a good electron carrier and conductive medium to combine with
different metal nanoparticles, which accelerate electron transport and
promote mass transfer kinetics at the surface of the electrode (Shi et al.,
2017), thus improving the catalytic activity of nanoparticles. This
strategy not only prevents the restacking of graphenes but also ame-
liorates the distribution of graphenes (Yoon et al., 2020). For example,
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Haxhiaj et al. (2019) reported Pt NPs in situ supported on
reduced-graphene oxide (rGO) via one-step laser ablation process,
which could simultaneously control particle size and mass load. More-
over, in immobilized enzymes catalysts field, graphene-based materials
not have great potential, but also can significantly improve the elec-
trochemical behavior of various enzymes, such as glucose oxidase
(Zhang et al., 2019), alpha-amylase (Teixeira et al., 2016), horseradish
peroxidase (Ye et al., 2019), and catalase (Cao et al., 2020). Therefore,
graphene also can be used as flexible electrode material for biosensors.
Compared with non-enzymatic sensors, enzymatic sensors work in
whole blood (no need to make serum), do not require a dilution step
(with the implied risk of infection), and work at pH 6-8 without the need
for adding an etching solution such as NaOH. Inspired by this, we
believe that the flexible carbon electrode can be prepared by laser
scribing and metal-doping of PI films, thus a flexible conductive matrix
with micro-patterned can be obtained.

In this work, a flexible, array, micro-patterned, and miniaturized
electrode were fabricated by directing laser engraving PI film to for-
mation laser engraving porous graphene (LEPG) at room temperature
(Scheme 1 h). After further modification with Pt NPs on activation LEPG
(Pt-LEPG) by electrochemical deposition construct HyO9 sensor. Subse-
quently, the flexible and excellent sensitivity for glucose detection
amperometric biosensor has been constructed by modification glucose
oxidase (GOD) on Pt-LEPG surface (defined as GOD/Pt-LEPG). Hence,
the determination of these biomolecules is obtained with high sensitivity
of 575.75 pA mM ! em™® (H,0,) for Pt-LEPG, and 241.82 pA mM™! em™
(glucose) for GOD/Pt-LEPG, respectively, over a wide range of concen-
tration. To our best knowledge, GOD/Pt-LEPG served as sensing mate-
rial for assay of glucose hasn’t been reported. This method is more
efficient and simple, proving a new scheme for manufacturing flexible
glucose sensor. What’s more, the flexible PI substrate will find great
potential for applications in wearable or implantable biosensors.

2. Experimental section
2.1. Materials and chemicals

All chemicals are of analytically pure and used without further
treatment. Glucose, Hz02 (30 %), hexachloroplatinic acid
(HyPtClg-6H20), glucose oxidase (GOD, 113 U mgfl), KH5POy,
NayHPOy,) potassium ferrocyanide (K4Fe(CN)g) and potassium ferricy-
anide (K3[Fe(CN)¢ were obtained from Aladdin (Shanghai, China, https:
//www.aladdin-e.com). Polyimide (PI) films (thickness: 125 pm) were
obtained from Changzhou Jinlong Insulation Materials Co., Ltd

)
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Scheme 1. Fabrication process and sensing principle of a novel enzymatic flexible sensor based on H202 and glucose oxidation of GOD/Pt-LEPG.
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(Changzhou, China, http://jinlong.tapel68.com). Phosphate buffer so-
lutions (PBS) were prepared from KHoPO4 and NagHPO4. Ultrapure (UP)
water (18.25 MQ cm) were utilized throughout.

2.2. Fabrication of LEPG

Commercially Kapton PI films were used as flexible substrates. It was
first clean with anhydrous alcohol and UP-water, respectively, and then
dried naturally. Subsequently, paste one side of PI film on the glass plate,
and the conventional three electrodes were made by JL-3020 touch the
high-end laser engraving machine with 50 W of power, 0.05 mm of step
size, and 100 mm-s~* of speed for engraving under environmental air
conditions. The working electrode is designed with a 3 mm diameter.
Afterward, Ag/AgCl paste was cast onto a nearby graphene as reference
electrode (RE) and a Pt filament as counter electrode (CE). These flexible
micro-patterned electrodes are shown in Scheme 1(c). Here, laser
engraving graphene array working electrode (WE) is utilized to improve
the sensor’s stability and flexibility.

