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A B S T R A C T   

Interfacial charge-carrier recombination is a bottle-neck issue restricting photoelectrochemical biosensors 
advancement in the wearable clinical electronics. In this study, we propose a simple approach to construct a 
highly efficient photoactive heterojunction capable of functioning as an active substrate in PEC biosensing of 
CD44 proteins. Taking the advantage of high photocatalytic activity of BiVO4, and biocompatible yet conductive 
2D-Ti3C2Tx nanosheets, a workable heterojunction was constructed between in-situ formed TiO2 from the 
partially oxidized Ti3C2Tx and lysine functionalized BiVO4 (TiO2/MX-BiVO4). The interfacial arrangement was 
ideal for promoting fast charge transfer from photo-excited BiVO4 and TiO2 to Ti3C2Tx, constructing an energy 
level-cascade that permits minimal charge-carrier recombination besides robust photocatalytic redox activity. 
The PEC biosensor relies on the ligand-protein interaction, where hyaluronic acid was directly immobilized over 
TiO2/MX-BiVO4 based on the interactions between carboxyl of lysine and amino moieties of hyaluronic acid. The 
PEC biosensor response depends on the inhibition in the measured photo-oxidation current of mediator species, i. 
e., ascorbic acid after the addition of CD44 proteins. The superior photo-activity, and robust heterojunction 
arrangement, produced a sensitive signal capable of recognizing CD44 in the wide concentration window of 2.2 
� 10� 4 ng mL� 1 to 3.2 ng mL� 1 with a low-detection limit of 1.4 � 10� 2 pg mL� 1. The strong interaction between 
lysine functionalized BiVO4 and hyaluronic acid enabled biosensor to exhibit robust antifouling characteristics 
towards similar proteins such as PSA and NSE. The quantification of CD44 protein from real-blood serum samples 
further confirmed the biosensor’s reliability for clinical application.   

1. Introduction 

The photoelectrochemical (PEC) sensors have emerged as a versatile 
analytical tool capable of easy integration with the existing applications 
(Lu et al., 2020; Zhou and Tang, 2020). The separation of excitation 
source (light) and detection method (current) in PEC systems, provides 
the advantage of high signal sensitivity and low background noise. In 
comparison to the optical techniques, which require sophisticated 
interpreting programs, besides the long analysis time, the photocurrent 
detection method in PEC sensors is relatively simple and customizable 
(Chen et al., 2020b). This allows the devised sensor to exhibit superior 

sensitivity towards identical analytes compared to other electrochemical 
equivalents. As this sensitivity being, directly driven from the charge 
transfer process between the analyte and transducer substrate, the 
photoelectrode is recognized as an important component of the PEC 
device. Thus, the design of photoactive material and electron-capture 
transportation are the key factors that define the efficiency of a PEC 
sensor(Kong et al., 2020). 

Though many attractive photoactive materials have been reported 
for their superior characteristics, the final PEC signal is still susceptible 
to the charge-carrier recombination, which is a bottle-neck issue that 
compromises the overall signal reliability of a PEC biosensor (Ibrahim 
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et al., 2020). To overcome this, strategies such as elemental doping, 
composite-based heterojunctions, and Plasmonic sensitization have 
been considered (Das and Makal, 2020; Li et al., 2020b; Lv et al., 2020). 
Amongst these, heterojunction, particularly in-situ engineered hetero
junctions have emerged as a promising system capable of controlling the 
charge transfer process between constituents of the hybrid composite 
(Huang et al., 2020b). The in-situ approach allows close defect-free 
interfacial contact that is capable of retarding charge-carrier recombi
nation in addition to promoting easy interfacial charge-transportation, 
which improves the overall signal output (Jiang et al., 2020; Zhang 
et al., 2020b). Regarding heterojunction, the TiO2/BiVO4 has gained 
substantial attention as a superior photoactive hybrid composite due to 
favourable high-energy electron transfer, active catalytic redox sites, 
and accelerated charge-carrier separation under visible light(Polo et al., 
2020; Teranishi et al., 2020). Though TiO2/BiVO4 heterojunction has 
gained recognition in areas such as photocatalyst, and or electrocatalyst 
(Fan et al., 2020; Koiki et al., 2020; Liang et al., 2020; She et al., 2020; 
Zhang et al., 2020c), the application of such composites in PEC bio
sensors is limited due to poor signal generation capability subsequent to 
the strong interfacial charge recombination. Besides that a PEC 
biosensor designed particularly for the clinical purposes require a 
conductive substrate such as noble metals, i.e., Au NPs or reduced gra
phene oxide (rGO), which can function both as an active site for 
redox-reaction and conductive electron sink to boost the signal response 
for low-concentration target analytes, i.e., biomarkers (Lu et al., 2020). 
The use of noble metals despite their effectiveness as active components 
contributes to the interfacial resistance due to its improper interfacial 
arrangement, thereby obstructing the interfacial 
electron-transportation, which eventually affects the signal reliability of 
the final device. Recently, the in-situ growth of TiO2 on Ti3C2Tx has been 
realized as a unique approach to produce a superior photocatalyst with 
minimum interfacial recombination (Han et al., 2020; Li et al., 2020a; 
Zhang et al., 2020a). MXenes, particularly Ti3C2Tx, with its high hy
drophilicity, robust conductivity, and non-toxicity, could be envisioned 
as a suitable electron sink and simultaneously as a precursor substrate 
for in-situ growth of TiO2 to construct TiO2/Ti3C2Tx/BiVO4 hetero
junction(Chen et al., 2020a). 

