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We have developed sensitive detection of cancer biomarker vascular endothelial growth factor (VEGF) using
the p-n heterojunction comprised of p-type BiOI nanoflakes (NFs) array and n-type TiO, nanotubes (NTs)
array. Due to the unique arrayed structure and the synergy effect of photoelectrochemistry in the formed p-n
junction, the synthesized configuration has superior excitation efficiency and thus excellent
photoresponsibility. Then, the fabricated p-n heterojunction was integrated with an exquisite bioassay
protocol for addressing VEGF using a sandwich immunoassay with glucosedehydrogenase (GDH) as the
enzyme tags. Due to the excellent performance of BiOI NFs array/TiO, NTs array and the ingenious
signaling mechanism, the proposed system could achieve the sensitive and specific VEGF detection. This
work not only presents a simple BiOI NFs array/TiO, NTs array p-n heterojunction for general applications
in the broad photochemistry areas, but also opens a different horizon for current development of advanced
PEC biomolecular detection.

he newly emerged photoelectrochemical (PEC) bioanalysis has rapidly becoming a current research hotspot

due to its desirable properties and attractive potential in future bioassay' . From the very beginning of such

technique, the exploitation of various functional semiconductive materials and its utilization for advanced
bioanalytical protocols has been a focus of substantial research since these efforts would probably underlie elegant
routes for probing biological events. Of late, nafion-functionalized CdS—methyl viologen quantum dots (QDs)
was equipped on ITO electrode for the ultrasensitive PEC detection of cysteine®. More recently, ZnO/ZIF-8
nanorods architecture was successfully synthesized and examined for selective PEC chemosensing’. Soon after-
wards, IrO,—Hemin—TiO, nanowire arrays was proposed for the sensitive PEC detection of glutathione™.
Although these previous work have achieved remarkable results, the investigation on this field is still in its early
stage due to the short development time and new versatile semiconductive electrode is yet of urgent need for
application in advanced PEC biomolecular detection.

With unique photophysical features, semiconductor heterostructures have been a highly exploited subject in a
plethora of areas®** including photocatalyst or solar cells. For example, CdS/Cu,S p-n junction nanowire was
fabricated for efficient photovoltaic cells*’. The CdS/CuGaSe, p—# junction was successfully synthesized for stable
PEC hydrogen evolution™. However, such p-n junction architecture has seldom been exploited for PEC bioa-
nalysis application. Obviously, to develop new p- junction with unique structure and/or enhanced properties
would be desirable for application in future PEC analysis.

As known, numerous TiO, nanostructures have long been used for bioanalysis purposes due to their good
biocompatibility and chemical/thermal stability as well as environmental benignity. In particular, the TiO,
nanotubes (NTs), a well-known n-type semiconductor (with band gap of ~3.2 eV) with regular oriented struc-
ture and high surface area, has received much attention due to its outstanding merits in manifold fields including
PEC detection. We previously had exploited CdS QDs/TiO, NTs hybrid for PEC bioassay application'. BiOl is an
attractive ternary p-type semiconductor with a narrow band gap (~1.8 V) and strong absorption in the visible
region (with absorption edge of ~680 nm) which currently begins its career in the field of photocatalysis**~*". In
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fact, comparing with other semiconductive materials, to date there is
surprisingly little research on BiOI in spite of its interesting PEC
properties®. So, of particular interest here is the possibility of devel-
oping a new BiOI/TiO, p-n junction heterostructure and using as a
versatile visible-light-active hybrid for biomolecular detection pur-
poses. If possible, such hybrid is supposed to possess great advan-
tages due to their synergic effect and harnessing this type material
would in principle allow the operation of PEC detection with higher
effiency, the success of which could provide great opportunities for
further biosensing construction.

