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ABSTRACT: Developing new photoactive materials and electrode preparation technology with
high stability, repeatability, easy fabrication, and a low electron—hole recombination rate is
promising for ideal photoelectrochemical (PEC) biosensors, but it remains a great challenge. Here, a
porous and crystalline oriented two-dimensional (2D) ultrathin covalent organic framework film (D-
TA COF film) was formed in situ on indium-doped tin oxide (ITO) substrates under very mild
conditions. The structure and morphology of D-TA COF film were characterized by means of
Raman spectroscopy, X-ray photoelectron spectroscopy, scanning electron microscopy, and powder
X-ray diffraction. Compared with the randomly oriented D-TA COF powder drop-coated on ITO,
the photocurrent of the D-TA COF film grown on the ITO surface in situ achieved as high as ~333-
fold increase. This photocurrent can be further amplified by O, (acting as electron acceptors).
Benefiting from the fabrication in situ, D-TA COF film also exhibited tough adhesion, assuring the
film was difficult to separate from the electrode. Accordingly, D-TA COF film was applied as the
photoactive material to build a PEC biosensor for H,O, detection based on coupling with large
amounts of catalase (CAT) through simple adsorption. The introduced CAT catalyzed the
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decomposition of H,0, to O,, leading to an enhancement of the photocurrent response. As a result, a “signal-on” PEC biosensor was
fabricated with good sensitivity, rapid response, and high stability, and it can also detect H,O, released from living cells. Taking into
account these advantages, the D-TA COF film is expected to be an ideal photoactive material to construct various PEC biosensors,

which as far as we know have not been reported.

KEYWORDS: covalent organic frameworks (COFs), ultrathin film, in situ generation, photoelectrochemical bioanalysis,

dual signal amplification

1. INTRODUCTION

Photoelectrochemical (PEC) bioanalysis is an innovative and
promising methodology for detecting biomolecules.' ™
comparison with electrochemical and optical technologies,
photoelectrochemistry naturally integrates their merits. It has
higher sensitivity as well as a lower background signal because
of the completely separated energy forms of the excitation
source (light) and the detection signal (current).*™® The
performance of PEC methods is not only closely related to the
charge separation in photoactive materials at the electrode
upon light irradiation but also relies on the charge mobility
toward the respective electrode. The drop-coating method is
still the widely adopted strategy to fabricate electrodes.”” "
However, the unrepeatability and instability of photoactive
materials on the electrode seriously preclude the charge
mobility and in turn the PEC sensing applications. In addition,
the lower photoelectric conversion efficiency and susceptibil-
ities to photobleaching of common photoactive materials also
limit the development of PEC sensing.'” To overcome these
limitations, new photoactive materials and electrode prepara-
tion technology need to be explored.

In

© XXXX American Chemical Society

WACS Publications

As a burgeoning crystalline material with a periodic structure
and intrinsic porosity, covalent organic frameworks (COFs)
have received increasing attention. They have great develop-
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ment potential in drug delivery,” separation, = gas adsorp-
. 15,16 .. 17,18
tion, ™" catalysis, ”

attracted ever-increasing attention as photoactive materi-
als.””*" Their extensive 7z-conjugated structure endows the
materials with unique optical and electrical properties. The
tailorable pore size allows the transmission of suitable guest
species. The high specific surface area provides an ample
interface for charge separation. The highly ordered structure
offers a conductive pathway for carrier transformation. These
in conjunction with the larger electrostatic coupling and charge
delocalization caused by the highly ordered stacking mode

1(
and chemosensors.'” COFs have also
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Scheme 1. (A) Schematic Diagrams of the Preparation Process of D-TA COF Film and a Photograph of the D-TA COF Film
on ITO (Inset); (B) Fabrication Process of the PEC Biosensor for H,0, Detection; and (C) Photogenerated Electron Transfer

Mechanism of the Strategy
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enable the materials to have excellent carrier mobility.””
Benefiting from these unique properties, COF materials could
hold significant promise as photoactive materials for PEC
bioanalysis.