2.3. Fabrication of Pt-LEPG and GOD/Pt-LEPG

The synthesis of Pt NPs modification LEPG was performed via the in-
situ electrochemical deposition method. Prior to modification, to ach-
ieve the best electrochemical capability, the LEPG sheet was activation
in PBS solution (pH = 7.0) by CV from 0.8 V to 1.3 V for 25 cycles at 100
mV-s~! scan rate. Subsequently, activation LEPG was immersed in 2 mM
H,PtCls solution by CV range 0—0.5 V at 50 mV-s! scan rate to obtained
Pt-LEPG electrode. The obtained Pt-LEPG was rinsed with UP-water, and
dried naturally. Then, 5 pL. GOD diluent (20 mg mL~! in PBS) was
dropped at WE of Pt-LEPG until to dry completely. Lastly, the WE'’s
surface was coated 0.5 pL Nafion (0.25 % in ethanol) to obtained GOD/
Pt-LEPG for preventing the loss of GOD. Finally, the GOD/Pt-LEPG was
stocked in pH 7.0 PBS at 4 °C.

2.4. Characterization and measurement

All fabrication materials were investigated by energy-dispersive X-
ray spectroscopy (EDS) mapping, transmission electron microscopy
(TEM, JEOL, JEM 2100 F), filed-emission scanning electron microscopy
(SEM, JEOL JSM 7500 F), X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, USA), X-ray diffraction (XRD, D8 Advance,
German), X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi
spectrometer), and Raman spectroscopy (Jobin Yvon LabRAM Aramis
spectroscopy), respectively. The LEPG and Pt-LEPG samples for XRD
analysis experiments were powder scratched from LEPG and Pt-LEPG
films, respectively. The other characterizations, such as Raman
spectra, XPS, and SEM were conducted directly on LEGE films. An
1GS1230 electrochemical workstation (Guangzhou, China, http://www.
ingsens.com) was utilized for electrochemical tests, e.g. amperometric
curve (i-t), cyclic voltammetry (CV) and AC impedance, respectively.

2.5. Sample treatment

Human serums were supplied from the school hospital. Generally,
the serum sample (5.0 mL) was mixed with 5.0 mL PBS (pH 7.0, 0.1 M)
and analyzed under optimized i-t conditions. All studies were executed
complying with relevant laws and guidelines.

3. Results and discussion
3.1. Sensor design

The fabrication process and working principle of flexible bifunc-
tional H202 and glucose sensors based on GOD/Pt-LEPG are illustrated

in Scheme 1. First of all, a laser beam was used to irradiate the directly
flexible PI sheet in the ambient air. Due to the photothermal effect, the
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PI film was rapidly be carbonized from orange to black at a temperature
higher than 2000 °C (Lu et al., 2019a), which is accompanied by the
generation of graphene and embedded in the PI sheet (Scheme la-c).
The resulting product is named as 3D LEPG with porous structures
(Scheme 1d). After that, Pt NPs were selectivity anchored on the elec-
trode area by electrochemical cyclic voltammetry deposition to forma-
tion Pt-LEPG (Scheme 1le). Subsequently, the Pt-LEPG was been
immobilized of glucose oxidase (GOD) to the fabrication GOD/Pt-LEPG
electrode (Scheme 1f). As display in Scheme 1h, different micro and
miniaturized patterned electrodes were formatted by directing laser
engraving process, such as array electrode, co-planar three-electrode,
comb-like and flower-like patterned. Finally, newly-designed GOD/-
Pt-LEPG array electrode realizes the sensing of HyO and glucose. Pt NPs
can directly oxidize H2O4 to oxygen and produce two electrons, resulting
in current response, thus achieving quantitative analysis and detection
H30, (Yoon et al., 2020). The glucose molecules are oxidized by GOD
(flavin adenine dinucleotide, FAD) to gluconolactone, the active center
of enzyme (FAD) is reduced to FADH, at the same time (Scheme 1le).
However, FADH, can reduce oxygen to HyO, and itself is oxidized to
FAD. Combined with Pt NPs catalytic oxidation of HoO5 and voltam-
metric response, a highly sensitive electrochemical glucose sensing was
established on GOD/Pt-LEPG.

