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HIGHLIGHTS GRAPHICAL ABSTRACT

e A photothermal and colorimetric dual-
readout sensor was constructed for
acetylcholinesterase analysis.

e The Fe-N-C with excellent peroxidase- :
like activity was simply synthesized by \ )  AaE
hydrothermal method.

e A portable near-infrared imaging cam-
era on a smartphone was used as
readout.

e The proposed strategy can be used for
the detection of acetylcholinesterase in
human serum samples.
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ARTICLE INFO ABSTRACT
Keywords: Sensors based on colorimetry, fluorescence, and electrochemistry have been widely employed to detect acetyl-
Photothermal cholinesterase and its inhibitors, however, there are only a minority of strategies for AChE detection based on

Dual-mode detection
Fe-N-C nanozyme
Peroxidase mimic
Acetylcholinesterase

photothermal method. This work reports a versatile dual-mode colorimetric and photothermal biosensing plat-
form for acetylcholinesterase (AChE) detection and its inhibitor (paraoxon-ethyl, a model of AChE inhibitors)
monitor based on Fe-N-C/H30,/3,3',5,5'-tetramethylbenzidine (TMB) system. The Fe-N-C with abundant active
Fe-Nx sites shows outstanding peroxidase-mimicking activity and can be used to promote the generation of ¢«OH
by H20; to oxidize TMB. However, the introduction of mercapto molecules tending to coordinate with metal
atoms result in the block of action site in Fe-N-C, thereby decrease its peroxidase-mimetic activity. The designed
biosensor principle is based on the block of active sites of Fe-N-C by thiocholine (TCh, one kind of mercapto
molecules) that can be produced by acetylthiocholine (ATCh) in the presence of AChE. Under optimum condi-
tions, the limit of detection (LOD) for AChE activity is 1.9 mU mL ! (colorimetric) and 2.2 mU mL ! (photo-
thermal), while for paraoxon-ethyl is 0.012 pg mL~! (colorimetric) and 0.013 ug mL! (photothermal),
respectively. The assay we proposed not only can be designed to monitor AChE detection and its inhibitors, but
also can be easily extended for the detection of other biomolecules relate to the generation or consumption of
HzOz.
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1. Introduction

Acetylcholinesterase (AChE), one of the serine hydrolases principally
existing in central nervous system, is capable to convert its natural
substrate acetylcholine (ATCh) into acetate and choline rapidly,
contributing to regulate the levels of ATCh and terminate neurotrans-
mission [1-4]. It plays an extremely important part in biological signal
transmission. Accumulating evidence has revealed that irregular
expression of AChE is closely associated with neurodegenerative dis-
eases, including Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis and Huntington’s disease, development of drug-resistant
bacterial strains and other adverse reactions [5-9]. Inhibiting the ac-
tivity of AChE which would result in the aggregation of acetylcholine in
synaptic transmission has been confirmed to be one of the effective
strategies for neurodegenerative disease treatment [10]. In view of the
adverse effect of the inhibitors of AChE abuse on the health and the
environment, an efficient detection for AChE activity with high accuracy
and convenient operation is of critical significance in biomedical diag-
nosis, environmental monitoring and so on. So far, a variety of
high-sensitivity detection methods have been established and applied to
detect AChE activity and corresponding inhibitors, including
enzyme-linked immunosorbent assay [11], electrochemical method [12,
13], mass spectrometry [14], etc. However, there are still some
non-negligible weaknesses preventing these methods from on-site
monitoring, such as false-positive or false-negative effects,
time-consumption, and the demand of expensive instrumentation.
Compared with these detection methods, colorimetric and photothermal
methods are fast, economical, simple, and do not require an operation
on expensive equipment [15-19]. These characteristics make colori-
metric and photothermal methods stable for on-site AChE and Ops
(organophosphorus pesticides) detection.

