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A new organic-inorganic heterostructure was prepared by the hydrothermal deposition of poly (3,4-dioxoe-
thylthiophene) (PEDOT) on TiO» nanowire arrays (TiONWs) to construct a biosensor that can simultaneously
function as photoelectrochemical (PEC) and electrochemical (EC) sensor to detect lactate. In both cases, the
PEDOT-TiONWs heterostructure not only acted as an immobilization platform for lactate dehydrogenase (LDH)
and coenzyme NAD", but also generated current signals, which were further amplified by the cyclic catalytic
mechanism. Specifically, LDH catalytically converted lactate to pyruvate, meanwhile NAD" was transformed to
NADH. For PEC sensing, the photo-generated holes from PEDOT-TiONWs could oxidize NADH back to NAD™,
fulfilling a catalytic cycle. Herein, PEDOT significantly promoted the separation of electron-hole pairs and
enhanced PEC signals due to its well-matched energy levels with TIONWs, high conductivity and strong visible
light absorption. A dynamic range of 0.5-300 pM was observed between the PEC signals and lactate concen-
tration, based on which a sensitivity of 0.1386 + 0.0053 pA pM ! and a detection limit of 0.08 + 0.0032 M were
estimated. For EC sensing, PEDOT-TiONWs could directly oxidize NADH to NAD ™ at ~0.54 V to realize the cyclic
amplification due to the high conductivity and strong electrocatalytic capability of the heterostructure. The EC
biosensor displayed a similar performance upon PEC mode of operation, except the relatively poor selectivity due
to the possible oxidation of the interferences at the potentials > 0.54 V.

et al., 2020; Lapkowski and Pron, 2000; Lv et al., 2019; Shao et al.,
2018). Especially, PEDOT is one of the most ideal materials in energy

1. Introduction

The performance of PEC and EC biosensors are extremely dependent
on the property of the materials modified on sensor surface. As a result,
the exploitation of new materials with special PEC or/and EC features is
of great significance for the further improvement of PEC and EC bio-
sensing (Cheng et al., 2018; Gao et al., 2020). Till date, majority of the
materials employed in PEC and EC sensing are inorganic semi-
conductors, which are inferior to conducting polymers in the aspects of
electrical conductivity, tuning of band position and width, porousness
and specific surface area (Ghosh et al., 2018; He et al., 2019; Rajesh
etal., 2017; Wang et al., 2010). For example, conducting polymers such
as polythiophene, polyaniline, polypyrrole and poly (3,4-ethyl-
enedioxythiophene) (PEDOT) were extensively employed for electro-
catalysis and photocatalysis due to their high conductivity and large
conjugated n bonds in their molecular backbone (Ghosh et al., 2014; Kim
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storage devices, solar cells, electrochemical sensors and electrochromic
dispaly, etc. due to its superior conductivity (over conducting polymers),
good flexibility, large surface area, exciting bandgap (~1.5 eV), facile
synthesis and high stability (Chong et al., 2017; Rajesh et al., 2017).
However, till date, there are only a few reports on the application of
PEDOT in PEC and EC biosensing.

During the synthesis, severe aggregation of PEDOT usually results in
the significant loss in its conductivity, optical capability and specific
surface area (Madhuvilakku et al., 2020; Rajesh et al., 2017). Therefore,
it is an ideal strategy to grow conducting polymers on inorganic semi-
conductors to alleviate their aggregation and the associated issues. The
formation of composite not only favors the simple functions of the in-
dividuals, but also generate the optical-electrical synergistic effect,
which may improve the overall performance of the materials (Jiang
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et al., 2013; Madhuvilakku et al., 2020).

Amongst the widely employed metal oxide nano-semiconductors,
TiO4 is widely preferred for EC and PEC biosensing due to its easy
preparation protocol, availability in diverse forms, good stability, high
photocatalytic activity and excellent biocompatibility (Zhang et al.,
2014; Zhu et al., 2016). In particular, one-dimensional TiO, nano-
structures displayed a band gap of 3.0 eV and lower electron-hole
recombination rate compared with other TiOy nanostructures (Chen
et al., 2010; Wang et al., 2011; Yang et al., 2019). In order to improve
the optical and electrical properties, it is essential to combine TiO5 with
other materials to form composites. For example, poly-
thiophene/Pd/TiO, ternary composite microspheres were employed to
design a PEC sensor for the detection of L-cysteine. Due to the high
surface area, effective charge transfer and enhanced light absorption of
the ternary composite, the PEC sensor displayed superior sensitivity,
selectivity and stability over the traditional electrochemical sensors with
a detection limit of 9.24 pM and a linear range of 0.31-5.30 mM (Wang
et al., 2014).