At present, the TiO2/Ti3C2Tx heterojunctions are limited to the 
partial oxidation of multi-layer MXene sheets, which given their ad
vantages in photo-catalysis(Han et al., 2020; Huang et al., 2020a), are 
not suitable for PEC biosensor platform construction based on 
non-intimate contact between its photoactive constituents. In addition, 
the partial oxidation of multi-layer Ti3C2Tx results in the formation of 
large TiO2 particles at the expense of T-C bonds from Ti3C2Tx, which 
eventually depreciates Ti3C2Tx larger contribution as a conducting 
electron-sink in the final biosensor (Sinha et al., 2018; Soleymaniha 
et al., 2019; Wang et al., 2017; Xiao et al., 2020). Here, the partial 
oxidation of few-layer thin Ti3C2Tx sheets to form in-situ TiO2 NPs in 
conjunction with nano-sized photoactive BiVO4 would be a viable route 
to construct an efficient PEC heterojunction(Yan et al., 2019). In gen
eral, such hybrid could be envisioned for advanced PEC biosensor de
vices, were partially oxidized few-layer thin Ti3C2Tx nanosheets with 
their non-toxic nature and high bio-compatibility could be used as 
photoactive immobilization substrates to produce a sensitive signal 
response for low-dose clinical targets(Soomro et al., 2019). 

In this work, we describe the construction of photoactive hetero
junction comprising of in-situ grown TiO2 from few-layer thin Ti3C2Tx 
nanosheets in conjunction with visible-light active lysine functionalized 
BiVO4 nanoparticles. The partial oxidation of Ti3C2Tx resulted in the 
formation of in-situ grown TiO2 which in close proximity with BiVO4 
nanoparticles constructed an efficient photoactive heterojunction be
tween TiO2–Ti3C2Tx and BiVO4 (TiO2/MX-BiVO4) with conductive 
Ti3C2Tx as an under-layer electron sink. The photocatalytic and elec
trocatalytic characteristics of TiO2/MX-BiVO4 were studied in reference 
to its compositional hybrids, such as partially oxidized MXene, i.e., 
TiO2–Ti3C2Tx (MX-TiO2) and BiVO4–Ti3C2Tx (MX-BiVO4). The TiO2/ 

MX-BiVO4, based on its in-situ hybrid configuration, exhibited an ideal 
interfacial arrangement capable of supporting high photocatalytic 
redox-activity with minimum interfacial recombination. As a proof of 
concept, the photoactive hybrid was considered in the development of 
PEC biosensor for the detection of soluble CD44 protein, using ligand- 
protein interaction. The CD44 is a cellular protein found on the sur
faces of a wide variety of cell types, with a vital role in cellular in
teractions. The abnormal expression of soluble CD44 after proteolytic 
cleavages has been associated with tumor progress, metastasis, and 
several clinicopathological parameters for cancer. Thus CD44 is 
considered an active biomarker for early-stage detection of a variety of 
cancer-related diseases. Here, hyaluronic acid (HA), a biorecognition 
probe with a strong affinity to CD44-proteins, was directly immobilized 
over BiVO4 based on the interactions between BiVO4 bound lysine 
moieties and HA. The detection of CD44 protein relayed on a stable 
signal response generated for the photo-oxidation of a mediator species 
such as ascorbic acid (AA). The inhibition in the measured photocurrent 
after the addition of CD44 was interpreted as the proportionate 
response. The constructed platform with its superior photo-activity and 
robust interfacial arrangement generated an enhanced signal capable of 
detecting CD44 in the wide concentration window of 2.2 � 10� 4 ng 
mL� 1 to 3.2 ng mL� 1 with an extremely high detection sensitivity of 1.4 
� 10� 5 ng mL� 1. 

The practical applicability of the newly constructed photoactive 
hybrid was later assessed by quantifying CD44 from real-human serum 
samples. The superior photocurrent response of TiO2/MX-BiVO4 
demonstrated its ideal candidacy for PEC applications, whereas the 
Ti3C2Tx, with its high hydrophilicity and conductivity, could be envi
sioned as a superior and compatible substrate in PEC devises designed 
for biological applications. 

2. Experimental section 

2.1. Material and reagents 

The chemicals and reagents used in this study were analytical grade. 
Bismuth nitrate pentahydrate (Bi (NO3)3 ⋅5H2O) phosphate-buffered 
saline (pH 7.0), and chemical like lysine (Ly; C6H14N2O2) and hyal
uronic acid (HA; (C14H21NO11)n) ascorbic acid (AA; C6H8O6) was pur
chased from Sigma Aldrich (Germany). The Ti3AlC2 (MAX phase) 
powders (200 mesh; purity 98%) was obtained from the Beijing Forsman 
Scientific Co. Ltd. The CD44 proteins and other biomarkers, such as PSA 
and NSE, were purchased from the Novoprotein Scientific Inc. 
(Shanghai, China). The ITO substrates (1.5 mm thickness, 0.5 � 0.5 cm2 

with >90% transmittance and resistance of < 14 Ω/cm2) were obtained 
from Nippon Sheet Glass, Japan. The ITO glasses were ultrasonically 
cleaned in de-ionized water and methanol for 30 min before their 
modification. 

