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Public safety and environmental monitoring are of great
significance to maintain human health. Therefore, a simple and
effective strategy for preparing the substrate layer of a film-
based fluorescent sensor is developed by a nanomesh scaffold
technology. The limit of detection of the nanomesh scaffold-
modified sensor ranges from 4.8 ppb to 3750 ppm. This can
provide an effective method for detecting potential biological
warfare agent, 2,6-dicarboxyridine.

Film-based fluorescent sensing technology is mainly realized
through the interaction between the analyte and fluorescent
molecules in the excited state." It has attracted wide attention
due to its high sensitivity, good selectivity, easy device,
miniaturization, and reusability.> More importantly, film-
based fluorescent sensors can also be manufactured in a roll-
to-roll manner, which enables the combination of different
sensing modes to be used in one array. Film-based
fluorescent sensors are a promising candidate to meet the
requirements of complex samples and high-throughput
detection.’> These sensors have potential application value in
the fields of complex samples and high-throughput detection,
such as breath diagnosis, explosive detection, drug detection,
indoor environment monitoring and precision agriculture.*
Using sensing molecules with specific response is one of
the main strategies to prepare new film-based fluorescent
sensors. A large number of research studies have focused on
the structure and property study of fluorescent molecules.’
The other important strategy is to change or modify the
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substrate structure used in the film-based fluorescent
sensing. Fang et al found that the sensing performance
could be adjusted by changing the substrate of different
materials. They used a pyrene bisimide (PBI) derivative as a
fluorescent active substance to detect illegal drugs.’® They
found that the fluorescence intensity significantly quenched
when using an ordinary smooth glass plate and polyvinyl
chloride plate as the substrate. When a silica gel plate was
used as the substrate, the fluorescent intensity of the film
hardly changed in the presence of drug vapor. This shows
that different substrate structures have huge impact on the
sensing performance. Cheng et al. used ordered assembly
arrays of zinc oxide (ZnO) nanorods as a film-based
fluorescent sensing substrate to detect triacetone triperoxide
(TATP) explosives.” Compared with the planar substrate, the
ordered assembly arrays of ZnO nanorods improve the mass
transfer of the analyte, resulting in significantly enhanced
fluorescence emission, improved quenching efficiency and
extended service life.

The above-mentioned examples clearly illustrate that the
diffusion and adsorption speed of the analyte in the
substrate directly affect the interaction between the analyte
and the fluorescent molecule. The specific mass transfer
process can be simulated by the theoretical model shown in
Scheme 1a. In the process of film-based fluorescent sensing,
VOCs will first diffuse to the surface of the film, and then
adsorb on the surface of the film, affecting the fluorescence
properties of fluorescent active substances. VOC molecular
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Scheme 1 Schematic of the VOC mass transfer process at the
interface of the ground glass-based sensor (a) and the nanomesh
scaffold modified sensor (b).
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diffusion flux plays a major role in the sensing process.
Larger the diffusion flux is, higher the mass transfer
efficiency will be, which indicates that the contact probability
between fluorescent molecules and VOCs will be significantly
improved, thus improving the sensing performance.®
Referring to the Fang's group previous research reports by
constructing non-planar porous structures to improve the
diffusion flux.” We consider designing of the substrate layer
has a bowl cavity can effectively to support fluorescent
molecules on the surface (Scheme 1b), the maximum
enhances fluorescence molecular contact area, at the same
time ensure VOCs in longitudinal diffusion under the
condition of constant flux, using fluorescent molecules at the
bottom of the cavity further upward diffusion flux formation,
the overall ascension VOCs response sensitivity.

In this report, the nanomesh scaffold technology was used
to prepare a film-based fluorescence sensing substrate with
an ordered bowl cavity substrate layer.'” The nanomesh
scaffold-modified film-based fluorescent sensor can be
fabricated as per Scheme 2. The specific preparation steps
can be seen in the Supporting Information. First, polystyrene
(PS) spheres with a diameter of 300 nm were dispersed on
the liquid surface to obtain PS colloidal sphere monolayer
templates. The PS monolayer was transferred to a round glass
substrate (Fig. 1a), and then the spin-coating method was
used to fill silica gel into the void of the glass substrate
covered by a PS sphere monolayer on the surface. It is worth
noting that the bowl cavity with different hole depths can be
prepared by selecting different concentrations of silica gel.
Then, the substrate was immersed in a toluene solution to
dissolve the PS sphere templates and endow the substrate
with bowl-like cavity (Fig. 1b, S1 and S2t). Compared with
the traditional ground glass-base substrate (Fig. S67), the
nanomesh scaffold-modified substrate with a neat and
orderly microstructure is conducive to the mass transfer
process of VOCs.