Lactic acid, a a-hydroxy acid obtained from pyruvate, plays a key
role in several biochemical processes and its detection is highly useful in
food analysis, clinical analysis and fermentation industry (Dong et al.,
2019; Lei et al., 2012; Piano et al., 2010; Zhao et al., 2015). The routine
lactic acid detection includes spectrophotometry (Parra et al., 2006;
Teymourian et al., 2012; Tsai et al., 2007), colorimetry (Celik et al.,
2015), chromatography (Rathee et al., 2016; Zhao et al., 2014),
refractive index (Nesakumar et al., 2014) and capillary electrophoresis
(Monosik et al., 2012). To achieve a fast, selective and sensitive detec-
tion of lactic acid or lactate, a few PEC and EC biosensors based on
lactate oxidase (LOD) or lactate dehydrogenase (LDH) have been
developed. For example, lactate oxidase modified ZnO nanorods were
used as potentiometric biosensor for the lactate analysis. This biosensor
exhibited high selectivity and stability towards lactate with a linear
detection range of 0.001-1 mM and a sensitivity of ~41.33 + 1.58
mV/decade (Ibupoto et al., 2012).

In the present work, a multi-functional PEDOT-TiONWSs composite
was synthesized to construct a single biosensor for both PEC and EC
sensing. The comparison between the working mechanism and perfor-
mance of these two sensing techniques were performed and discussed in
detail. The construction procedure of the biosensor is described in
Scheme 1. Firstly, TiO5 nanowire arrays were synthesized on FTO glass
substrates by a hydrothermal method to produce TiONWs|FTO, on
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which PEDOT was then hydrothermally grown to obtain PEDOT-
TiONWSs|FTO. After acidified with MPA, PEDOT-TiONWSs|FTO acted as
a platform for immobilizing LDH and NAD™ via an amide bond to obtain
the biosensor for the detection of lactate by both PEC and EC routes. The
only difference between the PEC and EC biosensing is the catalytic re-
action mechanism for the signal amplification. For the PEC biosensing,
NADH was oxidized by the photo-generated holes to regenerate NAD™,
while NAD" was reproduced by the direct EC oxidation of NADH on
PEDOT-TiONWSs|FTO for EC biosensing. The recycling of NAD" and
special features of PEDOT-TiONWs significantly amplified the current
signals at the as-prepared PEC and EC biosensors.

2. Experimental
2.1. Material and reagents

Commercial fluorine-doped tin oxide (FTO) glasses (1.6 mm thick-
ness, 14 Q/sq sheet resistance) were obtained from Wuhan Lattice Solar
Energy Technology, Ltd., China. Concentrated hydrochloric acid (37 wt
%), concentrated sulfuric acid (97 wt%) and tetrabutyl titanate were
ordered from Tianjin Chemical Reagent Co., Ltd., China. Ammonium
persulfate (98%) was purchased from J&K Scientific, Ltd., Beijing,
China. LDH, NADH, -NAD" hydrate and sodium L-lactate (98%) were
all purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Ultrapure
water (>18 MQ cm_l) obtained from a Millipore water purification
system was used all through the experiment. N-(3-dimethylamino-
propyD)-N'-ethylcarbodiimide hydrochloride (EDC), N-hydroxy succini-
mide (NHS), 3,4-ethylenedioxythiophene (EDOT) monomer (99%
purity) and 3-mercaptopropionic acid (MPA) were purchased from
Macklin Chemistry Co. Ltd., China. Phosphate buffered saline (PBS, pH
7.4) was prepared with the stock solutions of 0.1 M KH3PO4, KoHPO4
and KCL

2.2. Apparatus

All EC and PEC measurements were conducted at a CHI630C elec-
trochemical workstation (Shanghai, CH Instruments, China) with a
three-electrode system in 0.1 M PBS. An Ag|AgCl electrode (3.0 M KCD),
a platinum wire and a modified FTO electrode were used as the reference
electrode, auxiliary electrode and working electrode respectively.
Electrochemical impedance measurements were performed at an IM6ex

TiONWs

FTO EDOT Monomer
EDC | MPA
NHS ||LDH
[ Pyruvate | NAD* g
<
FTO

|

TiONWs TiONWs-PEDOT

Scheme 1. Schematic diagram of preparation and reaction mechanism of the PEC biosensor.
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electrochemical work station (ZAHNER, Germany). A Xe lamp equipped
with a 400 nm cut-off filter was employed as the visible light source
(CEL-HXUV 300, Beijing AULTT, China) in the PEC detection system.
The morphology and chemical composition of the materials were
characterized by a field emission scanning electron microscopy (SEM,
JSM-7500 F, JEOL., Japan) and a X-ray photoelectron spectrometer
(ESCALAB 250Xi, USA) with a monochromatic Al Ka source (hv =
1486.6 eV, 150 W power, 500 pm beam spot). The obtained XPS spectra
were calibrated on the C1s peak (284.8 eV) and analyzed by XPSPEAK41
software. X-ray diffraction spectrometer (XRD, Bruker D8 Advance,
Germany) with a Cu Ka radiation was used to verify the crystal forms of
the prepared materials. The organic polymer was characterized using
Fourier transform infrared spectrometer (FT-IR, Nicolet 170, USA).
UV-vis diffuse reflectance spectra of the samples were acquired using an
UV-vis spectrophotometer (DRS, UV-2600, Kyoto, Japan).