2.2. Construction of PEC biosensing substrate and measurements 

The PEC active biosensor for CD44 was constructed using the ITO 
substrate (0.5 � 0.5 cm2). Before modification, the ITO substrates were 
thoroughly washed with ethanol and de-ionized water. The modification 
was achieved by drop-casting the dispersions of MX-TiO2, MX-BiVO4, 
and TiO2/MX-BiVO4 (1 mg mL� 1 in ethanol) over ITO surface (covered 
surface area of 0.4 cm2), followed by drying under nitrogen atmosphere. 
A part of ITO glass was previously covered with paper-tape during 
modification, which was later-removed before connecting the electrodes 
for measurements. The surface-modified electrode, particularly TiO2/ 
MX-BiVO4, was immersed in the HA solution (2 mg mL� 1) for 30 min to 
produce HA-TiO2/MX-BiVO4, followed by a gentle rinse with ultra-pure 
water. This electrode was used as a working PEC electrode for the 
detection of CD44 proteins. The antifouling properties of the devised 
electrode were evaluated by immersing the HA-TiO2/MX-BiVO4 in a 
fixed concentration of PSA and NSE biomarkers. The TPC measurements 
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were recorded for these electrodes before and after soaking of the bio
markers with CD44 (2.2 � 10� 4 ng mL� 1). The electrocatalytic and PEC 
measurements were carried using an electrochemical workstation 
(Shanghai Chenhua Apparatus CHI830C; China) equipped with a PLS- 
SXE 300 xenon lamp, with a luminance intensity of 100 mW cm� 2. To 
avoid heating of the cells, the distance between the light source and cell 
was maintained at 12 cm. CV, EIS, and TPC measurements were recor
ded using a three-electrode cell with HA-TiO2/MX-BiVO4 dedicated as a 
working electrode, a platinum wire as the counter, and calomel (Ag/ 
AgCl) as a reference electrode. The TPC measurement was recorded with 
under fixed potential of 0.3 V, and 0.1 M AA under visible light illu
mination for 200 s and on/off interval of 10 s with continuous argon 
purging of the cell to avoid air-oxidation of MXene-layer. EIS responses 
were measured for all the electrodes before and after the integration of 
biorecognition elements (HA) and soaking of biomarker (CD44) using 
1.5 mM K3Fe (CN)6 electrolytic solution with a frequency range of 0.1 
Hz–100 kHz. 

2.3. PEC biosensing of CD44 and real samples 

The constructed PEC biosensor (HA-TiO2/MX-BiVO4) was immersed 
in different concentrations of CD44 in a range of 2.2 � 10� 4 ng mL� 1 to 
3.2 ng mL� 1 whose response was recorded against AA, a redox mediator 
to produce electrocatalytic oxidation signal. The decline in the photo
current response was calibrated to the added concentration of CD44. For 
the analytical precision, each concentration was determined three times, 
and the average photocurrent value was used to plot the calibration 
curve. The real-sample analysis was performed on blood samples (ob
tained from LMCH hospital, Hyderabad). The serum was obtained by 
centrifuging the samples at 3500 rpm for 60 min. The serum samples 
were first checked for the presence of CD44, and later known concen
trations of CD44 proteins were spiked (10, 15, 20, and 25 ng mL� 1) 
followed by their quantification using HA-TiO2/MX-BiVO4 as a working 
electrode. 

2.4. Synthesis of TiO2-MX/BiVO4 and its compositional hybrids 

BiVO4 was prepared using a simple wet-chemical precipitation 
approach. In a typical experiment, 0.6 mmol Bi (NO3)3⋅5H2O was sol
ubilized in 15 mL nitric acid. To this solution, 15 mL (0.025 mol/L) of 
Na3VO4 was dropped slowly under constant stirring. The solution was 
maintained at pH 3 under stirring for 60 min. The formed precipitates 
were re-dispersed in 100 mL of lysine (0.1 M) solution followed by hy
drothermal treatment in a Teflon-lined stainless steel autoclave at 120 
�C for 48 h. The collected BiVO4 precipitates with surface-bound lysine 
moieties were then gently washed using ethanol and de-ionized water, 
followed by drying under a nitrogenous atmosphere. The positive sur
face charge of BiVO4 allowed easy adsorption of negatively charged 
lysine molecules, as confirmed from the FTIR analysis. The Ti3C2Tx 
nanosheets were obtained using a previous reported procedure (Sang 
et al., 2016; Yu et al., 2018; Zhang et al.). In a typical procedure, 1.0 g of 
Ti3AlC2 (MAX-Phase) was etched using 1.3 g of LiF in 20 mL HCl (6 M) of 
under 35 �C with constant staring for 24 h. The pH of the etched product 
was neutralized by washing it with de-ionized water. The obtained 
Ti3C2Tx nanosheets were then re-dispersed in deaerated water to obtain 
a dispersion of 2 g/5.0 mL. To prepare MX-BiVO4, the pre-prepared 
MXene solution was diluted with 4 mL of lysine functionalized BiVO4 
(0.4 g per 5 mL). The mixture was then set to agitation for 2 h followed 
by centrifugation to collect the MX-BiVO4 hybrids. 

