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Herein, based on iron oxyhydroxide (FeEOOH) as the photoactive
material and exonuclease lll (exo lll)-aided dual recycling signal
amplification, a new photoelectrochemical (PEC) biosensor was
successfully developed for human papillomavirus-16 (HPV-16)
detection with a wide linear range from 0.5 fM to 1 nM and a low
detection limit of 0.17 fM.

Human papillomavirus (HPV) infection is primarily responsible
for cervical cancer, which is one of the most common cancers
in women around the world."” High-risk genotypes of HPV,
especially HPV-16 and HPV-18, are the major cause of cervical
cancer worldwide."® In the past few years, some analytical
methods have been applied to detect HPV, including southern
blotting, colorimetry, and microarray and fluorescence
analyses.” " However, these methods still suffer from low
sensitivity, complex preparation and high cost. Therefore, it is
significantly important to develop a new method for HPV
detection with high sensitivity, simple operation and low cost.

Recently, the photoelectrochemical (PEC) analytical techni-
que in virtue of its low background, facile operation and high
sensitivity has exerted a significant effect on bioanalysis owing
to the separation of the light source and detection signal.** ™% It
is indispensable to exploit superior photoactive materials and
effective signal amplification strategies in the construction of
PEC biosensors."*"> So far, Cd/Pb-containing QDs have been
intensively employed as photoactive materials due to their
unique photophysical properties.’®'” However, most of them
are toxic and unstable, which were unfavorable for their bioas-
say application."®?° Iron oxyhydroxide (FEOOH) is an ideal
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material with low cost, good photostability and water solubility,
natural abundance and environmental friendliness, and has
been extensively applied in organic pollutant degradation and
photocatalytic water oxidation, and used in electrode materials,
lithium-sulfur batteries, etc.>'”>* More importantly, FeOOH
displays a strong absorption ability in the visible light
region®® with excellent film-forming properties, which makes
it suitable as a promising photoactive material for the develop-
ment of a PEC biosensor. In recent years, the exonuclease III
(exo III)-aided recycling amplification strategy has attracted
much attention due to its low cost and simple operation, and
has been widely used in the biosensing field for improving the
detection sensitivity of biosensors.**>® Consequently, taking
advantage of the features of FeOOH and the effective signal
amplification strategy of exo IlI-aided recycling, it is highly
desirable to construct a sensitive PEC biosensor for biomarker
detection.

Herein, a new PEC biosensor for the detection of HPV-16 was
constructed on the basis of FeOOH as the photoactive material
and the exo Ill-aided dual recycling signal amplification
strategy. As illustrated in Scheme 1, FeOOH was first added
dropwise on the glassy carbon electrode (GCE) surface, leading
to an obviously high initial PEC signal. At the same time, dual
recycling amplification reactions (cycle I and cycle II) were
triggered by exo III in the presence of a target, generating
abundant single-stranded DNA (S1) to hybridize with hairpin
DNA2 (HP2) on the electrode surface, thereby a large number of
signal probe labeled-SiO, NPs (SP-SiO, NPs) could further
hybrid with HP2, making the PEC signal obviously decreased
because of the increased steric hindrance. Thus, the fabricated
PEC biosensor could achieve the sensitive detection of
HPV-16, displaying its potential for application in early clinical
diagnosis.

The exo Ill-aided dual recycling signal amplification is
schematically demonstrated in Scheme 1B. In the presence of
the target (pink strand), it could hybridize with the protruding
3’-terminus (the green part) of hairpin DNA1(HP1) to form an
HP1-Target hybrid duplex with a blunt 3’-terminus of HP1.
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Scheme 1 Schematic illustration of the proposed PEC biosensor:
(A) biosensor construction process; (B) exo lll-aided dual recycling signal
amplification; (C) the photocurrent generation mechanism and signal
comparison.