In this work, we for the first time fabricated a simple and versatile
p-n heterojunction architecture comprised of BiOI crossed nano-
flakes (NFs) array/TiO, NTs array, which was then exploited for
advanced PEC biomolecular detection toward vascular endothelial
growth factor (VEGF), an important cancer biomarker for breast
cancer, lung cancer, colorectal cancer, as well as rheumatoid arthritis.
Structurally, as illustrated in Figure 1A, the synthesized hybrid was
expected to function as a “light collector”, i.e., the p-type BiOI NFs
array with large surface area could facilitate the efficient light har-
vesting while the n-type TiO, NTs array would provide an effective
directional pathway for rapid electron transportation. Significantly,
the distinct photoelectrochemistry in the formed p-# junction would
behave like a spontaneous “exciton pump” that additionally is
advantageous for the resulting performance. As shown in
Figure 1B, the BiOI NFs array/TiO, NTs array was then used for
VEGF detection by an ingenious PEC immunoassay protocol. In
detail, after anchoring the first antibodies via the chitosan-glutaral-
dehyde (CS-G) bridging, an immunosandwich assembly was formed
on the biofunctional electrode with glucosedehydrogenase (GDH) as
the enzyme tags through the biotin-streptavidin (B-SA) affinity sys-
tem (experimental details see the ESI). The subsequent reaction of
the GDH with glucose substrate in the presence of its NAD™ cofactor
would lead to the enzymatic product of NADH, which could neut-
ralize the holes localized on p-type BiOI and hence boost charge
separation and photocurrent generation. In such system, increased
VEGF concentration leads to the enhanced GDH loading and thus
promotes the NADH generation for improved photocurrent
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responding. Due to the excellent performance of BiOI NFs array/
TiO, NTsarray and the exquisite signaling mechanism, the proposed
system could achieve the sensitive and specific VEGF detection. To
the best of our knowledge, both the fabricated BiOI NFs array/TiO,
NTs array structure and the proposed PEC bioanalytical strategy
have never been reported.

Results

Experimentally, to achieve the hierarchical structure of designed
BiOI NFs array/TiO, NTs array, successive ionic layer adsorption
and reaction (SILAR) was used to build the BiOI array onto the TiO,
NTs fabricated by electrochemical anodization firstly. Such direct
SILAR growth of BiOI flake membranes onto TiO, NTs can be
performed at room temperature, atmospheric pressure with good
convenience and repeatability. Specifically, the self-organized TiO,
NTs were grown by anodization of Ti foils in a 0.5 wt% hydrofluoric
acid solution at 20 V for 60 min. Thereafter, BiOI NFs were coated
onto the TiO, NTs by alternately immersing the latter into two
different ionic precursor solutions containing Bi** and I~ ions,
respectively (experimental details see supporting information).
Figure 2A shows a typical scanning electron microscopy (SEM)
image of the as-obtained self-organized TiO, NTs, which exhibited
a one-dimensional (1D) perpendicularly aligned and highly ordered
porous structure. A high-magnification SEM image further displayed
that the average inner and outer pore diameter were ca. 100 and
140 nm, respectively. Figure 2B demonstrates the morphology of
the three-dimensional (3D) crossed BiOI NFs on TiO, NTs, it pos-
sessed unique layered structures (with lateral dimension in the
micrometer size, height of several hundred nm and average thickness
of ca. 10 nm, as shown in Figure 1B inset) with the internal static
electric field perpendicular to each layer, which can induce the effec-
tive separation of photo-generated electron-hole pairs. Figure S1 and
S2 provides insight into the effect that the SILAR cycles have on the
location and growth density of crossed BiOI NFs on TiO, NTs. X-ray
photoelectron spectroscopy (XPS) was further performed to study
the surface chemical compositions and oxidation states of BiOI NFs/
TiO, NTs. The obtained survey spectrum is depicted in Figure 2C,
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Figure 1| (A) Schematic Illustration for fabricating crossed BiOI NFs/TiO, NTs arrayed structure. (B) Schematic diagram of the immunoanalysis
principle using the novel BiOI/TiO, NTs arrayed p—n junction photoelectrode.
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Figure 2| (A) SEM of the self-organized TiO, NTs, the inset: high-magnification SEM image (B) SEM of the 3D interlaced network of BiOI layer

on TiO, NTs, the inset: high-magnification SEM image, (C) XPS spectrum of the hybrid, the inset: XRD pattern of the developed TiO, NTs (a) and BiOI/
TiO, hybrid (b), (D) Transient photocurrent response of the samples, the bare Ti foil (a), the TiO, NTs (b, d) and BiOI/TiO; hybrid (c, e) in 0.10 M
tris-HCI (pH 7.8) without (b, ¢) and with (d, ) 1.0 X 107> M NADH, the inset: the effect of SILAR cycles of BiOI on the resulting hybrids. All
photocurrent responses were recorded with 0 V working potential and 470 nm light wavelength on and off.

