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ABSTRACT:

In this work, g-GN4 and TiQ nanosheets were synergistically employed as a rmoveposite
for developing a scaffold of a photoelectrochemaatyme biosensor. In this way, we have
improved the poor visible light excitation of Ti@nd retarded the photo-generated charge
recombination on g-f, to achieve an enhanced response at the photaeleetnical
biosensor, compared to that generated by the gamesng biosensors consisting of each
individual component. Using glucose oxidase as @leh enzyme, the biosensor was
demonstrated to show strong visible light actiibyvards the enzyme mediated glucose
oxidation. We have also observed a 350% enhanketbgurrent compared to that at a g-
CsN4 based ITO electrode. In addition, the high specffurface area and excellent
biocompatibility of TiQ nanosheets have also positively contributed tg#réormance of the
photoelectrochemical enzyme biosensor with a 0.0%-mM linear range and a 0.01 mM

glucose detection limit

Keywords:

g-G3Ng4; TiOznanosheets; photoelectrochemical enzyme biosegismgse oxidase.
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1. Introduction

In recent years, photoelectrochemical PEC biossnisave emerged as a new promising
analytical tool in biological and biochemical assalue to their synergistic advantages
from electroanalytical and photocatalytic method§ [ The performance of these PEC
biosensors is strongly dependent on the electroa¢rand photochemical properties of
the materials immobilised on the sensor surface [2ds a consequence, different
photoactive semi-conductor materials such as,,T{IS, Sn@ ZnO and ZnS have been
prepared for PEC sensor developments in order gtoixheir biocompatibility, moderate
conductivity and strong photocatalytic propertids4]. However, these photoactive semi-
conductors have also displayed inherent disadvastagcluding photocorrosion, low
visible-light absorption and unsatisfactory condutt, which have restrained their
applications to PEC sensors [5]. Several rep@+8] [have previously demonstrated that
composting the semi-conductors with other matetial®e an effective way to improve
their performance and minimise the shortcomings.or [Example, graphene-TiO
nanohybrids exhibited a nearly 5-time enhancedquwstent relative to Ti@nanocrystals
alone under visible light [9]. A PEC sensor basedgraphene-Ti® nanohybrid was
developed for the ultrasensitive determination icbtinamide adenine dinucleotide and a
linear dynamic range between 0.01 and 2A®Dwith a detection limit of 0.003M was

obtained.

In the form of a network of two-dimensional conjtegh s-triazine rings, polymeric
graphite-like carbon nitride g#8, exhibited a small band gap of ~2.7 eV, makingbbesi
light excitation of g-GN4 possible [10, 11]. Accordingly, gs84 was reportedly used as a
visible light driven metal-free photocatalyst in ®@&pplications such as production of H
and Q from water spitting [12]. The combination of Li@anoparticles and gs8, has
been frequently used in photocatalysis as a vidiglg catalyst because of their ideally
matched energy levels [13-15]. These energy lemelse composite are then expected to
narrow the gap of Ti&@ making visible light excitation possible and reihg the
recombination of photo-generated charges of;i§2Cwhich would otherwise impede the

photochemical and PEC applications of gN¢ In addition, the low specific surface area
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of g-GN4 resulted by their bulk volume could be enhancedcbmposting with other

materials with high surface area.

There have hitherto been very few applications e€3:Ns-TiO, to PEC sensor
developments, most likely because of their bulkiuree, relatively low specific surface
area and poor conductivity of TiOnanoparticles. Fortunately, the emerging two-
dimensional TiQ nanomaterials such as nanosheets, nanofilms andfim@s have
demonstrated unique features including high spesiirface area, fast charge transfer and
improved PEC properties relative to nanoparticlés.[ For example, Yaat al [17] have
constructed a PEC biosensing platform by assemi@hi§e quantum dots and DNA on a
TiO, film modified electrode, which sensitively respoade o-aminophenol under visible
light irradiation. The single-crystalline two-dims&onal TiQ film significantly increased
the lifespan of the photo-generated charges andoied the PEC activity because of their
large surface area and strong electron transpamtatapability provided by the two-

dimensional structure [18, 19].

In the present work, a new composite betweensN;Cand two-dimensional Ti©
nanosheets was synthesised, as illustrated in SctherAnother novelty of our work is the
application of the g-€éN4-TiO, composite as an effective material for constrgcanPEC
biosensor by entrapping the model enzyme, glucosgase (GOx). Two-dimensional
TiO, nanosheets with a high specific surface area vegmoited to accommodate a
substantial load of biomolecules, while their biogatibility is expected to aid in retaining
the catalytic activity of the enzyme on glucosehat electrode. Additionally, g<81, was
strategically used to minimise the band gap ofctbraposite so that the PEC sensor would
be excitable by visible irradiation to avoid possideactivation of GOx by UV light. In
this way, the glucose biosensor was demonstratexkhdit high sensitivity and reliable

detection characteristics for glucose in the absefenediators under visible irradiation.
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2. Experimental