Colorimetric relies on color reactions that produce colored com-
plexes and is one of the common strategies for monitoring various
molecules. Colorimetric analysis requires color reactions with excellent
selectivity and sensitivity, as well as constant product stability [20-22].
Up to now, enzymatic colorimetry is one of the most commonly used
colorimetric methods, especially for nanozymes [23]. Liang et al. syn-
thesized GeO; nanozymes for colorimetric sensing of AChE and Ops
[24]. Coincidentally, Xiong et al. synthesized CeO3 nanozymes for the
sensitive detection of hydrogen peroxide and so on [25]. Unfortunately,
these analytical assays depending on a single output of absorbance have
certain limitations (the need microplate readers) in resource-poor set-
tings. Hence, there remains a challenge of developing an assay with a
low-cost readout and high portability to realize the point-of-care in
resource-poor settings. The photothermal assay is based on the photo-
thermal effect of photothermal materials, which mainly absorbs incident
light and releases it in the form of thermal energy [26-28]. The key issue
to photothermal analysis is to choose effective photothermal agents
which meet the basic requirements of excellent absorption, superior
photothermal conversion capacity as well as satisfactory light stability
when exposed to a laser. Traditional thermal contrast biosensors make
use of heat produced by enzymatic reactions to detect concentrations of
analyte, which exist drawbacks of time-consumption and the need of
expensive instrumentation [29-31]. So far, lots of photothermal sensors
with thermal-imager or thermometers as novel signal modes have been
explored to overcome these weaknesses above. For example, Yu et al.
used a thermal imager as thermal response signal output to detect cTnl
protein based on Cuy—~AgxS NPs [32]. Bu et al. used a thermometer as
signal output system to monitor biothiols based on the formation of PDA
NPs [33].

Nanozymes, as one kind of burgeoning nanomaterials possessing
enzyme-mimicking activity, have attracted a wide range of interest in
many areas since the first discovery of unique peroxidase-like activity in
Fe304 NPs [34,35]. Nanozymes can overcome many common drawbacks
existing in natural enzymes, such as high cost, difficulties in purification,
poor stability, etc. [36,37] So far, various nanozymes have been created
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and applied to catalyze enzymatic reactions, such as metal oxide
nanozymes, metal-organic frameworks, carbon-based nanozymes, metal
sulfides and so on [38-42]. Metal-nitrogen-doped carbon (M-N-C),
carbon incorporated with nitrogen and metallic element, has emerged as
one of the most promising nanozymes, which is attributed to the M-Nx
sites parallel to natural metal enzymes [43,44]. In recent decades,
various synthesis strategies of M-N-C have been created and a big step
forward has been got in exploring the active sites and electrochemical
application of M-N-C. Researchers gained ideal structures of M-N-C by
choosing appropriate isolated metal sites, regulating the coordination
environment to regulate products of the CO; reduction reaction.
Compared with electrocatalysis, there is only a small amount of tasks for
constructing versatile sensing platforms based on M-N-C nanozymes
[45,46].

Herein, a photothermal and colorimetric biosensor was established
to realize the accurate and flexible detection of AChE and its inhibitors
(Paraoxon-ethyl, a model of OPs) (Scheme 1). First, we successfully
synthesized Fe-N-C with remarkable peroxidase-mimetic activity by
hydrothermal synthesis method under the existence of formamide (FA)
[47]. As a nanozyme with splendid peroxidase-mimetic activity, Fe-N-C
was employed as the catalyst of HyO to further accelerate the oxidation
of 3,3,5,5'-tetramethylbenzidine (TMB) with a color change. Oxidation
TMB showed outstanding photothermal conversion capacity under the
irradiation of 808 nm laser that could convert analyte concentration
information into a visible thermal signal. Therefore, we could receive
the temperature signal in 1.0 min from a near-infrared imaging camera.
This study provides a simple detection method for AChE and its in-
hibitors to realize point-of-care testing. Such detection methods can
further be expanded to monitor other molecules relevant to the pro-
duction or consumption of HyO».