and the corresponding high-resolution XPS spectra of Bi 4f, O 1s and
I3d are illustrated and discussed with Figure S3. The phase structure
of the sample was further identified by X-ray diffraction (XRD), as
shown in Figure 2C inset, quantitative analysis of the pattern would
index all the observed peaks to the TiO, anatase phase (JCPDS file
No: 21-1272, a = 3.7852 A, ¢ =9.5139 A, space group: I4,/amd
(141)), tetragonal structure of BiOI (JCPDS file No: 10-0445, a =
3.994A,c=9.149 A, space group: P4/nmm (1129)), and the Ti metal
phase (JCPDS file No: 44-1294, a = 2.951 A, ¢ = 4.683 A, space
group: P63/mmc (194)), respectively, suggesting that no Bi and I
related impurities exist in the BiOI/TiO, NTs hybrid. Transient
photocurrent responses of the samples were also investigated upon
intermittent visible light irradiation of 470 nm with the results
shown in Figure 2D. As shown in curve a, the Ti foil exhibited no
photoresponse. In contrast to the weak response of bare TiO, NTs
(curve b), the absolute intensity (the illuminated current subtracts
dark current) of such novel array-array heterostructure (curve c)
enhanced greatly from 1.0 X 107® to 1.67 X 1077 A, indicating the
strong coupling effect between BiOI NFs and TiO, NTs.
Significantly, comparing curve e and c, we would find that the pres-
ence of electron donor nicotinamide adenine dinucleotide (NADH)
in the solution can greatly amplify the response of the samples,
indicating that NADH can neutralize the generated holes and hence
contribute to the photocurrent production. Figure 2D inset shows
the effect of SILAR cycles of BiOI on the resulting hybrids, with the
increased loading of BiOI on the TiO, NTs up to 30 cycles, the
response of the hybrid enhanced correspondingly. Further increase
of the SILAR cycles to 45 cycles led to the signal reduction, which

may be caused by the too dense distribution of BiOI NFs that
impaired interfacial mass and electron communication.

For comparison, other two structures composed of BiOI NFs on
TiO, nanoparticles (NPs) film on indium tin oxide (ITO) electrode
(BiOI NFs/TiO, NPs/ITO) and BiOI coating on TiO, NT's tube wall
(BiOI coating/TiO, NTs) were then constructed (experimental
details see ESI). Figure 3A depicts the SEM images of the as-prepared
samples. As shown, in the two samples, optimized TiO, NPs film"
(Figure 3A-a) and BiOlI coating® (Figure 3A-d) were used in place of
the TiO, NTs array and the BiOI NFs array, respectively. To clarify
how the architecture affects the performance, Figure 3B demon-
strates the photocurrent responses of all the three samples under
visible-light irradiation of 470 nm. As shown, compared to BiOI
coating/TiO, NTs, the outstanding behavior of BiOI NFs/TiO,
NTs could be attributed to the presence of NFs structure that permits
higher efficiency of light harvesting. As to the difference between the
TiO, NPs and TiO, NTs-based samples, although 1D architectures
also change how the film absorbs light, the primary mechanism for
improvement is the enhanced residence lifetime®. To further pin-
point how BiOI species are contributing to broadband photocurrent,
the incident-photon-to-carrier efficiency (IPCE) is then determined
by using the expression (1):

1240 x Isc(4)