The MX-TiO2 was prepared using H2O2 induced oxidation approach. 
Here, 0.2 g of freshly prepared Ti3C2Tx was dispersed in 10 mL of dea
erated water, followed by slow-addition of 10 μL of 20% H2O2. The 
solution was shaken slowly, followed by separation of partially oxidized 
MXene using simple centrifugation. The TiO2-MX/BiVO4 was prepared 
by inducing partial oxidation of pre-formed MX-BiVO4. The homoge
nous mixture of MX-BiVO4 (0.4 g per 5 mL) was introduced 10 μL of 20% 

H2O2, followed by simple shaking for 10 min. The mixture was then 
centrifuged to obtain TiO2-MX/BiVO4, for the modification of ITO 
electrodes. 

3. Results and discussion 

The BiVO4-based MXene hybrids were used to construct an efficient 
PEC platform capable of detecting CD44 protein with extreme sensi
tivity. Fig. 1 depicts the step-by-step construction of the PEC biosensing 
platform. Initially, the dispersion of partially oxidized MXene with 
lysine-functionalized BiVO4 was drop-casted on ITO electrodes. This 
electrode was later immersed in a solution of HA, which, given the 
interaction between lysine and HA, was immobilized as a biorecognition 
element for CD44. The electrode was then immersed in different con
centrations of CD44 protein before PEC measurements. 

The chemical and structural superiority of TiO2/MX-BiVO4 was 
proven by competitive measurements against its compositional coun
terparts, such as partially oxidized MXene (MX-TiO2) and BiVO4 NPs 
adsorbed over Ti3C2Tx (MX-BiVO4). Fig. 2 shows the corresponding TEM 
images of the hybrids in reference to the pristine Ti3C2Tx nanosheets. 
Unlike pristine Ti3C2Tx, with smooth, thin sheet-like morphological 
features (Fig. 2(a)), the MX-TiO2, consists of TiO2 nanoparticles 
dispersed throughout the entire volume of the sheet. The use of H2O2 
resulted in homogenous partial-surface oxidation of Ti3C2Tx sheet, with 
in-situ formation of TiO2 nanoparticles (Fig. 2(b)). In comparison, the 
MX-BiVO4 hybrid shows no evidence of surface oxidation after the 
surface adsorption of BiVO4 nanoparticles (Fig. 2(c)). BiVO4 nano
particles were well-dispersed over thin Ti3C2Tx nanosheet, without 
causing any fractures or oxidized TiO2 domains. The small average 
diameter of BiVO4 (6.5 � 1.5 nm) with dangling NH3 moieties (from 
lysine) resulted in a strong surface-bound interaction with hydrophilic 
Ti3C2Tx (discussed below). Fig. 2(d–f) shows the TEM images for TiO2/ 
MX-BiVO4 hybrid, where partially oxidized Ti3C2Tx sheets with amor
phous TiO2 nanoparticles in intimate contact with BiVO4 NPs can be 
witnessed. The high magnification TEM image provided in Fig. 2 (f) 
shows a close-up view of the constructed compact interfacial hetero
junction between BiVO4 NPs and in-situ formed TiO2 from the partially 
oxidized Ti3C2Tx nanosheets. Since the partial oxidation of Ti3C2Tx was 
initiated after the adsorption of BiVO4 NPs, the in-situ formed amor
phous TiO2 has compacted with the BiVO4 NPs where the thin Ti3C2Tx 
nanosheet acts as an underlying conductive blanket to facilitate the 
charge-carrier movement during the photocatalytic redox reaction. 

The XRD analysis further confirmed the partial oxidation and co- 
existence of BiVO4 with TiO2/Ti3C2Tx. The MX-TiO2 consisted the 
characteristics peaks of TiO2 at 25� and 37.8�, 48.2�, and 54.1� indexed 
to the (101), (004), (200), and (211) planes of TiO2-anatase respectively 
(ICDD No. 71–1166), besides the typical (002) peak at 7.3� and (004), 
(0010), (0012) peaks of Ti3C2Tx (Fig. 3 (a)). In comparison, the TiO2/ 
MX-BiVO4 comprised of characteristics peaks related to Ti3C2Tx and 
TiO2 together with an additional peaks identified at 19.1�, 28.8�, 34.6�, 
39.9�, 46.7�, 47.2�, 53.2�, and 55.9�, which were indexed for (011), 
(112), (004), (200), (211), (204), (024), (116), and (215) planes of 
monoclinic BiVO4 (JCPDS No.14–0688) respectively(Shi et al., 2018). 
Although, no evidence of carbon component was observed, probably 
because of its very low content. The presence of characteristic peaks of 
partially oxidized Ti3C2Tx in combination with BiVO4 justifies their 
co-existence as in a hybrid configuration(Liu et al., 2017). 

The Raman analysis of TiO2/MX-BiVO4 in reference to its composi
tional counterparts is shown in Fig. 3(b–c). Here, the MX-TiO2 portrayed 
a typical profile of partially oxidized Ti3C2Tx with bands at 197, 292, 
392, 632, and 710 cm� 1 and 144, 398.7, 518 and 642 cm� 1 which 
correspond to vibration frequencies of Ti3C2Tx and in-situ formed TiO2 
respectively (Fig. 3(b)). Unlike MX-TiO2, the MX-BiVO4 exhibited no 
evidence of surface oxidation, besides the presence of prominent BiVO4 
bands at 125, 206, 326, 366, 710, and 827 cm� 1 (Fig. 3(c)). The Raman 
spectra for TiO2/MX-BiVO4 confirmed the presence of all-bands typical 

R.A. Soomro et al.                                                                                                                                                                                                                              