2.3. Preparation of TIONWs|FTO

Rutile TiO, nanowire arrays were successfully synthesized on FTO
glass substrates by a hydrothermal method (Cui et al., 2019; Liu et al.,
2017D). Before the reaction, FTO glass substrates were washed succes-
sively with toluene, acetone, ethanol and deionized water in an ultra-
sonicator for 15min each, and dried under N5 stream for later use. Later,
12.5 mL of Con. HCI and 12.5 mL deionized water was mixed. To this,
400 pL of tetrabutyl titanate was slowly added and stirred for 20 min to
obtain a clear solution. Subsequently, the mixed solution and the
cleaned FTO substrates were transferred into a 100 mL Teflon lined
stainless-steel autoclave, and the hydrothermal reaction was maintained
at 180 °C for 5 h. After the autoclave was cooled to room temperature,
the modified FTO substrates were taken out, washed with deionized
water and dried under N5 stream. The FTO substrates covered with
white uniform film of TiO, nanowire arrays were eventually annealed at
500 °C for 2 h at an annealing rate of 5 °C min L.

2.4. Preparation of PEDOT-TIONWs|FTO

At room temperature, 27 pL of EDOT monomer was added to 30 mL
0.2 M H3SO4, which was stirred for 20 min for uniform dispersion of
EDOT monomer. To this, 0.056 g APS was added and continuously
stirred for 1 h. Then, the above solution and the prepared TIONWs|FTO
substrate were transferred into a 50 mL Teflon lined stainless-steel
autoclave, and reacted at 150 °C for 5 h. After being cooled down to
room temperature, the PEDOT-TiONWs|FTO substrate was taken out,
washed with deionized water and ethanol, and dried at 60 °C for 12 h. It
was clearly observed that the white TIONWSs|FTO turned black after the
deposition of PEDOT. Pure PEDOT was also prepared using the same
protocol as above for control.

2.5. Construction of the LDH biosensor

The LDH biosensor was fabricated as follows. Initially, the PEDOT-
TiONWS|FTO electrode was acidified using 10 mM MPA at 4 °C for 2
h, and the excess MPA was washed off with 0.1 M PBS (pH 7.4). Then,
the acidified PEDOT-TiONWs|FTO electrode was soaked in 0.1 M PBS
containing 10 mM EDC and 20 mM NHS for 2 h to activate the free
carboxyl groups at the surface of the electrode. After excess EDC and
NHS were thoroughly washed off with 0.1 M PBS, 50 pL of 5 mg mL™!
LDH in 0.1 M PBS was applied to the modified electrode surface, and
incubated at 4 °C for 3 h. Following that, 50 uL of 15 mM NAD™ in 0.1 M
PBS was added to the LDH modified electrode surface, and dried at 4 °C
overnight. Subsequently, the obtained NAD'|LDH|PEDOT-TiONWs|
FTO was washed with 0.1 M PBS and stored at 4 °C.
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3. Results and discussion
3.1. SEM and EDX analysis of the prepared materials

The surface morphology and the appearance of the as prepared
samples were characterized by SEM. The front and side views of bare
TiONWs (Fig. 1A and the left image in Fig. 1D and E) indicated that a
layer of dense, uniform and vertical nanowire arrays with a rectangular
cross-section had successfully grown on the FTO surface following a
hydrothermal treatment. The average diameter and length of TIONWs
were estimated to be ~110-200 nm and ~1.5-2.0 pm, respectively. As
reported previously, pure PEDOT (Fig. 1B) displayed an amorphous
structure without any definite morphology (Li et al., 2018; Rajesh et al.,
2016a; Rajesh et al., 2017). It is evident that the head of pure TIONWs is
coarse and uneven (the left image in Fig. 1D). In comparison, a thick
layer of uniform film was immobilized on TiONWs surface after the
hydrothermal deposition of PEDOT, as shown by the right image in both
Fig. 1D and E. Consequently, Fig. 1D and E could be used as the evidence
for the successful preparation of PEDOT-TiONWSs composite. Further-
more, the elemental composition of PEDOT-TiONWSs was analyzed from
the energy dispersive X-ray pattern shown in Fig. 1F. Besides the Sn
peaks attributed to the FTO substrate, the peaks of Ti, O, C and S ele-
ments were also identified in the EDX spectrum of PEDOT-TiONWs,
which could be used as another evidence for the formation of the
composite.

