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Abstract: Electrochemical oxidase biosensors have been widely applied in healthcare, environmental
measurements and the biomedical field. However, the low and fluctuant oxygen levels in solution
and the high anodic detection potentially restrict the assay accuracy. To address these problems, in
this work, we constructed a three-phase interface enzyme electrode by sequentially immobilizing
H,0O, electrocatalysts and an oxidase layer on a superhydrophobic laser-induced graphene (LIG)
array substrate. The LIG-based enzyme electrode possesses a solid-liquid—air three-phase interface
where constant and sufficient oxygen can be supplied from the air phase to the enzymatic reaction
zone, which enhances and stabilizes the oxidase kinetics. We discovered that the enzymatic reaction
rate is 21.2-fold improved over that of a solid-liquid diphase system where oxygen is supplied from
the liquid phase, leading to a 60-times wider linear detection range. Moreover, the three-phase
enzyme electrode can employ a cathodic measuring principle for oxidase catalytic product H,O,
detection, which could minimize interferences arising from oxidizable molecules in biofluids and
increase the detection selectivity. This work provides a simple and promising approach to the design
and construction of high-performance bioassay systems.

Keywords: laser-induced graphene; three-phase interface; oxidase kinetics; electrochemical biosensor

1. Introduction

Oxidase-based electrochemical biosensors have been extensively used and studied
due to their high efficiency and favorable selectivity [1-3]. Typically, oxidase oxidizes
the substrate (analyte) while consuming oxygen and producing H,O, [4,5]. The analyte
level is subsequently determined via the electrochemical detection of HyO,. The anodic
measurement of HyO, commonly requires high potentials, in which numerous endoge-
nous/exogenous molecules in biofluids are oxidized [6,7]. Obviously, sufficient oxygen
supply and cathodic measurement of HyO; at negative potentials are more conducive to
high-performance biosensors [8]. However, the dissolved oxygen level at the solid /liquid
reaction interface of the conventional diphase biosensor is relatively low and fluctuant,
which directly affects oxidase kinetics and the formation rate of H,O,, in turn, limiting
detection performance. Furthermore, the cathodic measurement of HyO; is also restricted
by fluctuant oxygen levels because oxygen can be reduced at similar potentials, in turn,
reducing the detection accuracy.

Inspired by natural non-wetting surfaces [9,10], artificial superhydrophobic materials
have been extensively fabricated and show great potential in many areas [11-14]. When
superhydrophobic substrate is exposed to an aqueous solution, air pockets become trapped
in the gaps of the solid /liquid interface, forming a gas—solid-liquid three-phase interface
that allows oxygen to reach the solid-surface reaction zone from the gas phase (constant
and sufficient) [15,16]. This provides an opportunity and basis for the fabrication of
high-performance oxidase-based electrodes. Various superhydrophobic substrates have
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been reported to prepare three-phase oxidase electrodes [17-20], such as superhydrophobic
carbon-based substrates, elastomer micropillar arrays, poly(vinylidene fluoride) membrane,
and metal oxide nanowire arrays. These methods always have expensive and complicated
manufacturing steps, which makes continuous fabrication difficult and limits practical
applications. Therefore, there is an urgent need for simple and cost-effective approaches
for the construction of reliable three-phase electrodes at scale.

Recently, the CO, laser-engraving technique, as a promising fabrication method, has
received significant attention due to its various advantages, including cost-effectiveness,
no mask and high yield. The three-dimensional (3D) porous laser-induced graphene (LIG)
structure can be constructed by a one-step CO, laser direct-writing method [21-23]. Due to
its excellent conductivity, mechanical strength and scalable manufacture, LIG is considered
as a prospective new candidate in electrochemical sensors [24-26]. This provides an
ideal method for the scalable manufacturing and widespread implementation of three-
phase biosensors. In this paper, we manufactured 3D porous conductive LIG substrate on
polyimide (PI) film with CO, laser-engraving technology. Based on the LIG substrate, a
three-phase enzyme electrode with high performance was constructed in batches, as shown
in Figure 1. The three-phase enzyme electrode consists of a HyO, electrocatalyst-modified
superhydrophobic LIG substrate and a top oxidase layer. During the detection process,
analyte solution cannot be immersed underneath the porous hydrophobic LIG substrate of
the electrode, leading to a solid-liquid—gas interface [15,16]. Then, sufficient and constant
oxygen can be directly supplied from the gas phase to the oxidase layer, which, in turn,
enhances the performance of the three-phase biosensor, including the detection linear range
and accuracy. Additionally, the cathodic measurements of oxidase catalytic product HyO,
are also utilized to minimize interferences, since the constant interfacial oxygen level can
generate a stable oxygen reduction current. The laser direct-writing technique-as a simple,
economical and efficient method—provides a new approach to simplify the preparation
process of three-phase biosensors.