Biosensors and Bioelectronics 166 (2020) 112439

4

of Ti3C2Tx, BiVO4, and TiO2 (Fan et al., 2020; Yan et al., 2019). How
ever, the strong 144 cm� 1 band attributed to TiO2 was found slightly 
shifted to a higher frequency (149 cm� 1), which specifies the interaction 
between in-situ formed TiO2 and surface-bound BiVO4 (Fig. 3(c)). Such 

interaction are highly desirable to obtain an intimate-interfacial contact 
which would later support in an efficient charge-carrier separation 
process during photocatalytic redox reaction (Su et al., 2019; Zhang 
et al., 2019). These surface-bound interactions were also established 

Fig. 1. A schematic diagram depicting step-by-step construction of the TiO2/MX-BiVO4 based PEC biosensor for CD44 protein. Lysine-functionalized BiVO4 were 
adsorbed on few-layer thin MXene nanosheets, whereby the partial surface oxidation induced by H2O2, lead to the formation of TiO2/Ti3C2Tx/BiVO4 heterojunction. 
To construct the biosensing platform, ITO electrodes were then immersed in a solution of hyaluronic acid (HA), a biorecognition element, and then in different 
concentrations of CD44 solution for PEC measurement. 

Fig. 2. TEM images (a) pristine Ti3C2Tx nanosheets; (b) partially oxidized Ti3C2Tx (MX-TiO2) with in-situ formed TiO2 nanoparticles; (c) hybrid of Ti3C2Tx nano
sheets with lysine functionalized BiVO4 (MX-BiVO4); (d–e) different magnification of TiO2/MX-BiVO4; (f) high-resolution capture showing the corresponding 
interface formation with inset figure depicting the close-up view of the intimate contact between the constituent components like BiVO4, in-situ formed TiO2 
and Ti3C2Tx. 

R.A. Soomro et al.                                                                                                                                                                                                                              



Biosensors and Bioelectronics 166 (2020) 112439

5

using XPS analysis. Fig. 3(d–f) shows the high-resolution binding en
ergies XPS spectra for Bi, V, and O elements of pristine BiVO4. Here the 
Bi 4f 7/2 and Bi 4f 5/2 were observed at 159.3 and 164.4 eV, confirming 
the existence of Bi as Bi 3þ, whereas the V2p 1/2 and V2p 3/2 doublets 
were identified at 524 and 516.3 eV respectively (Fig. 3(e–f)). The O1s 
spectra displayed a strong peak at 529.9 eV along with weak compan
ions at 531.1eV, and 531.8 eV attributed to the BiVO4 lattice oxygen and 
hydroxyl moieties associated with metal cation and or chemisorbed 
oxygen species of water molecules (Fig. 3(f)). The generated XPS profile 

was in complete agreement with studies related to the surface analysis of 
BiVO4(Guo et al., 2016). 

The Ti 2p high-resolution XPS fitting profile for MX-BiVO4 revelled 
major bands at 455.0 (461.7), 455.9 (462.0), 457.0 (462.5), and 460 eV 
which were associated with Ti, Ti 2þ, Ti 3þ, and C–Ti bond of Ti3C2Tx 
respectively. In addition, a strong band near 466 eV evolved, attributed 
to the Bi 5d orbit of surface-bound BiVO4(Su et al., 2019). The Ti2p 
profile shows no evidence of surface oxidation of Ti3C2Tx, as the typical 
TiO2 bands (458 and 462 eV) were found absent (Fig. 4(a)). The C1s 

Fig. 3. (a) XRD patterns and (b–c) Raman spectra for TiO2/MX-BiVO4 in reference to pristine Ti3C2Tx, MX-TiO2 and MX-BiVO4 (d–e) the XPS high-resolution profiles 
for Bi, V and O elements of pristine BiVO4 NPs. 

Fig. 4. The high-resolution XPS profiling of Ti2p, C1s, O1s for (a–c) MX-BiVO4 with no evidence of surface oxidation of Ti3C2Tx; and (d–f) TiO2/MX-BiVO4 with 
characteristics bands for the partial oxidation of Ti3C2Tx (in- situ formation of TiO2). 
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spectra consisted of four energy bands (281.5, 284.8, 286.4, and 288.7 
eV), which were assigned to C-T, C–C, C–O, and COO bonds of Ti3C2Tx 
(Fig. 4(b)). In addition, the O1s spectra consist of a strong band at 529.7 
along with weak bands near 531.2, 531.6, and 532.0, attributed to 
Ti–O–Ti, T-O, Ti–OH, and terminal C–O bonds of Ti3C2Tx (Zalfani et al., 
2015)(Fig. 4(c)). Contrary to MX-BiVO4, a strong TiO2 bond energy peak 
was observed in the high-resolution Ti 2p spectrum of TiO2/MX-BiVO4 
besides the typical Bi and MXene energy bands (Fig. 4(d)). A notable 
slight shift in the binding energy of TiO2 and Bi from 458.0 and 466.0 to 
458.3 and 466.7 eV was observed in the case of TiO2/MX-BiVO4, which 
further confirmed the interaction between the in-situ formed TiO2 and 
surface bound BiVO4 NPs. In addition, a significant decline in the in
tensity of C-T bond in the corresponding C1s spectra together with an 
increase in T-O bond energy (O1s spectra) of TiO2/MX-BiVO4 indicate 
that the in-situ TiO2 dominions were formed at the expense of surface 
oxidation of C-T bonds of Ti3C2Tx nanosheets (Fig. 4(e–f)). The XPS 
profiling was in complete agreement with the Raman analysis, justifying 
the surface bound interaction of BiVO4 with the in-situ formed TiO2 
(partial oxidized Ti3C2Tx) and successful construction of the BiVO4/
TiO2/Ti3C2Tx heterojunction (TiO2/MX-BiVO4). The optical character
istics of the constructed photoactive heterojunction were obtained using 
UV–Vis and PL spectroscopy. Fig. S2 (a) shows the adsorption edge of 
TiO2/MX-BiVO4 in comparison to other compositional constituents. The 
pristine BiVO4 and TiO2 had an adsorption edge near 522 and 385 nm, 
which correspond to the bandgap energy (Eg) of 2.23 and 2.97 eV 
(Fig. S2 (b)). Unlike pristine TiO2, the MX-TiO2 shows an increase in 
absorption edge with a bandgap shift from 2.98 to 2.85 eV, whereas 