3.2. XPS characterization of the PEDOT-TiONWSs composite

XPS survey spectrum (Fig. 2A) showed the Ti 2p, C 1s, O 1s and S 2p
peaks and all these belong to the typical XPS peaks of PEDOT-TiONWs
composite. As shown in Fig. 2B, two typical Ti*" 2ps/» and Ti*" 2p; 5
peaks are observed at 458.56 and 464.64 eV respectively, indicating the
presence of TiOy (Dong et al., 2017; Li et al., 2019; Liu et al., 2017b;
Wang et al., 2018a). Moreover, the noise on the Ti 2p curves may be
ascribed to the dense coverage of TIONWs by PEDOT. Fig. 2C displayed
that the C 1s peak could be de-convoluted into three peaks at 284.57,
285.80, and 287.91 eV and they correspond to the C=C, C-C, and
C-0/C-S bonds of PEDOT respectively (Lei et al., 2019; M and Berch-
mans, 2019; Munusamy et al., 2019; Wu et al., 2019). As shown in
Fig. 2D, the characteristic O 1s peaks at 530.54 eV, 531.91, and 533.29
eV corresponds to the lattice oxygen [Ti-Og] of TiONWs, the Ti-OH
groups on the surface of TIONWs and the carboxyl group (C-O) in
PEDOT respectively (Li et al., 2019; Liu et al., 2017b; Madhuvilakku
et al., 2020). In the XPS spectrum of the S element (Fig. 2E), the S 2p
peaks could be fitted as S 2p3/2 and S 2p; /5 peaks at 163.73 and 164.92
eV respectively, which can be ascribed to the PEDOT thiophene ring
(Guo et al., 2020; Ling et al., 2019; Munusamy et al., 2019; Zeng et al.,
2019). In summary, the above XPS results demonstrated that the PEDOT
had successfully grown on TiONWs to form PEDOT-TiONWSs composite.

3.3. FT-IR analysis of the prepared materials

FT-IR spectroscopic measurements were performed to confirm the
synthesis of the materials by identifying their typical functional groups
in the spectra. As presented in Fig. 3A, a wide peak band of 3000-3700
cm ™! and a peak at 1632 cm ™! are the respective stretching and in-plane
bending vibration of ~-OH groups present on the surface of the prepared
materials (Madhuvilakku et al., 2020). The absorption peaks at 657
cm ! and 429 em ™! (trace a) belong to the Ti-O stretching vibration and
Ti-O-Ti bridging vibration (Zhu et al., 2016). In the FT-IR spectrum of
pure PEDOT (trace b), the spectral vibration bands at 1515 cm™! and
1351 cm ™! are ascribed to the C=C and C-C stretching vibration of
quinonoid structure in thiophene rings, respectively (Ghosh et al., 2018;
Gupta et al., 2018; Rajesh et al., 2016b; Rajesh et al., 2017). The peaks at
983, 844 and 696 cm ™! corresponds to the C-S stretching vibrations of
thiophene rings, and the absorption bands at 1211, 1140 and 1096 cm ™
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Fig. 1. SEM images of (A) bare TIONWs; (B) pure PEDOT; (C) PEDOT-TiONWSs composite; (D) enlarged views of bare TIONWs (left) and PEDOT-TiONWSs composite
(right); (E) side views of bare TIONWs (left) and TIONWs-PEDOT composite (right); (F) EDX patterns of TIONWs-PEDOT composite.

are attributed to the C-O-C bending vibrations of ethylenedioxy group
(Chen et al., 2017; Ghosh et al., 2014; Guo et al., 2020; Li et al., 2018;
Madhuvilakku et al., 2020). Most importantly, all the characteristic
absorption bands of TiO2 and PEDOT are observed in the FT-IR spectrum
of PEDOT-TiONWSs composite (trace c). Moreover, the intensity of Ti-O
stretching vibration and Ti-O-Ti bridging vibration at 655 cm ' and
433 cm™! has significantly decreased due to the complete coverage of
PEDOT on TiONWs. All the above results confirmed the formation of
PEDOT on TiOy by the hydrothermal strategy.

3.4. XRD characterization of the prepared materials

XRD patterns of FTO, TIONWs|FTO, PEDOT and PEDOT-TiONWs|
FTO are shown in Fig. 3B. On curve a, the characteristic peaks at
26.51°, 34.01°, 38.01°, 51.81°, 54.92°, 61.73° and 65.72° belong to
SnO, on bare FTO substrate (Liu et al., 2017b; Yang et al., 2019). On
curve b, the characteristic peaks at 36.18° and 62.92° correspond to the
(101) and (002) crystal planes of the crystalline rutile TIONWs (Wang
et al., 2018a; Zhang et al., 2014). The XRD pattern of PEDOT (curve c)
shows a typical wide peak at ~26.08°, attributed to the inter-molecular
n-n* stacking from the (020) reflection of polymer backbone (Lei et al.,
2019; Madhuvilakku et al., 2020). The XRD pattern of PEDOT-TiONWs|
FTO (curve d) shows almost all the diffraction peaks of TIONWSs, PEDOT
and FTO, demonstrating the successful preparation of PEDOT-TiONWs
composite. However, the typical (020) peak of PEDOT at ~26.08°
overlap with that of SnO; on the FTO substrate (Chong et al., 2017).

