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Abstract
HKUST-1 MOFs and its derivative HKUST-CuO were coupled with TiO2 nanoparticles to form the heterogeneous composites of
HKUST-1/TiO2 and HKUST-CuO/TiO2 based on their well-suitable bandgap energies (Eg). Compared with mono-component
HKUST-1 or HKUST-CuO, the prepared composites displayed photoelectrochemical (PEC) response due to the synergistic effect from
their heterogeneous structure. Higher photocurrent response was obtained on HKUST-CuO/TiO2-modified ITO electrode (HKUST-
CuO/TiO2/ITO), which could be attributed to the hollow structure with a thin shell of HKUST-CuO greatly enhancing visible spectra
harvesting. The CuO component in HKUST-CuO not only could accelerate electron transfer on the heterojunction interface but also
effectively separate the photo-generated charge carriers (e−1/h+). Based on the excellent PEC performance of prepared photoactive
compositematerial, under visible-light excitation (λ ≥ 420 nm) andwith aworking potential of 0V (vs. Ag/AgCl), the S1 (probeDNA)/
HKUST-CuO/TiO2/ITO PEC platformwas successfully fabricated for colitoxin DNA detection without using ascorbic acid (AA) as an
electron donor. Comparedwith the analysis results on S1/HKUST-1/TiO2/ITO electrode, S1/HKUST-CuO/TiO2/ITO displayed awider
linear response range from 1.0 × 10−6 to 4.0 × 10−1 nMwith a lower detection limit of 3.73 × 10−7 nM (S/N = 3), the linear regression
equation was ΔI (10−6 A) =0.5549–0.1858 log (CS2/M), which confirmed the HKUST-CuO could improve sensitivity because of its
prominent PEC property. The relative standard deviation (RSD) of the PEC sensor for target DNA detection of 2.0 × 10−4 nM was
7.4%. The proposedDNAbiosensor also possessed good specificity and stability. Hence, this reportedworkwas a promising strategy for
molecular diagnosis in the bio-analysis field.
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Introduction

Photoelectrochemical (PEC) techniques inherit the advantages of
electrochemical methods such as simplicity, portability, and easi-
ness of miniaturization [1–3]. Meanwhile, PEC technique pos-
sesses a lower bias potential than that of their electrochemical
counterparts, which results potentially in a sensitive sensor [4, 5].
Recently, PEC analysis receives widespread attention in the bio-
chemical field of biomolecules detection such as specificDNA [6],
micro-RNA [7, 8], protein kinase [9, 10], and organophosphorus
pesticides [11]. Obviously, the property of PEC biosensors is de-
pendent on photoactive materials. The photoactive materials on
sensing interface used to be functionalized with the biorecognition
substance such as nucleic acids [12], aptamers, and antibodies
[13], in which this bio-functionalization effect can inhibit the oc-
curring of redox reaction towards the photoactive materials and
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lead to the PEC response magnitude decreasing significantly [14].
Hitherto, most of the conventional photoactive materials such as
TiO2 [15, 16], CdS [17, 18], ZnO [19, 20], Bi2S3 [21], MoS2 [22,
23] and so forth have been employed in constructing the sensing
interface of PEC biosensors. However, some inherent defects
astrict their real application, for example, the serious
photocorrosion, high recombination of photo-produced carriers,
poor photostability, and inefficient visible-light harvesting (such
as TiO2 only have the UV-light absorption below 380 nm). Thus,
the preparation of innovative photoactive materials with tailorable
structure and sensing properties to improving their photoelectric
conversion efficiency still has a great many challenges. Also, to
boost the sensitivity and accuracy of the analyte test are urgently
needed for high-performance PEC sensor.