Electrolyte
Oxidase
Platinum
B Laser-induced graphene

Pl substrate

Figure 1. Schematic illustration of the fabrication of three-phase biosensor arrays (left). The working
electrode (WE) of the three-phase enzyme electrode consists of a superhydrophobic LIG substrate, an
H,0O; electrocatalyst layer, and a top oxidase enzyme layer. The right shows an enlarged view of the
solid-liquid—air three-phase bio-electrocatalysis reaction process.

2. Materials and Methods
2.1. Chemicals

Polyimide (PI) films with a thickness of 125 pm (Kapton®) were purchased from
Weishengte Technology Co., Ltd. (Beijing, China). Polydimethylsiloxane (Sycgard™
184 silicone) was acquired from Dow Corning (Midland City, MI, USA). Dihydrogen
hexachloroplatinate hexahydrate (H,PtCls-6H,O) was obtained from Energy Chemical
(Shanghai, China). Glucose oxidase (GOx, EC 1.1.3.4, 123 kU/g) was purchased from
Toyobo Co., Ltd. (Shanghai, China). Bovine Serum Albumin (BSA), lactate oxidase, sucrose
invertase and ethanol oxidase were acquired from Yuanye Bio-Technology Co., Ltd. (Shang-
hai, China). Hydrogen peroxide was purchased from Shanghai Lingfeng Chemical Reagent
Co., Ltd. Chitosan and glutaraldehyde (25%) were obtained from Aladdin. Cyclohex-
ane, potassium chloride, disodium hydrogen phosphate, sodium dihydrogen phosphate,
glucose, sucrose, ethanol, lactate, methanol, mannose, xylose, galactose, citric acid and
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CH3COOH were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
All of our experiments used deionized (DI) water. All reagents were directly used without
further purification.

2.2. Fabrication of LIG-Based Three-Phase Biosensor
2.2.1. Preparation of Laser-Induced Graphene Substrate (LIG)

The PI film (thickness of 125 um) was wiped with ethanol before use. After drying in
the air, it was attached to an aluminum alloy plate for laser scribing. Then, a pre-designed
three-electrode pattern (the detection area is a circle with a diameter of 4 mm) was imported
into a CO; laser system. Subsequently, the cleaned PI film was subjected to laser irradiation
by the CO; IR laser, with a wavelength of 10.6 pm, to generate a porous LIG substrate. The
LIG was prepared using a power of 6.0 W at a scan rate of 70 mm/s.

2.2.2. Hydrophobic Treatment of LIG Substrate

The as-prepared LIG substrate was immersed in a 30-fold cyclohexane-diluted poly-
dimethylsiloxane (PDMS) solution for 30 min, removed and cured at 120 °C for 30 min.

2.2.3. Electrodeposition of Pt Nanoparticles and Modification of the Enzyme Layer

The mixture HpPtClg solution (10 g/L HyPtCls: HyO: 1 M H;SO4 = 1:1:2, viviv) was
used for the electrodeposition of Pt NPs. Before deposition, the superhydrophobic LIG
substrate was sputter-coated with gold via the sputtering (E-1010, Hitachi) of a gold target
(99.99%) at power of 30 W and working pressure of 10 Pa, for 20 s, under an Ar atmosphere.
Then, the Pt electrocatalysts were electrodeposited onto the Au-modified LIG substrate
at —0.3 V versus Ag/AgCl for 10 s in the HpPtClg solution. Next, the 5 uL of a mixed
solution of glucose oxidase (GOx, 20 mg mL~! in DI water), chitosan (2 mg mL~!, in 1 vol%
CH3;COOH), glutaraldehyde (5 wt% in DI water) and DI water with a volume ratio of
20:10:1:9 was drop-cast onto the Pt/LIG substrate and dried under ambient conditions,
thus, forming a three-phase glucose oxidase electrode. Other oxidase-based biosensors are
similar to the above methods; the only requirement is to change the mixed oxidase solution.
For the detection of lactic acid, 10 L of a mixed solution of lactic acid oxidase (10 mg mL 1
in DI water), BSA (10 mg mL~! in DI water) and glutaraldehyde (0.25 wt% in DI water),
with a volume ratio of 5:5:3, was used. For the detection of sucrose, 5 uL. of a mixed
solution of sucrose invertase (40 mg mL~! in DI water), glucose oxidase (20 mg mL~!in
DI water), chitosan (2 mg mL ™!, in 1 vol% CH3COOH) and glutaraldehyde (5 wt% in DI
water), with a volume ratio of 20:20:10:3, was used. For the detection of ethanol, 10 pL
of a mixed solution of ethanol oxidase (1196 U mL~1), BSA (15 mg mL~! in DI water),
glutaraldehyde (5 wt% in DI water) and DI water, with a volume ratio of 10:20:1:20, was
used. For the controlled experiment, the LIG-based diphase electrodes are also similar to
the above methods, except that there is no PDMS treatment.

