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Construction of novel photoelectrochemical (PEC) materials with unique structures can effectively improve the
photoelectric conversion efficiency. Here, a self-supported CuyO@Cu-MOF/copper mesh (CM) nanobelt arrays
with high specific surface area, high orientation, and high photoelectric conversion performance is obtained by
in-situ grown strategy. Such PEC aptasensor is constructed based on the CuO@Cu-MOF/CM combined with
rolling circle amplification and enzymatic biocatalytic precipitation for vascular endothelial growth factor 165

analysis. This strategy achieves excellent cooperative signal amplification, which greatly improves the detection
sensitivity. The PEC aptasensor exhibited a wide calibration ranged from 10 to 1 x 108 fM with a detection limit
down to 2.3 fM (S/N = 3). The construction of semiconductor@MOFs has developed the potential application of
MOFs in photoelectrochemical and found a reliable path for ultrasensitive detection of biomarkers.

1. Introduction

In recent years, photoelectrochemical (PEC) has attracted extensive
research as a promising analytical method (Hao et al., 2020; Xu et al.,
2020). Compared with traditional electrochemistry, PEC possesses ad-
vantages of high sensitivity, great selectivity and low-cost determination
due to the separation of the excitation light source and the output signal
(Kong et al., 2020a; Sun et al., 2019; Liu et al., 2019; Zhu et al., 2019).
More importantly, photoactive materials are critical for constructing
PEC biosensing platforms with excellent analytical performance. The
development of high-performance PEC materials is usually limited by
the problems of unstable photocurrent and low electronic conversion
efficiency. Therefore, in order to obtain more stable photoelectric con-
version efficiency, it is necessary to develop new nanomaterials with
larger contact area and strong stability under an excitation source to
improve the electron transfer rate.

Metal organic frameworks (MOFs) are composed of metal ions/
clusters and bridged ligands through coordination bonds with greater
porosity and specific surface area (Liu et al., 2020; Wu et al., 2019; Zhao
et al., 2018). Ligands in MOFs can absorb light energy, and photoelec-
trons can be further injected into the metal oxygen cluster through the
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charge transfer from the ligand to the cluster to generate electron-hole
pairs, showing extraordinary semiconductor performance (Liu et al.,
2018a; Li et al., 2019). However, the MOFs usually have disadvantages
such as disordered orientation and low conductivity, which are not
conducive to electron transfer (Cai et al., 2017; Deng et al., 2018).
Therefore, there is an urgent need to develop new MOFs-based materials
with high orientation and uniform interface structure to improve the
photoactive performance.

Recently, MOFs-based materials have been widely reported for
constructing of PEC biosensors. Liu’s team established a PEC biosensor
platform using PCN-224/rGO as the photoactive material for p-arsanilic
acid detection (Peng et al., 2019). Yang’s group constructed PEC sensor
based on Au-NPs@Zn-MOF material to detect squamous cell carcinoma
antigen (Wei et al., 2019). Actually, how to enhance the photoelectric
conversion efficiency of MOFs is still the key problem for its develop-
ment in the field of PEC bioanalysis. Three-dimensional (3D) nano-
materials can promote electron transfer and improve electrical
conductivity due to their large specific surface area, uniform interface
structure and high orientation (Guo et al., 2019; Kong et al., 2020b).
More importantly, the heterostructure formed by combining 3D MOFs
with other semiconductor materials shows better PEC performance due
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Scheme 1. Schematic diagrams of (A) Exo Ill-assisted target cycle amplification strategy; (B) preparation process of RCA based PEC aptasensor; (C) mechanism on

the charge-carrier transfer of Cu;,0@Cu-MOF/CM.

to band matching (Li et al., 2018a; Song et al., 2019; Zhan et al., 2013).
For example, some metal oxides (TiO, ZnO, Fe304, Cup0) show excel-
lent semiconductor performance in PEC applications (Li et al., 2018a;
Wang et al., 2008; Zhang et al., 2018a). Therefore, we reasonably
believe that the successful preparation of 3D metal oxide@MOFs
nanoarray structures can effectively improve the photoelectric conver-
sion efficiency.