Then exo III could specifically digest the duplex region from the
3’-terminus of HP1 in the 3’ to 5’ direction. After the duplex
region was fully consumed, the target could be released to
participate in the next cleavage process (cycle I) and the SO (the
purple part of HP1) could be obtained to trigger the next new
recycle process (cycle II). The S1-S2 hybrid duplex was initially
prepared in the solution by hybridizing S1 (red strand) and S2
(blue strand). When the S1-S2 hybrid duplex was mixed with
the obtained S0, SO could hybridize with S2 to release the free
S1 and further form a new hybrid duplex (S0-S2) with a blunt
3’-terminus of S2, and then exo III could catalyze the cleavage of
the hybrid duplex, releasing again SO to launch the next cycle
(cycle II). After many cycles, numerous S1 could be obtained to
participate in the following experiments. It is worth noticing
that the S1-S2 hybrid duplex was specifically designed with an
overhang 3’-terminus for each to avoid the exo Ill-catalyzed
digestion of them.

First, the morphologies of the FeOOH and SiO, NPs were
characterized using scanning electron microscopy (SEM). As
shown in Fig. 1A-C, FeOOH was composed of well-defined
nanorods that tended to be a 3D flower-like morphology.*

--

Fig. 1 ) Overall and (B and C) magnified SEM images of FeOOH.
(D and E) The corresponding elemental mapping of Fe and O for (B),
respectively. (F) SEM of SiO, NPs.
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Moreover, as shown in Fig. 1D and E, elemental mapping
revealed that Fe and O were all uniformly distributed across
the whole particle. Besides, as shown in Fig. 1F, the SiO, NPs
were well dispersed with an average size of about 40 nm, which
is in agreement with the previous literature.*°

Next, Fig. 2A shows the ultraviolet-visible (UV-vis) absorption
spectrum of FeOOH, which exhibited a distinct absorption
band in the visible light range, suggesting that FeOOH had a
good capacity for light absorption. Besides, from the equation
of a direct-gap semiconductor: («hv)* = C(hv — Ey) («, k, v, C and
E, represents the absorption coefficient, Planck constant, light
frequency, a constant and band gap energy, respectively),®' the
E, of FeOOH could be calculated. As shown in Fig. 2B, the E; of
FeOOH was estimated to be 2.15 eV.

In addition, X-ray photoelectron spectroscopy (XPS) was
used to investigate the chemical states of different bonded
elements of FeOOH. The full survey spectrum shown in Fig. 3A
shows the coexistence of Fe and O and the distinct character-
istic peaks. As shown in Fig. 3B, the peaks at 711.1 eV and
724.9 eV in the Fe 2p spectrum were associated with typical Fe
2ps» and Fe 2p,,, in FeOOH, respectively. Besides, two shake-
up satellites were also observed at 719.1 eV and 733.2 eV, due to
the presence of iron in the trivalent oxidation state.>” Moreover,
the O 1 s scan spectrum displayed in Fig. 3C is divided into two
different peaks at 530.0 eV and 531.3 eV, respectively. In
addition, the valence band (VB) of FeEOOH was measured to
be 1.85 eV using the XPS VB spectrum (Fig. 3D). Based on the E,
value of FeOOH of 2.15 eV, the conduction band (CB) edge
position was calculated to be —0.3 eV, according to the formula:
Eyg = Ecp + Eg.”* The above results suggested that FeOOH was
successfully synthesized and the relatively narrow band gap of
FeOOH could lead to more efficient utilization of the visible
light, which makes it potentially applicable in a PEC biosensor
as an ideal photoactive material.

The building process of the PEC biosensor could be character-
ized via a PEC signal. As displayed in Fig. 4A, almost no PEC
signal was observed for the bare GCE (curve a). After the immo-
bilization of FeOOH, an obviously enhanced PEC signal could be
obtained (curve b) owing to the superior photoelectric activity of
FeOOH. When the Au NPs were electrodeposited onto the elec-
trode surface (Dep Au), the PEC signal obviously increased
(curve ¢) on account of the excellent conductivity of Au NPs. After
the successful incubation of HP2 and 1% BSA on the above
electrode, the PEC signal gradually decreased (curves d and e)
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Fig. 2 (A) Typical UV-vis absorption spectrum and (B) plot of the («h1)? vs
(hv) of FeOOH.
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Fig. 3 (A) Full-scale XPS spectra of FeOOH. (B and C) High-resolution XPS
spectra of FeOOH: Fe 2p and O 1s. (D) XPS VB spectra of FeOOH.
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Fig. 4 (A) PEC and (B) EIS responses of (a) bare GCE; (b) FeOOH/GCE;
(c) Dep Au/FeOOH/GCE; (d)HP2/Dep Au/FeOOH/GCE; (e) 1% BSA/HP2/
Dep Au/FeOOH/GCE; (f) S1/1% BSA/HP2/Dep Au/FeOOH/GCE; (g) SP-
SiO, NPs/S1/1% BSA/HP2/Dep Au/FeOOH.

because of their increased steric hindrance effect. And then the
PEC signal sequentially decreased (curve f) after incubating the
obtained S1 products. Finally, with the addition of SP-SiO, NPs,
the PEC signal further decreased (curve g), because the SiO, NPs
could impede the electron transfer and increase the steric
hindrance. These results suggested that the biosensor was con-
ceivably fabricated.