3.2. Characterization of the modified materials

The morphological characterization of LEPG, Pt-LEPG, and GOD/Pt-
LEPG was observed by TEM and SEM. From Fig. 1a, obvious groove
structures were induced by laser engraving directly on PI sheets. With on
the enlarged image of LEPG (Fig. 1b), the connected porous structures
and thin layers graphene can be clearly seen, which is mainly caused by
the carbonization of PI sheet at high temperature (Singh et al., 2017).
Obviously, these hierarchical porous structures of LEPG can enhance the
accessible surface areas, accelerate electron transfer, and supply abun-
dant active sites. The FE-SEM images of Pt-LEPG exhibited Pt NPs (ca.
180 nm in diameter) were uniformly anchored on graphene sheet sur-
face in Fig. 1(c-d). Besides, as the number of deposition segments of CV
implementation was increased, the state of morphology the as-produced
Pt NPs look different. As shown in Fig. 1S, uniform dispersion of Pt NPs
was also observed by the number of deposition segments is 10 segments
(5 cycles). For Fig. 1(e-f), it was observed that the surface of Pt-LEPG
was uniformly coated with glucose oxidase (GOD). The TEM image in
Fig. 1g indicates uniform dispersion of Pt NPs and a very thin graphene
sheet on LEPG. A closer observation in high-resolution Fig. 1h exhibits
the uniform Pt NPs ca. 5 nm in diameter are encapsulated by graphite
layers. The presence of Pt NPs and graphitic carbon structures were
clearly demonstrated by High-resolution TEM (HRTEM). The p-spacing
of 0.277 nm and 0.335 nm correspond to these lattice fringes of Pt (111)
and C (002) (Nayak et al., 2016), respectively. Besides, the distributions
of different species were further identified by the elementals mappings,
revealing the mainly composed of C, N, O and evenly decorated Pt NPs
on LEPG (Fig. 1i).

The LEPG and Pt-LEPG were characterized by XRD in Fig. 2A. It
presents a convex peak at 20 = 24.68° (002) matching to the graphitic
crystal phase with the interlamellar spacing of 0.36 nm, and a weak peak
at nearby 43.03° (101) belong to an in-plane structure (Lu et al., 2019a).
The presence of (002) plane and (101) plane may be attributed to tur-
bostratic and graphitized carbon, respectively, which demonstrated that
both LEPG and Pt-LEPG with a high level of graphitization (Lu et al.,
2019b). Generally speaking, XRD characterization results confirm that
the prepared LEPG and Pt-LEPG are exactly graphene. Besides, the XRD
images of Pt-LEPG also demonstrated that there were another five peaks
matching the standard XRD. Specifically, upon incorporating Pd NPs
onto the LEPG substrate, five additional peaks at 20 = 39.76°, 46.24°,
67.45°, 81.29°, and 85.71°, respectively, corresponding to the (111),
(200), (330), (311), and (222) index planes of the face-centered cubic
(fcc) crystalline Pt metal cube structures (JCPDS No. 04-0802) were
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Fig. 1. FE-SEM images of LEPG (a-b), Pt-LEPG (c-d), and GOD/Pt-LEPG (e-f), respectively. (g) TEM image and (h) HRTEM image of Pt-LEPG; (i) STEM and elemental

mappings (Pt, C, N, O) of Pt-LEPG.

observed (Nayak et al., 2016). In addition, according to the Scherrer’
equation by analyzing the XRD diffraction peaks, the average particle
size of Pt NPs was estimated from the Pt (111) diffraction peak to be ca.
5.8 nm, which is consistent with the average diameter observed in the
TEM. These results suggested that Pt nanoparticles are indeed loaded on
the LEPG to the formation of Pt-LEPG.

The Raman spectra of LEPG and Pt-LEPG show three characteristic
bands: D-band at ca. 1350 cm ™}, G-band at ca. 1588 cm ™!, and 2D-band
at ca. 2697 cm ! (Fig. 2B). D peak implies the structure defects nature,
and G peak suggests the Eyg vibration nature of graphitic carbon (Lin
et al., 2014). The crystalline quality of LEPG and Pt-LEPG was quanti-
tatively evaluated via the intensity ratio (Ip/Is) between p-band and

G-band. The typical Ip/Ig ratios are 0.97 and 1.12, respectively. A high
ratio of Pt-LEPG indicated that a high degree crystal defect was formed,
possibly ascribed to anchor Pt NPs introduces more defects (Nayak et al.,
2016). However, the rise of the 2D peak of LEPG and Pt-LEPG (Fig. 2B)
further confirmed the existence of 2D graphene nanosheet structure,
which was consistent with SEM and TEM analysis results.