2.2.4. Preparation of Reference Electrodes and Counter Electrodes

After finishing the preparation of the middle working electrode (three-phase enzyme
electrode) and covering it with a mask, the LIG-based superhydrophobic three-electrode
substrate was treated by long-time (5 min) oxygen plasma to produce the hydrophilic
counter electrode (LIG). Finally, about 2 mg of Ag/AgCl ink was coated on the position of
the reference electrode (~0.04 cm?) and baked at 60 °C for 15 min to produce the reference
electrode (LIG/Ag/AgCl).

2.3. Characterization and Electrochemical Measurements

Three-dimensional porous LIG was prepared on the PI films using a laser-engraving
machine equipped with a CO; laser of 10.6 pm (SCE4030, Wuhan Sunic Photoelectricity
Equipment Manufacture Co., Ltd., Wuhan, China). Morphologies were characterized by
using FE-SEM (SU8010, Hitachi, Tokyo, Japan), and the same instrument was also used
to acquire EDS to determine the distribution of Pt on the surface of the LIG substrate.
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The chemical composition of the LIG was investigated by a microscopic confocal Raman
spectrometer (inVia reflex) with a 532 nm excitation laser. A CHI-660E work station (CH
Instruments, Inc., Shanghai, China) was employed for all electrochemical measurements at
room temperature. The water contact angle (CA) was measured using a CA goniometer
(JC2000D6, Powereach, Shanghai, China).

2.4. Electrochemical Testing

Electrochemical characterization was performed at room temperature using a CHI
660E electrochemical workstation with a three-electrode system. The as-prepared three-
phase electrode (WE, Figure 1) was used as the working electrode; the LIG was used as the
counter electrode (CE, Figure 1); the homemade LIG/Ag/AgCl (RE, Figure 1) was used
as the reference electrode. The 0.2 M phosphate buffer solution (PBS, pH 7.2) was used
as the electrolyte. Amperometric experiments were all performed at 0 V vs. Ag/AgCl
with a stirring rate of 600 rpm during measurements. In different oxygen concentration
experiments, the PBS buffered solutions were deoxygenated by bubbling with nitrogen.
While stirring the deoxygenated solution, the oxygen can diffuse from air to the liquid
phase. A dissolved oxygen meter (MP516, SANXIN, China) was employed to record the
oxygen concentrations of the solution. In selectivity testing, after the addition of 1 mM
of glucose using the LIG-based three-phase biosensor, a series of interferents (0.1 mM of
methanol, ethanol, sucrose, lactic acid, galactose, xylose, mannose and citric acid) were
added to the solution.

3. Results and Discussion

Based on the three-phase biosensor model presented above, a CO; laser-engraving
machine was used to fabricate the superhydrophobic enzyme electrode substrate (see
details in Materials and Methods). In this work, glucose oxidase was selected as a model
enzyme, and the fabrication process of the biosensor is shown in Figure S1. Typically, a
commercial PI film was first directly converted to the LIG structure by CO, laser engraving.
The overall characteristic morphology of the obtained LIG is shown in Figure 2a. Due to the
rapid release of gaseous products under extremely high localized temperature, the obtained
LIG shows a 3D porous interconnected structure, which has a wide pore size range of
1-10 pm (Figure 2b) and a thickness of about 140 um (Inset of Figure 2a). Figure 2c shows
the Raman spectrum of the obtained LIG, which contains three characteristic peaks: the D
peak at 1346 cm ™!, the G peak at 1577 cm ™! and the 2D peak at 2692 cm~!. The strength
and symmetry of the 2D band is the fingerprint signal of graphene. The D/G intensity
ratio (0.31) indicates the formation of the porous 3D graphene foam with relatively high
quality [27,28]. As shown in Figure 2f, X-ray photoelectron spectroscopy (XPS) showed that
the N/O ratios were sharply suppressed and the C/O ratios were enhanced after converting
PI to LIG, indicating a high degree of carbonization [29]. Then, in order to strengthen the
toughness of the LIG substrate and improve its surface hydrophobic properties, the as-
produced LIG substrate was immersed in PDMS solution diluted with cyclohexane, taken
out, dried at room temperature and cured at 120 °C for 1 h. The water contact angle (CA) of
the LIG substrate after PDMS treatment was about 150 &£ 2° (inset of Figure 2b), indicating
super-hydrophobicity. Next, HyO; electrocatalyst Pt particles with an average diameter
of 250 £+ 50 nm were electrodeposited on the LIG substrate (Figure 2d). The existence
and distribution of the Pt particles were confirmed by elemental mapping from Figure S2.
Finally, a mixed glucose oxidase/chitosan solution was drop-casted onto the Pt-loaded LIG
surface with a fixed area to form the enzyme electrode. Figure 2e shows that the thickness
of the oxidase-chitosan composite layer was about 1 um. The insert in Figure 2e shows a
water droplet placed on the surface of the enzyme electrode with a water CA of 50 + 2°,
indicating the formation of a hydrophilic surface. In the three-phase enzyme electrode,
oxygen and electrons can transport to the enzyme reaction region through the gas phase
and the cross-linked graphene, respectively. For comparison, a diphase oxidase electrode
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was fabricated by using a LIG without hydrophobic treatment. The detailed fabrication
process of the diphase electrode is shown in the Materials and Methods.
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Figure 2. Characterization of the obtained LIG-based three-phase enzyme electrode. (a) Scanning
electron microscopy (SEM) top view of the LIG substrate. The inset shows a SEM side view of the
LIG substrate. (b) SEM image of the LIG substrate with polydimethylsiloxane (PDMS) treatment; the
inset shows a water droplet placed on the substrate with a CA of about 150 + 2°. (c) Raman spectrum
of a LIG. (d) SEM image of the Pt electrocatalysts deposited on the LIG porous substrate. (e) SEM
image (side view) of LIG-based three-phase enzyme electrode; the inset shows a water droplet placed
on the enzyme electrode with a CA of about 50 =+ 2°. (f) XPS characterization of PI and LIG.