TiO2/MX-BiVO4, exhibited an adsorption edge near 530 nm with a lower 
bandgap value of 2.10 eV compared to the MX-BiVO4 (2.21 eV) (Sun 
et al., 2015). The narrowing of bandgap with increased adsorption edge 
confirms the enhanced visible-light absorption capability of the hybrid 
subsequent to the synergic coupling of partially oxidized MXene and 
BiVO4. The charge-transfer behaviour in the prepared hybrid composite 
(TiO2/MX-BiVO4) was deduced using Mott-Schottky (M-S) plots and 
PL-spectroscopy. The M-S plots are indicative of flat band potential, 
which is related to the conduction band of n-type semiconductors. 
Fig. S2 (c) shows the M-S plots for MX-TiO2 in reference to pristine TiO2. 
As the C.B of TiO2 (-0.68) is more negative compared to the MX-TiO2 
(-0.28), easy electron transfer could be anticipated from TiO2 to Ti3C2Tx 
(electron sink). In the case of TiO2/MX-BiVO4, (Fig. S2 (d)), the C.B was 
found, relatively more negative (-0.02) compared to the pristine BiVO4 
(0.05) and MX-BiVO4 (0.02), which confirmed the electron transfer 
feasibility from the composite (BiVO4–TiO2) to Ti3C2Tx respectively. 

The corresponding band-energy structures for TiO2; MX-TiO2, and 
BiVO4; MX-BiVO4 are shown as an inset of Figs. S2(c–d). The estimated 
valance band potentials (V.B) of MX-TiO2 (3.13 eV) and MX-BiVO4 
(2.19 eV) were found relatively less positive than their pristine coun
terparts (TiO2 (3.65 eV), BiVO4 (2.28 eV)), which further confirms the 
favourable hþ transfer from photoactive TiO2 to BiVO4. The designed 
configuration is effective in accelerating the charge-carrier mobility, 
whereby the formed Schottky-barrier contributes to the reducing of 
charge-carrier recombination at the formed interfaces, allowing the 
photo-generated (hþ) to efficiently participate in the photocatalytic 
oxidation reaction(Sun et al., 2019a). These results were further 

Fig. 5. (a–b) the PL-spectra for MX-H2O2, MX-BiVO4 and TiO2/MX-BiVO4 in reference to pristine TiO2 and BiVO4; (c) the CV curve recorded for TiO2/MX-BiVO4 
(dash-dot-dash) and MX-BiVO4 (line) in 0.1 M PBS (pH ¼ 7.0) using a scan rate of 0.05 V-1; (d) CV curve for the electrocatalytic oxidation of ascorbic acid (AA) (0.1 
mM) using TiO2/MX-BiVO4 (line), MX-BiVO4 (dash-dot-dash) and MX-TiO2 (dashed). 
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validated using PL-spectroscopy. Fig. 5(a) shows the PL spectra of 
MX-TiO2 in reference to pristine TiO2. The declined PL intensity in the 
case of MX-TiO2 near the excitation band of pristine TiO2 (490 nm) is the 
evidence that the Ti3C2Tx can significantly contribute to the suppression 
of electron-hole recombination(Sun et al., 2019b). A decline in the PL 
band intensity near 525 nm, typical of the BiVO4 was also observed in 
the case of TiO2/MX-BiVO4 (Fig. 5(b)). This indicates that the coupling 
of partially oxidized Ti3C2Tx with BiVO4 in a hybrid a configuration 
could efficiently suppress the charge-carrier recombination based on the 
intimate interfacial contact between the compositional constituents, i.e., 
Ti3C2Tx-TiO2 and BiVO4. 