2.1 Material and reagents

In our work, 1, 3, 5-triazine-2, 4, 6-triamine wasrchased from BASF Chemical Co. Ltd
Tianjin, China. Titanium(IV) isopropoxide=97%) was purchased from Alfa Aesar
Chemical Co. Ltd Tianjin, China and diethylenetriaen(99% purity) was acquired from
J&K Scientific Ltd Beijing, China. GOx and Nafioreve purchased from Sigma Aldrich,
USA. Glucose was obtained from Tianjing Chemicab&ent Company. All chemicals
were of analytical grade and used without furtheifigation. A 0.1 M phosphate buffered
saline (PBS; pH 7.4) was used as a supportingrelgt throughout the experiments. All

solutions were prepared in MilliQ water.

2.2. Instrumentation

Electrochemical and PEC measurements were caruedroa CHI630D electrochemical
workstation Shanghai CH Instruments, China. A ¥mp (CEL-HXUV 300; Beijing
AULTT, China) equipped with a visible light monoommators was used as the photo-
excitation source. Indium tin oxide ITO electrodesre acquired from Wuhan Lattice
Solar Energy Technology. Ltd., China. Electrocherhiimpedance spectroscopy was
conducted using an IM6ex electrochemical workstatiahner, Germany). The
morphology of nanomaterials was characterised bysmmission electron microscopy
(Tecnai G2 20, USA). The chemical composition arhples was determined using an X-
ray photoelectron spectrometer (ESCALAB 250Xi, USAh a monochromated Al &
sourcehy 1486.6 eV, 150 W power and a 50th beam spot. The X-ray photoelectron
spectra were calibrated based on the Cls peak 284.&nd analysed using the
XPSPEAKA41 software (Department of Chemistry, Then€be University of Hong Kong,
China). Crystallographic information of samplesswallected by an X-ray diffractometer
(Bruker D8 Advance, Germany) with a CunKadiationA=1.5406 nm, while infrared
spectra were obtained using a Fourier transformaiefl spectrometer (12 Nicolet 170,
USA). Diffuse reflectance spectra of samples werenitared by a UV-visible

spectrophotometer (UV-2600, Kyoto, Japan).
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2.3. Preparation of g-€Ns g-C3N4-TiO, composite and Tinanosheets

As described previously [20], 0s8; sheets were synthesised by pyrolysis of
tripolycyanamide powder. Specifically, 5.0 g ofptiycyanamide powder in a closed
ceramic crucible was heated at 550°C in air for 4tta rate of 5°C mihin a muffle
furnace. After cooling to room temperature in the yellow g-GN4 was pulverised into a

fine powder and collected for use without any farttreatment.

The g-GN4-TiO, composite was synthesised using a previously teganethod [21] that
we have then modified. The procedure is illusttate Scheme 1. Briefly, 40 mg of g-
CsN4 was dispersed in 40 mL isopropyl alcohol by saimecafor 30 min, prior to adding
0.03 mL diethylenetriamine. After gentle stirriigr 5 min, 1.8 mL of titanium(IV)
isopropoxide was added with stirring. The solutwas then transferred to a 50 mL
Teflon-lined stainless steel autoclave that wast kepan oven at 200°C for 12 h. The
autoclave was allowed to cool down to room tempeeat The light yellow precipitate of
g-C3N4-TiO, composite was collected by centrifugation, wastiedoughly with ethanol,
and dried at 60C overnight. TiQ nanosheets were prepared as previously repor®d [2
In this procedure, 40 mg of multi-walled carbon oiaves and 0.03 mL diethylenetriamine
were dispersed in 40 mL isopropyl alcohol by samcabefore 1.8 mL of titanium(IV)
isopropoxide was added with stirring. The mixelison was then transferred to a Teflon-
lined stainless steel autoclave kept in an oveRO8fC for 12 h. After cooling down to
room temperature, the precipitate was collecteddmtrifugation, washed thoroughly with
ethanol, and dried at 60°C overnight. To obtaif©O;Tnhanosheets, the as-prepared
composite was calcinated at 500°C for 2 h to remexaess carbon nanotubes from the

composite.