However, to implement bulk COF materials on electrodes
still faces two challenges: (i) It is difficult to fabricate macro-
ordered COF structures because of the uncontrolled coating
methods, which affect their electron conduction perform-
ance.” (i) The formed films can easily peel off the electrode
due to their large particle size. These as well as traditionally
harsh synthetic conditions, such as high temperature, high
pressure, and overlong reaction times, seriously limit COFs
sensing application. Recently, a few surface-mediated strategies
have been explored to fabricate two-dimensional (2D) ordered
COF films.”*"*° These films are nanometer thick ordered
structures and can be grown on various substrates, such as
indium-doped tin oxide (ITO), single-layer graphene, or even
glass substrates. Compared with the disordered film fabricated
from the COF materials, the 2D ordered COF films have more

superior photoelectric properties due to their more ordered
stacking mode.”” Some functionalized COF materials have
been utilized in several sensing modes, including colorimetric
sensing,28 fluorescent sensing,zg’30 and electrochemical sens-
ing.31 However, to our knowledge, investigation of bulk COFs
as photoactive materials for PEC bioanalysis was only done
once’” and did not utilize 2D ordered COF films.

Hydrogen peroxide (H,0,) exists in various living
organisms. It participates in numerous biological processes
and mediates the physiological balance.*> Abnormal levels of
H,0, in cells cause serious damage to proteins and DNA and
in turn induce some diseases, such as neurodegeneration,34
Alzheimer’s disease,” diabetes,*® and tumors.>’ Therefore,
great efforts should be made to develop effective methods to
accurately and effectively detect H,O, in living cells. Diverse
analytical methods including fluorescence,”®  colorimetry,”
electrochemistry,*”*' and photoelectrochemistry® have
proved effective to probe H,0,. Among them, photo-
electrochemical sensing with outstanding photoactive materials
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Figure 1. (A) Raman spectra of DHNDA, TAPA, and D-TA COF film. The high-resolution XPS spectra of C 1s (B) and N 1s (C) of D-TA COF
film. SEM top view (D) and cross section (E) of D-TA COF film grown on the ITO. TEM images of D-TA COF film grown on the carbon-coated
copper grid (F, G). AFM 2D (H) and AFM 3D (I) images of D-TA COF film on ITO.

and in situ generation of electron donors or acceptors as dual
signal amplification have attracted substantial attention due to
their high sensitivity and fast response.

On the basis of these considerations, we present a versatile
strategy to in situ fabricate ultrathin covalent organic
framework film (D-TA COF film) on ITO within a few
minutes in air (Scheme 1A). The obtained D-TA COF film has
a porous and inherent-ordered graphene-like multilayer
structure. Benefiting from these features as well as the in situ
growth, D-TA COF film/ITO electrodes exhibit significantly
enhanced photocurrent and improved stability when compared
with the randomly oriented D-TA COF powder drop-coated
on ITO. After coupling with catalase (CAT), O, as an electron
donor was introduced in situ due to the outstandingly catalytic
activity of CAT toward H,0,. As a result, the photocurrent
response was further improved (Scheme 1B). Based on the
excellent photoelectric properties and dual amplified signal, the
fabricated PEC bioanalysis format exhibits rapid response, high
stability, and a wide linear range for H,O, monitoring. In
addition, the bioanalysis format also has excellent selectivity
against potential interferences.

2. EXPERIMENTAL SECTION

2.1. Reagents and Apparatus. Tris(4-aminophenyl)amine
(TAPA, 97%) and tetrabutylammonium hexafluorophosphate
(Bu,NPF,) were obtained from Shanghai Xianding Biotechnology
Co., Ltd. 2,6-Dihydroxynaphthalene-1,5-dicarbaldehyde (DHNDA)
was prepared as reported in the literature.*’ Catalase (CAT, from
bovine liver, 2000—5000 U/mg) and tris(hydroxymethyl) amino-
methane (Tris) were purchased from Yuanye Biotech Co., Ltd.
(Shanghai, China). Hydrogen peroxide solution (H,0,, 30%) was
supplied by Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Phorbol-12-myristate-13-acetate (PMA) was obtained from
Beijing Solarbio Science & Technology Co., Ltd. (China). Indium tin

oxide (ITO) glasses were purchased from Zhuhai Kaivo Optoelec-
tronic Technology Co., Ltd. (China).

