Biosensors and Bioelectronics 183 (2021) 113201

e 4

ELSEVIER

Contents lists available at ScienceDirect
Biosensors and Bioelectronics

journal homepage: http://www.elsevier.com/locate/bios

Short communication

Flexible triphase enzyme electrode based on hydrophobic porous PVDF

membrane for high-performance bioassays

Check for

updates

Haili Wang, Jun Zhang , Dandan Wang, Zhaohong Wang, Yangru Chen, Xinjian Feng

College of Chemistry, Chemical Engineering and Materials Science, Soochow University, Suzhou, 215123, PR China

ARTICLE INFO ABSTRACT

Keywords:
Hydrophobicity
Triphase interface
Oxidase kinetics
Flexible biosensor

Flexible bioassays based on oxidase-catalyzed and electrocatalytic cascade reactions have been widely reported.
However, the fluctuant oxygen level and high anodic potential restricts the detection accuracy. To overcome
these challenges, we report here a flexible triphase enzyme electrode by assembling an oxidase enzyme layer and
Pt electrocatalysts onto a carbon nanotube film/porous polyvinylidene fluoride hydrophobic substrate. Such a
flexible enzyme electrode has an air-liquid-solid triphase reaction zone where oxygen level is air phase depen-

dent (constant and sufficient high), which stabilized the oxidase kinetics and enabled the cathodic measurement
of enzymatic product HyO3 with minimum interferents caused from oxygen level fluctuation and many oxidiz-
able species in analyte solution. Furthermore, the flexible triphase enzyme electrode exhibited good mechanical
stability even after being bent over 600 times and an excellent air permeability, which are crucial to wearable
devices that require long-term skin contact.

1. Introduction

Flexible biosensors have attracted great attention in recent years
with the rapid development of wearable electronics and the increasing
emphasis on non-invasive detection of individual’s physiological bio-
markers for real-time health status monitoring (Lee et al., 2020; Yang
and Gao. 2019; Kim et al., 2019; Yoon et al., 2019; Gao et al., 2016;
Imani et al., 2016; Yao et al., 2011). Electrochemical biosensing based
on bio-electrochemical cascade reactions between the specific oxidase

catalysis (R+ 02%13 + Hy05) and the electrochemical oxidation
(H05 —05 + 2H" + 2¢7) has been widely studied in bioelectronic de-
vices since 1973 (Guilbault and Lubrano. 1973; Wilson and Hu. 2000;
Chen et al., 2015; Li et al., 2015; Kim et al., 2017; Zhang et al., 2020).
However, fluctuating oxygen concentration in biofluids affects the oxi-
dase kinetics and the formation rate of HyOo; the electro-oxidation of
H,0, requires a relatively high potential (e.g., 0.6-0.7 V at Pt) at which
the amount of interferents in biofluids can also be oxidized (Evans et al.,
2002; Hrapovic et al., 2004; Lad et al., 2014; Kim et al., 2018; Kumar
et al., 2018). These two species generally lead to the low detection
accuracy.

Interfacial microenvironments that govern mass and electron trans-
port are of great importance to the electrochemical oxidations that occur
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at the electrode/electrolyte interface (Zhan et al., 2018; Song et al.,
2018; Mietal., 2017; Luetal., 2016; Lei et al., 2016). Superhydrophobic
surfaces have recently received substantial interest and show great po-
tential in many fields, such as heat transfer (Li et al., 2016), drug release
(Yohe et al., 2012), photocatalysis (Sheng et al., 2017; Zhou et al.,
2020), self-cleaning (Lu et al., 2015), and material electrodeposition
(Zhang et al., 2017; Wang et al., 2014). When a superhydrophobic
substrate is in contact with an aqueous solution, it can trap air pockets
inside the porous structure, leading to the formation of an
air-liquid-solid triphase interfacial microenvironment where oxygen
will be directly obtained through and from the gas phase (constant and
sufficient) (Barthlott and Neinhuis. 1997; Feng et al., 2002; Wang et al.,
2009; Wen et al., 2015; Huang et al., 2015; Roy et al., 2018; Li et al.,
2019). This offers us an opportunity to further understand the
enzymatic-electrochemical ~ cascade  reaction and  fabricate
high-performance bioassays. Despite triphase electrodes have been
recently reported using superhydrophobic nanowire arrays, micropillar
arrays, anodic alumina membrane, and carbon paper substrates (Chen
et al., 2018; Song et al., 2018; Lei et al., 2016; Xu et al., 2016; Cheng
et al., 2020; Guan et al., 2019), the complicated fabrication process and
the fragile nature of these electrode substrates impede applications in
flexible biosensors. Therefore, simple approaches are highly desirable to
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construct mechanically stable flexible triphase enzyme electrodes in
large scale.