2.4. Electrochemical Measurements

Electrochemical measurements were carried outCHI&30D electrochemical workstation
with a three-electrode system consisting of a nedifTO working electrode, a platinum
wire auxiliary electrode, and a Ag|AgCl (3.0 M KCheference electrode. All
electrochemical impedance spectroscopic experimesmi® performed in 0.1 M KCI

containing 5 mM [FeCl> and 5 mM [FeCRh* over a frequency range from 100 kHz to
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0.1 Hz. A constant DC potential of 0.23 V superasgd by an AC potential of 5 mV was
applied and the resultant AC current was measurecalculate the impedance at each
frequency. All results obtained were presentedNgguist (imaginary impedanceZ’()
versus real impedancg’f) plots, which were then fitted using a SIM softevassociated

with the IM6ex impedance analyser (Zahner, Germany)

2.5. Preparation of a PEC biosensor

In preparing a GOg-CsN4-TiO|ITO biosensor, an ITO electrode 2.5 cm length.0 cm
width was successively rinsed for 30 min with anetcethanol and ultrapure water under
ultrasonication, and dried at room temperature. amenile, 20 mg of g-eN4-TiO,
nanomaterials was dispersed in 300 pL of aqueous €&fition (2 mg mL) containing
50 uL Nafion (5% w/w) and the mixture was agitated itharmostat oscillator at 4°C for 4
h. Finally, 20pL of this mixture was applied on a clean ITO gla§®.25 cni area and
dried at 4°C for 8 h. For comparison, a gNgJITO and a g-@N4-TiO,|ITO were also

fabricated using the same procedure without GOX.

2.6. PEC assay procedure

PEC experiments were performed using a homemadesky&€m using a 300 W Xe lamp
(PLS-300/3000UV) as the irradiation source withirensity of 150 W cii between 400
and 780 nm. PEC experiments were carried out usinGHI630D electrochemical
workstation with a three-electrode system congistii an ITO working electrode, a
platinum wire auxiliary electrode, and an Ag|AgBIQ M KCI) reference electrode. In all
experiments, a pH 7.4 PBS was used as a suppetgogolyte. A potential of 0.2 V was
applied to the ITO electrode in each PEC experiireamd the photocurrent was recorded as

the excitation light was switched on and off.

3. Resultsand discussion

The present work is aimed at developing a PEC emzlginsensor excitable by visible
irradiation for the detection of glucose. In dephg this biosensor, we have initially
prepared a g-fDs-TiO, composite that was used to entrap GOx before besagred by

Nafion on an ITO electrode. In the following seas, we have systematically
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characterised each component of the scaffold béfevas evaluated for optimal analytical

biosensor performance.

3.1. Characterisation of Tionanosheets, g8lsand g-GN4-TiO, composites

In this work, g-GN4 was initially prepared by pyrolysis of tripolycyamide powder. Then
TiO, nanosheets were solvothermally formed on top d@sNs: using titanium(IV)
isopropoxide as a precursor. The crystal structdiréiO, nanosheetsg-CsN4 and a g-
C3N4-TiO, composite was investigated by X-ray diffractiordahe spectra obtained are
correspondingly displayed as trace (i), (ii) ang {in Figure 1(a). In trace (i), the pattern
of TiO, nanosheets exhibits several typical peaks of aeafa at 25.3°, 37.9°, 48.0°,
54.1° 55.1, 62.7°, 68.8°, 70.2° and 75.0°, whrehcorrespondingly attributed to the (1 O
1),(004),(200),(105),(211), (204),ib), (220), and (2 1 5) crystal faces, after
comparing these results to those reported obtam#te development of nanostructured S-
doped TiQ thin films [23]. In contrast, in trace (ii), onkyvo peaks at 13”1and 27.4
were observed. By comparing to a previous repofvhich a TiQ nanoparticle-g-gN4
composite was prepared for photocatalysis [24],peak at 13%is assigned to the 100
plane of tri-s-triazine units in g48,, while the peak at 27°4s attributed to 002 crystal
face of the interlayer stacking of conjugated arbersegments. Notably, the glL-TiO,
sample presents the diffraction peaks of bothsl§z@Gnd TiQ in trace (iii). According to

Li et al [25], who prepared i self-doped Ti@/g-CsN4 heterojunctions for photocatalytic
applications, the diffraction peaks at 25.438.°, 48.3, 54.2 and 62.7 are
correspondingly assigned to the (101), (004), (2@X1) and (204) crystal faces of anatase
TiO,. However, the peak of gz at [11.3.1° is absent in trace (ii), while only a small peak
at 27.4 is observable, most likely due to the low percgataomposition of g-§N, in the
composite. Therefore, these X-ray diffraction Hssgenerally support the formation of a

composite between gsN, and TiQ.