To evaluate the oxygen permeability to the oxidase reaction zone, the enzyme reaction
kinetics of a LIG-based three-phase sensor were first evaluated. Using iodometry, H,O,
concentrations can be calculated from the UV-vis absorption spectrum by the Beer-Lambert
law (Equation (1)) (Figure S4). Figures 3a and S3 show the absorbance peaks of the
enzymatic product HyO; over time after the addition of 20 mM of glucose into three-phase
or diphase systems. The three-phase electrode exhibits a higher H,O, generation rate
and a more prominent color change of chromogenic solution compared with the diphase
electrode, as shown in Figure 3b. The result demonstrates that the introduction of LIG-
based three-phase substrate effectively improves the catalytic performance of the oxidase.
To further investigate the kinetic performance of the enzyme, the chromogenic changes after
5 min upon the addition of glucose with different concentrations and corresponding initial
H,0O; formation rates (Vy) are plotted in Figures 3¢ and S5. As the dose-dependent graphic
is consistent with the Michaelis-Menten kinetic mechanism’s unique characteristic [30],
the maximum velocity (Vmax) of the three-phase electrode can be calculated (Equation (2))
to be 17.84 uM min~!, a value of 21.2-fold higher than that of the diphase electrode
(0.84 uM min 1), as shown in the insert of Figure 3c. The LIG-based three-phase electrode
shows much-higher oxidase kinetics due to the high oxygen accessibility via the air phase
to the reaction interface, which proves that the three-phase interface for the oxidase reaction
was successfully constructed by using the LIG substrate.
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Figure 3. (a) UV-vis absorption (Abs.) spectra of oxidase enzymatic product H,O, versus reaction
times at 20 mM glucose level based on the three-phase system. (b) The linear relation of H,O,
concentration with reaction time in three-phase and diphase systems. The inset photos show the
color change with the enzyme-catalyzed reaction time in iodometry on three-phase and diphase
electrodes. (c) The functional relation of H,O, production rate with glucose concentration based
on three-phase and diphase systems. The inset shows the Vimax using diphase (blue column) and
three-phase (red column) systems. (d) The dependence of the Vimax of the LIG-based three-phase
systems on laser power. (e) Amperometric i-t curves of the LIG-based three-phase biosensors in
glucose solution with concentrations from 0 to 120 mM in PBS solution at 0 V versus (vs.) Ag/AgCl.
(f) Corresponding calibration plot derived from Figures 3e and S7 at 10 s for the LIG-based three-phase
and diphase biosensors.

Laser power is the main influencing factor in the morphology and conductivity of
the LIG [31]. We characterized the surface morphology and sheet resistance (Rs) of LIG
substrates with different laser preparation power. As the carbonization of PI has just begun,
the surface morphology of the LIG was smooth without a 3D porous structure at a power
of 3 W (Figure S6a). As the laser power increased, the PI film subjected to the photothermal
effect generated gas and released rapidly, forming a 3D porous structure (Figure S6b,c).
Once the power of the laser exceeded 6 W, the complete 3D porous geometry could not
be maintained due to excessive thermal shock and structural destruction (Figure S6d).
Meanwhile, the oxidase reaction kinetics based on the LIG substrate fabricated with a
different laser power was assessed, as shown in Figure Sé6e. Since the number of three-
phase contact point LIG offers increases as the 3D structure is more complete, Vimax reached
a maximum at 6 W, as shown in Figure 3d. Moreover, LIG electrodes exhibited a small sheet
resistance with a minimum value of 7.26 Ohm at 6 W in virtue of the high conductivity of
graphene (Figure S6f), which ensured excellent electron transfer as the substrate for the
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biosensor. Consequently, a laser power of 6 W was employed for the fabrication of the
LIG-based electrode in the following test.