Metal-organic frameworks (MOFs) also have been consid-
ered as a promising electrode-modified material for the appli-
cation in PEC sensors [24]. However, the poor electrical con-
ductivity of MOFs is still a barrier for PEC assay [25]. To
improve this, MOFs as template or precursor are reformed
with different methods such as pyrolysis and chemical etching
to build a MOF-derived structure with hierarchical pores.
These MOF-derived products not only inherit their corre-
spondingmorphologies but also connect the virtue of different
components such as the metal oxide particles, metal sulfides,
C elements, etc., which displayed superior catalytic and elec-
trochemical performances [26–28]. HKUST-1, as the
photocatalysis materials merely harvests the UV lights in
which it cannot effectively utilize the solar illumination,
resulting in a limitation for its practical application [29]. To
improve the photocatalytic activities of this type of MOF,
coupled HKUST-1with different bandgap semiconductor ma-
terials to form heterogeneous photocatalysts can extend its
light utilization from UV to visible region, which also com-
bined novel properties from individual HKUST-1 [30, 31].

Fan et al. [32] synthesized a ZrO2@HKUST-1 composite by
the one-pot reaction that could protect the ZrO2 nanoparticles from
rapid agglomeration and consequently narrowing the bandgap of
this composite which enhanced the visible-light photocatalytic ef-
fect. Jin et al. [33] reported an HKUST-1 could easily trap the
nano-sized CuO nanoparticles in situ, the formed nano-
composites displayed efficient photocatalytic property for hydro-
gen evolution and methylene blue degradation. However, these
commercial ZrO2 and CuO particles were not homogeneously
distributed and may be readily peeled off and fled via the micro-
porous channels of HKUST-1 due to the non-indurative adsorp-
tion physically. Therefore, these composites could influence
photoactivity enhancement further and decline their stability in
practical application. In our work, the CuO component could be
obtained by calcining the HKUST-1 precursor and the
prepared HKUST-CuO composite with a more harmoni-
ous distribution of CuO. Most importantly, the compact
HKUST-CuO composite was a benefit for improving the
stability of the photocurrent exportation.

Accordingly, the bandgaps of HKUST-1 and HKUST-
CuO were estimated to be 2.81 and 1.71 eV, respectively,
which could match the wide bandgap (3.2 eV) of TiO2 to form
the heterostructures. PEC results showed that the HKUST-1/
TiO2 and HKUST-CuO/TiO2 had the enhanced PEC response
signals compared to individually HKUST-1 and HKUST-
CuO material, which was ascribed to the synergistic effect
between the heterogeneous composite. While the PEC re-
sponse current (2.24 μA) of HKUST-CuO/TiO2 was about
9.33 times than that of HKUST-1/TiO2 (0.24 μA) and 74.66
times than that of the mono-component material of TiO2

(0.03 μA), which could be explained as follows: (1) the hol-
low and thin-shelled structure of HKUST-CuO could mark-
edly improve visible-light absorption capability; (2) HKUST-
CuO presented partly cracked hole was conducive to infiltrate
electrolytic solution; (3) the converted CuO component in
HKUST-CuO could promote the electron transfer; (4)
HKUST-CuO with TiO2 formed hierarchical bandgap ener-
gies architecture further accelerated the photo-generated e−1/
h+ pair separation and migration. The obtained PEC sensing
platform of S1/HKUST-CuO/TiO2/ITO had been successfully
applied to measure different colitoxin DNA sequences.

Experimental

Reagents and apparatus

Copper nitrate trihydrate (Cu(NO3)2·3H2O, 99%), benzene-
1,3,5-tricarboxylic acid (BTC, 99%), Chitosan (CS), TiO2

nanoparticles (40 nm, 99.8%), and phosphate buffer saline
(PBS, Na2HPO4·12H2O/KH2PO4) were purchased from
Aladdin Chemical Reagent Co., Ltd. (Shanghai, China).
Ethanol (98%), NaOH, and acetic acid (36%) were provided
by the Guangdong Xilong Chemical Co. Ltd. (Shantou,
China). The other reagents were shown in the Electronic
Supporting Material (ESM).

The PEC and electrochemical experiments were carried out
on a CHI 650E electrochemical analyzer (Shanghai CH
Instrument Company). The conventional three-electrode sys-
tem consisted of bare or modified indium tin oxide (ITO) as
working electrode, Ag/AgCl/(3 M KCl) as reference electrode
and Pt wire as auxiliary electrode. The irradiation light source
was from a 300-W Xe lamp, and the light intensity was mea-
sured using a touch screen Thorlabs (PM200, THORLABS,
USA). The other details were given in ESM.