In this paper, the Cu(OH); nanowire arrays (NWAs) grown on copper
mesh (CM) by in-situ oxidation reaction are prepared and further used as
a precursor to prepare CupO@Cu-MOF/CM nanocomposites successfully
(Cao et al., 2019). The as-prepared 3D nanoarray materials have large
specific surface area and excellent stability, which is favorable to
improve the performance of PEC. On this basis, we propose a novel PEC
aptasensor for ultrasensitive detection of vascular endothelial growth
factor 165 (VEGFg5; Scheme 1), considering that the expression of
VEGFi¢5 in vascular tissues plays a prominent role in normal and
pathological angiogenesis (Da et al., 2018; Fu et al., 2020). Specifically,
the captured DNA (S1) is modified on the surface of the CupO@Cu--
MOF/CM electrode by Cu-S bond (Pakiari and Jamshidi, 2010). In the
exonuclease III (Exo IID-assisted recycling strategy (Scheme 1A), the
VEGF¢s is introduced to obtain a large amount of single-stranded DNA
(S2) which can be complementary hybridized with S1. In the presence of
padlock probe, which can be hybridized with the tail sequence of S2, and
the presence of T4 DNA ligase, phi29 polymerase and deoxy-
ribonucleoside 5’-triphosphate (dNTPs) mixture, the rolling circle
amplification (RCA) reaction is triggered. The resulting large amount of

duplicate G-rich DNA sequences can specifically bind with hemin to
form stable G-quadruplex structures with the function of DNAzyme. The
DNAzyme can catalyze the bioprecipitation reaction of 4-chloro-1-naph-
thol (4-CN) to reduce the PEC signal, thus can be employed for the
detection of VEGF;¢5 (Scheme 1B). The successfully construction of the
aptasensor not only provides a new path for sensitive determination of
targets, but also extends the application of MOFs in the field of PEC
sensing.

2. Experimental section
2.1. In-situ growth of Cu,0@Cu-MOF NBAs on copper mesh

CM treatment: ultrasound with dilute hydrochloric acid for 1 min,
followed by sonicating with deionized water 2-3 times. Firstly, 3.2 g of
NaOH and 0.91 g of (NH4)2S20g were dissolved in 20 mL of water,
respectively. Subsequently, the (NH4)2S20g solution was poured into the
NaOH solution, and the treated CM was put into the mixed solution for
20 min. The CM was taken out and washed with water and ethanol to
obtain a dark blue Cu(OH); precursor.

Cu0@Cu-MOF/CM were prepared by the above Cu(OH),/CM as
precursor using a typical hydrothermal method (Yang et al., 2019).
Specifically, 0.5815 g CgHgO4 and 1.1416 g Cu(NO3)2-3H20 were
dispersed in 70 mL of DMF. Then, 5 mL C;HsOH and 5 mL HoO were
added, and stirred continuously for 10 min at room temperature. The
above-mentioned Cu(OH), precursor and the mixed solution were
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Fig. 1. SEM (A) and TEM image (B) of CuyO@Cu-MOF. HRTEM image for Cu,O0@Cu-MOF; (C) the lattice fringe of Cu,0; (D) the lattice fringe of Cu-MOF.

transferred to a 100 mL Teflon-lined autoclave, and maintained at 120
°C for 12 h. The obtained Cu,O@Cu-MOF/CM were washed with water
and ethanol, and dried at 60 °C.

2.2. Exonuclease Ill-aided target recycling

As shown in Scheme 1A, magnetic beads (MB; 50 pL) and activator
(50 pL, 20 mM EDC and 10 mM NHS) were mixed for 2 h to activate the
carboxyl group of MB. The supernatant was removed by magnetic sep-
aration, and the activated MB was dispersed in 50 pL of ultrapure water.
Subsequently, aminated aptamers (HP1, 50 pL, 4 pM) were mixed with
activated MB overnight, and aptamers were ligated to MB via acylation
reaction. Different concentrations of targets (VEGF¢5; 50 pL) and HP2
(50 pL, 4 pM) were incubated with the above HP1-MB at 37 °C for 2 h.
The HP1 can specifically capture VEGF;¢5 to open the hairpin structure,
and the naked DNA sequence can hybridize with HP2. Subsequently, the
Exonuclease III (Exo III, final concentration of 2 U-pL 1) was added to
trigger the cycle amplification reaction to obtain S2. Finally, S2 was
separated by magnetic separation for the next assembly of the PEC
sensor. The buffer used was Tris-HCI (pH 7.4).