Electrochemical impedance spectroscopy (EIS) was also
propitious to confirm the stepwise modification process.
Fig. 4B exhibits the impedance change of each fabrication step.
The bare GCE displayed a small resistance (R.) value (curve a).
When FeOOH was further modified on the bare GCE, the R
value greatly increased (curve b) because of the large repulsion
between [Fe(CN)s]*~*~ and FeOOH. After the deposition of Au
NPs on the modified electrode (Dep Au), the R, value clearly
decreased (curve c), suggesting that Au NPs could facilitate the
electron transfer. With the stepwise modification of HP2, 1%
BSA and the obtained S1 products, the R, value consecutively
increased (curves d-f) owing to their non-conductivity charac-
teristics. Ultimately, the R, value markedly increased (curve g)
with the assembly of SP-SiO, NPs due to the poor conductivity
of SiO, NPs. These results demonstrated that the biosensor was
effectively constructed.
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Fig. 5 (A) PEC responses of the biosensor incubated with different con-
centrations of the target: 0.5 fM, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM
and 1 nM (from top to bottom). (B) The corresponding calibration curve for
target detection.

Under the optimal conditions, the PEC responses of the
proposed method with different concentrations of the target
were obtained. As seen from Fig. 5A, the PEC signals (I)
accordingly decreased as the concentration (c¢) of the target
increased from 0.5 fM to 1 nM. As shown in Fig. 5B, the linear
regression equation was I = —0.1105 lgc + 0.6236, r = 0.9931.
The limit of detection was calculated to be 0.17 fM estimated at
a signal-to-noise ratio of 3. The results suggested that the PEC
biosensor exhibited very desirable analytical performance for
HPV-16 detection. In addition, the constructed PEC biosensor
in the detection of HPV-16 was compared to that found in the
existing work (Table S3, ESIf), which indicated that the
designed PEC biosensor exhibited a satisfactory analytical
performance for HPV-16 detection owing to the excellent
properties of FeOOH and exo IlI-aided dual recycling signal
amplification strategy.

The selectivity of this method was investigated by assaying
the interfering substance including single-base mismatched
DNA (1c), three-base mismatched DNA (3c) and random DNA
(random). As exhibited in Fig. 6A, the target (1 pM) exhibited a
lower PEC signal, while the blank sample and other interfering
substances (the concentration of each interfering substance,
100 pM) showed a relatively higher PEC signal, respectively.
These indicated that the developed PEC biosensor possessed a
high selectivity. Meanwhile, the stability of the proposed PEC
biosensor was evaluated by testing the PEC signals under
several continuous “on/off” irradiation cycles. As shown in
Fig. 6B, the relative standard deviation (RSD) is 1.54%, demon-
strating that the PEC biosensor has an acceptable stability.
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Fig. 6 (A) Selectivity of the proposed strategy toward the blank sample,
three interferents (the concentration of each interferent, 100 pM) and the
target (1 pM). (B) The stability of the proposed PEC biosensor incubated
with 1 pM target under several “on/off" irradiation cycles.
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In summary, depending on FeOOH as the photoactive
material and exo IlI-aided dual recycling signal amplification,
a new PEC biosensing platform has been proposed for HPV-16
detection. Herein, FEOOH was used as a sensing matrix that
integrated the advantages of nontoxicity, easy preparation,
stable chemical properties and excellent photoelectric activity
for providing a stable and commendable initial photocurrent
signal for the PEC biosensor. Moreover, exo Ill-aided dual
recycling signal amplification further enhanced the detection
sensitivity of the PEC biosensor. The designed PEC biosensor
exhibited a wide linear range, good selectivity and satisfactory
stability, proving to be potential for application in early cancer
diagnosis.
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