The powder X-ray diffraction (PXRD) pattern was measured on
the PANalytical X’'perts powder diffractometer. Scanning electron
microscope (SEM) images were recorded on a field emission scanning
electron microscope (FE-SEM SU8010). The atomic force micro-
scope (AFM) images were obtained on a Bruker multimode 8. The
UV—vis absorption spectrum was collected on an Agilent Cary 5000
UV—vis spectrophotometer. Raman spectra were obtained on a JY
LABRAM-HR confocal micro-Raman spectrometer with a 633 nm
laser source. X-ray photoelectron spectroscopy (XPS) experiments
were performed on an ESCALAB 250 Xi spectrometer (Thermo
Fisher Scientific, USA). Molecular models were constructed in the
Materials Studio (MS). Two probable structures, a fully eclipsed
model with an AA stacking sequence and a staggered model with an
AB stacking sequence, were simulated. Simulations of the AA stacking
sequence used a monoclinic unit cell (P6/m) with parameters of a = b
=33.899 A, c = 8852 A, a = # = 90° and y = 120°. Transmission
electron microscope (TEM) images were measured on a JEOL JEM-
1011 transmission electron microscope.

2.2. Synthesis of D-TA COF Films on ITO. DHNDA (1 mg) and
TAPA (1 mg) were separately dissolved in a mixed solution
containing mesitylene, ethanol, and acetic acid (v/v/v 5:5:1, 550
uL). Then the DHNDA and TAPA were mixed together at a volume
ratio of 1:1. After that, 20 yL of the mixed solution was immediately
dripped onto the ITO (1 cm X 2 cm) surface and kept at room
temperature for 10 min in a closed system. Next, ITO glasses were
submerged in methylene chloride for S min to remove the unreacted
residues and dried at room temperature to obtain a uniform thin rosy-
brown-colored film on the surface of the ITO.

2.3. Fabrication of the PEC Biosensor. Before electrode
preparation, the ITO electrodes (1 cm X 2 cm) were ultrasonically
washed with acetone, ethanol, and NaOH (1 M) in an ethanol/water
mixed solution (v/v, 1:1) and ultrapure water for 15 min and dried by
N,. Then the D-TA COF film was modified on the ITO surface
according to the procedure described above. After that, an insulation
tape with a hollow-carved circle (0.4 cm in diameter) and conductive
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Figure 2. (A) Experimental (black), simulated AA stacking (red), and simulated AB stacking (blue) powder X-ray diffraction patterns for the D-TA
COF film; (inset) illustration of the AA and AB stacking models for D-TA COF film. (B) UV—vis spectra of DHNDA and TAPA and UV—vis

diffuse reflectance spectra of the D-TA COF film.

copper foil tape were pasted on the D-TA COF film/ITO, as shown
in Figure S1.

The D-TA COF film modified electrode was incubated in 15 uL of
catalase (CAT) solution (2.5 mg/mL) in a moisture-saturated
environment for 60 min at room temperature to prevent evaporation
of the solvent. Then, the resulting modified electrode was washed
with Tris-HCl (10 mM, pH 7.4) to remove excessive CAT. The
electrode was denoted as CAT/D-TA COF film/ITO and kept at 4
°C for further use.

Prior to the detection of H,0,, the supporting electrolyte solution
was bubbled with a high concentration of pure nitrogen for 30 min to
remove dissolved oxygen. Then the CAT/D-TA COF film/ITO
electrodes were immersed in 20 mL of electrolyte solution containing
a certain concentration of H,0,, and the photocurrents were
measured 5 min later.

2.4. Photoelectrochemical Detection. PEC measurements
were performed on a CHI 760C electrochemical workstation
(Shanghai Chenhua Instrument Co., Ltd., China) with a common
three-electrode system consisting of a modified ITO with a
geometrical circular area (0.4 cm in diameter) as the working
electrode, a platinum (Pt) sheet as a counter electrode, and a
saturated calomel electrode (SCE) as a reference electrode under
irradiation of a 500 W Xe lamp with an applied potential of 0 V. The
supporting electrolyte solution was Tris-HCl buffer solution (10 mM,
pH 7.4).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterizations of the D-TA COF
Film. The selection and preparation of photoelectric active
materials are closely related to their PEC sensing performance.
To obtain a stable photocurrent density, an ideal photoelectric
active electrode should possess high stability, repeatability, easy
fabrication, and a low electron—hole recombination rate. In
this work, the in situ growth of D-TA COF thin film was
synthesized via a Schiff base co-condensation reaction between
DHNDA and TAPA monomers under very simple and mild
conditions within a few minutes (Scheme 1A). The reaction
can easily take place without high temperature, high pressure,
or the addition of metal catalysts. The formed thin film was
rosy-brown and shiny with a homogeneous topography and
high crystallinity (inset of Scheme 1A). The film was
transparent, and the lines of ITO could be clearly observed
through the film, suggesting that the formed film was ultrathin.
The other three COF films (BP-TA COF, P-TA COF, and D-
TB COF) were also fabricated with the same concentration of
4,4’-biphenyldicarboxaldehyde and TAPA, or 1,4-phthalalde-
hyde and TAPA, or DHNDA and 1,3,5-tris(4-aminophenyl)-
benzene (TAPB) by using the same synthesis method,
respectively (Figure S2). The films presented different colors
and were as homogeneous and translucent as the D-TA COF
film. The results pointed out the feasibility and general