We report here a flexible triphase enzyme electrode (Fig. 1a) where
an oxidase-enzyme layer is immobilized on the surface of HyO,
electrocatalysts-decorated conductive flexible hydrophobic porous
substrate. When the electrode is immersed in an analyte solution, water
wets the top enzyme layer but cannot enter the underneath porous
flexible substrate. This leads to an air-solid-liquid triphase interfacial
microenvironment where oxygen can be supplied rapidly through and
from the air phase. In such a case interfacial oxygen level will change
from liquid phase dependent (fluctuant and low) to air phase dependent
(constant and sufficient). As we know, the factors that influence enzy-
matic reaction are the amount of enzyme, oxygen level and analyte
concentration. For a fixed amount of enzyme, the triphase interfacial
enzymatic reaction will be purely governed by the concentration of
analyte. Meanwhile, the constant interfacial oxygen level will stabilize
the cathodic current contributed from the oxygen reduction reaction,
and enable the cathodic measuring of oxidase catalytic product HyOo
(H205 + 2e~ + 2H"—2H,0) in biosensor development with minimum
interferences caused from oxidizable biologic species. Thus, reliable
bioassays can be fabricated based on such a flexible triphase enzyme
electrode for accurate analyte detection.

2. Material and methods

Reagent, materials, electrode fabrication methods, characterization
and electrochemical measurements can be found in the Supplementary
Information.

3. Results and discussion

The flexible triphase enzyme electrode illustrated in Fig. 1a was
constructed by choosing a commercially available porous poly-
vinylidene fluoride (PVDF) membrane as a model substrate. The PVDF
membrane has an average pore size of about 1.5 pm and a thickness of
about 120 pm (Fig. 1b and inset). Fig. 1c shows the SEM image of a CNTs
film immobilized on the porous PVDF membrane that is prepared by
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vacuum-filtering of a CNTs aqueous dispersion. To further reinforce the
adhesion between the CNTs film and the membrane and enhance its
surface hydrophobicity, the as-prepared CNTs/PVDF substrate was
dipped in a dilute poly-dimethylsiloxane (PDMS) solution (Sylgard 184
in cyclohexane), dried naturally, and cured at 120 °C for 1 h. The PDMS
layer has a thickness of about 2.5 nm (Fig. S1). Water contact angle (CA)
analysis of the substrate shows that the CA is about 140 =+ 2° (Inset of
Fig. 1c), indicating an ultra-hydrophobic surface property. After that
H,0, electrocatalyst Pt with an average particle diameter of about 450
+ 50 nm was electrodeposited on the CNTs film (Fig. 1d). Finally, a
mixed glucose oxidase and chitosan solution was drop-casted onto the Pt
decorated CNTs film with an area of 0.25 cm? to form the flexible tri-
phase enzyme electrode. The oxidase-chitosan composite layer has a
thickness of about 4 pm (Inset of Fig. 1e). Based on such a triphase
enzyme electrode architecture (Fig. la), oxygen and electrons can
transport through the air phase and along the CNTs, respectively, to the
enzymatic reaction zone. For comparison, a diphase enzyme electrode
was also prepared by using a porous PVDF membrane without PDMS
treatment. The detail fabrication process of triphase and diphase enzyme
electrodes was shown in Fig. S2.

Rapid oxygen supply capacity is crucial to the performance of
oxidase-based bioassays. In order to evaluate the oxygen permeability of
CNTs/PVDF electrode substrate with and without hydrophobic PDMS
treatment, the kinetics of GOx immobilized on their surface was studied.
The formation rate of HyO2 (Vi,0,) that is directly related to the oxidase
kinetics and the oxygen permeability of electrode substrate were
measured by iodometry (Fig. 2a and S3). The corresponding initial
formation rates (Vo) of HoO, were calculated via the Beer-Lambert law
(Eq. (1)). As shown in Fig. 2b and ¢, compared with a diphase system
where oxygen needed at the reaction zone can only be provided from the
liquid phase, the formation rate of HpoO5 at the triphase system was
greatly increased. Because the dose-dependent plot is consistent with the
unique property of the Michaelis-Menten kinetic mechanism (Laviron,
1979), the parameters of the enzymatic reaction kinetics were also
determined. The maximum velocity (Vpax) of triphase and diphase
systems can be determined to be 0.026 pmol/min and 0.0023 pmol/min
from Equation (2), respectively. By integrating the Vp.x value into