The chemical structures of Tianosheets, g8l and the g-6N;-TiO> composite were
next analysed by Fourier transform infrared spaciwpy. As shown in trace (i) of Figure
1(b), TiO, nanosheets have shown a strong adsorption bamedret400 and 800 ch
attributing to the Ti-O stretching and Ti-O-Ti bgidg vibration, and two distinct
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absorption bands centered @430 cnand 1640 crl, respectively, which are assigned to
the hydroxy stretching and bending vibrations osirtlsurface [26]. The spectrum of g-
CsNy, in trace (ii) of Figure 1(b) displays a sharpa@bsion peak at 810 cih) which was
assigned to the breathing mode of tri-s-triazinégsunof g-GN,4 after comparing to the
results obtained bponget al [27] in the preparation of the visible light pboatalyst of g-
CsN4. We use this to infer the presence of 1,3,54m@&2,4,6-triamine in g-N4. The
formation of a dimer of 1,3,5-triazine-2,4,6-triarai will then yield aromatic secondary
and tertiary amines [28], accounting for the peak4247, 1323, 1411 and 1460 tm
Furthermore, the broad peaks in the range of 3B00-8m* region can be ascribed to the
usual N-H stretching from the residual amino groapd the -OH band from adsorbegH
molecules. More importantly, all the absorptiomleof g-GN4 are readily observable in
the spectrum of g+4Dl,-TiO, composite shown in trace (iii), in addition to te&ong
absorption bands between 500 tand 800 crit assigned to the bonds of Ti-O and Ti-O-Ti
[26]. In this way, trace (iii) has confirmed thgtCsN,4in the composite did not decompose

during the hydrothermal process and the compositenal was successfully synthesised.

The optical property of the nanomaterials was dtaresed by UV-visible diffuse
reflectance spectroscopy. Trace (i), (i) and (ni Figure 1(c) are the corresponding UV-
visible absorption spectra of g, g-GN4-TiO, and TiQ nanosheets alone. According
to trace (i) and (ii), g-eN4 absorbed light at a wavelength up to 460 nm, whi{®, only
exhibited strong absorption below 400 nm trace, (fupporting a smaller band gap of g-
CsN4 than that of TiQ. Therefore, these results indicate that the psef g-GN4 has
narrowed the band gap of the composite, which tmried to the shift of the absorption
edge to the visible light.

The morphology of Ti@ and the g-@N4-TiO, composite was studied by transmission
electron microscopy and scanning electron microgcops shown in Figure 2(a), the
transmission electron micrograph of gNz presents a semitransparent sheet structure with
dimensions of several micrometers. The ¥{sheets resemble wrinkled silk veil and
provide an enlarged platform for the immobilisatiasf other nanomaterials and

biomolecules. Figure 2(b) shows the transmissiect®n micrograph of g-4Dls-TiO,
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247  composite, in which Ti@nanomaterials appear to be darker tharg;Cespite that both
248  materials are semitransparent. Scanning electiorographs of the composite have also
249  been acquired to verify the formation of Li@anosheets on gs8,4. Figure 2(c) displays
250 the existence of laminar structures on a coarstair The magnified image of these
251 laminar structures in Figure 2(d) appears to shioat the TiQ nanosheets on gs;N,4
252  sheets and the Tighanosheets are approximately a few hundred namesnetdimension,
253  which is smaller than that of the @M, sheets. We have also noted that the,TiO
254  nanosheets could no longer be separated from t{he @anosheet after ultrasonication,
255  suggesting a very strong interaction between tl@ @and GN4 nanosheets. Previously,
256 Fanet al and Xuet al [29, 30] have reported that heterojunctions werened between
257  TiO, and g-GNg4, which would aid in the transfer of photogeneratésttrons at our PEC
258  Sensor.

259

260  X-ray photoelectron spectroscopic measurements @gresd out to obtain information on
261 the chemical state and surface composition of traposite. The survey spectrum in
262  Figure 3(a) indicates the presence of Ti, O, C Hnih the g-GN4-TiO, composite, as
263  supported by the features described below. Thk hegolution Cls spectrum in Figure
264  3(b) displays three peaks centred at 284.6, 286d2288.2 eV. Based on Singh al’s
265  [31] work concerning gold nanoparticles depositedGN, for the gas and liquid phase
266  oxidation of CO, the peak at 284.6 eV may be attad to contaminated carbon and
267 surface carbon, while the 286.2eV and 288.2 eV peakse from C=0 and N=C;N
268  groups of g-GNg4, respectively. The X-ray photoelectron spectruniNds in Figure 3(c)
269 was deconvoluted using the XPSPEAK41 software thtee peaks at binding energy of
270  398.5, 399.5 and 401.3 eV, in agreement with tmeperted by Liet al [32]. The N1s at
271 binding energy of 398.5 eV was assigned totgridised nitrogen C-N=C, as described
272 by Zhanget al [33], who used g-¢N, for efficient sunlight-driven photocatalytic hydyen
273 production. The remaining two peaks at 399.5 adtl.3l eV were attributed to tertiary
274 nitrogen N-G and amino functional groups with a hydrogen atdiHy or =NH,
275  respectively [34]. Figure 3(d) shows the Ti2p spen of g-GN4,-TiO, composite.
276  According to Liu et al [35], who investigated a TigSiO,—Ag nanocomposite