applicability of the method to generate the in situ growth of
COF thin films on ITO.

The successful preparation of D-TA COF thin film was
confirmed by Raman spectroscopy and X-ray photoelectron
spectroscopy (XPS) spectra. As revealed in Figure 1A, the
bands at 1307 and 1697 cm™ corresponded to the stretching
and wagging vibration of NH, in TAPA and —CHO stretching
vibrations in DHNDA, respectively.”* However, these two
bands remarkably decreased in the Raman spectrum of D-TA
COF film. Also, a new band emerged at 1595 cm™!, which
corresponds to the C=N bonds, clearly indicating the
successful condensation of DHNDA and TAPA by the Schiff
base reaction.”> The compositions of the film were further
investigated by XPS. Figure S3 shows the presence of C, N,
and O elements in the D-TA COF film. In the high-resolution
XPS spectra of C 1s (Figure 1B), a clear emission line at a
binding energy of 285.7 eV was detected, which was attributed
to the C=N bonds.*® The C=N bonds at 398.8 eV were also
observed in the high-resolution XPS spectra of N 1s (Figure
1C).*"*® These results were consistent with that observed in
the Raman spectra, further confirming the formation of the
imine linkers in the D-TA COF thin film.

The morphologies of the D-TA COF thin film were next
characterized by SEM, TEM, and AFM. The top-view SEM
image shows a continuous and homogeneous film covering the
ITO surface (Figure 1D). The boundary between the film and
ITO was hardly distinguished from the SEM cross section
(Figure 1E), which confirms that the film was ultrathin and
strongly adhered on the ITO surface. The almost zero distance
contact allows the electric charges to conveniently shuttle
between the film and ITO without hindrance, thereby
effectively improving the electron transmission efficiency and
in turn the PEC sensing performance. When the film grew on
the carbon-coated copper grid, an ultrathin sheetlike film was
observed (Figure 1F). Its thickness was about several
nanometers. From the AFM image, we also found that the
thickness of the film fluctuated within 10 nm (Figure 1H) with
a root-mean-square (rms) roughness value of 2.47 nm, once
again implying that the film formed is ultrathin. The film on
the ITO was uniform when observed with the naked eye.
However, the surface of the film was uneven from the AFM
and TEM images (Figures 11 and 1G) due to the large number
of pores formed by the oriented growth of the D-TA COF film.
This as well as the extended 7-conjugated frameworks would
be of benefit for the following large amount of coupling and
embeddedness of the CAT enzyme, which provided the basis
for PEC biosensor design. Clearly, this strategy to fabricate
electrodes is facile and environmentally friendly, not needing
the modification of extra materials, such as chitosan and
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Figure 3. (A) Photocurrent responses of D-TA COF film/ITO (red) and D-TA COF powder/ITO in 10 mM air-saturated Tris-HCl buffer
solution. (B) Photocurrent responses of D-TA COF film/ITO in (a) air-saturated, (b) N,-saturated, and (c) O,-saturated Tris-HCl buffer solution.
(C) EIS Nyquist plots of (a) bare ITO, (b) D-TA COF film/ITO, and (c) CAT/D-TA COF film/ITO. The inset is the Randles equivalent circuit
for EIS. (D) Photocurrent responses of (a) D-TA COF film/ITO, (b) CAT/D-TA COF film/ITO in N,-saturated Tris-HCI buffer solution, and
(c) CAT/D-TA COF film/ITO in Nj-saturated Tris-HCI buffer solution with 1 mM H,0,.

poly(diallyldimethylammonium chloride) (PDDA) to provide
additional interaction forces."” ™"’