Fig. 1. a) Schematic drawing of the flexible triphase enzyme electrode. The electrode consists of a hydrophobic flexible porous substrate, a HyO, electrocatalyst
modified carbon nanotubes (CNTs) film, and a top enzyme layer. The inset shows an enlarged view of the air-liquid-solid triphase bio electrochemical cascade
reaction zone, where air-dependent (constant) interfacial oxygen level can be obtained. b) Scanning electron microscopy (SEM) top view of a flexible porous pol-
yvinylidene fluoride (PVDF) substrate with a pore diameter of about 1.5 pm. The inset shows a SEM side view of the porous substrate. ¢) SEM image of the CNTs film
on a porous substrate; the inset shows a water droplet placed on the CNTs/PVDF substrate after hydrophobic treatment using poly-dimethylsiloxane (PDMS); the
inset shows a water droplet placed on the electrode substrate with a CA of about 140 + 2°. d) SEM image of the H,O, electrocatalysts (Pt) electrodeposited on the
CNTs film. e) SEM top view of the glucose oxidase/chitosan layer electrode; the inset shows a SEM side view of the oxidase enzyme electrode.
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Fig. 2. a) Absorption (Abs.)spectra of oxidase enzymatic product H,O, at different glucose (Glu) concentration using the triphase system. b) H>O, production rate as
a function of glucose concentration using triphase and diphase systems. ¢) Schematic illustrations of the triphase and diphase oxidase catalytic reaction systems. d)

Apparent catalytic constant (kc,) of GOx based on diphase and triphase systems.

equation (3), the apparent oxidase catalytic constant (kca) at the tri-
phase electrode can be calculated to be 487.5 min™, a value of 11.3-fold
higher than that obtained using a diphase electrode (43.1 min!) as
shown in Fig. 2d. These results confirm that the hydrophobic PDMS
treatment did not block the oxygen transport pathway, but instead
endowed the porous CNTs/PVDF electrode substrate with a much higher

oxygen permeability.
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The performance of the triphase and diphase enzyme electrodes was
then evaluated by using as the cathode. We first investigated the effect of
oxygen contents in analyte solution on cathodic current of the enzyme
electrodes. Before the experiment, the oxygen content in phosphate-
buffered saline (PBS) solution was changed by purging the electrolyte
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Fig. 3. a) Background currents of the diphase and triphase enzyme electrodes in blank PBS solution with different oxygen contents at 0 V versus (vs) Ag/AgCl. b)
Amperometric i-t curves using flexible triphase enzyme electrode in 0.1, 0.5 and 1 mM glucose solution with various oxygen contents. c¢) Corresponding calibration
plot derived from (b) at 10 s. Cathodic response of the flexible triphase biosensors when operated in 0.1, 0.5, and 1 mM glucose solutions with various oxygen levels.
d) Cathodic current responses for 1 mM glucose after successive addition of 0.1 mM interferents using the triphase enzyme electrode. €) Amperometric i-t curves
corresponding to the triphase enzyme electrode with glucose concentrations up to 60 mM. f) Corresponding calibration plot derived from (a) at 10 s and the inset for
diphase one. An upper linear detection limit of ~ 30 mM is observed—this is 40 times higher than that from a diphase system (~0.7 mM).
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(Supporting information). This can be attributed to the oxygen reduc-
tion reaction. The variable cathodic currents caused by oxygen level
fluctuations will compromise the cathodic measurement of enzymatic
product HyoO» and limit its practical application in biosensor develop-
ment. In contrast, for the triphase electrode system, negligible influence
of oxygen level fluctuations in the electrolyte on the cathodic current
response was observed (Fig. 3a, red columns and Fig. S4b), suggesting
that oxygen level at the triphase reaction zone is dependent on air phase
(constant). The oxygen level fluctuation-tolerant performance of the
triphase enzyme electrode enables the development of biosensor using
the principle of cathodic measurement of the enzymatic product of
H50,.

The constant oxygen level at the triphase reaction zone can also
stabilize the oxidase kinetics and the formation rate of HyO, This
consequently increases the detection reliability. Fig. 3b and ¢ show that
the current response of flexible triphase enzyme electrode toward 0.1,
0.5, and 1 mM glucose under different oxygen concentrations is con-
stant. Conversely, for a diphase system, the 1 mM glucose response
current gradually increases as the oxygen content increases (Fig. S5).
The results show that the current output of the triphase enzyme elec-
trode toward a fixed glucose concentration is insensitive to the dissolved
oxygen content variety due to the stable interfacial oxygen level and
oxidase kinetics. This offers us a good opportunity to eliminate in-
terferences from many oxidizable species in biofluids during common
H»0; anodic reaction, leading to improved detection selectivity. Fig. 3d
shows negligible current output variation after 0.1 mM methanol, su-
crose, ethanol, lactic acid, galactose, xylose, mannose, citric acid, acet-
amido phenol (AP), and ascorbic acid (AA) were successively added into
1 mM glucose (a model analyte), suggesting a high detection selectivity
of the triphase enzyme electrode-based biosensor.