3.5. UV-visible diffuse reflectance spectra of the prepared materials

As shown in Fig. 3C, the optical absorption property of TIONWs|FTO,
pure PEDOT and PEDOT-TiONWs|FTO composite were studied by
UV-visible diffuse reflectance spectroscopy. TIONWs (curve a) displays
strong absorption only in the UV region with an absorption edge at
~410 nm. According to the Scherer equation the bandgap (Eg) of
TiONWSs was estimated to be ~3.02 eV, which was consistent with the
previous report (Liu et al. 2017a, 2017b). On the contrary, pure PEDOT
(curve b) showed intense absorption on the whole UV-vis region from
300 to 800 nm due to its long chain conjugation structure (Ghosh et al.
2014, 2018; Janaky et al., 2010; Rajesh et al., 2016b; Samu et al., 2015).

Most importantly, PEDOT-TiONWSs composite (curve c) can also absorb
both UV and visible light, just like PEDOT polymer. In particular, the
broad band at 430-800 nm is attributed to the bipolaron subgap tran-
sitions of PEDOT. The above results demonstrated the formation of
PEDOT-TiONWs composite with strong visible light absorption, which is
necessary for constructing visible light PEC sensor.

3.6. EIS characterization of the LDH biosensor assembly

EIS was used to characterize the LDH biosensor (Tang et al., 2018;
Wang et al., 2018b). The EIS test was performed in 5.0 mM [Fe (CN)
6] 3 /[Fe (CN) 6]4' in 0.1 M KCl at a 0.23 V DC voltage superimposed by
an AC voltage of 5 mV in the 100 kHz-0.1 Hz frequency range. It has
been reported that the diameter of the semicircle in a Nyquist plot
represents the electron transfer resistance (Rey), and the straight line in
the low frequency region represents the diffusion control process (Shuai
et al.,, 2016). As shown in Fig. 3D, FTO substrate (curve a) displays a
semi-circle with smallest diameter among all the modified electrodes,
corresponding to a near diffusion control process. In contrast, the
diameter of the semi-circle corresponding to TIONWs|FTO electrode
(curve b) is the largest among these electrodes, indicating a large elec-
tron transfer resistance and poor conductivity on TIONWs|FTO. How-
ever, upon the deposition of a uniform layer of PEDOT on TiONWs|FTO
surface (curve c), the Re. of the electrode was significantly reduced by
~62%, compared with that of TIONWs|FTO (curve b). This could be
attributed to the formation of heterojunction, which facilitated the
electron transfer of [Fe (CN) 6]3'/ 4 on electrode surface. After the
immobilization of LDH and NAD™, the diameter of the semicircle (curve
d) increased significantly relative to the PEDOT-TIONWSs|FTO (curve c)
due to the presence of the large biomolecules that obstructed the elec-
tron transfer on electrode surface, which also confirmed the successful
immobilization of LDH and NAD" on PEDOT-TiONWSs|FTO surface. In
summary, the significant change noticed with the Re¢ values in Fig. 3D
indicated the sequential modification of the materials and biomolecules
on the FTO substrate for the successful construction of the LDH
biosensor.
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Fig. 2. XPS analysis of PEDOT-TiIONWSs composite: (A) XPS survey spectrum, and the corresponding high resolution XPS spectra of (B) Ti 2p, (C) C 1s, (D) O 1s, (E)

S 2p.
3.7. Electrochemical investigation of the LDH biosensor

Cyclic voltammetry was performed to investigate the electro-
chemical behavior of the LDH biosensor, as shown in Fig. 4A. Regardless
the absence or presence of L-lactate, PEDOT-TiONWs|FTO showed a
nearly featureless voltammogram (curves a, b) within the potential
range of —0.2 to +1.0 V, mainly due to the electrochemical inertness of
TiONWs. Though there was a small amount of PEDOT on TiONWs, the
Faradaic component from PEDOT was masked by the excess charging
current. Therefore, PEDOT-TIONWs composite exhibited a significant
electrochemical interference to the detection of L-lactate. On the con-
trary, NAD"|LDH|PEDOT-TiONWs|FTO exhibited a significant anodic

peak (vs Ag|AgCl) at ~0.54 V in the presence of 100 pM L-lactate (curve
d) due the strong oxidation capability of PEDOT-TiONWs towards
NADH. The mechanism of EC biosensing follows equations (1) and (2).
Similar to the PEC biosensing, LDH transformed lactate to pyruvate,
while NAD" was reduced to NADH, which was then oxidized by the
modified electrode to regenerate NAD™'. Accordingly, the increase in the
L-lactate concentration will enhance the electrocatalytic current, which
indirectly realized the quantitative determination of lactate.