Powder X-ray diffraction (PXRD) analysis was performed to
evaluate the degree of crystallinity of the D-TA COF film on
the ITO. The experimental PXRD pattern of D-TA COF film
had a main peak at 3.0° with a d spacing of 29.45 A,
corresponding to the refractions from the (010) plane,
indicating the long-range orderliness of molecular stacking in
the film (Figure 2A, black line). Also, the Materials Studio
software package was utilized to analyze the lattice modeling of
the D-TA COF film. As can be seen, the experimental
diffraction peak is consistent with the simulated peak of the AA
stacking model, indicating that the D-TA COF film prefers to
form a regular ordered and fully eclipsed layered-sheet
arrangement. Medina et al. prepared oriented thin films on
ITO under high temperature and pressure.”* Some two-
dimensional covalent organic frameworks have also been
fabricated at liquid—liquid interfaces.'#*”* However, in the
present case, the regular ordered thin film can be obtained
based on the in situ growth on ITO under room temperature,
which makes it a suitable candidate for PEC biosensor practical
application.

3.2. UV-Vis Absorption and Electrochemical Proper-
ties of the D-TA COF Film. To obtain the light absorption
ability of D-TA COF film, the electronic performance of the
material was assessed by ultraviolet—visible diffuse reflectance
spectroscopy (Figure 2B). Compared with DHNDA and
TAPA monomers, which only display narrow maximum
absorption peaks at 317, 403, and 305 nm, respectively, the
D-TA COF thin film has a significantly broader and stronger
absorption band in the range of 300—600 nm, and the
absorption tail even extends beyond 700 nm. These results
indicate that the periodic and highly conjugated frameworks of

D-TA COF could benefit the 7 electrons delocalization and
ordered stacking of D-TA COF layers. This in turn could
further enhance its light harvesting capability in a wide visible
light region. Such strong absorption makes the D-TA COF film
a good choice as an efficient photoelectric conversion material.
Based on the onset absorption wavelength (d.,) by the
formula E, = 1240/Ay,, the optical band gap (E,) was
calculated to be 1.88 eV. Such a small band gap also implies
the 7 electrons delocalization over the D-TA COF film, which
benefits the generation of more charge carriers after absorbing
photons, leading to higher photoelectric conversion efficiency.
Next, the energy levels of the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO) of the D-TA COF film were estimated by cyclic
voltammetry (CV) measurement according to the following
formulas: Eyyono = —(4.8 eV — E; ,"F* + E_)) and E;yyo =
Eyomo + E, As shown in Figure S4, the onset oxidation
position (E,,) of the D-TA COF film was —0.12 V. Thus, the
Eyomo was calculated as —4.71 eV. Then, the E; ;o of —2.83
eV was obtained.

3.3. PEC Activity of D-TA COF Film. The photocurrent
response of the D-TA COF film on the ITO electrode in Tris-
HCI buffer solution (pH 7.4) was investigated under radiation
from an Xe lamp at a bias potential of 0 V. The results are
shown in Figure 3A. The D-TA COF film had a sensitive
response to light irradiation and generated a strong cathodic
photocurrent of ca. —4.6 pA. In addition, the photocurrent
response of the D-TA COF film on ITO was stable, which was
revealed by repeating on/off irradiation cycles for 350 s, which
indicated that the D-TA COF film possessed superior PEC
activity for bioanalysis and biosensors. However, a photo-
current of ca. 15 nA was observed for the D-TA COF powder
drop-coated ITO electrode (black line in Figure 3A). The D-
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Figure 4. (A) Photocurrent responses of the CAT/D-TA COF film/ITO electrodes to H,O, with different concentrations. (B) The corresponding
calibration curve of photocurrent change and the logarithm of H,0O, concentrations.

TA COF powder was obtained by scraping the in situ growth
D-TA COF film from the ITO surface. Compared with the
randomly oriented D-TA COF powder, the photocurrent of
the D-TA COF film grown on the ITO surface in situ achieved
as high as ~333-fold increase, attributed to its closer distance
and fewer interface defects between the photoactive material
and the electrode, crystallinity, and a more regular ordered
stacking mode. Furthermore, when the D-TA COF film/ITO
electrode was continually immersed in Tris-HCl buffer
solution for 90 min, no obvious change in the photocurrent
response was observed (Figure SS). This result indicates no
leaching of the D-TA COF film from ITO happened, further
revealing the stability of the D-TA COF film on the ITO
electrode.