Preparation of HKUST-1 and HKUST-CuO composite

The pure HKUST-1 was prepared by the one-step
solvothermal method according to the reported literature with
a minor modification [34]. In brief, Cu(NO3)2·3H2O (0.535 g,
2.21 mmol) and BTC (0.234 g, 1.11 mmol) were separately
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added into deionized water (8 mL) and ethanol (8 mL); after
stirring at room temperature for 15 min (80 rpm), two solu-
tions were mixed followed with ultrasonication for 10 min
under 50 W to obtain the homogeneous solution. Then, the
mixture was moved into a 100-mL Teflon-lined stainless steel
reactor and heated at 120 °C for 24 h. After natural cooling to
room temperature, the blue HKUST-1 particles were carefully
collected by centrifugation (8000 rpm, 10 min) and washed
with water/ethanol (1:1, volume ratio) several times. Finally,
the precipitates were dried at 60 °C for 12 h in a vacuum to
obtain the blue HKUST-1 products.

The conversion of HKUST-1 into HKUST-CuO was
achieved by calcining the as-fabricated HKUST-1 pre-
cursor at 350 °C with the heating rate of 10 °C min−1

for 1 h under isolated air. Finally, the black products of
HKUST-CuO were obtained.

Fabrication of CS/HKUST-1/TiO2/ITO and HKUST-
CuO/TiO2/ITO modified electrodes

Prior to modification, the indium tin oxide (ITO) electrodes
were ultrasonically washed with acetone, NaOH (1.0 M)/eth-
anol mixture solution (1:1, volume ratio), and deionized water
for each 15 min. After the TiO2 (8 mg) powder was ultrason-
ically dispersed in deionized water (4 mL) for 1 h, 8 μL of
obtained 2.0 mg mL−1 TiO2 suspension was dropped onto the
bare ITO electrode and dried spontaneously. The obtained
TiO2/ITO electrode was calcined at 450 °C under air for
0.5 h to improve the adhesion property of TiO2 particles on
the ITO substrate. Then, 8 μL of 1.5 mgmL−1 HKUST-1 blue
suspension was cast onto the ITO/TiO2 electrode surface, after
drying at room temperature received the modified electrode of
HKUST-1/TiO2/ITO. 0.3% CS was following prepared by
dissolving chitosan powder into 1.0% acetic acid solution
for sonicate 15 min, and 5 μL CS solution was introduced
onto the above electrode to form a conserved film, the modi-
fied electrode named CS/HKUST-1/TiO2/ITO. The HKUST-
CuO/TiO2/ITO was prepared by annealing the HKUST-1/
TiO2/ITO electrode at 350 °C for 1 h under isolated air.

Probe DNA immobilization and hybridization with
different DNA sequences had been reported in ESM

PEC and electrochemical detection

The PEC measurements were carried out in 0.1 M PBS
(pH 7.2) using the self-made photoelectric chemical equip-
ment (CHI 650E electrochemical station and a xenon lamp
light source) with a three-electrode system, and the light
source intensity is 25 mW m−2. The excitation wavelength
of 420 nm was switched on every 10 s with 0 V bias voltages.
The electrochemical detection had been reported in ESM.

Results and discussion

Characterization of HKUST-1, HKUST-CuO

The morphologies of the prepared HKUST-1and HKUST-
CuO were investigated by field-emission SEM. As shown in
Fig. 1A, HKUST-1 particles displayed a well-defined octahe-
dral morphology with a sharp edge and smooth surface, dem-
onstrating the prepared samples possessed good crystallinity
as well as high purity. From the high-magnification image
(inset of Fig. 1A), the edge length and opposite-vertical-apex
length of HKUST-1 were about 12 μm and 16 μm, respec-
tively. This result was accordant with the morphological fea-
tures of HKUST-1 in reported literature [35]. It was notewor-
thy that HKUST-CuO (Fig. 1B and C) displayed an increased
roughness and partly collapsed holes, but the basic octahedral
morphology of HKUST-1 was still well maintained.
Figure S2A shows the thermogravimetric (TG) analysis of
HKUST-1 polyhedral crystal, in which the HKUST-1 precur-
sor could be stable up to approximately 300 °C and a thermal
decomposition at the temperature of 350 °C had occurred.