Lactate + NAD*LEHPyruvate + NADH + H* Equation 1
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absence (c) and presence (d) of 100 pM L-lactate in 0.1 M PBS (pH = 7.4) at a scan rate of 50 mV s~1; (B) Linear scan voltammograms of PEDOT-TiONWSs|FTO in the
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illumination in 0.1 M PBS (pH = 7.4) at a scan rate of 50 mV s~ '.

electrochemical oxidation

NADH —2e”

NAD* + H" Equation 2

Next, the PEC regeneration ability of the LDH biosensor was also
evaluated, as shown in Fig. 4B. In the presence of 100 pM L-lactate,
PEDOT-TiONWSs|FTO without (curve a) or with illumination (curve b)

nearly did not produce any redox peaks. On the contrary, NAD*|LDH|
PEDOT-TiONWSs|FTO without (curve c¢) and with (curve d) illumination
has displayed anodic peaks. The latter (curve d) is much larger than the
former due to the co-contribution from both PEC and EC oxidation of
NADH to NAD'. In summary, both the PEC and EC biosensor can
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catalytically amplify the detection signal of L-lactate. Nevertheless, the
electrochemical oxidation of NADH only occurs at ~0.54 V, at which
some interferences could be oxidized simultaneously, leading to the
poor selectivity of the sensor.

3.8. PEC characterization of the LDH biosensor assembly

The photocurrent signals under intermittent visible light were also
applied to verify the assembly of the LDH biosensor. As displayed in
Fig. 5A, TIONWS|FTO (curve a) generated a relatively small photocur-
rent, which is probably due to the large bandgap of TIONWs and facile
recombination of photo-generated carriers. As expected, PEDOT-
TiONWSs|FTO (curve b) produced a much larger (~2.2 times) photo-
current compared with TIONWs|FTO, mainly due to the excellent PEC
and electrochemical properties of PEDOT as follows: the formation of
heterojunction between PEDOT and TiONWs effectively promoted the
absorption of visible light, facilitated the separation of photo-generated
carriers, increased the electrical conductivity and enlarged the surface
area. The photocurrent at PEDOT-TiONWs|FTO electrode was only
slightly enhanced after 100 pM lactate (curve c) was added into the test
solution, demonstrating the stability of lactate against photo-generated
hole oxidation. On the contrary, the photocurrent at PEDOT-TiONWs|
FTO increased significantly after the addition of 100 pM NADH (curve
d), indicating that photo-generated holes can very easily oxidize NADH
to regenerate NAD ™. This phenomenon verified the possibility of our

Photocurrent / yA

A 70
] d -
<§ 60- h ﬁ r —
= 504 e u
R 4 —
540- CEERE B
5 30
(&) J
821 | H il
i 10: e F ﬁ
0 100 200 300 400
Time/s
C 80 B
40 i
330
%20

0 S50 100 150 200 250 300

Current / pA
- N W b O O N
o P il R P P

0.1 02 03 04 05 06 0.7 0.8 0.9
Potential / V

Biosensors and Bioelectronics 162 (2020) 112234

PEC system to realize the recycling of coenzyme NAD' for signal
amplification. Among all the modified electrodes, NAD"|LDH|PEDOT-
TiONWSs|FTO (curve €) in 0.1M PBS exhibited the least photocurrent,
mainly due to the strong steric hindrance of the biomolecules, which
prevented the movement of photo-generated electrons to FTO and
increased the recombination probability of electron-hole couple.