The electrochemical characteristics were later deduced to highlight 
the redox capability of the devised hybrid before the integration of the 
bio-recognition element (HA) for CD44 detection. Fig. 5(c) shows the CV 
response of MX-BiVO4 and TiO2/MX-BiVO4 measured in 0.1 M PBS (pH 
7.0) under the fixed scan rate of 0.05 V-1. In comparison to pristine 
BiVO4, which shows a weak Bi (III/II) redox couple at 0.61/0.30 V 
(Fig. S1 (a)) (Derbali et al., 2020; Wang et al., 2019), a slight 
low-potential shift to 0.56/0.28 V with an increase in current intensity 
to 0.92 μA cm� 2 was observed in the case of MX-BiVO4. This improve
ment could be attributed to the integration of highly conductive Ti3C2Tx 
with BiVO4. Further enhancement was achieved in the case of 
TiO2/MX-BiVO4, where the redox couple shifted to a lower voltage value 
of 0.52/0.23 V with an increase in current intensity to 1.5 μA cm� 2, 
signifying the superior electrocatalytic performance of the hybrid based 
on the synergic coupling of BiVO4 with partially oxidized Ti3C2Tx. 
Fig. S1 (b) shows the CV curve of MX-TiO2 with a strong peak near 0.8 V, 
which could be associated with complete oxidation of Ti3C2Tx in TiO2. 
Thus, to avoid anodic oxidation of Ti3C2Tx within the hybrid 
(TiO2/MX-BiVO4), a low-potential oxidizing molecule such as ascorbic 
acid (AA) was used as a probing agent for the in-direct detection of CD44 
protein. Fig. 5(d) shows the CV response for the electrocatalytic oxida
tion of AA, using TiO2/MX-BiVO4, with an enhanced current response of 
33.6 μA cm� 2 in comparison to MX-BiVO4 (20.2 μA cm� 2) and MX-TiO2 
(2.1 μA cm� 2) respectively. In case of pristine Ti3C2Tx no prominent 
redox peak (Fig. S1 (c)) was noted, indicating its poor capability to 
oxidize AA in PBS electrolyte. 

The robust response of TiO2/MX-BiVO4 confirms its capability to 
perform as an efficient electrocatalytic platform for PEC biosensors. The 
photocatalytic performance was further evaluated using transient 
photocurrent (TPC) measurement recorded with a fixed potential of 0.3 
V and 0.1 mM AA under visible light illumination for 200 s and on/off 
interval of 10 s (Fig. S4 (a)). The current response of TiO2/MX-BiVO4 
was obtained after optimization of typical parameters such as the con
centration of AA, electrolytic pH, and loading of electrocatalyst (TiO2/ 
MX-BiVO4) (Figure S3 (a-c)). The high current generation and steady 
response proved the enhanced charge-separation capability of TiO2/MX- 
BiVO4. Here, the TiO2/MX-BiVO4 generated a photocurrent density of 
183.0 μA cm� 2, followed by appsec1 MX-BiVO4(91 μA cm� 2), MX-TiO2 
(23 μA cm� 2) and BiVO4 (11.6 μA cm� 2). The high transient current 
response is directly related to the firm interfacial contract between the 
components of the hybrid, which, along with accelerated charge-carrier 
production, facilitate their rapid surface mobility with minimum inter
facial recombination. 

The hyaluronic acid (HA) was later immobilized over TiO2/MX- 
BiVO4 to configure it with the bio-recognition ability to detect CD44 
proteins. As the prepared BiVO4 NPs were primarily functionalized with 
lysine moieties, strong immobilization of HA over BiVO4 could be ex
pected based on carbonyl-amine bond (Carneiro et al., 2016; de Oliveira 
et al., 2017), as confirmed from the FTIR analysis (Figure S4 (b-c)). The 
FTIR spectrum of pristine BiVO4 and its lysine functionalized counter
part (Ly-BiVO4) is shown as Fig. S4 (b). The typical bands for BiVO4 
included V––O vibration stretching at 847 cm� 1, symmetric stretching 
mode of V–O–V at 523 cm� 1, and finally, O–H stretching and bending of 
lattice water molecules at 3402 and 1627 cm� 1 respectively(Zulkifili 
et al., 2018). 

The typical bands of lysine were identified at 3420 cm� 1 for N–H, 
C–H at 2960 cm� 1, 1617, and 1420 cm� 1 for symmetric and asymmetric 
vibration of COO-. The bands at1509 and 1566 cm� 1 corresponded to 
asymmetric bending of NH3þ and vibration of COO- respectively(Antal 
et al., 2018). In the case of Ly-BiVO4, a shift in the vibrational fre
quencies of COO- from 1617 cm� 1 to 1627 cm� 1and 1420 cm� 1 to 1440 
cm� 1 confirmed the surface interaction of lysine with BiVO4 via 
carboxyl moieties. The typical V––O and V–O–V vibration of BiVO4 were 
identified at 845 and 520 cm� 1, respectively. In addition, the band at 
509 cm� 1 and 1566 cm� 1 further indicted the availability of NH3þ
moieties for the attachment of HA. This was later confirmed from the 
FTIR spectrum of Ly-BiVO4 after the immobilization of HA, where 
typical bands of carboxylic stretching disappeared, and a new band near 
2625 cm� 1 appeared (Fig. S3(b)). This band could be attributed to 
quaternary ammonium salt (NR4þ group), which is typical of HA-lysine 
interaction(Carneiro et al., 2016). The provided FTIR analysis supports 
the interaction of HA with lysine functionalized BiVO4. Thus, it is safe to 
assume that the immobilization of HA over TiO2/MX-BiVO4 hybrid 
could be achieved via the interaction between carboxyl groups of HA 
and amine from Ly-BiVO4 as graphically represented in Fig. 1. 