The microstructure of HKUST-CuOwas further investigat-
ed by high-resolution TEM (HRTEM). As seen in Fig. 1D and
E, it could be found that the HKUST-1 and HKUST-CuO
particles have the same regular hexagons, confirming that
the HKUST-CuO possessed the basic octahedron framework
as presented in the SEM discussion. However, compared to
purist HKUST-1, the hexagon edge on HKUST-CuO was of
more roughness and HKUST-CuO showed a thin crystal with
a hollow structure which was caused during the hyperthermia
pyrolysis process. The insets of Fig. 1D and E show the se-
lected area electron diffraction (SAED) patterns of HKUST-1
and HKUST-CuO; it could be found that these two samples
had the same polycrystalline structure from their concentric
diffraction rings. Additionally, it can be seen that the diffrac-
tion ring of a single HKUST-1 was not clearer than that of
HKUST-CuO, which was plausibly attributed to the thinness
and hollow structure of HKUST-CuO crystal but a higher
thickness of HKUST-1. The interplanar distance on
HKUST-1 and HKUST-CuO were estimated to be 0.28 nm
and 0.23 nm (Fig. S1B and C), respectively. The lattice spac-
ing of 0.23 nm corresponds to that of (111) plane of CuO [36],
which testified that the HKUST-1 had been converted into
HKUST-CuO composite. Figure S1D displayed the EDS ele-
mental mapping of HKUST-CuO, demonstrating that the
presence of Cu, C, and O elements in HKUST-CuO.

The powder XRD pattern was performed to survey the
crystal structure of HKUST-1 and HKUST-CuO composite.
As shown in Fig. 2A, the major peaks indexed on HKUST-1
were well consistent with the face-centered cubic phase of
reported literature [35], agreeing with the formation of pure
HKUST-1. Compared to the HKUST-1, the absorptive inten-
sity of these above feature peaks on HKUST-CuO declined
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overtly. The crystallographic planes of (110), (002), (200),
(112), (020), and (021) on HKUST-CuO were assigned to
the characteristic peaks of CuO (JCPDS No. 44-0706) [37],
which confirmed the existence of CuO component in
HKUST-CuO. The Raman spectrum and FT-IR spectroscopy
of HKUST-1 and HKUST-CuO were also characterized, and
the results are illustrated in Fig. S2B and C.

Diffuse reflectance spectroscopy (DRS) was used to inves-
tigate the UV-vis absorbance properties of pure TiO2,
HKUST-1/TiO2, and HKUST-CuO/TiO2 (Fig. 2B). This pro-
posed absorption spectra showed a common spectral feature
combination of TiO2 in which it absorbed mainly UV light
from 220 to 390 nm. However, compared to TiO2 nanoparti-
cles with a slight photoresponse in the entire visible-light re-
gion, HKUST-1/TiO2, and HKUST-CuO/TiO2 composites
displayed a broad visible-light absorption range from 480 to
800 nm. It was also clearly observed that the highest UV-vis
light absorption intensity was obtained on HKUST-CuO/TiO2

composite. The excellent optical properties may be explained
as following two points: (1) HKUST-1 and HKUST-CuO
could effectively coordinate the semi-conductive bandgap en-
ergy of TiO2 for increasing the capture of visible light; (2)
hollow and thin-shell structure with torn holes on HKUST-
CuOwas in favor of light incident due to its multiple reflection

effect. This result implied that HKUST-1 and its derivative
product of HKUST-CuO both had a great potential prospect
for the photoactive materials.

X-ray photoelectron spectroscopy (XPS) measurements of
HKUST-1 and HKUST-CuO were also carried out. As illus-
trated in Fig. 2C and Fig. S3C, the prepared materials were
both composed of elements of Cu, O, and C. Figure 2D shows
that the high-resolution Cu 2p core-level spectra at approxi-
mately 933.7 and 953.8 eV correspond to Cu 2p3/2 and Cu
2p1/2 peaks, respectively, revealing the copper oxidation state
of +2. Meanwhile, two shakeup satellite peaks at 941.3 and
962.1 eV, respectively, which also indicated that the oxidation
state of Cu in HKUST-CuO was +2. The O 1s spectrum of
HKUST-CuO showed that the peak at 529.6 eV (Fig. S3A)
was attributed to the O2− in Cu-O bonding linker. This result
corresponds with the XRD survey, indicating the formation of
oxidized CuO in HKUST-CuO.