2.3. Fabrication of the PEC biosensor

Firstly, S1 was treated with 10 mM Tris-HCI buffer (pH 7.4) con-
taining 10 mM TCEP for 1 h at room temperature to reduce disulfide
bonds. Afterward, 10 pL of S1 (2 pM) were immobilized on the surface of
the Cup,0@Cu-MOF/CM electrode by Cu-S bond and incubated over-
night. Then, 10 pL of HT (0.1 mM) solution were added dropwise and
incubated for 1 h to block non-specific sites. Next, 10 pL of S2 were
modified on the electrode surface, and incubated for 2 h at 37 °C. After
that, 10 pL of 2 uM padlock DNA were incubated at 37 °C for 1 h.
Furthermore, 5 pL of 10 U T4 ligase and 5 pL of 10 x T4 ligase reaction
buffer were added and hold for 2 h. Subsequently, 2 pL of 10 U phi29
polymerase, 5 pL of 10 x phi29 polymerase reaction buffer and 5 pL of
10 mM dNTPs were decorated on the obtained electrode surface for 2 h
at 37 °C to achieve RCA. The RCA reaction produces a large number of
G-rich DNA sequences. When hemin was added, it can form a stable G-
quadruplex structure and had the function of DNAzyme. The obtained

electrode  (hemin/RCA/padlock/HT/S1/Cu0@Cu-MOF/CM)  was
incubated with 4-CN (1.0 mg mL 1) and H505 (10 mM) solution for 10
min to perform a nanoenzyme-catalyzed precipitation reaction. The
assembly process of PEC biosensor was shown in Scheme 1B.

3. Results and discussion
3.1. Morphology characterization of the Cu;0@Cu-MOF nanobelt arrays

The morphology and structure of Cu(OH); nanoarrays and
Cu0@Cu-MOF composites were investigated by scanning electron mi-
croscopy (SEM) and transmission electron microscopy (TEM). As shown
in Figs. S1A and S1B, the Cu(OH); nanowire array is evenly distributed
on the substrate surface. In addition, SEM image of CupO@Cu-MOF/CM
synthesized with Cu(OH); NWAs as precursors shows a good alignment
of the nanobelt arrays (Fig. 1A). TEM images (Fig. 1B) show that the
nanobelts are successfully synthesized and CupO nanoparticles are
grown with nanobelts as templates. The large specific surface area of the
composite material and the uniform distribution of CuO are beneficial
to shorten the electron transfer path and increase the electron-hole
separation rate. Furthermore, the lattice fringes of 0.21 and 0.26 nm
in the high-resolution TEM (HRTEM) images can be attributed to (200)
crystal plane of CuyO (Fig. 1C) and (201) crystal plane of the Cu-MOF
(Fig. 1D), respectively (Yang et al., 2019). Fig. S1 is the energy disper-
sive X-ray spectrometry (EDS) of Cu20@Cu-MOF, the elemental map-
ping verifies the existence and uniform distribution of Cu, C and O
elements.

3.2. Compositional and spectroscopic characterization of CuzO@Cu-
MOF nanobelt arrays

Fourier transform infrared (FT-IR) spectra and X-ray photoelectron
spectroscopy (XPS) survey spectra were used to prove the functional
group and elemental composition of the material, respectively. As
shown in Fig. 2A, two peaks at 3610 and 3273 em™! in the FT-IR
spectrum can be corresponded to the O-H stretching vibration, indi-
cating the presence of coordinated water molecules (Arul et al., 2017).
Fig. 2B is an enlarged view of Fig. 2A. The characteristic peaks at 1665
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Fig. 2. (A and B) FT-IR spectra of Cu;O@Cu-MOF (B is an enlarged view of the area labeled A); (C) XPS analysis of the full region of Cu,O0@Cu-MOF/CM; (D) high-

resolution XPS spectra for Cu 2p; (E) C 1s and (F) O 1s of Cu;0@Cu-MOF.

and 1398 cm™! can be assigned to the asymmetric and symmetric
stretching vibration of the coordination group (O—C-0). Meanwhile,
the C-H stretching vibrations are attributed to the characteristic peaks of
1149, 1105, 1018, and 827 cm™}, respectively. Furthermore, the two
absorption bands at 752 and 567 cm ™! can be attributed to the Cu-O
stretching vibration (Wang et al., 2015).