We then investigated the detection performance of the LIG-based three-phase electrode
at 0V (vs. Ag/AgCl). Amperometric i-t curves (Figure 3e) show that the electroreduction
current continuously increased with the increase in glucose content up to the value of
120 mM. As shown in Figure 3f, the linear detection range of the three-phase biosensor
reached 60 mM with a sensitivity of 12.34 pA-mM~!.cm~2. In sharp contrast, as the
concentration of glucose rose, there was a decrease in the apparent cathodic current for the
diphase biosensor, and a remarkably low upper detection limit was attained (~1.0 mM)
(inset of Figures 3f and S7). This is mainly because the increase in the cathodic current
caused by the Hy,O, of the oxidase reaction was counteracted by the decrease in the current
resulting from oxygen consumption in the oxidase reaction. These results demonstrate
that high-performance three-phase oxidase biosensors were successfully prepared by the
LIG substrate.

Since the cathodic current of oxygen overlaps that of HyO; in the detection process,
we investigated the effect of dissolved oxygen concentration on the detection current in
LIG-based biosensors. The background currents were first studied with dissolved oxygen
content variation on the three-phase and diphase biosensors. Before the experiment, the
phosphate-buffered saline (PBS) solution was bubbled with nitrogen for 30 min to remove
oxygen; then, the current response was recorded as oxygen and was introduced into the
solution by stirring. As shown in Figure 4a,b (red columns), for the three-phase electrode
system, negligible current fluctuations were observed as the dissolved oxygen level varied,
suggesting that the oxygen level at the surface of the electrode was constant by virtue
of a stable oxygen supply from the air phase. Due to the sufficient and stable oxygen
level, both the oxygen reduction current (background current) and oxidase kinetics became
stable in the three-phase biosensor. Consequently, the response current of the three-phase
biosensor to 0.1, 0.5 and 1 mM of glucose was also constant without being affected by
the dissolved oxygen level, as shown in Figures 4c and S9a. For a diphase biosensor, as
shown in Figure 4b (blue columns) and S8, the cathodic current increases with dissolved
oxygen concentration because interfacial oxygen only comes from the liquid phase. From
Figure S9b, it can be seen that the 1 mM glucose response current gradually increased along
with the dissolved oxygen concentration. These results demonstrate that due to the stable
interfacial oxygen level and oxidase kinetics, the current output of the three-phase enzyme
electrode towards a fixed glucose concentration is insensitive to the dissolved oxygen
content variety. This provides an opportunity to employ a cathodic measurement of H,O,
to eliminate interferences from many oxidizable species in biofluids and enhance detection
selectivity. With reference to Figures 4d and S10, the addition of 0.1 mM of methanol,
ethanol, sucrose, lactic acid, galactose, xylose, mannose, citric acid and ascorbic acid into
1 mM of glucose resulted in a negligible variation in current, indicating the high selectivity
of the LIG-based three-phase biosensor. Furthermore, as shown in Figure S11, the three-
phase electrode also exhibited good detection abilities in the region of low concentration
(0~1 mM), with a detection limit (LOD) as low as 0.05 mM. Then, the LIG-based three-
phase biosensor was applied to detect glucose in artificial sweat. Figure 4e shows that
the response current steadily increased with successive additions of glucose, and a good
linearity in the range of 0 to 1.5 mM is observed (Figure 4f).
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Figure 4. (a) Amperometric responses of LIG-based three-phase biosensors in blank PBS solution
with different oxygen levels. (b) Background currents of the LIG-based three-phase and diphase
biosensors in a PBS solution with various oxygen contents at 0 V versus (vs.) Ag/AgCl. (c) Ampero-
metric response of the LIG-based three-phase biosensors when operated in 0.1, 0.5 and 1 mM glucose
solutions with different oxygen contents. (d) Selectivity of the LIG-based three-phase biosensors
with the addition of 1 mM of glucose and 0.1 mM of common interfering species. (¢) Amperomet-
ric i-t responses of the LIG-based three-phase biosensors for glucose detection in artificial sweat.
(f) Corresponding calibration plot derived from (e) at 10 s.

The LIG-based biosensor presented here can be employed for other oxidase-based
bioassays. As shown in Figures 5a—c and 512, the LIG-based three-phase biosensors with
corresponding oxidase layers were used to measure lactic acid, sucrose and ethanol levels.
The detection performances of these three-phase enzyme electrodes show a similar trend
with that of glucose: the linear detection ranges were 12.5, 12 and 5 times wider than
those of corresponding diphase biosensors (the inserts of Figure 5a—c). Furthermore, we
further studied the repeatability of the LIG-based three-phase biosensor. Figure 5d shows
an 80-times successive measurement of 1 mM of glucose concentration using the same
biosensor. A relative standard deviation of only 1.3% was observed for these measurements,
suggesting good repeatability.
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Figure 5. (a—c) Amperometric i-t curves of the LIG-based three-phase biosensor for lactic acid, sucrose
and ethanol detection, respectively. Insets show the linear detection range (LDR) of the diphase
system (blue columns) and three-phase system (red columns) corresponding to lactic acid, sucrose
and ethanol, respectively. (d) The same LIG-based three-phase electrode was measured in 1 mM of
glucose 80 successive times. The relative standard deviation is 1.3%.