PEC mechanism

TheUV-vis DRS of HKUST-1 and HKUST-CuO is displayed
in Fig. S2D. It was found that pure HKUST-1 had not owned
visible-light property due to its conjugated structure. But on
the HKUST-CuO, a continuous and extended light absorption

Fig. 1 Low-magnification and high-magnification (inset) SEM images of (A) HKUST-1, (B and C) HKUST-CuO; TEM images of (D) HKUST-1, (E)
HKUST-CuO; SAED pattern of (inset of D) HKUST-1 and (inset of E) HKUST-CuO
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range from approximately 360 to 800 nm could be seen clear-
ly, suggesting that an enhanced visible-light harvesting ability.
The VB potentials of HKUST-1 and HKUST-CuOwere mon-
itored by VB-XPS (Fig. 2E and F), and their band edges
were 2.18 and 0.60 eV (vs NHE), respectively. Also,
the Eg of HKUST-CuO and HKUST-1 can be estimated
by using the following equation:

ahv ¼ A hv−Egð Þ1=2

where a, A, and hv are the absorption coefficient, pro-
portionality constant, photon energy, respectively. The
Eg values of HKUST-1 and HKUST-CuO were calcu-
lated to be approximately 2.81 and 1.71 eV (vs NHE)
utilizing the plotted tangents of (αhν)2 versus photon
energy (Fig. S2E and F), which demonstrated a reduc-
tion Eg value of HKUST-CuO. Besides, based on the
empirical formulae of ECB = EVB − Eg, the conduction
band (CB) positions of HKUST-1 and HKUST-CuO can
be estimated. The ECB and EVB are assigned to the CB
and VB edge positions, respectively. Accordingly, the
ECB positions of HKUST-1 and HKUST-CuO were es-
timated to be −0.63 and − 1.11 eV. Additionally, the
ECB and EVB positions of TiO2 were − 0.5 and 2.7 eV
(vs NHE) with the Eg value of 3.20 eV (vs NHE) [38].

This result showed that the HKUST-CuO possessed the
smallest Eg value as compared with the HKUST-1 and com-
mercial TiO2, and the CB and VB positions of TiO2 were

lower than both HKUST-CuO and HKUST-1. Hence, the
combination of HKUST-1 and HKUST-CuO with TiO2 had
interlaced band structures. When the HKUST-1 and HKUST-
CuO were respectively assembled onto TiO2/ITO electrode,
two type heterojunction systems of HKUST-1/TiO2 and
HKUST-CuO/TiO2 had been formed. Upon photo-excitation,
the photo-generated electrons were transferred from the CB of
HKUST-1 and HKUST-CuO to the CB of TiO2, and holes on
the VB of TiO2 were transferred to the VB of HKUST-1 and
HKUST-CuO, which led to accelerating the electron-hole pair
migration, resulting in enhanced photocurrent responses [39].
The HKUST-CuO/TiO2 showed a greater photo-generated
current effect than HKUST-1/TiO2, which was attributed to
the hollow structure defective of HKUST-CuO as well as the
CuO component could extend visible-light utilization range
and promote the absorption intensity. Meanwhile, the typical
p-type CuO was connected with n-type TiO2 to form the p-n-
type heterojunction, which resulted in an enhanced PEC per-
formance. The photo-generated e−1/h+ pair transfer mecha-
nisms of HKUST-1/TiO2/ITO and HKUST-CuO/TiO2/ITO
electrodes are shown in Scheme 1A.