To investigate the photocatalytic mechanism, the photo-
current responses of the D-TA COF film in N,-saturated and
O,-saturated Tris-HCI buffer solution were tested (Figure 3B).
When the buffer solution was deoxygenated by highly pure N,,
the photocurrent response of the D-TA COF film decreased to
—1.1 pA (curve b). However, the photocurrent response
significantly increased to —9.5 yA under an O,-saturated buffer
solution (curve c). The results indicated that the photocurrent
response of the D-TA COF film was sensitive to dissolved
oxygen. According to the obtained energy level values as
detailed above, the speculated electron transfer process is
depicted in Scheme 1C. Under light irradiation, the D-TA
COF film harvested high-energy photons, leading to the
transfer of photogenerated electrons from the HOMO to the
LUMO of D-TA COF and in turn generating electron—hole
pairs. Subsequently, electrons could transfer to the electron
acceptors (O, molecules) in the electrolyte solution, since the
reduction potential of oxygen was lower than the LUMO of
the D-TA COF film,” while the photogenerated holes formed
on the HOMO were captured by the ITO electrode. The
process effectively inhibited electron—hole pair recombination
of the D-TA COF film, resulting in the generation of a stable
and strong cathodic photocurrent.

3.4. Characterizations and Feasibility of the De-
signed Biosensor. The D-TA COF film on ITO was coupled
with CAT, and the fabricated electrode was denoted as CAT/
D-TA COF film/ITO. To verify the PEC biosensor’s
successful construction, electrochemical impedance spectros-
copy (EIS) and PEC response of the ITO electrodes at
different stages were estimated. EIS measurements were
performed in 0.1 M KCl containing 5.0 mM K;[Fe(CN),]/
K,[Fe(CN)¢] (1:1) over a frequency range from 10 kHz to
0.01 Hz by using an alternative voltage with an amplitude of §

mV (Figure 3C). The inset in Figure 3C is the Randles
equivalent circuit simulated with Zview software, whose fitting
curves are presented in Figure S6. When the ITO was modified
with the D-TA COF thin film, the electron transfer resistance
(R.,) slightly increased to 62 €. This value is only a little worse
than bare ITO, indicating the excellent electrical conductivity
of the in situ generated D-TA COF film. After assembling CAT
on the D-TA COF film/ITO surface, the R, significantly
increased because the poor conductivity and steric hindrance
of the protein molecules retarded the electron-transfer rate.

The fabrication process was further characterized by the
corresponding PEC responses of different modified electrodes
in N,-saturated Tris-HCI buffer solution (Figure 3D). When
the D-TA COF film/ITO surface was modified with CAT, the
photocurrent response significantly decreased, which was
consistent with EIS results. In the presence of 1 mM H,O,,
the photocurrent response increased ~840 nA because of the
effective catalytic decomposition of H,0, into O, by CAT.
This result also validated the dual-signal amplification, namely,
the effect of the intrinsic catalytic property of CAT synergized
with the good response of the D-TA COF film/ITO for O,,
which further guarantees enough sensitivity to detect hydrogen
peroxide released from living cells. In conclusion, from the
variations of R, and the photocurrent response of the stepwise-
modified procedure, the successful fabrication of the PEC
biosensor was revealed.

3.5. Optimization of the Experimental Conditions. To
obtain a PEC biosensor with high sensitivity toward H,0,, we
optimized the experimental conditions such as the concen-
tration of CAT, the incubation time of CAT, and the reaction
time of the electrode in electrolyte containing H,O,. As seen
from Figure S7A, the photocurrent increased with an increase
of the concentration of CAT from 0.5 to 2.5 mg/mL and then
declined at 3.0 mg/mL, possibly because too much CAT on
the electrode hindered the light absorption of the D-TA COF
film and the electron transfer. Thus, 2.5 mg/mL was employed
as the optimal concentration of CAT. The photocurrent was
promoted with the incubation time of CAT and the reaction
time of the electrode in electrolyte containing H,O, and
tended to level off after 60 and S min, respectively (Figure
S7B,C). Hence, the optimized incubation time of CAT and
reaction time of the electrode in electrolyte containing H,O,
were 60 and S min, respectively.