2. Experimental
2.1. Preparation of Fe-N-C or CN

Fe-N-C was synthesized by the hydrothermal method according to
the previous report with minor modification. First, FeN309-9H50 (242
mg) was put into formamide (60 mL) and stirred for 5 min. Then the
mixture was diverted into 100 mL Teflon-lined autoclave and heated ata
constant temperature of 180 °C for 12 h. The product was then centri-
fuged and washed thoroughly three times. At last, the sediment was put
into a vacuum oven to obtain pure Fe-N-C. The CN was synthesized
similarly in the absence of iron nitrate nonahydrate.

2.2. Peroxidase activity of Fe-N-C

TMB was utilized as chromogenic reagents to confirm the
peroxidase-like activity of Fe-N-C. Firstly, deionized water (538 pL),
acetate buffer (200 pL, 200 mM, pH 4.2), TMB (100 pL, 10 mM), Hy04
(150 pL, 20 mM) and Fe-N-C (12 pL, 0.1 mg mL™!) were adequately
mixed. The mixed solution was placed at room temperature for 20 min
to incubate. Eventually, the absorbance values (652 nm) were obtained.
The absorbance values (652 nm) of Fe-N-C/TMB/H30, system with
different concentrations of HyO5 (0-1.0 mM) or TMB (0-0.30 mM) were
measured.

The kinetic data were calculated through Michaelis-Menten equa-
tion:

_ Vmax [S]
"“Km + [S]

In above equation, v symbolizes the initial rate of enzymatic reac-
tion, Viax symbolizes maximum reaction velocity, [S] symbolizes the
concentration of substrate, and Ky, symbolizes the Michaelis-Menten
constant.
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2.3. Colorimetric and photothermal sensing of AChE activity

AChE standard solution (50 pL) with different concentrations,
phosphate buffer (50 pL, 200 mM, pH 7.4) and ATCh (20 pL, 10 mM)
were mixed in the mixture and further diluted to 360 pL and incubated
at 37 °C for 5 min. Then, Fe-N-C (12 pL, 0.1 mg mL ') was input and
incubated for 2 min. After incubating for 2 min, acetate buffer (200 pL,
200 mM, pH 4.2), TMB (100 pL, 10 mM), Hy02 (150 pL, 20 mM) and
deionized water (178 pL) were added and reacted for 20 min. After these
procedures, colorimetric and photothermal detection could be per-
formed. The absorption spectra measurement was carried out at room
temperature. And the temperature was monitored by near-infrared im-
aging camera when the reaction system was irradiated by 808 nm laser
(1.5 W em ™) for 1.0 min.

2.4. Colorimetric and photothermal sensing of paraoxon-ethyl

At first, AChE (100 pL, 400 mU/mL) and paraoxon-ethyl (50 pL)
were mixed and incubated for 5 min. Subsequently, phosphate buffer
(50 pL, 200 mM, pH 7.4), ATCh (20 pL, 10 mM) and deionized water
(140 pL) were added into the above solution to incubate at 37 °C for 5
min. Next procedures were same to colorimetric and photothermal
detection of AChE activity.

3. Results and discussions
3.1. Synthesis and characterization of Fe-N-C

The Fe-N-C nanozymes were synthesized via hydrothermal treat-
ment at 180 °C for 12 h by using formamide as raw material. Besides, CN
was successfully synthesized with the same procedure as a control.
Firstly, the morphology of Fe-N-C and CN were characterized by
transmission electron microscopy (TEM). TEM shows that the CN con-
sists of stacked and irregular sheets (Fig. 1A). The morphology of
Fe-N-C (Fig. 1D) remains similar to CN except for the bigger size after
introducing Fe. Similar to CN (Fig. 1B), the high-resolution TEM
(HRTEM) image (Fig. 1E) uncovers that Fe-N-C exhibits layer structure
and the absence of metal nanoparticles/nanoclusters, demonstrating the
metal nanoparticles/nanoclusters-free Fe-N-C. Compared to CN (Fig. S1
and Fig. 1C), elemental mapping images (Fig. 1F) and corresponding
EDX spectrum (Fig. S2) of Fe-N-C show uniform distribution of Fe
(0.96%), N (3.51%) and C (95.53%), demonstrating that Fe inserts in
CN. The aberration-corrected HAADF-STEM image of Fe-N-C (Fig. S3)
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demonstrates the well-dispersed Fe single atom species on the Fe-N-C.
There are many bright spots with atomic-scale belong to Fe atoms and
not any nanoparticles/nanoclusters in Fe-N-C.