A1) x 100%

IPCE(}) = (1)
where I.(1) is the wavelength dependent short-circuit photocurrent
density in A/cm?, I(7) is the wavelength dependent incident light

intensity in W/cm? and A is the excitation wavelength in nm.
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Figure 3| (A) SEM images of the as-prepared (a) TiO, NPs film, (b) BiOI NFs/TiO, NPs/ITO, (c) TiO, NTs, (d) BiOI film/TiO, NTs. (B) The
photocurrent responses of the (a) BiOI NFs/TiO, NTs, (b) BiOI NFs/TiO, NPs/ITO, (c) BiOI coating/TiO, NTs. All the tests were performed in 0.10 M
PBS containing 0.10 M ascorbic acid with 0 V working potential and 470 nm excitation light.

Upon analysis, the results of 25.3%, 5.01% and 1.79% were obtained
for BiOI NFs/TiO, NTs, BiOI NFs/TiO, NPs/ITO and BiOlI coating/
TiO, NTs, respectively. Incidentally, the IPCE 5.01% of the sample
BiOI NFs/TiO, NPs was near the 4% of a similar structure on flu-
orine-doped tin oxide (FTO) electrode®. These value further iden-
tified that the superior performance of the proposed hybrid was of
intimate relevance to the proposed arrayed structure.

Apparently, due to its unique configuration and property, the
developed p-n heterojunction has great potential for application
in the broad field of photochemistry such as photocatalysis or solar
cells. As mentioned above, here its opportunity to the important
field of molecular detection was examined. As shown in Figure 1B,
on basis of the developed photoelectrode, an innovative sandwich
protocol was then designed for probing the immunocomplexing
toward VEGF. As far as we known, GDH has never been used as
enzymatic labels for PEC detection before. Previous experiment had
demonstrated that the response of the developed photoelectrode
could be obviously enhanced by NADH. Figure 4A manifests the
photoresponse of the immunosystem to VEGF at a level of 1.0 X
107° g/mL in the absence and presence of glucose (10 mM). As
expected, in the absence of glucose, the response of the system
was weaker (cure b) than that of the bare hybrid electrode (cure
a), which related to the formation of insulating protein layer that
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affected the efficient hole scavenging. By contrast, in the presence of
substrate, the system exhibited enhanced photoresponse (cure c),
which could be attributed to that the existence of glucose could in
situ induce NADH production and thus the attenuated charge
recombination. Apparently, the signal intensity correlates inti-
mately with VEGF concentration; our preliminary results have
shown that the VEGF determination can be accomplished by fol-
lowing the signal variation. As shown in Figure 4B, the signal climbs
along with the VEGF concentration ascends up to 1.0 ng/mL, and
the detection limit was experimentally found to be 10 pg/mL. As
shown in Figure 4B inset, the selectivity was assessed by using
another two head and neck squamous cell carcinoma (HNSCC)
biomarkers, i.e., interleukin 6 (IL-6) and interleukin 8 (IL-8) as
interfering agents, the results indicated that these interfering agents
could not cause an apparent signal increase and thus the satisfactory
selectivity. The reproducibility of this PEC immunoassay was then
evaluated by intra-assay relative standard deviation (RSD). At the
level of 1.0 ng/mL, the RSD was 7.3%, suggesting an acceptable
reproducibility of the proposed protocol. The result of real plasma
sample test was 82.7 pg/mL, which was slightly higher than the
76.3 pg/mL of the commercial ELISA test. These results indi-
cated the potential of the developed immunoassay for practical
applications.
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Figure 4| (A) Photocurrent response of (a) the bare BiOI/TiO, NTs electrode, the developed immunosystem in the (b) absence and (c) presence of
10 mM glucose in 0.10 M tris-HCI (pH 7.8) containing 10 mM NAD* cofactor (corresponding to 1.0 X 107° g/mL of VEGF). (B) Plot of the
photocurrent vs VEGF concentration. Al is the photocurrent enhancement corresponding to variable VEGF concentration. Inset: Selectivity of the
proposed immunoassay to VEGF by comparing it to the interfering proteins at 1.0 ng/mL, IL-6 and IL-8.
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Figure 5 | Schematic diagrams for the energy bands of p-type BiOI and n-type TiO, before and after coupling, as well as the specific charge transfer

process at the formed p-n junction under visible-light irradiation.