In addition, the surface chemical states and chemical compositions of
Pt-LEPG were investigated by XPS. As shown in the full spectra in
Fig. 2C, Pt-LEPG consists of C, N, O, and Pt elements compared to the
LEPG consisting of C, Pt, N, and O elements. Compared with LEPG, the
existence of Pt peak in Pt-LEPG, despite the lower content of Pt (0.73 %),
successful electrodeposition of Pt NPs onto LEPG was confirmed again.
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Fig. 2. Characterization of LEPG and Pt-LEPG. (A) XRD pattern and (B) Raman spectrum. (C) XPS survey, (D) C 1s, (E) N 1s, and (F) Pt 4f spectra of Pt-LEPG,

respectively.

The C 1s peaks can be assigned to the C-C & C=C (284.6 eV), C-O & C-N
(285.9 eV), C=0 (286.8 eV), and O-C=0 (288.3 eV), respectively
(Fig. 2D) (Lu et al., 2018). Furthermore, the N 1s high-resolution spec-
trum revealed the existence of three varieties of nitrogen, namely pyr-
idinic N (398.9 eV), pyrrolic N (400.2 eV), and graphitic N (401.2 eV),
respectively (Fig. 2E). Noteworthy that pyrrolic N and pyridine N
dominate in Pt-LEPG, suggesting that these N atoms have greater ther-
modynamic stability at the edge of the graphene lattice, which is
consistent with theoretical predictions (Liu et al., 2020). In addition,
according to relevant literature reported, graphitic N, pyridine N, and
pyrrolic N could effectively enhance electro-catalytic properties and
electronic conductivity of N-doped carbon-based material (Hao et al.,
2018; Xu et al., 2017). Thus, Pt-LEPG composites were endowed with

higher electrocatalytic activity. As shown in Fig. 2F, the peaks of Pt 4f
can be divided into two main components: Pt 4f5 5 (74.0 eV) and Pt 4f; 5
(77.4 eV). However, the XPS characteristics of Pt 4f doublet are attrib-
uted to the generation of zero-valent Pt NPs (Pt(0)) by electrochemical
deposition (Chen et al., 2018). Therefore, the above results indicate that
graphitized graphene can be obtained by laser engraving directly on the
PI membrane, which is an attractive process.

3.3. Electrochemical characterization measurements

Electrochemical performances of the modified electrode were iden-
tified by CV and EIS techniques. The CV curves of the electrodes illus-
trated the characterization of the manufacturing process (Fig. 3A). All



Z. Lu et al.

—— LEPG (a) C
Activated LEPG (b)
Pt-LEPG (c)

—— GOD/PI-LEPG (d)

Current / pA

Potential / V

Journal of Hazardous Materials 402 (2021) 123774

90
B —a— LEPG (a)
80+ —e— Activated LEPG (b)
—a— Pt-LEPG (c)
704 —v— GOD/P-LEPG (d)
60+ ./'_"\-\ ./.
50 :\\ d
a / _e-0-¢ /‘/ 4
~ 404 J /./. ‘.‘0“/‘ o®
X [o* o '{u'.. "
NI} 30 o’ ct . ]
hd vV Yy A v n am
20 Smha, Yy, A =
104
0 -

0 20 40 60 80 100 120 140 160 180
Z'IQ

Fig. 3. (A) CV curves and (B) EIS spectrum of LEPG (a), activated LEPG (b), Pt-LEPG (c), and GOD/Pt-LEPG (d) were obtained in [Fe(CN)6]3-/4- (5 mM) containing