277  photocatalyst by utilising lysozyme as both an tidg agent of TiQand a reducing agent
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of Ag®, the Ti2p), peak at 458.6 and the Tigppeak at 464.3 eV were ascribed td*Ti
species in the form of TiOclusters. Meanwhile, Figure 3(e) displays two @#&aks at
530.0 and 531.2eV that were ascribed to oxygeni@®@, Bnd surface hydroxyls(-OH),
respectively, after comparing to Boonpralathals work on photocatalytic degradation of
methylene blue using a gN/TiO, film [36]. Based on atomic ratio of 16.14% C,
10.61% N, 24.32% Ti and 48.93% O in the X-ray pktdotron spectrum in Figure 3(a),
the mass ratio between Ti@nd g-GN4 was estimated to be 5.9, indicating a relatively
low percentage of gBl; in the composite. These X-ray photoelectron spscopic
results, in conjunction with the microscopic, X-rajffraction, and Fourier transform
infrared results, clearly revealed the formatioradfinary composite material with strong
binding between g-{l\, and TiQ, rather than a simple physical mixture of two safeg-
CsN4 and TiQ phases.

3.2. Electrochemical and PEC characterisation of GOxseiosor

Electrochemical impedance spectroscopy has beeorgdrated to be a powerful tool for
the study of material conductivity and interfagiabperties of modified electrodes. In this
work, electrochemical impedance spectroscopy of Ml [FeCNj]® and 5.0 mM
[FeCNs]* was used to investigate the stepwise interfaceEgmbly of the immunosensor in
0.1 M KCI. Figure 4(a) displays a series of Nygymots obtained at the half-wave
potential of 230 mV estimated from the cyclic vaitaogram shown in the inset. These
plots exhibited a semicircle in the high frequemegion and a linear feature in the low
frequency region. An equivalent circuit also préged as an inset in Figure 4(a) consisting
of a double layer capacitorqQn a parallel arrangement with both an electr@angfer
resistance R and a Warburg diffusion impedance W, all of whiake in a series
arrangement with a solution resistance Rs, was tsgenerate theoretical Nyquist plots
that would fit with the experimental Nyquist plot8ased on the optimal values of the
circuit elements tabulated in Figure 4(a), the agitanof a semicircle corresponding tg R
of the [FeCN]* and [FeCN]* couple at the modified electrode surface was estithaAs
expected, the bare ITO electrode trace (i) exhibigssmallest Rof 32Q among all these
plots, demonstrating the highest conductivity. #anportantly, R of 315Q at the g-
C3Ny4|ITO trace (i) is substantially larger than th&t7d Q at the g-@GN4-TiO,|ITO trace
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(iii), indicating that the electrical conductivityf g-CsN4-TiO, has been improved with
respect to that of gSl;alone. As displayed in Scheme 2, both the condadiand and
the valence band of gsN4 are at a higher energy level than those of a Ti@hosheet,
which will benefit the transfer of photo-generatagharges and minimise their
recombination. Consequently, the free chargeshen dcomposite will be significantly
increased after the formation of the compositedil@ato an enhanced conductivity. The
improved conductivity of g-éN4-TiO, will benefit the performance of a gsl84-TiO>
based PEC sensor. Trace (iv) shows the Nyquistghi@ined after immobilising GOx on
the g-GN4-TiO,|ITO. An R of 164Q is 131% larger than that of gsl4-TiO,|ITO trace
(iii), as the nanomaterial composite and biomolesuinmobilised on the electrode surface
were now acting as barrier layers for the electmamsfer of [FeCh> and [FeCN|*,
giving rise to an increased.R These results indicate that GOx was successfully

immobilised on the electrode surface.

We have next examined the biocatalytical activégponse of the GOXx|gsl,-TiO,|ITO
biosensor to glucose. Previously, the cyclic wol@ogram of free flavin adenine
dinucleotide FAD known to be the electroactive sife GOx at a graphene modified
electrode in nitrogen-saturated PBS showed a rblersedox couple with a formal
potential at ~0.45 V versus a Ag|AgCI referencectetele 3 M KCI, pH 7 [37]. These
voltammetric peaks were therefore assigned to teetdelectron transfer of free FAD, as
opposed to FAD still entrapped within GOx [38]. ntarly, a pair of reversible
voltametric peaks between -0.4 and -0.5 V at a @&kon nanotube modified electrode
was used to indicate that FAD has extruded out©@k Gy carbon nanotubes immobilised
on the electrode [39]. This would therefore beested to cause a permanent loss of
GOx bioactivity towards glucose. In our work, wavh initially obtained a featureless
voltammogram between 0 and -0.7 V, as displayetdaice (i) of Figure 4(b), at a GOx|g-
CsN4-TiO,|ITO biosensor in nitrogen-saturated PBS. The ratssef any redox peaks in
the cyclic voltammogram would therefore supportt tRAD was being retained within