Discussion

The reasons for the excellent property of the as-fabricated electrode
are threefold: (1) the arrayed architecture of the hybrid. The 3D
interlaced network of BiOlI layer with large surface areas would allow
extended light harvesting, while the well-aligned 1D features of TiO,
NTs array could provide an effective directional electron percolation
pathway and hence the enhanced carrier mobility and lifetime'”. (2)
the peculiar activity of TiO, NTs. As known, generally TiO, is a wide
band gap semiconductor and not photoactive under visible light
illumination. However, the vertically oriented structure would
endow TiO, NTs with distinct responsibility in a specific visible
range®'. (3) the formation of p-n junction. The contact of p-type
BiOI and n-type TiO, could form the p-n heterojunction, rendering
the rise of Fermi level and whole energy band of BiOI while the
descent of those of TiO, till a new stable equilibrium, wherein the
reformed conduction band (CB) edge of BiOI exceeds that of latter.
So, when upon visible irradiation, the p-» junction would facilitate
the effective separation and quick transportation of the photogener-
ated excitions. Specifically, as illustrated in Figure 5, charge separa-
tion could occur simultaneously both in BiOI NFs and TiO, NTs.
Then, the photoelectrons of p-type BiOI would promptly inject into
the CB of n-type TiO,, while the holes of latter would transfer to the
valence band (VB) of the former. These injected electrons on the CB
of TiO, NT's were then rapidly collected by the Ti substrate as photo-
current due to the efficient charge transport within the arrayed tubes.
The synergy effect of these factors could substantially promote the
spatial charge separation and the subsequent migration of these car-
riers, impeding the charge recombination and thus improving the
excitation and conversion efficiency.

The following assay confirmed the excellence of the developed p-n
junction architecture and also the feasibility of the proposed sensing
protocol. Further work will modulate the experimental conditions to
optimize the property of the hybrid and exploit its utilization for
other bioanalysis application. In summary, a distinct p-n heterojunc-
tion has been constructed on basis of coupling p-type crossed BiOI
NFs array to n-type TiO, NTs array. Due to the unique arrayed
structure consisted of 3D interlaced network of BiOI NFs layer and
the 1D configuration of TiO, NTs, the developed hybrid possessed
excellent photo-to-electric conversion efficiency. By means of an
immunosandwich protocol, we further demonstrated that this
hybrid enabled novel PEC biomolecular detection toward protein
marker which could be extended to other biorecognition events.
These results not only offered a unique BiOI NFs/TiO, NTs p-n
heterojunction which has a wide application prospects in the broad
photochemistry, but also opened a different perspective for current
development of advanced PEC biomolecular detection.

Methods

Fabrication of the 3D BiOI Crossed NFs Array/1D TiO, NTs array p-n
heterojunction electrodes. The utilized TiO, NTs were fabricated by the technique of
electrochemical anodic oxidation according to our previous report'. In detail, prior
to anodization, Ti sheets were mechanically polished with different abrasive papers
and rinsed in an ultrasonic bath of cold distilled water for 10 min. Then the cleaned Ti
sheets were soaked in a mixture of HF and HNOj acids for 1 min (the mixing ratio of
HF:HNO3:H,O is 1:4:5 in volume). Using 0.5 wt% hydrofluoric acid as the
electrolyte, the cleaned titanium sheets was anodized at 20 V at room temperature for
60 min in a conventional two-electrode system with a platinum electrode as the
cathode. Anodized Ti sheets were washed with ultrapure water and then annealed at
500°C for 1 h in ambient atmosphere to crystallize the amorphous tubes to obtain the
well-ordered and uniform TiO, NTs array. On basis of the developed TiO, NTs, the
3D BiOI crossed NFs array/1D TiO, NTs array p-n heterojunction electrode was then
prepared by a successive ionic layer adsorption and reaction (SILAR) approach.
Briefly, before use, the TiO, NT's substrates were cleaned by ultrasonication in
distilled water and ethanol, subsequently. Then, BiOI flakes were coated onto the
TiO, NTs by alternately immersing the latter into 5 mM Bi(NO;); and 5 mM KI
solutions for 10 s each, respectively. The films were carefully washed with doubly
distilled water after each dipping step. After certain cycles of SILAR, the resulting
BiOI NFs array/TiO, NTs array was dried at room temperature.