0.1 M KCl, respectively.

the modified electrodes exhibited a pair of well-distinct redox charac-
teristic peaks. Based on the good conductivity of graphene could facil-
itate the electrode transfer, while the hierarchical porous network
structures of LEPG is helpful for the [Fe(CN)6]3’/ 4~ redox probe diffuse
to the LEPG surface (curve a). Interestingly, after electrochemical acti-
vation in PBS (0.1 M, pH 7.0), the peak current of activation LEPG is
significantly increased (curve b). This was mainly ascribed to the large
amount of organic adhesive removed after activation, and micron-sized
graphite particles clearly exposed to the electrode surface after elec-
trochemical pretreatment. This is in agreement with our previous
studies showing that the activated LEPG surface-exposed more active
sites (Lu et al., 2019a). Thus, these observations reveal that electro-
chemical activation pretreatment processes considerably affect the
surface cyclic voltammetry properties, and the activated electrode be-
haves like a random array microelectrode with increased heterogeneous
electron transfer rates (Su et al., 2011). After LEPG decorated with Pt
NPs (curve c), the redox peak currents increased significantly could be
ascribed the good electrical conductivity of metal Pt NPs, which
permitted increasing the active areas of Pt-LEPG electrode. As expected,
the redox peak currents decreased after introduction of GOD on Pt-LEPG
due to GOD membrane impedes the electron transfer between [Fe
(CN)gl 3-/4 and the electrode surface (curve d). These results indicate that
GOD and Pt NPs have successfully incorporated graphene.

The surface characteristics of the electrode during each step of
modification were further investigated by EIS (Fig. 3B). The typical
Nyquist spectrum composed of a lower frequency region for a linear part
and a higher frequency range for semicircle part, corresponding to the
diffusion process and electron transfer, respectively (Lu et al., 2017).
LEPG exhibits the largest electron transfer resistance (Rcr) of 130 Q
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(curve a). After electrochemical activation (curve b), the Ry value of
activation LEPG is significantly reduced to 110 Q due to the high surface
activity. However, Pt-LEPG shows the smallest R¢y of 45 Q (curve c),
which may be contribution by the synergistic effect between high-mass
transfer rate of Pt NPs, and high surface activity of LEPG. This suggests
that when Pt NPs anchored on LEPG surface, it easily helps to enhance
the conduction pathway. Following the incorporation of GOD, the R¢r
value of GOD/Pt-LEPG (55 Q) significantly increased (curve d) compared
to Pt-LEPG. This phenomenon is mainly due to the enzyme molecules on
the electrode surface blocking the redox probes to reach the electrode
surface (Cheng et al., 2015). These EIS results concur with CV results,
and these also proved the successful formation of GOD/Pt-LEPG. Be-
sides, the effective active areas of modified electrodes were calculated as
0.0041 cm? of LEPG, 0.0047 cm? of Pt-LEPG and 0.0059 cm? of
GOD/Pt-LEPG, respectively (Fig. S2). In contrast to the smaller effective
area of LEPG, the surface area of Pt-LEPG is obviously increased, which
could be attributed to the synergistic effect between the good conduc-
tivity of Pt NPs and large surface area of LEPG.

3.4. Sensing performance for H202 detection

The electro-catalytic performances of HyO, by various modified
electrodes were investigated by CVs. For comparison, LEPG and Pt-LEPG
were tested under the same conditions with and without 5 mM H50,,
respectively. Neither LEPG nor Pt-LEPG observed peaks in the PBS
electrolyte of pH 7.0, as displayed in Fig. 4 (solid lines). However, in the
presence of 5 mM H,05, both LEPG and Pt-LEPG exhibit a pair of redox
peak (dotted lines). For LEPG, the anodic onset potential is approxi-
mately +0.400 V, while cathode onset potential is about -0.218 V.
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Fig. 4. (A) CV curves of LEPG and Pt-LEPG in PBS (pH 7.0) with or without 5 mM H202. (B) i-t curves at +0.5 V for successive addition H202. (Insert: corresponding