4. Conclusions

In summary, we successfully prepared a superhydrophobic LIG substrate with 3D
architectures via a CO; laser-fabrication process and developed electrochemical oxidase
biosensors with an air-liquid-solid three-phase interface based on the LIG substrate. Dif-
ferent from the traditional diphase enzyme biosensor, the three-phase biosensor has a
constant, air phase-dependent interfacial oxygen level. This greatly enhances and stabilizes
the oxidase kinetics and enables the cathodic measurement of enzymatic product HyO,
in bioassay, thereby improving the linear detection range and accuracy of the biosensor.
Laser direct-writing technology provides an efficient, low-cost and customizable approach
to fabricating three-phase biosensors at a large scale.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /biomimetics8010026/s1, Figure S1: Fabrication process of the
LIG-based three-phase biosensor. Figure S2: The elemental mapping (EDS) of hydrophobic LIG
after Pt deposition. Figure S3: UV-vis absorption spectra of oxidase enzymatic product H,O, in
20 mM glucose solution at different reaction times based on the diphase electrode. Figure S4: (a)
UV-vis absorption spectra of different HyO, concentrations. (b) The linear relationship between the
absorbance and the H,O, concentration. Figure S5: UV-vis absorption spectra of oxidase enzymatic
product HyO, at different glucose levels based on the three-phase (a) and diphase (b) electrodes,
respectively. Figure S6: (a-d) The top microscopy images of the LIG substrates fabricated at 3, 5, 6
and 7 W powers. The insets show the magnified image of LIGs. (e) The functional relation of H,O,
production rate with glucose concentration based on the LIG-based three-phase systems at different
powers. (f) The dependence of the sheet resistance of LIG on laser power. Figure S7: Amperometric
response of the LIG-based diphase biosensor in glucose solution with concentrations from 0 to 2 mM.
Figure S8: Amperometric responses of LIG-based conventional diphase biosensors in blank PBS
solution with different oxygen contents. Figure S9: (a) Amperometric i-t curves of the LIG-based
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three-phase biosensor in 0.1, 0.5 and 1 mM glucose solution with various oxygen contents. (b)
Amperometric responses of LIG-based diphase biosensors in 1 mM glucose solution with different
oxygen levels. Figure S10: Amperometric i-t response of the LIG-based three-phase biosensor at
0 V in PBS on addition of 1.0 mM of glucose, followed by 0.1 mM of methanol, ethanol, sucrose,
lactic acid, galactose, xylose, mannose, citric acid and ascorbic acid. Figure S11: (a) Amperometric
i-t curves responses of the LIG-based three-phase biosensor in glucose solution with concentrations
from 0 to 1 mM, (b) Corresponding calibration plot derived from (a) at 10 s. Figure S12: (a—c)
Amperometric responses of the LIG-based diphase biosensor in lactic acid, sucrose and ethanol
solutions, respectively. Insets are their corresponding calibration plots derived at 10 s.

Author Contributions: Methodology, M.Z., ].Z., Z.D. and HW.,; Investigation, L.H.; Data curation,
M.Z. and J.Z.; Writing—original draft preparation, M.Z. and ].Z.; Writing—review and editing, X.F.;
Supervision, X.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by the National Key R&D Program of China (No.
2019YFA0709200), the National Natural Science Foundation of China (22102111 and 21988102), the
Natural Science Research of Jiangsu Higher Education Institutions of China (21K]JB150031) and the
Jiangsu Provincial Shuangchuang Doctor Talent Program (JSSCBS20210705).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data available on request from the authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yang, Y.; Song, Y.; Bo, X.; Min, ].; Pak, O.S.; Zhu, L.; Wang, M.; Tu, J.; Kogan, A.; Zhang, H.; et al. A laser-engraved wearable
sensor for sensitive detection of uric acid and tyrosine in sweat. Nat. Biotechnol. 2020, 38, 217-224. [CrossRef] [PubMed]

2. He, W,; Wang, C.; Wang, H,; Jian, M.; Lu, W,; Liang, X.; Zhang, X.; Yang, F.; Zhang, Y. Integrated textile sensor patch for real-time
and multiplex sweat analysis. Sci. Adv. 2019, 5, eaax0649. [CrossRef] [PubMed]

3. Komkova, M.A; Karyakina, E.E.; Karyakin, A.A. Catalytically synthesized Prussian blue nanoparticles defeating natural enzyme
peroxidase. J. Am. Chem. Soc. 2018, 140, 11302-11307. [CrossRef] [PubMed]

4.  Teymourian, H.; Barfidokht, A.; Wang, ]J. Electrochemical glucose sensors in diabetes management: An updated review
(2010-2020). Chem. Soc. Rev. 2020, 49, 7671-7709. [CrossRef]

5. Wang, H,; Cheng, L.; Ma, S.; Ding, L.; Zhang, W.; Xu, Z.; Li, D.; Gao, L. Self-assembled multiple-enzyme composites for enhanced
synergistic cancer starving-catalytic therapy. ACS Appl. Mater. Interfaces 2020, 12, 20191-20201. [CrossRef]