GOx during the experiment.
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When the experiment was repeated in air-saturat®&b, Pthe obtained cyclic
voltammogram, denoted by trace (ii) in Figure 48hows a large cathodic peak current at
~-0.42 V. According to Lianegt al [38], in such an experiment, GOx(FAD) reacts witigh
substrate, glucose, to produce GOx(FADIepresented by Equation 1 below, which is
then oxidised back to GOx(FAD) in the presence gfEguation 2)

GOx(FAD) + glucose—» GOx(FADH,) + gluconolactone Equation 1

GOx(FADH,) + O, — GOx(FAD) + RO, Equation 2

Therefore, the cathodic peak at ~-0.42 V in trapeq attributed to the electrochemical
reduction of Q. The Q reduction current decreased with increasing gle@ascentration
in the air-saturated solution trace (iii) to trafg owing to the consumption of the
dissolved Q by GOx(FADH) produced in the enzyme catalytic glucose oxiaatio
(Equation 1). This result demonstrates that GOmahilised on the electrode retained
their enzyme activity in the presence of, Which is a required criterion for the PEC

application.

3.3 Optimisation of the PEC biosensor

In our work, we have studied the effect of Nafioma@ntration on photocurrent response of
the GOXx|g-@N4-TiO,|ITO sensor in 0.1 M PBS containing 1 mM glucoseapplying a bias
potential of 0.2 V. As illustrated in Figure 4(dhe photocurrent increased with Nafion
concentration up to 0.7% w/w and then slightly éased. Most probably, the initial increase
has arisen from the capability of the Nafion layeminimising the leakage of GOx from
electrode surface. However, a retarded transpoedox mediators by a dense Nafion film on
the electrode, when >0.7% w/w Nafion was used, tesulted in diminished current.
Similarly, the effect of mass ratio between GOx #metomposite on the PEC response of the
sensor was also optimised in 0.1 M PBS containingM.glucose. Figure 4(d) shows that the
photocurrent response was enhanced rapidly witteasing GOx concentration from 0.05 to
3% w/w and then plateaued off. In these experigjeakcess GOx would cause steric

hindrance and therefore impede the electrons gansf

3.4. PEC evaluation of the PEC bhiosensor
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The photocurrent generated at gNGJITO, g-GN4-TiO|ITO, GOx|g-GN4-TiO,|ITO and
GOx|g-GN4-TiO,|ITO in the presence of glucose in PBS was meadorau/estigate the
PEC behaviour of the nano-material modified ITO all these experiments, we have
adopted a constant voltage of 0.2 V from a previmort involving the detection of
lactate at a PEC biosensor in 0.1 M PBS [40]. speetive of analytes, this potential was
demonstrated to effectively separate the photogée@iholes and electrons, and minimise
electrooxidation of possible interfering speciebigher potential. Figure 5(a) shows a plot
of PEC response at the different modified electsodersus time as the visible irradiation
was switched on and off over several cycles. Depoor visible light excitation, T¥O
nanosheet|ITO trace (i) has exhibited the lowestgiurrent among all the modified ITO
electrodes. A ~3-fold larger photocurrent was g at g-GN,4|ITO trace (ii) due to the
easy recombination between the photo-generatedraiscand holes on pure giC.
When g-GN4-TiO,|ITO was irradiated by visible light, the photo-gested electrons
became excited and they were transferred from d¢imelwection band of g-4Bl, to that of
TiO, and therefore avoided their recombination with theles. Accordingly, the
photocurrent at g-fDs-TiO,|ITO trace (iv) has increased ~3.5 times than #tap-
CsN4|ITO. As illustrated in Scheme 2, GOx oxidisescgke to gluconic acid, while,ds
simultaneously reduced to,8,. Under visible irradiation, the photo-generatéztEons
from g-GN4 will be injected into the conduction band of Bj@nd then attracted to the
positive ITO electrode. At the same time, the phggnerated holes of TQvill move to
the valence band of gsN,, and then consumed by,G. Both the conduction band and
the valence band of gsN, are at a higher energy level than those of a; Ti@hosheet,
which will benefit the transfer of photo-generategtharges and minimise their
recombination. Upon immobilising GOx on the eled#, the photocurrent at GOx|g-
CsN4-TiOy|ITO trace (iii) is ~26% smaller than that at gNG-TiO,|ITO trace (iv). More
importantly, the photocurrent at GOx|gNG-TiO,|ITO has increased by 66.4% trace (v)
after 1 mM glucose was added to the 50 mL PBS end#ll. In the experiment, GOx
catalysed the reduction of,@ H,O,, which then acted as an electron donor, as iftestr

in Scheme 2. The consumption ob@4 by photogenerated holes has impeded the
recombination of photo-generated charges and therehcreased the photocurrent [41].

Notably, in Figure 5(a), the photocurrent took ader time to reach stability after GOx
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was immobilised on the biosensor platform. Thisnigst likely because the separated
photo-irradiated charges were still able to quicgbnerate a stable photocurrent in the
absence of biomolecules. Moreover, a considergidatity of the GOx molecules (2 mg
mL™ aqueous solution) immobilised on the modified IB@ctrode would impede the
transfer of photo-generated holes and electronghennano-composite. This would
therefore prolong the time for the photocurrentgach stability. However, the analytical
performance would not be affected by keeping thetgirradiated time constant during

experiment.