calibration curves).
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Table 1
Analytical performances of various modified electrodes for glucose detection.
Electrode Method  Applied potential Equation Linear range Sensitivity Detect R? Ref
W) (mM) (A mM~! em” limit
% (%)
. i=1.336C+0.311 0.01-3.05 0.9905
GOD/Pt-LEPG it +0.6 i = 1.336C40.311 3.05-31.5 226.44 0.10 0.9623
. i = 0.538C+0.320 0.005-2.16 0.9905 .
Pt-LEPG i-t +0.6 i — 0.029C+1.261 216-12.41 114.47 0.05 0.9919 This work
. i = 0.051C+0.040 0.225-4.725 0.9824
LEP! —t X 12. 2.
G ! +0.6 i=0.025C+0.251 4.725-18.225 44 7 0.9901
i = 0.000625C-0.01015 50—250 mg Lt 0.99253 .
- Mehmeti et al.
GNSf,FC;D/ apo-GOWNI/ ¢y +0.475 i = 0.000375C + 250-2000 mg — omgl oo ;()i;;“‘ hera
0.058424 ! )
Krishne al.
CS/Pd@Pt NC/GOx it ~0.650 _ 1-6 6.82 0.2 _ ;()rl';)m“ eral,
GOD/Pt/FGS/Cs/GCE i-t +0.4 _ 0.2-5 _ 0.6 _ (Wu et al., 2009)
Au-NiO/Ni(OH),-GOx CvV -0.6 i=-0.0392C-0.475 6—-30 1.95 1.54 mM 0.9991 (Njoko et al., 2020)
PtNWA/AuNPs/GOD cv +0.3 _ 15-2500 184 15 0.997 (Li et al., 2017)
GOD/Pt-MWCNTSs/CSF cv +0.65 _ 0-5 288.86 50 0.991 (Chen et al., 2018)

Compared with LEPG, the anodic and cathode onset potentials are
-0.096 V and -0.110 V, which is negatively shifted of 409 mV and pos-
itive shifted of 108 mV, respectively. These results indicate the catalysis
of LEPG and Pt-LEPG on H30, can choose either positive potential or
negative potential as the working potential (Lu et al., 2019¢). Mean-
while, for Pt-LEPG, the oxidation peak current is +184.12 pA at +0.5 V
while reduction peak current is -400.28 pA at -0.5 V, which is 7.37 times
for anodic current response than of LEPG (24.98 pA) and 2.64 times for
cathode current response than of LEPG (-151.30 pA), respectively.
Considering the influence of high potential water oxidation, therefore
+0.5 V was selected as the best potential for further experiments to assay
sensor performance. The excellent electrocatalytic performance of
Pt-LEPG is mainly due to its high conductivity of Pt NPs, abundant active
sites of porous graphene network, and nitrogen doping properties.

The typical current-times (i-t) response curves of the LEPG and Pt-
LEPG with continuous addition H,O- at different concentrations in
PBS are shown in Fig. 4B. Observed that i-t response curves were
obviously in the shape of the stair step with the increase of HyO2 con-
centration, and the response of steady-state current is achieved within
0.1 s, indicating that both LEPG and Pt-LEPG possessed excellent elec-
trochemical catalytic performance. For LEPG, a fitted calibration curve
between current response and HO» concentration is I(pA) = 1.226
Ch202 (mM) + 5.062 (R% = 0.9940) at 50 pM-14 mM, with a detection
limit (LOD) of 3.8 pM (S/N = 3). However, the response calibration
equation of Pt-LEPG is I(uA) = 2.076 Cpj202 (mM) + 6.463 (R% = 0.9953)
at 10 pM-29 mM, together with a LOD is 0.65 pM (S/N = 3). Besides, the
response sensitivity of Pt-LEPG is 575.75 pA mM~! em™, which is 1.9
times of LEPG.

3.5. Optimization of experimental parameters

The following parameters were optimized: (a) The number of
deposition segments; (b) pH value of electrolyte solution; (c) applied
potential. Respective text and Figures on optimizations are given in the
Electronic Supporting Material. In short, the following experimental
conditions were found to give the best results: (a) Best deposition seg-
ments: 6; (b) pH 7.0 of 0.1 M PBS; and (c) optimum applied potential:
+0.5 V.