6. Kim,];Kim, M.; Lee, M.S,; Kim, K; Ji, S.; Kim, Y.T.; Park, J.; Na, K.; Bae, K.H.; Kyun Kim, H.; et al. Wearable smart sensor systems
integrated on soft contact lenses for wireless ocular diagnostics. Nat. Commun. 2017, 8, 14997. [CrossRef]

7. Li, L;Wang, Y.; Pan, L, Shi, Y.; Cheng, W.; Shi, Y.; Yu, G. A nanostructured conductive hydrogels-based biosensor platform for
human metabolite detection. Nano. Lett. 2015, 15, 1146-1151. [CrossRef]

8.  Jiang, D.; Xu, C,; Zhang, Q.; Ye, Y.; Cai, Y; Li, K; Li, Y.; Huang, X.; Wang, Y. In-situ preparation of lactate-sensing membrane for
the noninvasive and wearable analysis of sweat. Biosens. Bioelectron. 2022, 210, 114303. [CrossRef]

9. Si, Y; Dong, Z.; Jiang, L. Bioinspired designs of superhydrophobic and superhydrophilic materials. ACS Cent. Sci. 2018, 4,
1102-1112. [CrossRef]

10.  Zhao, Y; Yu, C,; Lan, H.; Cao, M.; Jiang, L. Improved interfacial floatability of superhydrophobic/superhydrophilic janus sheet
inspired by lotus leaf. Adv. Funct. Mater. 2017, 27, 1701466.

11. Liu,J; Ye, L; Sun, Y,; Hu, M,; Chen, F.; Wegner, S.; Maildnder, V.; Steffen, W.; Kappl, M.; Butt, H.J. Elastic superhydrophobic and
photocatalytic active films used as blood repellent dressing. Adv. Mater. 2020, 32, 1908008. [CrossRef] [PubMed]

12. Lo, C.W,; Chu, Y.C.; Yen, M.H.; Lu, M.C. Enhancing condensation heat transfer on three-dimensional hybrid surfaces. Joule 2019,
3, 2806-2823. [CrossRef]

13. Li, F; Liu, Y;; Zhou, H.; Tian, G. Preparation and evaluation of PDMS/carbon soot particles superhydrophobic biomimetic
composite coating with self-cleaning and durability. Biomimetics 2022, 7, 132. [CrossRef] [PubMed]

14. Tian, Y,; Su, B,; Jiang, L. Interfacial material system exhibiting superwettability. Adv. Mater. 2014, 26, 6872-6897. [CrossRef]

15. Mi, L,; Yu,].; He, F; Jiang, L., Wu, Y,; Yang, L.; Han, X,; Li, Y,; Liu, A.; Wei, W,; et al. Boosting gas involved reactions at nanochannel
reactor with joint gas-solid-liquid interfaces and controlled wettability. J. Am. Chem. Soc. 2017, 139, 10441-10446. [CrossRef]

16. Sheng, X.; Ge, W,; Jiang, H.; Li, C. Engineering the Ni-N-C catalyst microenvironment enabling CO; electroreduction with nearly
100% CO selectivity in acid. Adv. Mater. 2022, 34, 2201295. [CrossRef]

17.  Song, Z.; Xu, C.; Sheng, X.; Feng, X.; Jiang, L. Utilization of peroxide reduction reaction at air-liquid-solid joint interfaces for

reliable sensing system construction. Adv. Mater. 2018, 30, 1701473. [CrossRef]


http://doi.org/10.1038/s41587-019-0321-x
http://www.ncbi.nlm.nih.gov/pubmed/31768044
http://doi.org/10.1126/sciadv.aax0649
http://www.ncbi.nlm.nih.gov/pubmed/31723600
http://doi.org/10.1021/jacs.8b05223
http://www.ncbi.nlm.nih.gov/pubmed/30118222
http://doi.org/10.1039/D0CS00304B
http://doi.org/10.1021/acsami.0c02006
http://doi.org/10.1038/ncomms14997
http://doi.org/10.1021/nl504217p
http://doi.org/10.1016/j.bios.2022.114303
http://doi.org/10.1021/acscentsci.8b00504
http://doi.org/10.1002/adma.201908008
http://www.ncbi.nlm.nih.gov/pubmed/32009264
http://doi.org/10.1016/j.joule.2019.08.005
http://doi.org/10.3390/biomimetics7030132
http://www.ncbi.nlm.nih.gov/pubmed/36134936
http://doi.org/10.1002/adma.201400883
http://doi.org/10.1021/jacs.7b05249
http://doi.org/10.1002/adma.202201295
http://doi.org/10.1002/adma.201701473

Biomimetics 2023, 8, 26 11 of 11

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Cheng, Q.; Zhang, ].; Wang, H.; Wang, D.; Feng, X,; Jiang, L. High-performance flexible bioelectrocatalysis bioassay system based
on a triphase interface. Adv. Mater. Interfaces 2020, 7, 1902172. [CrossRef]