Time-dependent photocurrent measurement at GOg-OO,|ITO was conducted at
several representative glucose concentrations 006 to 16.0 mM. As displayed in
Figure 5(b), the photocurrent remained highly ®adl each glucose concentration and
rapidly responded to the repeated on-off cyclasraéliation, confirming the excellent PEC
performance of the sensor. The photocurrent imr€idp(b) is also observed to increase
with glucose concentration, as shown by a backgtaumrent correctedl calibration plot
in Figure 5(c). The calibration plot can be repréged by the following relationship from
0.05 to 16 mM with a statistically significant celation coefficient of 0.995 N=6 at the
95% confidence level:

Al/ pA=7.711 + 1.014 + 16.67 + 2.318 lpdglucose] LA mM™
where the uncertainty indicates the 95% confidanterval. In addition, the result of a
Wald-Wolfowitz runs test confirmed a random pattefrthe residuals, further supporting a
linear calibration relation. Accordingly, a sensty of 16.67 uA cm? mM™ and a
detection limit at a signal-to-noise ratio of 3@OD1 mM were estimated for the GOx|g-
CsN4-TiO,|ITO biosensor. The analytical performance of RieC biosensor is compared
to that of several other glucose sensors tabuiatdé@ble 1, and our biosensor has shown
comparable analytical performance in terms of sty detection limit and linear range.
The performance of the GOX|gMC-TiO,|ITO biosensor is attributed to the special
properties of g-@N4-TiO, including strong visible light absorption and lovhatge
recombination. The composite also provided a bigeatible micro-environment for
retaining GOx bioactivity and facilitated strongpedility in promoting direct electron

transfer of GOx at the electrode surface.
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The repeatability at GOx|gsN4-TiO,|ITO electrodes was examined by six successive
determinations of 0.4 mM glucose at single ele@sodA relative standard deviation RSD
was estimated to be 3.8%, demonstrating good repiiat of the PEC biosensors. Six
PEC biosensors were prepared independently usiagséime protocol to examine the
fabrication reproducibility of the biosensors. Yheere used to detect 0.4 mM glucose
under the same experimental conditions. The remibdity with an RSD of 4.4% was
obtained. To assess the stability, GOx}HHETIO,|ITO electrodes were stored a€4and
then used to daily measure the current responsend¥ glucose. The PEC sensor retained
90.5% of its original current response over a gfenaeriod of 2 weeks, indicating that the

enzyme bioactivity was maintained in the gNG-TiO, composite.

The PEC biosensor was also used to detect gluooseman serum samples. The serum
samples were obtained from The Laboratory Centi@uofocal hospital and were initially
spectrophometrically analysed at the hospital uaifdindray BS-380 Model biochemical
analyser set at a wavelength of 285 nm. Follovairai@-fold dilution of each serum sample
in 0.1 M PBS, the glucose concentration in the damas measured by the GOx|gNg-
TiO,|ITO biosensor. The results reported by the hakpitd those obtained using the PEC
biosensor are tabulated in Table 2. Using pautesdti there was no significant difference
found between the two sets of results at the 958fidence level. In addition, a recovery
between 96.0% and 103% was estimated in the resbtened at the PEC biosensor.
Therefore, the GOx|gBl4-TiO,|ITO PEC biosensor displays a high potential farcpcal

analysis of glucose in clinical samples.

Possible interference on the detection of glucoas @valuated by the PEC detection of 1
mM glucose in pH 7.4 PBS containing individuallyl OnM ascorbic acid, uric acid,
dopamine, fructose, lactose and sucrose, as showigure 5(d). Based on a photocurrent
change of 3.7-5.6% for ascorbic acid, uric acid dopamine, less than 1.7% for fructose
and lactose, the reagents used did not appearvi® daignificant interfering effect on
glucose detection at the PEC biosensor. The sesutjgested an excellent selectivity of

the glucose biosensor toward glucose.
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3. Conclusions

In summary, a novel nanocomposite of gNeTiO, was formed by growing Ti©on g-
CsN4 nanosheets. This nanocomposite was then sucliessfplied to develop a PEC
glucose biosensor. The formation of the composits confirmed by microscopic,
spectroscopic and electrochemical techniques. slibsequent PEC evaluation shows a
[B50% enhanced PEC efficiency at the #N&TiO, hybrid structure with respect to both
g-CN4 nanosheets alone and TFi@lone. The GOx|g4Dl;-TiO,| ITO sensor exhibits
satisfactory performance in the detection of glecosdicating the great application
potential of the prepared composite in the PECdnissrs. In addition, the PEC sensing
experiments were performed under low bias voltages relied on visible light as an
excitation source, which are advantageous chamdiar the development of safe,

convenient, fast and easy-to-use glucose detedauites in future.
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Table 1.