The XPS evaluates the compositions and valence states of elements in
Cu0@Cu-MOF. The XPS spectrum in Fig. 2C indicates the presence of
C, O, and Cu elements, which is consistent with the infrared results
described above. In the Cu 2p region (Fig. 2D), the four peaks at 955.1,
935.1, 953.0 and 933.3 eV are corresponded to the cut 2p1/2, cu®t
2p3/2, Cut 2p1 /0 and Cu™ 2ps3,» with four shakeup satellite peak (Sat.) at
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Fig. 3. (A) Photocurrent and (B) EIS responses of (a) Cu,0@Cu-MOF/CM; (b) S1/Cu,0@Cu-MOF/CM; (c) HT/S1/Cu,0@Cu-MOF/CM; (d) S2/HT/S1/Cu,0@Cu-
MOF/CM; (e) Padlock/S2/HT/S1/CuO@Cu-MOF/CM,; (f) RCA/Padlock/S2/HT/S1/Cu,0@Cu-MOF/CM; (g) Hemin/RCA/Padlock/S2/HT/S1/Cu,0@Cu-MOF/CM;
(h) Hemin/RCA/Padlock/S2/HT/S1/Cu,0@Cu-MOF/CM followed by incubation with 4-CN and H,0,.
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963.9, 960.1, 944.5 and 940.6 eV, respectively, indicating that the Cu
element exists as Cu®* (Deng et al., 2019). Moreover, the peaks of C 1s
spectrum at 288.5, 286.1 and 284.7 eV are corresponded to O-C=0,
C-0-C, C-C groups (Liu et al., 2018b; Zhang et al., 2018b), respectively
(Fig. 2E). In Fig. 2F, the peaks of the O 1s spectrum at 532.4 and 531.7
eV can be attributed to C-O and H-O-C groups (Du et al., 2018). The
above results indicate the successful preparation of highly oriented
Cu,0@Cu-MOF NBAs.

3.3. PEC and electrochemical impedance spectroscopy (EIS)
characterizations of the PEC biosensor

PEC and EIS characterizations were used to investigate the stepwise
fabrication process of electrodes. As shown in Fig. 3A, the PEC charac-
terization is performed in a phosphate buffer saline (PBS, 0.1 M, pH 7.4)
containing ascorbic acid (AA, 0.1 M). As displayed by curve a, a sig-
nificant photocurrent is observed due to the strong electrical conduc-
tivity of CupO@Cu-MOF/CM. The continuous assembly of S1 (curve b),
hexanethiol (HT, curve c) and S2 (curve d) results in a gradual decrease
of the photocurrent responses, which may be due to poor charge
transport of the DNA skeletons and organic small molecules (Li et al.,
2018b; Ye et al., 2017; Zhang et al., 2019). Subsequently, the modifi-
cation of padlock probe and T4 ligase on the electrode surface resulted in
the further reduction of photocurrent response (curve e). With the
introduction of phi29 polymerase and deoxyribonucleoside triphos-
phate (ANTPs), the photocurrent response is observed to decrease again
(curve f), because a large amount of G-rich DNA sequences produced by
the RCA reaction hinder the electron transfer. The above G-rich se-
quences can specifically bind with hemin to form stable G-quadruplex
structures with DNAzyme function, resulting in a slight decrease in
photocurrent (curve g). When 4-CN and H,05 are added, the DNAzyme
can catalyze the Dbioprecipitation of 4-CN to generate
benzo-4-chloro-hexadienone (4-CD), resulting in the greatly reduced
photocurrent response (curve h). This is mainly due to the 4-CD resulted
efficient inhibition of electron transfer and increase in steric hindrance.