3.6. Glucose sensing performance of the biosensor

Fig. 5 shows the relationships between current responses and the
concentrations of successive injection glucose at +0.5 V. The typical it
curves of the modified electrode for glucose are shown in Fig. 5A,
Fig. 5C, and E, respectively. With each glucose injection, response

currents increased promptly and achieved the steady-state currents
within 7 s for LEPG, 5 s for Pt-LEPG, and 0.1 s for GOD/Pt-LEPG,
respectively. This reason may be due to the fact that glucose mole-
cules were rapidly absorbed and activated on the surface of GOD/Pt-
LEPG. The corresponding calibration curves for peak current vs.
glucose concentration are shown in Fig. 5B, D, and F, respectively. Re-
sults indicated that all modified electrode’ calibration plots are linear
with two sections (Table 1). For GOD/Pt-LEPG sensor, such a broad area
of quantification (0.01-31.5 mM) would facilitate the utility of analysis.
Moreover, the sensitivity was found to approach 241.82 pA mM ™! cm2,
and the LOD was calculated to be 0.10 pM (S/N = 3), which was ad-
vantageous to that on LEPG and Pt-LEPG. Besides, it was found that the
GOD/Pt-LEPG exhibits excellent performance as compared with re-
ported enzyme glucose sensors in physiological pH of 7.4 according to
Table 1. This further verified the outstanding analytical performance of
the prepared sensor.

3.7. Selectivity, reproducibility and stability

To evaluate the specificity of the sensor, we challenged the potential
impact of some compounds with redox ability on the system, i.e. glucose
(2.5 mM), uric acid (UA, 1.0 mM), dopamine (DA, 1.0 mM), glucose (1.0
mM), ascorbic acid (AA, 1.0 mM), sucrose (1.0 mM), fructose (1.0 mM),
maltose (1.0 mM), r-cysteine (1.0 mM), glutathione (1.0 mM), acet-
aminophen (1.0 mM), glucose (1.0 mM) and glucose (1.0 mM). As ex-
pected, the presence of potentially interfering substances did not affect
obvious current changes of the GOD/Pt-LEPG sensor (Fig. 6A). These
results show that GOD/Pt-LEPG sensor has a good selectivity for the
determination of glucose. To evaluate the reproducibility of GOD/Pt-
LEPG, the same modified electrode was compared in five electrolytes
(pH 7.0, PBS) with the same glucose concentration (1 mM), respectively.
Obviously, the current response has no significant change, and the
relative standard deviation (RSD) is low of 7.37 % (Fig. 6B), implying
that as-prepared sensor has good reproducibility. In addition, the elec-
trode was stocked in PBS (0.1 M, pH 7.0) at 4 °C, and the electrode’ long-
term sensing stability was evaluated by continuous detecting 0.5 mM
glucose every day for two weeks. The decrease in the amperometric
response of GOD/Pt-LEPG was not significant with the RSD value of 10.6
% over two weeks (Fig. 6C), indicating acceptable long-term stability to
glucose detection.

3.8. Analysis of actual samples

To evaluate the utility of this biosensor, human serum samples (ob-
tained from the university hospital) with know glucose concentrations
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Table 2
Results obtained for determination of glucose in human serum samples.
samples Hospital (mM) This work (mM) Glucometer (mM) Addition (mM) Found (mM) Recovery (%)
1 7.32 8.13 7.85 5.00 13.06 99.47
2 6.13 6.30 6.04 8.00 14.62 102.24
3 14.95 13.94 14.72 2.00 16.14 101.25

were analyzed. Data from commercial glucose meters and hospital
clinical results were compared with these results (Table 2). Obviously,
theses amperometric responses of these samples are consistent, indi-
cating that the GOD/Pt-LEPG sensor can be successfully applied for
detecting glucose in serum samples. Moreover, the recovery of known
spiked glucose to the serum sample was satisfying with values range
from 93.24-111.06%.

4. Conclusions

In summary, we describe a simple, novel, and bi-functional amper-
ometric sensor based on GOD/Pt-LEPG for sensitive electrochemical
assay of HyO5 and glucose at near-neutral pH conditions. The direct laser
engraving on flexible PI film is a low cost and high-efficiency method-
ology to fabricate porous network graphene. This unique structure of
LEPG was successfully functionalized with Pt NPs by CV electrodeposi-
tion to form Pt-LEPG, exhibiting good conductivity and excellent
sensitivity for HoO3 sensing. As a result, it can be immobilized glucose
oxidase (GOD) and effectively electro-catalyze glucose oxidation in
near-neutral pH conditions. Response in the concentration range from
0.01 mM to 31.5 mM is linear, with an ultralow LOD of 0.3 pM (S/N =
3). Due to its excellent performance, LEPG materials have great poten-
tials in the application of flexible energy storage and sensing electronic
devices.
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