3.9. The catalytic reaction mechanism of the PEC biosensing

The construction and PEC reaction mechanism of NAD*|LDH]|
PEDOT-TiONWS|FTO are shown in Scheme 1, equations (1), (3) and (4).
Under visible light excitation, the electrons on the highest occupied
molecular orbital (HOMO) of PEDOT were transited to its lowest un-
occupied molecular orbital (LUMO). Because the conduction band (CB)
of TIONWs is lower than that of the LUMO of PEDOT, electrons in the
LUMO will transfer to the CB of TiONWs. After applying a positive
voltage of 0.2 V, the electrons were attracted to the FTO substrate, which
could reduce photo-generated electron-hole recombination and thereby
increase the photocurrent response. Subsequently, LDH converted
lactate to pyruvate (Equation (1)) with the aid of coenzyme NAD*, while
NAD™ received electrons and hydrogen to produce NADH. Meanwhile,
the photo-generated holes (h™) on the VB of TIONWSs were transferred to
the HOMO of PEDOT to oxidize NADH back to NAD™ to complete a cycle
(Equations (3) and (4)). In brief, increasing the lactate concentraion
would generate more NADH, consume more h™ and enhance
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Fig. 5. (A) Photocurrent responses of (a) TIONWs|FTO, (b) PEDOT-TiONWSs|FTO, (¢) PEDOT-TiONWSs|FTO in the presence of 100 uM L-lactate, (d) PEDOT-TiONWs|
FTO in the presence of 100 pM NADH, (e) NAD"|LDH|PEDOT-TiONWSs|FTO in 0.1 M PBS (pH = 7.4); (B) Photocurrent responses of NAD*|[LDH|PEDOT-TiONWs|FTO
in 0.1 M PBS (pH = 7.4) containing 0, 0.5, 10, 50, 100, 150, 200, 250 and 300 pM (a-i) of L-lactate at a potential of 0.2 V, inset is the calibration plot of photocurrent
vs L-lactate concentration; (C) Differential pulse voltammograms (DPV) of NAD*|LDH|PEDOT-TiONWs|FTO in 0.1 M PBS containing 0, 0.2, 10, 50, 100, 150, 200,
250 and 300 pM (a-i) of L-lactate in 0.1 M PBS (pH = 7.4), inset is the calibration plot of DPV peak current change (AI) vs L-lactate concentration; (D) Anti-
interference study of the PEC (left) and EC (right) biosensors in 50 pM of lactate in PBS (0.1 M, pH = 7.4) containing 50 pM of sucrose, citrate, carbonate,
ascorbic acid, urea, glucose and galactose, respectively, the error bars were obtained from the standard deviations of three independent measurements.
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Table 1
Analytical performance of some PEC and EC biosensors for L-lactate.
LDH-based biosensors Linear Range Detection limit References
(uM) (M)
MWCNT-TiO,|LDH]| 0.5-120 0.1 Liu et al. (2015)
NAD*[ITO
TiONT"-PANI-GNP| 0.5-210 0.15 Zhu et al. (2016)
LDH|NAD"|ITO
TiONT-PANI|LDH]| 1-180 0.55 Zhu et al. (2016)
NAD™[ITO
Fe304|MWCNTSs|LDH]| 50-500 5.0 Teymourian et al.
NAD" (2012)
Au|Nano ZnO|LDH 0.2-0.8 0.0047 Nesakumar et al.
(2014)
MWCNT-CHIT"-LDH 5-120 0.76 Tsai et al. (2007)
Nano-TiO,—LDH|GCE 1-20 0.4 Cheng et al. (2008)
Sol—gel|PVA“-LDH|Au 2-30 0.80 Di et al. (2007)
electrode
Polysulfone| MWCNT| 1-20 0.37 Pérez et al. (2012)
LDH|SPCE
LDH|Au-EVIMC"- 0.55-5.55 0.165 Cheng et al. (2018)
TiNTs-PANI \ ITO
NAD+|LDH|PEDOT— 0.2-250 0.1 This work
TiONWs|FTO'
NAD+|LDH|PEDOT- 0.5-300 0.08 This work
TiONWs|FTO®

# Titanate nanotube.

b chitosan.

¢ Poly(vinyl alcohol).

4 Screen-printed carbon electrode.

¢ 1-ethyl-3-vinylimidazolium chloride.
f EC biosensor.

8 PEC biosensor.

photocurrent, thereby resulting in the highly sensitive quantitative
determination of lactate.

illumination.

TiONWs — PEDOT  — h' +e” Equation 3

NADH — 2¢~— NAD* + H* Equation 4

3.10. Analytical performance of the PEC and EC biosensing

In this work, NAD"|LDH|PEDOT-TiONWs|FTO sensor was used for
both PEC and EC detection of L-lactate, and the current-time I(i-t) plot
was constructed accordingly. All experiments were performed under
optimized conditions, and the specific optimization was described in
detail in the supplementary materials, as shown in Fig. S1. (Optimized
parameters: applied voltage was 0.2 V, [LDH] was 5 mg mL™! and
[NAD"] was 15 mM, all the solutions were prepared using pH 7.4 PBS).
As shown in Fig. 5B, the PEC biosensor exhibited a fast response to the
intermittent excitation light and stable photocurrent could be obtained
within a short time. Under the optimal conditions (Fig. S1), the photo-
current of the PEC biosensor increased with the L-lactate concentration.
A linear relationship between AI (AI = I-Iy, where I and I represent the
photocurrent in the presence and absence of lactate) and L-lactate
concentration was observed in Fig. 5B (inset). The sensor exhibited a
linear relationship in the 0.5-300 pM (correlation coefficient was 0.993)
range with a sensitivity of 0.1386 + 0.0053 pA uM ™! (n = 6) and a
detection limit of 0.08 uM + 0.0032 pM (S/N = 3, all errors denoted the
95% confidence intervals). The comprehensive performance of NAD|
LDH|PEDOT-TiONWSs|FTO biosensor is superior to that of most EC and
PEC biosensors previously reported, as shown in Table 1. The superior
performance can be attributed to the strong regeneration of NADH by
the photo-induced holes, and the special features of the PEDOT-TiONWSs
hetero-junction.

Differential pulse voltammetry (DPV) was used to study the analyt-
ical performance of the EC biosensor. Fig. 5C shows the differential pulse
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voltammograms of NAD'|LDH|PEDOT-TiONWSs|FTO sensor at
increasing concentrations of L-lactate in 0.1 M PBS (pH 7.4). The current
difference AI (AI = I-Iy, where I and Iy represent the currents in the
presence and absence of L-lactate) enhanced proportionally with the
increase in the L-lactate concentration. The calibration plot (the inset of
Fig. 5C) exhibited a linear range from 0.2 to 250 pM (correlation coef-
ficient was 0.995), a sensitivity of 0.1345 + 0.0065 pA pM ! (n = 6) and
a detection limit of 0.100 pM + 0.0042 pM (S/N = 3, all errors represent
the 95% confidence intervals), which are similar to that of the PEC
biosensor because of the strong electrocatalytic capability and high
conductivity of the PEDOT-TiONWs hetero-junction.