Analytical performance of several reléev@®x PEC biosensors.

Dynamic range / Detection limit /

GOx PEC Biosensors References
mM mM

TiO/CdSe@CdS/GOx 1-10 N/A [42]
GOX/AgS/SNQ/ITO 0.1-12.2 0.032 [43]
o-Fe03 cubes/ITO 0.2-2.0 0.015 [44]
GOx/CdTe/ITO 0.1-11 0.04 [45]
Graphene-CdS/ITO 0.1-4.0 0.007 [46]
BiOCI-G NHS/ITO 0.5-10 0.22 [47]
GOXg-CsN4-TiO,|ITO 0.05-16 0.01 This work

inverse opal photonic crystals; °F doped Sn@electrode®bismuth oxychloride-graphene nanohybrid sheets.
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Table 2. Determination of glucose in human seramges.

Samples  Spectrometry / mM Detected at Biosensdvi/ m Recovery RSDN=6
1 4.45 4.59 103% 4.3%
2 4.52 4.34 96.0% 3.9%
3 6.16 6.28 102% 4.8%
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Figure Captions
Scheme 1. Schematic illustration for preparatib@0x|g-GN4-TiO,|ITO composite.

Scheme 2. Mechanism for PEC detection of gluco§0x|g-GN4-TiO,|ITO.

Figure 1. (a) X-ray diffraction patterns of i Ti@anosheets, ii g-4Bl4 and iii g-GN4-TiO-
composite; (b) Fourier transform infrared spectra of (i) TiO, nanosheets, (ii) g-
CsN4 and (i) a g-GN4-TiO, composite; (¢) UV-Vis diffuse reflectance spectra of
i g-C3Ny, ii g-C3N4-TiOzand iii TiO, nanosheets.

Figure 2. Transmission electron micrographs of @a{sN4, (b) and (c) g-@Ns-TiO;

composite, (d) scanning electron micrograph of;n@nosheets.

Figure 3. (a) X-ray photoelectron survey spectrummgeCsN4-TiO,, the high resolution
spectra of the (b) Cls, (c) N1s, (d) Ti2p and (&p @eaks from a g48,-TiO,

composite.

Figure 4. (a) Nyquist plots of 5.0 mM [Fe@Rl and 5.0 mM [FeCl§* at (i) a bare ITO, (i)
a g-GNy|ITO, (iii) a g-GN4-TiO,|ITO and (iv) a GOXx|g-N4-TiO,|ITO in 0.1 M
KCl in air; Top left inset: cyclic voltammogram of 5.0 mM [R&g*> and 5.0 mM
[FeCNs]* at a GOXx|g-@N4-TiO,|ITO in 0.1 M KCI at a scan rate of 0.1Vs
bottom right inset: equivalent circuit and optimalues for the circuit elements
used in the computer simulations of the experimanipedance plots; (b) Cyclic
voltammetry at GOx|g-§Ds-TiO,|ITO in (i) 0.1 M N-saturated PBS (pH 7.4), and
in air-saturated PBS with (ii) 0 mM, (iii) 1 mMuji 4 mM, and (v) 8 mM glucose
at a scan rate of 0.1Vs(c) The effect of Nafion concentration on the mitoirrent
response of GOx|g48l;-TiO,|ITO in the presence of 1 mM glucogd) The effect
of mass ratio between GOx and the composite orplimeocurrent response of

GOx|g-GN4-TiO,|ITO in the presence of 1 mM glucose.

Figure 5. (a) Photocurrent response of (i) JJi00, (i) g-GN4|ITO, (iii)) GOx|g-GNs-
TiOY|ITO, (iv) g-GN4-TiO,|ITO, and (v) GOx|g-eN4-TiO,|ITO in the presence of
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0.1 mM glucose in 0.1 M PBS pH 7.4 at an appliedepial of 0.2 \/ (b)
Photocurrent response of the GOxXNGTIO,|ITO at an applied potential of 0.2 V
with increasing concentrations of glucose (a-i)0@M5, 0.1, 0.5, 2.0, 4.0, 8.0, 12
and 16 mM, respectively; (c) A photocurrent versus glucose concentration
calibration plot based on results in;(kdJ) Photocurrent response of GOx|gNG
TiOy|ITO in 0.1 M PBS (pH 7.4) containing 1 mM glucosad 0.1 mM other
interferents: ascorbic acid (AA), uric acid (UApmhmine (DA), fructose (Fruc),

lactose (Lac) and sucrose (Suc).
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Highlights

» A photoelectrochemical enzyme biosensor
* A TiO, nanosheet-g-C3N4 composite as a biosensor scaffold
» A photoelectrochemical biosensor operable using visible excitation