Electrochemical and PEC behaviors of various
modified electrodes

EIS is a valuable tool to reflect the impedance changes of the
electrode surfaces, which is used to characterize the process of
biosensor construction. From EIS measurements (Fig. 3A), it

Fig. 2 (A) XRD patterns; (B) UV-vis spectrogram; (C) XPS spectrogram of HKUST-CuO, (D) High-resolution XPS spectrogram of Cu 2p of HKUST-
CuO; VB-XPS of (E) HKUST-1 and (F) HKUST-CuO
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could be seen that the small semicircle at the bare ITO elec-
trode corresponds to the Ret value of 89.6 Ω (curve a). When
the TiO2 and HKUST-1/TiO2 were modified onto the bare
ITO surface, the Ret values were successively increased to
240 Ω and 339 Ω (curves b and c), respectively, which could
be ascribed to the poor conductivity of these both substances.
On the HKUST-CuO/ITO electrode (curve d), the Ret value
was estimated to be 125 Ω, indicating that HKUST-CuO
could significantly enhance the electronic transport capability
due to its thinner layer and hollow structure. On the HKUST-
CuO/TiO2/ITO (curves e) electrode, the Ret value increased to
163 Ω, which was ascribed to the thicker film of HKUST-
CuO/TiO2 on the electrode surface may interfere with the
electron transfer. After the probe DNA (S1) was anchored
on HKUST-CuO/TiO2/ITO, the Ret value again increased to
236 Ω (curve f). This could be explained by the stronger elec-
trostatic repulsion effect between the negatively charged
probe DNA and electronegative redox probe of [Fe(CN)6]

3

−/4−, which also demonstrated that the DNA sensor (S1/
HKUST-CuO/TiO2/ITO) had been successfully fabricated.

To investigate further the construction processes of the
DNA biosensors, the photocurrent response signals of

different modified electrodes were tested and recorded in
0.1 M PBS (pH 7.2). As shown in Fig. 3B, no photocurrent
appeared on the bare ITO (curve a). After bare ITO modified
with TiO2, obtained TiO2/ITO (curve b) electrode showed a
slight photocurrent of about 0.03 μA, indicating that TiO2 had
the poor utilization of visible light. Compared to the TiO2/
ITO, HKUST-CuO/ITO electrode (curve d) displayed an
enhancive photocurrent response (0.23 μA), which was attrib-
uted to thin-layers and hollow structure of HKUST-CuO
could improve visible-spectra absorption performance.
When the HKUST-1 was combined with TiO2 to form the
HKUST-1/TiO2/ITO electrode (curve c), the photocurrent in-
tensity was increased to 0.24 μA. On the HKUST-CuO/TiO2/
ITO electrode (curve e), it was found that a drastically in-
creased photocurrent response of 2.24 μA, which was 9.33-
fold than that of HKUST-1/TiO2/ITO and 9.73-fold than that
of HKUST-CuO/ITO electrode, respectively. This result fur-
ther verified that the HKUST-CuO particles with the CuO
component could significantly extend the visible-light range
and absorption capacity. Also, the formed heterostructure
complex of HKUST-CuO/TiO2 greatly promoted the separa-
tion efficiency of the photo-generated e−1/h+ pairs on the

Scheme 1 A Schematic illustration of the preparation process of the proposed PEC biosensors for colitoxinDNA detection.BThe preparation process of
HKUST-1 and HKUST-CuO.
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electrode interface. When the HKUST-CuO/TiO2/ITO elec-
trode was modified with S1, the photocurrent signal decreased
to 1.92 μA (curve f) due to the low conductivity of the
probe DNA, which also confirmed that the probe DNA
immobilized sensing platform (S1/HKUST-CuO/TiO2/
ITO) was successfully prepared. Additionally, we had
prepared the pure CuO derived from the HKUST-1 pre-
cursor and made a comparison on the property of CuO/
TiO2 and HKUST-CuO/TiO2 composites. These details
are shown in Fig. S6.

LSV and OCP measurements of various modified
electrodes

Figure 3C shows linear scan voltammograms (LSVs) obtained
on TiO2/ITO, HKUST-1/TiO2/ITO, and HKUST-CuO/
TiO2/ITO electrodes in 0.1 M Na2SO4 under continuous
visible-light irradiation. The LSV response indicated that
the TiO2/ITO electrode had scarcely any photo-
generated current between the potential range of 0.0
and 1.1 V, which was ascribed to the photo-generated
e−1/h+ pairs with a high recombination rate. When nar-
row bandgap HKUST-1 was combined with TiO2 to
form the heterojunction complex of HKUST-1/TiO2, a
significant LSV signal was observed. Of note, HKUST-

CuO/TiO2/ITO electrode displayed a greater LSV re-
sponse than the HKUST-1/TiO2/ITO or TiO2/ITO elec-
trode, which was attributed to the CuO component in
HKUST-CuO could enhance visible-light harvesting.