Moreover, seven interfering substances including sucrose, citrate,
carbonate, ascorbic acid, urea, glucose and galactose were added to the
lactate sample to detect the anti-interference ability of the PEC and EC
biosensors. The photocurrent only increased by 3.1 (+0.115)%, 3.0
(£0.105)%, 4.0 (£0.144)%, 4.9 (+0.191)%, 3.8 (£0.152)%, 3.9
(£0.160)% and 4.1 (+£0.176)% compared to the original PEC current
after the addition of 50 pM of each interference substance to 50 pM of
lactate in PBS. On the other hand, for the EC biosensor, the current
signal increased by 5.4 (£0.216)%, 6.0 (+0.276)%, 6.5 (+0.299)%, 7.3
(£0.314)%, 6.7 (+0.281)%, 6.4 (+£0.243)%, and 7.1 (4+0.312)% as
shown in Fig. 5D (N = 6 in all the cases, all errors represent the 95%
confidence intervals). Apparently, the current changes caused by the
oxidation of the above interferening species can be ignored relative to
the EC and PEC current signals. The anti-interference of the EC biosensor
is not as good as that of the PEC biosensor and it can be attributed to the
relatively high oxidation potential (0.54 V) of NADH that can oxidize
more interference substances than the applied voltage during PEC
sensing (0.2 V).

Good repeatability of the PEC biosensor was confirmed from the
relative standard deviation (RSD) of 4.1% obtained from 6 consecutive
determinations of an L-lactate sample (100 pM) using one PEC
biosensor, and that of the EC biosensor was found to be 5.2%. In order to
assess the reproducibility, six identical biosensors (N = 6) were used to
determine the L-lactate sample (100 pM) under same experimental
conditions. A RSD of 4.6% and 5.4% was obtained for PEC and EC
detection respectively indicating the excellent analytical reproducibility
of the biosensor.

In addition, the PEC and EC biosensors stored at 4 °C for 1 week, 2
weeks and 4 weeks, still exhibited 96.7 (+2.88)%/96.1 (+3.25)%, 94.5
(£3.59)%/93.5 (+3.43)% and 88.1 (+3.91)%/86.8 (+3.72)% of the
initial current signals at the 95% confidence intervals, confirmed the
good long-term stability of the biosensors.

3.11. Application of the proposed biosensors in human serum samples

As shown in Table 2, the PEC and EC biosensors were used to detect
the lactate content in the practical samples, and the results were also
compared with the standard spectrophotometric results. The serum
samples were firstly centrifuged at 2000 rpm for 30 min and the

Table 2
Determination of lactate in human serum samples with standard spectropho-
tometry, PEC and EC biosensors.

Analytical Initial Added Found Recovery Standard
technique (mM) (mM) (mM) (%) deviation
(mM)
Spectrophotometry 0.206 - - 100.0 0.0089
(Ref. Method) 0.02 0.229 101.2 0.0078
PEC biosensors 0.210 - - 101.9 0.0111
0.02 0.223 98.5 0.0082
EC biosensors 0.198 - - 96.1 0.0109
0.02 0.220 97.4 0.0092

All uncertainties denote the 95% confidence intervals. All results are the average
of six determinations.
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supernatant was then collected and diluted 10-fold in PBS. Using the
PEC and EC biosensors, the lactate concentrations in the serum samples
were detected to be ~0.210 (RSD = 5.3%, n = 6) and 0.198 (RSD =
5.5%, n = 6) mM respectively. The concentration of lactate in the same
serum samples was found to be ~0.206 (RSD = 4.3%, n = 6) mM by the
standard spectrophotometry. The above results have shown the good
consistency between the three methods, indicating that both the PEC
and EC biosensors are promising techniques for practical application.

4. Conclusion

In summary, a PEDOT-TiONWs composite was prepared and its
surface morphology, structure, composition and conductivity were then
characterized by SEM, EDX, XRD, FT-IR, XPS, UV-visible and EIS,
respectively. Following this, LDH and coenzyme NAD™ were modified
on the PEDOT-TiONWSs|FTO electrode through the amide bond to
construct a biosensor, which could be used for both PEC and EC bio-
sensing. PEDOT-TiONWs exhibited a strong PEC and EC responses,
excellent biocompatibility, large surface area and high conductivity. The
cyclic catalytic mechanism of the PEC and EC sensors were confirmed by
the experimental results. Under optimal conditions, the PEC biosensor
exhibited a sensitivity of 0.1386 + 0.0053 pA uM ! and detection limits
of 0.08 pM + 0.0032 pM in the 0.5-300 pM linear range, which are
superior over most of the other lactate sensors. The EC biosensor also
showed a comparable analytical performance as that of PEC biosensor
except its relatively poor anti-interference behavior due to the high
oxidation potential of NADH that can possibly oxidize the interferences
to produce larger false signals.
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