Fabrication of the BiOI NFs/TiO, NPs/ITO and BiOI coating/TiO, NTs
Electrodes. 0.1 g TiO, powder was dispersed ultrasonically in 20 mL water (the
concentration of the suspension is 5.0 mg/mL), and then 40 pL of the suspension was
applied onto a piece of freshly cleaned ITO slice with fixed area of ~0.25 cm”. After
drying in air, the film was sintered in a Muffle furnace at 500°C for 30 min and finally
cooled down to room temperature'*. The BiOI NFs/TiO, NPs was then prepared by
the successive ionic layer adsorption and reaction (SILAR) approach under the same
experimental conditions. To fabricate BiOI coating/TiO, NTs, BiOI was coated onto
the TiO, NTs by an impregnating hydroxylation method using Bil; as the precursor.
In a typical synthesis, 0.94 g of Bil; was added into 20 mL of absolute ethanol
solutions containing 2 drops of 35% HCI. The TiO, NTs were first immersed in Bil;
solution for 30 min followed by a slight rinse with ethanol and then dried in an oven
at 80°C for 1 h to ensure that Bil; was adhered to the tube wall uniformly.
Subsequently, the TiO, NTs were immersed in distilled water, and BiOI was deposited
on the nanotube wall by hydroxylation of Bils.

Immunoassay development. A chitosan film was firstly coated on the BiOI NFs/TiO,
NTs to offer abundant -NH, that covalently links to the -NH, of antibodies via the
reaction with glutaraldehyde. Specifically, chitosan (CS) solution (0.5 wt%) was
prepared by ultrasonically dissolving CS powder in 1% acetic acid. 20 pL CS solution
was dropped on hybrid electrode and dried at 50°C. After the electrode was washed
with 0.1 M NaOH and distilled water, respectively, it was dipped in 5.0% GLD
solution diluted in phosphate buffer (pH 7.4) at room temperature for 30 min. The
electrode was rinsed with distilled water thoroughly to remove physically adsorbed
GLD. Then, 25 pL of 0.1 mg/mL Ab; dissolved in 0.01 M PBS (pH 7.4) was spread
onto the GLD-activated electrode surface at 4°C in a moisture atmosphere to avoid
evaporation of solvent. After incubation for 16 h, the electrode was rinsed with the
washing buffer to remove physically adsorbed Ab; and then blocked with 25 puL
blocking solution for 2 h at 4°C to block non-specific binding sites, followed by
washing with the washing buffer thoroughly. Next, 25 uL of Ag with different
concentrations were dropped onto the Ab; modified electrodes for an incubation of
60 min at 37°C followed by washing with washing buffer. Biotinylated Ab,-
streptavidin-biotinylated GDH was prepared through reaction of 100 pL 0.1 mg/mL
streptavidin solution (0.01 M PBS, pH 7.4) with 100 pL 0.1 mg/mL biotinylated
GDH solution (0.01 M PBS, pH 7.4) for 30 min at room temperature, followed by
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addition of 100 pL 0.1 mg/mL biotinylated Ab, solution (0.01 M PBS, pH 7.4) for
another 30 min at room temprature. After the binding reaction between Ab, and the
Ag, the electrodes were allowed for labeling by additional incubation with 25 pL of
the obtained biotinylated Ab,-streptavidin-biotinylated GDH solution for 60 min,
and again the electrodes were washed thoroughly with water to remove
nonspecifically bound conjugations. Finally, the assembled electrodes were allowed
for 30 min incubation at room temperature in the freshly prepared 0.1 M Tris-HCl
solution (pH 7.8) containing 10 mM glucose and 10 mM NAD* at room
temperature, followed by the respective PEC measurements.
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