Scheme 1C illustrates the possible electron transfer mechanism of
Cu0@Cu-MOF/CM photoactive materials. Under the light irradiation
of 523 nm, the electrons of Cu,O transfer from the valence band (VB) to
the conduction band (CB). The electrons in the CB of the Cu,0O transfer to
the lowest unoccupied molecular orbital (LUMO) of Cu-MOF due to the
energy band matching. At the same time, the electrons of Cu-MOF jump
from the highest occupied molecular orbital (HOMO) to LUMO under
the irradiation of light, and then transfer to CM. Furthermore, the AA in
the electrolyte is acted as electron donors and used to clear holes, which
can hinder the recombination of electron-hole, and enhance the
photocurrent response. In the presence of target, the Exo Ill-assisted
recycling amplification is performed (Scheme 1A), and the resulting
single-stranded DNA (S2) can be used for PEC sensor assembly. In
combination of Scheme 1A with Scheme 1B, the RCA reaction is trig-
gered to produce stable G-quadruplex structures with DNAzyme activity
that can be used to catalyze 4-CN to generate insoluble precipitate 4-CD,
thus preventing AA from providing electrons and reducing the photo-
current signal.

The stepwise electrode modification process was characterized by
EIS in [Fe(CN)g] 3-/4 buffer (5 mM). In EIS measurements, the semicircle
diameters at high frequency region is equal to the electron transfer
resistance (Ret), the smaller the diameter of the semicircle, the stronger
the electron transport capacity. There is a small semicircle for
Cu0@Cu-MOF/CM due to its large specific surface area thus excellent
electron transfer capability (Fig. 3B, curve a). When S1 (curve b), HT
(curve c) and S2 (curve d) are immobilized on the electrode, the Ret
slightly increases because of the low conductivity of DNA phosphate
skeleton. A further increase of the R is found after incubating with
padlock probe (curve e). The RCA reaction after adding phi29 poly-
merase and dNTPs further increases the Re; because of the long-chain
amplification products increased steric hindrance effect (curve f).

Biosensors and Bioelectronics 167 (2020) 112481

Marker

Fig. 4. PAGE analysis: (a) HP1; (b) HP2; (c) HP1+HP2 (d) S2; (e) S1; (f) S1+S2;
(g) padlock; (h) RCA product.

After the specific binding of hemin by the G-rich RCA products to form
G-quadruplexes, a slight increase of Re is observed (curve g). When 4-
CN and H30, are added, the G-quadruplex can act as DNAzyme to
catalyze the production of bioprecipitation which can hinder the elec-
tron transfer effectively, thereby increasing the Re; significantly (curve
h). The stepwise EIS characterization results prove that the aptasensor
has been successfully prepared.

3.4. Polyacrylamide-gel-electrophoresis (PAGE) characterization of DNA
reaction

The RCA strategy was employed to produce large number of repeated
G-rich sequences to realize the PEC signal amplification. Therefore, the
successful execution of the RCA reaction was verified by PAGE, and the
results were presented in Fig. 4. The bands of lanes a, b, e and g corre-
spond to HP1, HP2, S1 and padlock probe, respectively. When the target
is present, the mixture of HP1 and HP2 appears a slowly migrating
strong band (lane c), indicating the successful hybridization of HP1 and
HP2. This can be attributed to the fact that the specific binding of
VEGF;¢5 by the aptamer sequence in HP1 results in the open of the
hairpin structure, and the exposed free sequence can act as a catalyst to
trigger the catalyzed hairpin assembly and thus open the HP2 hairpin
structure. Compared to lane ¢, lane d has a significantly faster band shift,
which is due to the successful implementation of the Exo III enzyme-
assisted target cycle amplification strategy. Furthermore, lane f ob-
serves slower electrophoretic mobility bands than lanes a and e, indi-
cating the successful hybridization of S1 and S2. As expected, a distinct
new band appears at the beginning of lane h, confirming that the high
molecular weight RCA products are successfully formed.

3.5. Analytical performance of the biosensor

Quantitative applications of PEC biosensors were evaluated using
different concentrations of VEGFi5 under optimal conditions (seen
Supporting Information). According to the results shown in Fig. 5A, the
PEC signal gradually decreases with the increase of VEGF;¢5 concen-
tration (10-1 x 10® fM). As shown in Fig. 5B, the photocurrent response
and the logarithm of VEGFj¢s concentration show a favorable linear
relationship. The linear equation is A = 16.24-1.79 1gCyggr165 (fM) with
the correlation coefficient of R? = 0.9900, and the detection limit is
estimated down to 2.3 fM (S/N = 3). As shown in Table S2, compared
with the reported biosensors, the proposed sensing platform achieves a
superior sensitivity for the detection of VEGF;¢s. This is attributed to the
effective combination of various signal amplification strategies resulted
excellent synergistic signal amplification, which leads to the production
of a large number of DNAzymes to promote the bioprecipitation, thus