Wang, H.; Zhang, J.; Wang, D.; Wang, Z.; Chen, Y.; Feng, X. Flexible triphase enzyme electrode based on hydrophobic porous
PVDF membrane for high-performance bioassays. Biosens. Bioelectron. 2021, 183, 113201. [CrossRef]

Guan, F; Zhang, ].; Tang, H.; Chen, L.; Feng, X. An enhanced enzymatic reaction using a triphase system based on superhy-
drophobic mesoporous nanowire arrays. Nanoscale Horiz. 2019, 4, 231-235. [CrossRef]

Lin, J.; Peng, Z; Liu, Y.; Ruiz-Zepeda, F; Ye, R.; Samuel, E.L.G.; Yacaman, M.].; Yakobson, B.I.; Tour, ]. M. Laser-induced porous
graphene films from commercial polymers. Nat. Commun. 2014, 5, 5714. [CrossRef]

Ye, R.; James, D.K.; Tour, ].M. Laser-induced graphene. Acc. Chem. Res. 2018, 51, 1609-1620. [CrossRef]

Ye, R.; James, D.K.; Tour, ].M. Laser-induced graphene: From discovery to translation. Adv. Mater. 2019, 31, 1803621. [CrossRef]
[PubMed]

Torrente-Rodriguez, RM.; Tu, J.; Yang, Y.; Min, ].; Wang, M.; Song, Y.; Yu, Y.; Xu, C.; Ye, C.; IsHak, W.W.; et al. Investigation of
cortisol dynamics in human sweat using a graphene-based wireless mHealth system. Matter 2020, 2, 921-937. [CrossRef]
Zhang, Y.; Li, N.; Xiang, Y.; Wang, D.; Zhang, P.; Wang, Y.; Lu, S.; Xu, R.; Zhao, ]. A flexible non-enzymatic glucose sensor based
on copper nanoparticles anchored on laser-induced graphene. Carbon 2020, 156, 506-513. [CrossRef]

You, R; Liu, Y.Q.; Hao, Y.L.; Han, D.D.; Zhang, Y.L.; You, Z. Laser fabrication of graphene-based flexible electronics. Adv. Mater.
2020, 32, 1901981. [CrossRef] [PubMed]

Ferrari, A.C.; Meyer, ].C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F; Piscanec, S.; Jiang, D.; Novoselov, K.S.; Roth, S.; et al.
Raman spectrum of graphene and graphene layers. Phys. Rev. Lett. 2006, 97, 187401. [CrossRef]

Ferrari, A.C.; Basko, D.M. Raman spectroscopy as a versatile tool for studying the properties of graphene. Nat. Nanotechnol. 2013,
8, 235-246. [CrossRef]

Johnson, Z.T.; Williams, K.; Chen, B.; Sheets, R.; Jared, N.; Li, J.; Smith, E.A.; Claussen, J.C. Electrochemical sensing of neonicoti-
noids using laser-induced graphene. ACS Sens. 2021, 6, 3063-3071. [CrossRef]

Avaro, A.S.; Santiago, ].G. Uncertainty quantification of Michaelis-Menten kinetic rates and its application to the analysis of
CRISPR-based diagnostics. Angew Chem. Int. Ed. Engl. 2022, 61, €202209527. [CrossRef] [PubMed]

Wan, Z.; Umer, M.; Lobino, M.; Thiel, D.; Nguyen, N.T.; Trinchi, A.; Shiddiky, M.].; Gao, Y.; Li, Q. Laser induced self-N-doped
porous graphene as an electrochemical biosensor for femtomolar miRNA detection. Carbon 2020, 163, 385-394. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1002/admi.201902172
http://doi.org/10.1016/j.bios.2021.113201
http://doi.org/10.1039/C8NH00184G
http://doi.org/10.1038/ncomms6714
http://doi.org/10.1021/acs.accounts.8b00084
http://doi.org/10.1002/adma.201803621
http://www.ncbi.nlm.nih.gov/pubmed/30368919
http://doi.org/10.1016/j.matt.2020.01.021
http://doi.org/10.1016/j.carbon.2019.10.006
http://doi.org/10.1002/adma.201901981
http://www.ncbi.nlm.nih.gov/pubmed/31441164
http://doi.org/10.1103/PhysRevLett.97.187401
http://doi.org/10.1038/nnano.2013.46
http://doi.org/10.1021/acssensors.1c01082
http://doi.org/10.1002/anie.202209527
http://www.ncbi.nlm.nih.gov/pubmed/36117459
http://doi.org/10.1016/j.carbon.2020.03.043

	Introduction 
	Materials and Methods 
	Chemicals 
	Fabrication of LIG-Based Three-Phase Biosensor 
	Preparation of Laser-Induced Graphene Substrate (LIG) 
	Hydrophobic Treatment of LIG Substrate 
	Electrodeposition of Pt Nanoparticles and Modification of the Enzyme Layer 
	Preparation of Reference Electrodes and Counter Electrodes 

	Characterization and Electrochemical Measurements 
	Electrochemical Testing 

	Results and Discussion 
	Conclusions 
	References