The triphase enzyme electrode allows rapid diffusion of oxygen
through the air phase to the oxidase catalytic reaction zone, which will
increase the interface oxygen level, enhance the oxidase kinetics and
broaden the linear detection range. Fig. 3e shows that the current
response of triphase enzyme electrode increases with glucose content up
to a value of about 60 mM. Cathodic current response versus glucose
concentration (Fig. 3f) shows that the triphase electrode displays a
linear detection range up to about 30 mM (red line). In contrast, for the
diphase electrode (inset of Fig. 3f and Fig. S6), a decrease in apparent
cathodic current was observed as the glucose concentration increases.
This is because the cathodic current increase caused by the enzymatic
product HyO5 is counteracted by the current decrease resulting from
oxygen consumption due to the oxidase catalytic reaction. Thus, a
significantly low upper detection limit is obtained (~0.7 mM) when a
diphase enzyme electrode was used.

Fig. S7 shows the response of triphase enzyme electrode in the
presence of glucose with a concentration less than 1 mM; this suggests
that the triphase biosensor also has a good linearity at low analyte level
with a detection limit as low as 5 pM. Repeated measurements using one
flexible triphase biosensor in 1 mM glucose solution were also con-
ducted, and the relative standard deviation is about 2.38% (Fig. S8).
Such flexible triphase enzyme electrodes are applicable to other oxidase-
based biosensors. We further measured sucrose and lactic acid levels by
using their corresponding oxidase-based triphase electrodes. Fig. S9
shows that the cathodic current increases with sucrose and lactic acid
concentration; the linear dynamic range of the triphase enzyme
electrode-based biosensors is 30 and 25 times wider than those obtained
using conventional diphase enzyme electrode, respectively (insets of
Figs. S9a and b), suggesting a good application universality of the tri-
phase enzyme electrode.

Flexible biosensors require high mechanical durability and stability.
We further studied the relationship between the background current and
the number of bending cycles with a bending radius of 0.5 cm
(Fig. S10a). Fig. S10b and Fig. S11a show that negligible background
current change was observed after the electrode being bent 600 times.
Next, we studied the bending effect of the electrode on the glucose
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detection performance. Fig. S10c and Figs. S11b and ¢ show that the
response currents of the enzyme electrode at 5 mM and 10 mM glucose
remain almost constant even after 600 time bending cycles, suggesting a
good mechanical stability of the triphase enzyme electrode.

Excellent breathability is another important feature of wearable
electronics (Xu et al., 2019). The breathability of the flexible diphase
bioelectronics has been limited due to the common use of planar plastic
or elastomer substrates. Our triphase enzyme electrode exhibits excel-
lent water vapor permeability. As shown in Fig. S12, in this experiment,
the triphase electrode was adhered to the opening of a bottle filled with
water. The permeability was evaluated by monitoring the weight change
of the water. The weight loss of water with the triphase electrode
changed similarly to the opening bottle. In contrast, for commonly used
electrode substrates, such as PET film, the weight of the bottle was
barely reduced after 8 days. This result shows the high gas permeability
of the triphase electrode; it effectively supports its application to
wearable devices requiring long-term skin contact.

4. Conclusion

In summary, we have constructed a flexible enzyme electrode with
an air-liquid-solid triphase interface based on superhydrophobic CNTs
film/porous PVDF membrane. Unlike the traditional diphase system
with low and fluctuant oxygen level, the interface oxygen level is air
phase dependent in the triphase system. With a constant and high
interfacial oxygen level, the demonstrated enzyme electrode stabilized
and enhanced the oxidase kinetics, and enabled the cathodic measure-
ment of enzymatic product HyO2 in biosensor development. The in-
vestigations of the flexible triphase enzyme electrode allow for
determination of glucose, lactic acid, and sucrose with a wide linear
range, accuracy, and selectivity. In the future, this oxygen and biologic
interferent-tolerant flexible enzyme electrode can be integrated with
reference and counter electrodes into a portable biosensor, providing a
reliable monitoring platform for non-invasive physiological biomarkers
assay in perspiration, saliva, tears and interstitial fluid.
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