EIS confirmed the successful immobilization of HA over TiO2/MX- 
BiVO4. Fig. S3 (d) shows the Nyquist plot recorded for HA immobilized 
TiO2/MX-BiVO4 (HA-TiO2/MX-BiVO4) in reference to MX-BiVO4. A 
gradual increase in charge transfer resistance was achieved on going 
from MX-BiVO4 to HA-TiO2/MX-BiVO4, confirming the successful inte
gration of HA over the PEC active hybrid (TiO2/MX-BiVO4). To achieve 
maximum detection sensitivity, the immobilization time, and the con
centration of HA were optimized. The maximum inhibition in the 
transient photocurrent oxidation signal of AA could be achieved when 
the immobilization concentration and time of HA were maintained at 
0.5 mg mL� 1 30 min, respectively (Fig. S3 (d)). The quantification of 
CD44 protein was carried under the optimum conditions, where the 
constructed PEC electrode (HA-TiO2/MX-BiVO4) was first immersed in 
different concentrations of CD44 in the range of 2.2 � 10� 4 ng mL� 1 to 
3.2 ng.mL� 1prior to photocurrent measurements within 0.1 mM AA in 
0.1 M PBS (pH 7.0). Fig. 6 (a) shows the measured photocurrent inhi
bition obtained against the different concentrations of CD44 proteins. 
Fig. 6(b) shows the logarithmic relationship between the measured 
photocurrent and the increasing concentration of CD44. The corre
sponding calibration is shown as Fig. 6(c), where the logarithmic rela
tionship between inhibited photocurrent and concentration could be 
defined using the following equation I ¼ -28.5 log(x) þ46.9 (R2 ¼

0.9855). The high signal sensitivity attributed to the ideal hetero
junction configuration of TiO2/MX-BiVO4 allowed a low detection limit 
of 1.4 � 10� 5 ng mL� 1 (S/N ¼ 3) for CD44 proteins. The wide detection 
window and low detection limit achieved using TiO2/MX-BiVO4 are 
relatively superior compared to the other competitive biosensors for 
CD44 (Table S1). Fig. 6(d) shows an illustration of the engineered het
erojunction with charge transfer representation for the electrocatalytic 
oxidation of the mediator species (AA). Here the photo-generated charge 
carriers (hþ) were responsible for the oxidation of AA, whereby the 
produced electrons cascade from the conduction bands of BiVO4 and 
TiO2 to the MXene layer which boosts up the charge transfer process 
resulting in a robust current response. The response then declines with 
the addition of CD44 protein, which, based on its strong affinity towards 
HA, leads to the blockage of charge-transfer and signal suppression, as 
illustrated in the lower region of the schematic diagram. 

As the devised sensor system relies on the strong interaction between 
HA with CD44, strong antifouling characteristics could be anticipated 
for the HA-TiO2/MX-BiVO4. Fig. S5 (a) shows the bar-graph plotted for 
the transient photocurrent response of TiO2/MX-BiVO4 with 0.8 mM AA, 
and minimal concentration of CD44 (2.2 � 10� 4 ng mL� 1) along with 
common biofouling agents such as PSA, and NSA biomarkers with a 
concentration similar to CD44. The minimal signal fluctuation in the 
photocurrent response despite the presence of structurally similar anti
gens proves the strong antifouling characteristics of the devised sensor. 
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The resilient selectivity, in this case, can be explained based on rela
tively strong interactive forces between HA and CD44 ligand, which in 
combination with highly photoactive hybrid (TiO2/MX-BiVO4) con
structs a highly robust yet selective CD44 biosensor. The signal repro
ducibility and storage stability of the constructed biosensor was also 
evaluated. Figure (S5(b)) shows the normalized current response 
measured for 5 similarly constructed biosensors against a standard CD44 
sample (2.2 � 10� 4 ng mL� 1). The signal fluctuation for each electrode 
was negligible, indicating the robust signal reproducibility of the elec
trode. In the case of storage stability, the signal response was measured 
after storing the HA-free TiO2/MX-BiVO4 for three consecutive weeks. 
The post-storage response was measured after immobilization of HA 
against CD44 protein with a standard concentration of 2.2 � 10� 4 ng 
mL� 1.The normalized response confirmed a signal decline of 1.8, 3.5 
and 5.7% during the 3 weeks of storage. The slight decrease in the 
photocurrent response could be associated with the slow-transformation 
(oxidation) of Ti3C2Tx, resulting in loss of conductive bed, and thus the 
photocurrent. The overall current response was maintained at 90%, 
throughout the storage period, reflecting the long-term shelf-life of the 
devised PEC biosensor. 

The HA-TiO2/MX-BiVO4 was then used for the determination of 
CD44 protein from human serum samples. Table S2 shows the analytical 
recovery data of different spiked samples. The low relative standard 
deviation and high recovery justify the practical capability of the 
devised PEC biosensor for clinical purposes. 

4. Conclusion 

A workable heterojunction was constructed between in-situ formed 
TiO2 from Ti3C2Tx and photoactive BiVO4 NPs, previously functional
ized with lysine (TiO2/MX-BiVO4). The photo-active hybrid composite 
was later utilized in the development of PEC biosensor for the detection 
of CD44 protein, a cancer biomarker, using the ligand-protein interac
tion strategy. The high photo-catalytic activity coupled with robust 
conductivity of under layered MXene sheets (Ti3C2Tx), resulted in a 
robust electrochemical oxidation signal for redox mediator, i.e., ascorbic 
acid (AA). The inhibition in the measured response against addition of 
CD44 was considered the primarily signal. The devised PEC biosensor 
exhibited wide working range of 2.2 � 10� 4 ng mL� 1 to 3.2 ng mL� 1 of 
CD44 with detection sensitivity of 1.4 � 10� 2 pg mL� 1. The strong 
antifouling characteristics and robust practical workability further re
flects the TiO2/MX-BiVO4 hybrids ideal candidacy for PEC biosensors. 
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