W. Kong et al.

Biosensors and Bioelectronics 167 (2020) 112481

As o

— -~ A=16.24-1.791gC _ ..

g 12 a £ e

S h—

- - c

g e — -

3 " :

44 \-——“—1 :

: [}

- g

: = |2

o 04 .
| ' | | ' 0 : : : :
0 10 20 30 40 0 4 6 8

Time (s) e

Fig. 5. (A) Photocurrent responses of the different concentration of VEGF; s, from a to h: 10, 100, 500, 1 x 10,5 x 10%,1 x 10%,5 x 10,1 x 10°, 5 x 10°, 1 x 10°,
5x10%1 x 107,5 x 107 and 1 x 108 fM, respectively; (B) the calibration plot between the photocurrent and the logarithm of VEGF; 5 concentration. Error bars: the

standard deviation of the three measurements.

20 I L I

=

€ 154

(]

E

3104 |

8 :

_85_3 I

o 3

s & Q, Ca 2 Ly Ly L
9 P
ot %% G o [
2 S

Bs:

(nA)
£ T

~
s

Photocurrent

\ \

o
I

0 100 200 300 400 500
Time (s)

Fig. 6. (A) The selectivity of the VEGF;¢s-sensing platform. The concentration of VEGF;¢5 was 1 nM, and the concentrations of other interferences were 10 nM; (B)
stability of the Cu,O@Cu-MOF/CM. Error bars: the standard deviation of the three measurements.

significantly reducing the background signal.

Under the same experiment conditions, some interferences were
incubated to test the specificity of the aptasensor. As depicted in Fig. 6A,
using AA, bovine serum albumin (BSA), glucose (Glu), carcinoem-
bryonic antigen (CEA), thrombin (TB), VEGF;2; and VEGF;45 (concen-
tration of 10 nM) to replace the target, only weak photocurrent changes
can be observed compared to the blank signal. However, when VEGF¢5
is introduced (concentration of 1 nM), the photocurrent signal decreases
significantly. In addition, the mixture of VEGF;¢5 and the other in-
terferences could also induce significant photocurrent signal decrease as
same as the presence of VEGFj¢s alone, indicating the satisfactory
selectivity of the biosensor for VEGF¢s. In addition, excellent stability
of PEC electrode is the key of extending the potential application of PEC
sensor in the sensing field. Under the optimal conditions, the stability of
PEC materials was tested using continuous lighting “on-off”. As can be
seen from Fig. 6B, after 560 s of detection, there is no significant change
in photocurrent. The experimental results suggested that the constructed
PEC electrode has superior stability.

3.6. Practical analysis in serum samples

In order to evaluate the potential application of the biosensor in
clinical diagnosis, a test method for recovery of VEGF;e5 in human
serum was designed. Serum was provided by the Qufu Normal Univer-
sity School Hospital. A standard addition method and relative standard
deviation (RSD) were used for the average recovery test. Specifically,
dilute serum 100-fold with PBS buffer (pH 7.4), and then add targets
with different concentrations (0.5, 10, 100, 500, 1000, 5000 and 10000
pM) for PEC detection. As shown in Table S3, the recovery rate of
VEGF¢5 is 95.6-105.6%, and the RSD is 1.6%-2.7%, indicating that the
biosensor is satisfactory for quantitative analysis in biological samples.

4. Conclusion

In this work, using Cu(OH)3 as a precursor, a novel 3D nanobelt array
structure CupO@Cu-MOF/CM have been successfully prepared by in-
situ growth method. The material characterization experiments sug-
gested that the synthesized Cus0@Cu-MOF/CM NBAs have excellent
PEC properties. Taking the above nanoarray material as the PEC elec-
trode and combining with RCA and enzymatic biocatalytic precipitation
strategies, an ultrasensitive PEC aptasensor for VEGF;¢5 was con-
structed. Furthermore, the selectivity and stability of the sensing plat-
form were also well verified. This work not only successfully developed
the application of semiconductor@MOFs array structure in the field of
PEC bioanalysis, but also offered a novel perspective for the develop-
ment of other 3D MOFs structures in PEC sensors.
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