Additionally, the X-ray diffraction (XRD) pattern of Fe-N-C displays
a distinct peak at about 27° distributed to (002) plane of the carbon
nitride phase (Fig. S4). Further, the surface elemental state of Fe-N-C
was verified by X-ray photoelectron spectroscopy (XPS). The valence
states of C (1s) and N (1s) and Fe (2p) elements closely associated with
Fe-N-C can obviously be observed in full XPS survey spectrum (Fig. 2A).
The N 1s spectrum was separated into double asymmetric peaks situated
at 398.5 eV and 400.1 eV, which belong to pyridinic and pyrrolic
(Fig. 2B). As expected, two forms of N species are propitious to the
combination with iron ions. In the meantime, the high-resolution
spectrum of Fe 2p displays a double peak with binding energies of
708.79 and 721.59 eV, which can be attributed to characteristic spin-
orbit split Fe 2p 3,2 and Fe 2p 1,2 of divalent iron, respectively
(Fig. 2C). The double asymmetric peaks of Fe 2p XPS spectra indicate
that Fe species are oxidation states rather than metallic states in Fe-N-C
[47]. The result further demonstrates there are no metal nanoparticles in
Fe-N-C.

3.2. Peroxidase-mimetic activity of Fe-N-C

To demonstrate the peroxidase-mimetic activity of Fe-N-C,
comparative experiments were carried out. As shown in Fig. 3A, the
absorbance of control groups including the TMB solution (curve a), the
mixture of TMB and Hy05 (curve b), the Fe-N-C solution (curve c¢) and
the mixture of TMB and Fe-N-C (curve d) appear lower. Only the
mixture containing TMB, Fe-N-C and H,0, displays a distinct color of
blue and a significant absorption at 652 nm (curve e). The experiments
certify that neither Fe-N-C or Hy0; can be lack in the oxidation of TMB,
indicating that Fe-N-C possesses remarkable peroxidase-like activity.
Furthermore, electron paramagnetic resonance (EPR) was employed to
study Fe-N-C solution with or without HyO,. As is evident from Fig. 3B,
no free radicals or vacancies can be observed without HoO5. However,
four peaks with a standard height ratio (1:2:2:1) corresponding to ¢OH
were obtained in EPR spectrum. Based on the above experiments, the
conclusion that Fe-N-C possesses strong peroxidase-mimetic activity
and generates ¢OH to oxidize TMB by H,05 can be drawn.

For the purpose of obtaining the catalytic ability of Fe-N-C, the
steady-state kinetics experiment of the Fe-N-C/H30,/TMB system was
systematically implemented by keeping the condition constant except
the TMB or H,O5 concentrations. The concentration of TMB or H,O, and

Scheme 1. Schematic illustration of photothermal and colorimetric detection of AChE based on Fe-N-C nanozymes.
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Fig. 1. TEM images and HRTEM images of CN (A, B) and Fe-N-C (D, E); (C, F) HAADF-STEM and elemental mapping images of CN (C and N) and Fe-N-C(C, N

and Fe).
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Fig. 2. (A) XPS survey spectra of Fe-N-C; high-resolution XPS spectra of (B) N
1s; and (C) Fe 2p.