Figure 3D shows the OCP response of as-prepared mate-
rials with their types at the Fermi level. As seen, in the
dark, the modified electrodes of TiO2/ITO and HKUST-1/
TiO2/ITO both exhibited an upward surface band bending
(region I) which were dependent on their potential of re-
dox equilibration [40]. Under illumination, owing to the
accumulating photo-generated electrons, OCP on TiO2/
ITO and HKUST-1/TiO2/ITO electrodes decreased to-
wards a negatively rapid and reached a steady state (re-
gion II). When the irradiation was switched off, the OCP
gradually increased again (region III), which was ascribed
to the recombination of photo-generated charge carriers.
However, the OCP behavior of the HKUST-CuO/TiO2/
ITO electrode was opposite compared to TiO2/ITO elec-
trode. Consequently, the n-type TiO2 could be presented
nominally and mostly to confirm the p-type CuO in
HKUST-CuO. Besides, HKUST-CuO/TiO2/ITO showed
a greater OCP response change (ΔOCP) than the TiO2/
ITO or HKUST-1/TiO2/ITO electrode, demonstrating that
the more light-generated electrons and faster charge car-
riers transition were achieved.

Fig. 3 EIS of (A) bare ITO (a), TiO2/ITO (b), HKUST-1/TiO2/ITO (c),
HKUST-CuO/ITO (d), HKUST-CuO/TiO2/ITO (e) and S1/HKUST-
CuO/TiO2/ITO (f) in 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] containing
0.1 M KCl; PEC response of (B) bare ITO (a), TiO2/ITO (b), HKUST-
1/TiO2/ITO (c), HKUST-CuO/ITO (d), HKUST-CuO/TiO2/ITO (e) and
S1/HKUST-CuO/TiO2/ITO (f) in 0.1 M PBS (pH 7.2);C LSV pattern in

0.1 M Na2SO4 and (D) OCP curve of the modified electrodes in 0.1 M
PBS (pH 7.2); PEC response (E) and the corresponding calibration curve
(F) of S1/HKUST-CuO/TiO2/ITO sensor for the detection of different
concentrations of target DNA (S2). a-J: 1.0 × 10–6, 1.0 × 10–5, 1.0 ×
10–4, 2.0 × 10–4, 1.0 × 10–3, 2.0 × 10–3, 2.0 × 10–2, 4.0 × 10–2,
2.0 × 10–1 and 4.0 × 10–1 nM
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Optimization of experimental conditions had been
reported in ESM

Performance of the biosensors for colitoxin DNA detection

Figure 3E shows that the photocurrent signals decreased grad-
ually after the S1/HKUST-CuO/TiO2/ITO biosensor hy-
bridization with the increasing target DNA concentration
(CS2) under the optimal experimental conditions. The
photocurrent change values (ΔI) were commendably
proportional to the logarithm of the target DNA concen-
tration (log CS2). The linear detection range of S2 was
from 1.0 × 10−6 nM to 4.0 × 10−1 nM with a low
detection limit of about 3.37 × 10−7 nM based on a
signal-to-noise ratio of 3, the linear regression equation
was ΔI (10−6 A) =0.5549–0.1858 log (CS2/M) with the
R2 value of 0.9987 (Fig. 3F). Obtained results exhibited
higher sensitivity than S1/CS/HKUST-1/TiO2/ITO bio-
sensor (Fig. S4) and other DNA sensing platforms
(Table S1) through comparison with their linear

detection ranges and detection limit values. The superior
analysis property of S1/HKUST-CuO/TiO2/ITO could be
ascribed to the heterogeneous HKUST-CuO/TiO2 com-
posite with the positively CuO component.