3.6. PEC Analysis Performance for H,0,. Under
optimized conditions, the analytic function of the as-proposed
PEC biosensor was evaluated by detecting H,0, of different
concentrations, and the results are presented in Figure 4A. As
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Figure 5. (A) Selectivity of the PEC biosensor for H,0, detection. (B) The proposed PEC biosensor was applied to detect H,O, released from

HeLa cells.

expected, the intensity of the photocurrent enhanced
accordingly with the concentrations of H,O, increasing from
25 uM to 5 mM. As shown in Figure 4B, the calibration plot
had a good linear relationship between the percentage of the
photocurrent increase and the logarithm of the H,O,
concentration (log ¢) ranging from 25 M to 2 mM, fitted
as (I — Iy)/I, = 0.9881 log ¢ — 0.9841 with a correlation
coefficient (R*) of 0.9968. The limit of detection (LOD) was
calculated to be 1.91 uM according to the calculation of 3
times the standard deviation of background signal. In addition,
the detection property of the proposed PEC biosensor was
compared to some recent biosensor for H,0, detection (Table
S1). As can be seen, a wider linear range and a comparable or
lower LOD were observed in our work, which were mainly
attributed to the excellent PEC property of the D-TA COF
film as well as the excellent catalytic property of CAT.

3.7. Selectivity, Reproducibility, and Long-Term
Stability of the H,0, Biosensor. To explore the selectivity
of the PEC biosensor, the photocurrent responses of the CAT/
D-TA COF film/ITO electrodes to some common species in
human beings, such as amino acids (cysteine, histidine, and
glutathione), inorganic salts (KCl and NaCl), uric acid,
ascorbic acid, dopamine, and glucose, were recorded under
the same conditions (Figure SA). As a result, only H,O,
caused an obvious PEC current enhancement, and the
interfering substances showed little influence. The good
selectivity could be ascribed not only to the eflicient selectivity
of the natural enzyme for substrates but also to the cathodic
PEC system which has strong anti-interference capability
against reducing substances, providing the potential for
application in real samples.”” In addition, the reproducibility
of the biosensor was investigated by assaying 1 mM H,0, with
five independently constructed biosensors, and the relative
standard deviation (RSD) was 4.9%, implying the satisfactory
reproducibility. To investigate the stability, the modified
electrode was stored at 4 °C for 7 days. The photocurrent
response still retained 93%, which indicated the excellent
stability of the biosensor.

3.8. Application to Extracellular H,O, Released from
Living Cells. To validate the practical application of the
proposed PEC biosensor for real biological sample detection,
H,0, released from living cells was measured. The cell line of
human cervical cancer (HeLa) was selected as model cells in
this work. Phorbol 12-myristate 13-acetate (PMA) was used to
stimulate the generation of H,0, in HeLa cells.®® First, the
HeLa cells were dispersed in N,-saturated PBS. Then PMA
(20 ng mL™") was added into the cell suspensions, followed by
centrifugation. The supernatant was added in the electrolyte

for the PEC test, and the results are shown in Figure 5B. A
significant increased photocurrent was recorded after adding
the above supernatant. However, no obvious current changes
in the cases of adding PMA or the supernatant without
treatment with PMA were found, thus indicating that the
increased photocurrent came from O, produced by the
catalytic decomposition of H,O, released from the living
cells. The experiment was repeated five times, and the
photocurrent responses offered a RSD of 7.1%, which
confirmed a satisfactory reproducibility in detection H,O,
released from the living cells. The results indicated that the
established PEC platform possessed great potential to monitor
H,O, released from living cells due to its dual catalytic
amplification and ultrahigh sensitivity.

4. CONCLUSIONS

In summary, we successfully fabricated COF film-based PEC
electrodes (D-TA COF film/ITO) under very simple and mild
conditions within a few minutes. COF films were synthesized
in situ on the ITO surface by a Schiff-base co-condensation
reaction with almost complete surface coverage and a thickness
of several nanometers. Its well-defined, crystalline-oriented
structure was revealed by PXRD characterization. The
obtained D-TA COF/ITO electrodes as expected possess
significantly enhanced photocurrent and improved stability.
The porous structure and open channels of the D-TA COF
film afford a perfect architecture for coupling with large
amounts of CAT molecules. Based on the unique photoelectric
property, high conductivity, and the outstanding catalytic
ability of CAT toward H,0,, a D-TA COF film-based PEC
biosensor was established with good sensitivity, rapid response,
and high stability. This study contributes an original prototype
to construct COF film-based PEC electrodes with excellent
performance, demonstrating the great potential of versatile
COF films in future PEC bioanalysis application.
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