the associated initial reaction rate and the relationship between them
can be obtained (the experiment was performed under the same con-
dition in Fig. S5 and Fig. S6, similarly hereinafter). It can be obviously
discovered both TMB and H,0- are fitted with the Michaelis-Menten
model well (Fig. 3C-D). The significant steady-state kinetics parame-
ters (Km, Vmax) are got from the slopes and intercepts of the Lineweaver-
Burk double reciprocal plot (Fig. 3C-D, inset). Ky, is a representative
indicator of enzyme affinity to homologous substrates. The lower Ky,
value implies that the enzyme is more capable of binding to a substrate.
The Ky, and Vpx of horseradish peroxidase (HRP) and some reported
peroxidase mimics are summarized in Table S1. It can be confirmed that
K, values of Fe-N-C with both TMB and H20; are equal to HRP as well
as other artificial enzymes, demonstrating that Fe-N-C possesses supe-
rior binding ability with TMB and H30».

3.3. Feasibility investigation of AChE detection

The binding of sulfhydryl molecules to Fe-N-C leads to a decrease in
the peroxidase-mimetic activity of Fe-N-C, as reported from previous
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Fig. 3. (A) UV-vis absorption spectra of TMB with different contents (insets are
the corresponding solutions with different colors; (B) EPR spectrum of Fe-N-C
with (red line) and without (purple line) H,O,; Michaelis-Menten kinetics and
relevant double reciprocal plots for Fe-N-C nanozyme with (C) TMB and (D)
H,0, as the substrates (inset: plotting double reciprocal). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

work [48]. In consideration of the ability of AChE to promote the mer-
capto molecules production, we design to construct a sensor based on
Fe-N-C to monitor AChE. Fe-N-C in the Fe-N-C/H;05/TMB/ATCh/-
AChE system (AChE detection system) can act as a catalyst to encourage
the generation of eOH by H30,. However, AChE can catalyze the
decomposition of ATCh to generate thiocholine (TCh). Then, TCh, a sort
of mercapto molecule, possesses the ability to block the binding sites of
Fe-N-C to inhibit peroxidase-mimetic activity. We speculate that the
readout signal of the AChE detection system decreases with increasing
AChE concentration.

To further test the feasibility of the AChE detection system, the
absorbance and temperature difference (irradiation by 808 nm laser for
1.0 min) of control groups (Fig. 4A and Fig. 4B) were recorded. The
addition of AChE has a certain negative effect on the decrease of the
absorbance and temperature difference of Fe-N-C. Moreover, it is can be
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Fig. 4. (A) UV-vis spectra (insets are the corresponding solutions with different colors) and (B) temperature increment by 808 nm irradiation at 1.5 W cm 2 of
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ATCh. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

found that ATCh nearly has any impact on Fe-N-C/H;02/TMB system.
As expected, the absorbance and temperature difference decreases
significantly when AChE and ATCh coexist in the system and the solu-
tion is nearly colorless. Based on the above results, it is demonstrated
that the colorimetric and photothermal strategy for the AChE detection
by this system is feasible.

3.4. Dual-mode colorimetric and photothermal detection of AChE

Under the optimal conditions, the strategy was carried out to detect
various concentrations of AChE through the colorimetric signal and
thermal signal readout. The reaction system exhibits a color variation
from colorless to blue when the concentration of AChE increases from
0 to 40 mU mL! (Fig. 5A, inset). At the same time, the absorbance
enhances proportionally as the AChE level increases (Fig. 5A). More-
over, a good linearity could be established between the absorbance (652
nm) and the logarithm of the AChE level within the dynamic range from
3 to 40 mU mL ! (Fig. 5B). The linear regression equation is AAgss nm =
0.453 x 1g Cacng — 0.11 (mU mL ™}, R? = 0.997) with a limit of detection
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Fig. 5. (A) UV-vis spectra of AChE detection system with AChE concentration
from 0 to 40 mU mL~! (insets are corresponding solutions with different
colors). (B) The absorbance (652 nm) of different activities of AChE detection
system (AA = Ag — A, Ay is the absorbance without AChE, inset is the linearity
between AChE activity and absorbance values). (C) photograms of AChE
detection system with different AChE activity (0-40 mU mL 1) before and after
irradiation. (D) The temperature increment of different activities of AChE
detection system (ATo = T; - T, Ty is the temperature increment without AChE,
inset is the linearity between AChE activity and temperature increments). (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