Selectivity, stability, and precision of the PEC
biosensors

The stability of the proposed PEC biosensor was also
examined. As seen in Fig. 4A, with the PEC response
of S1/HKUST-CuO/TiO2/ITO electrode hybridization
with target DNA of 5.0 × 10−6 nM under irradiation
cycles for 400 s and ten on/off, it was found that no
significant photocurrent change, demonstrating the de-
veloped PEC biosensor had steady photocurrent re-
sponse towards the target DNA (S2). Meanwhile, the
stability of the S2-S1/HKUST-1/TiO2/ITO hybridization
electrode is investigated in Fig. S4D. Besides, the S1/
HKUST-CuO/TiO2/ITO was stored at 4 °C for a week,
and the photocurrent decreased to 94.1%; when the

Fig. 4 Time-based photocurrent response of (A) S2-S1/HKUST-CuO/
TiO2/ITO electrode in 0.1 M PBS (pH 7.2) with the light on and off
cycles; the photocurrent responses of (B) as-prepared biosensor after dif-
ferent storage time (week) in PBS (0.1 M, pH 7.2); selectivity of (C) S1/
HKUST-CuO/TiO2/ITO (a) hybridization with 1.0 nM different target

DNA mixtures: non-complementary DNA (S5) (b), three-base mismatch
DNA (S4) (c), single-base mismatch DNA (S3) (d) and complementary
DNA (S2) (e); the corresponding histogram of photocurrent values on the
biosensor of (D) S1/HKUST-CuO/TiO2/ITO hybridization with special
DNA sequences
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storage time was at 2 weeks, the photocurrent reduced
to 87.4% (Fig. 4B), suggesting that the modified elec-
trode also had the receivable stability.

The selectivity of fabricated DNA sensors was investigated
by hybridizationwith special DNA sequences (S2, S5, S3, and
S4). Figure 4C shows that S1/HKUST-CuO/TiO2/ITO (curve
a) had the highest PEC response signal. However, after hy-
bridization with S2 (curve e), the PEC signals significantly
decreased, indicating the efficient hybridization reaction oc-
currence on the electrode surface. When the biosensor was
hybridized with S5 (curve b), there was a negligible change
of the photocurrent response, suggesting that the non-specific
absorption did not occur. When biosensor was hybridized
with S3, S4 (curve d, c), the decreased photocurrent was still
higher than that obtained on the hybridized electrode with S2
(the corresponding histogram of photocurrent values shown in
Fig. 4D), which implied the S3 and S4 DNA sequences only
occurred at partial hybridization with S1. The selectivity ex-
periment demonstrated that the developed biosensor pos-
sessed good selectivity.

Precision is also a critical factor in developing high prop-
erty biosensors. The precision of the PEC DNA sensors was
investigated by comparing the photocurrents of three equilib-
rium results of S1/HKUST-CuO/TiO2/ITO electrode after hy-
bridization with 2.0 × 10−4 nM target DNA; the obtained
relative standard deviation (RSD) was corresponding to
7.4%, which indicated that the fabricated PEC biosensor
owned acceptable precision.

Conclusion

The prepared photoactive materials of HKUST-1/TiO2 and
HKUST-CuO/TiO2 both had heterojunction architectures
which could promote the photocurrent response signals. But
the HKUST-CuO displayed a great improvement capability
for the visible-light harvesting than its precursor of HKUST-1,
which was attributed to the hollow and thin-shell structure of
HKUST-CuO with the CuO component. Besides, compared
with the HKUST-1/TiO2 heterojunction, HKUST-CuO/TiO2

exhibited a stronger PEC response due to the formed p-n-type
composite. Benefiting from the outstanding photoactive per-
formance of HKUST-CuO/TiO2, the probe DNA (S1)
immobilized electrode of S1/HKUST-CuO/TiO2/ITO was
prepared successfully and applied for the hybridization with
target DNA (S2). This sensing platform exhibited a better
sensitivity than the S1/CS/HKUST-1/TiO2/ITO sensor
through a comparison with their detection linear ranges and
detection limit values. This work deeply explored the PEC
properties of the Cu-MOFs derivative of HKUST-CuO, and
the application of HKUST-CuO/TiO2 composite as the
photoactive material in PEC sensor was initially studied.

Further work will be carried out on the construction of other
novel heterojunctions and the application of other fields.
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