(LOD) of 1.9 mU mL! (S/N = 3). Although qualitative or semi-
quantitative information can be obtained from the color readout
detected by the naked eye, a UV-vis absorption spectrometer is still in
need for accurately quantifying the AChE concentration in some real
samples.

To meet diversified detection demand for AChE, such as in site
testing, the AChE detection system was further developed to realize the
quantitative sensing performance by using a near-infrared imaging
camera as a reader (Fig. S7). The temperatures of reaction systems with
various amounts of AChE were recorded during the irradiation of 808
nm laser for 1.0 min. From a near-infrared imaging camera, we can not
only observe the colors related to different temperatures but also obtain
the accurate temperatures displayed on smartphone (Fig. 5C). As illus-
trated in Fig. 5D, it can be found that the temperature increments and
the AChE concentrations ranging from 3 to 40 mU mL~! have a good
linear correlation. The linear regression equation is expressed as ATy =
13.94 x 1g Cachg —4.62 (mU mL~!, ATy =T, -T;, where T3 and T; are the
temperature measurements of the reaction system with and without
irradiation), and LOD is 2.2 mU mL™" (S/N = 3). This result demon-
strates that it is potential for our strategy applied in establishing a
portable photothermal detection platform for AChE activity and the LOD
of our sensor is equal to former reports (Table S1).

To further demonstrate the potential application of the dual-mode
colorimetric and photothermal strategy, the AChE activity analysis
was performed by testing human serum samples. Table S3 reveals that
the recoveries vary from 96.23% to 101.0% (colorimetric) and from
98.00% to 102.4% (photothermal) and the relative standard deviation
(RSD) was all satisfactory (<3.9%). Accordingly, it can be indicated that
the sensor constructed can be employed to monitor AChE in human
serum. For the purpose of proving the reusability of Fe-N-C, we tried to
reclaim Fe-N-C which has be used to reacting with H>05. As illustrated
in Fig. S8, the absorbance and temperature were able to maintain
93.74% and 92.66% signal intensities after washing, indicating that
Fe-N-C has acceptable catalytic stability.

3.5. Specificity of the colorimetric and photothermal platform

Specificity is also a crucial evaluation index for a sensing platform.
Therefore, the specificity of the AChE detection system was studied by
measuring a series of common interfering materials (GOx, UA, GLu,
Kana, K*, Na™ and Mg?*") using both the colorimetric and photothermal
assays (Fig. 6A and Fig. 6B). There is little apparent absorbance and
temperature changes can be observed for the interfering materials
compared to the blank value, while temperature increment and absor-
bance decreases can be obviously observed in the presence of target
AChE. The conclusion can be drawn that the constructed sensing plat-
form possesses satisfactory anti-interference ability. Similarly, to verify
that the sensor possesses good specificity in actual sample detection, the
anti-interference experiments in human serum and river water were
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Fig. 6. The selectivity of AChE detection strategy by (A) UV-vis and (B) NIR imaging camera detection.

carried out. The experimental results (Fig. S9 and Fig. S10) show that the
system is potential for AChE detection with specificity in human serum
and river water.

3.6. Dual-mode colorimetric and photothermal detection of inhibitor of
AChE (paraoxon-ethyl)

Although Ops, as one kind of pesticide, is widely applied in modern
agriculture and has brought great economic benefits, unfortunately, the
residue of Ops causes a series of questions (ecosystem destruction, food
contamination, etc.) [49,50]. It is urgent to develop an accurate and
facile method for Ops contamination in food monitor for protecting
human health. So far lots of sensors have emerged for the detection of
Ops. Among these sensors, the sensor based on AChE (the primary target
of Ops) is the most widely used sensor for OPs trace. To develop the
application of AChE detection system, it was expanded to monitor Ops
concentration (one of the AChE inhibitions) due to its inhibition of AChE
activity.

Paraoxon-ethyl was selected to be a model of Ops for the study of
AChE inhibitions detection due to its negligible influence on Fe-N-C/
TMB/H20; system (Fig. S11). As expected, the activity of AChE can be
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Fig. 7. (A) UV-vis spectra (a) and (b) temperature increment by 808 nm
irradiation at 1.5 W cm 2 of system paraoxon-ethyl detection with and without
Ops (paraoxon-ethyl); (B) UV-vis spectra of paraoxon-ethyl detection system
with the concentrations of paraoxon-ethyl from 0 to 2 pg mL™%; (C) The
absorbance at 652 nm of different activities of paraoxon-ethyl detection system
(inset is the corresponding linearity between paraoxon-ethyl concentration and
variations of absorbance values); (D) The temperature increment of different
activities of paraoxon-ethyl detection system (AT = T; -T,, T, and T; are the
temperature measurements of the reaction system before and after laser irra-
diation, inset is the linearity between paraoxon-ethyl concentration and vari-
ations of temperature increments).

inhibited when AChE is incubated with paraoxon-ethyl (Fig. 7A). Both
colorimetric and photothermal signals can be found to have a regular
change with the increase of paraoxon-ethyl concentration. As seen in
Fig. 7B, the absorbance of oxTMB at a peak of 652 nm increases with the
paraoxon-ethyl addition increases. There is a good linearity could be
established between the absorbance (652 nm) and the logarithm of
paraoxon-ethyl concentration in the scope of 0.03-2 pg mL ™! (Fig. 7C).
The linear regression equation can be noted as AAgsz nm = 0.123 x g
Cachi + 0.402 (ug mL™, R = 0.984) with a LOD of 0.012 pg mL ™! (S/N
= 3). As seen in Fig. 7D, the increment of temperature also linearly
decreases with the logarithm of paraoxon-ethyl concentration in the
range of 0.03-2 pg mL™ . The linear regression equation is AT = 3.07 x
lg Cache + 12.97 (ng mL™!, AT = T, - T;, where T, and T; are the
temperature measurements of the reaction system before and after laser
irradiation) with a limit of detection of 0.013 pg mL ! (S/N = 3).

We also tested the recoveries of paraoxon-ethyl in environmental
samples (tap water and river water) to verify the possibility of the
Fe-N-C-based dual-mode biosensor for practical applications
(Table S4). The recoveries ranging from 96.23% to 102% in the colori-
metric method and 96.6% to 104.2% in the photothermal method,
respectively, demonstrate that the biosensor possesses promising po-
tential in analyzing real samples with outstanding accuracy.

4. Conclusions

In summary, a dual-mode colorimetric and photothermal biosensor
based on the Fe-N-C-mediated TMB-H50, system was successfully
designed for the simple, cost-effective detection of AChE. Fe-N-C with
remarkable peroxidase-mimetic is employed to catalyze the oxidation of
TMB acting as both colorimetric and photothermal reagent. Compared
to other reported instrumental methods, the photothermal platform
based on the readout of a portable near-infrared imaging camera shows
excellent advantages for low-cost and portable detection in resource-
poor settings. Moreover, the dual-mode analytical assay integrating
colorimetric and photothermal signals both display excellent stability
can realize mutual authentication, providing more convincing results.
The satisfactory recovery rates of AChE activity in human serum and Ops
in tap water and river water demonstrate the method possesses good
practicability. Thus, the proposed sensor provides a promising platform
for reliable detection of AChE and its inhibitors in real samples.
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