Due to the good photophysical properties of PBI, N,N-
bis(2-ethylhexyl)-1-bromoperylene-3,4,9,10-tetracarboxylic acid
diimide (PBI-Br) was synthesized and selected as the
fluorescent active material."* The synthesis and preparation
of one-dimensional assembly of PBI-Br can be seen in the
Supporting Information. The assembled PBI-Br was

(a) Self assembly
Glass plate Si0; bowl PBI-Br

NG

PS (300 nm) Spin coating
\/ < Si0.gel ,
>
Step2
Scheme 2 (a) Schematic of the procedures for fabricating nanomesh

scaffold-modified film-based fluorescent sensor; (b) physical drawing
of the sensor and sensing unit.
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Fig. 1 SEM images of (a) the PS monolayer colloidal sphere templates
(scale bar = 5 um); (b) SiO, cavities on the glass substrate (scale bar =
5 um), insets are enlarged views of SiO, cavities (scale bar = 500 nm);
(c) assembly of PBI-Br was transferred to the surface of the
SiOznanomesh scaffold-modified substrate (scale bar = 5 um); (d)
enlarged views of the nanomesh scaffold-modified sensor (scale bar =
1um).

transferred to the nanomesh scaffold substrate surface to
obtain the film-based fluorescent sensor. As shown in
Fig. 1c and d, it is apparent that the PBI-Br assembly is
evenly distributed on the surface of the nanomesh scaffold-
modified substrate.

Pyridine derivatives, common environmental pollutants in
daily life, were selected as the detection object to evaluate the
sensing performance.”> The home-made sensing platform
was used according to the protocol reported previously."* The
detailed experimental procedures can be seen in the ESLf

As we all know, the film thickness has a great influence
on the sensing performance. Two kinds of the nanomesh
scaffold-modified substrate with different hole depths (200
nm and 300 nm) were obtained by optimizing the
concentration of silica gel. Pyridine and its derivatives
(2-picoline, 3-picoline and 4-picoline) were diluted to the
same concentration for the sensing test. The sensing results
show that the substrate layer with deeper holes has higher
response intensity, which may be due to the deeper holes
more effectively improving the diffusion flux of VOCs (Fig.
S9t). Therefore, the nanomesh scaffold-modified substrate
with a greater hole depth (300 nm) was selected for further
sensing experiments. Also, it was found that the nanomesh
scaffold-modified sensor had more sensitive response
intensity than the ground glass-based sensor (Fig. S7 and
S8t). Specifically, the responses intensity of the nanomesh
scaffold-modified sensor towards pyridine and its derivatives
increased by 180% to 250% (Fig. 2).

Notably, the nanomesh scaffold-modified sensor can
sense biomarker of anthrax spores (2,6-dicarboxyridine, PDA),
which is a highly lethal agent to human beings and animals
and also potential biological warfare agents.'* The nanomesh
scaffold-modified sensor has a significant response towards
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Fig. 2 Selectivity tests of the nanomesh scaffold-modified sensor and
ground glass-based sensor to various pyridine derivatives and common
solvent vapors. THF = tetrahydrofuran. Inset: the response intensity of the
nanomesh scaffold-modified sensor and ground glass-based sensor
towards saturated 2,6-dicarboxyridinevapor conducted at 25 °C.

saturated vapor of PDA (cppsy = 2.8 ppt), and the response
intensity is seven times stronger than that of the ground
glass-based sensor (inset of Fig. 2). The simulated field tests
were carried out for evaluating the practical applicability of
the nanomesh scaffold-modified sensor (Fig. S10f). The
results show that the sensor can detect PDA accurately.

The limit of detection (LOD) and stability of the
nanomesh scaffold-modified sensor were further tested
(Fig. 3a). The pyridine saturated vapor was diluted to
different concentrations and injected to the sensor chamber
to test the response intensity. It can be seen that the LOD of
the nanomesh scaffold-modified sensor for pyridine ranges
from 4.8 ppb to 3750 ppm. The nanomesh scaffold-modified
sensor can detect the concentration of pyridine to as low as
4.8 ppb, which is lower than that of the glass-based sensor
(24 ppb) (Fig. Silatf). By comparing with the reported
literature (Table S17), it is found that the sensor reported in
this study has the lowest detection limit for pyridine.

The excellent re-usability of the nanomesh scaffold-
modified sensor was proved by the results from more than 50
cycles of continuous tests with pyridine (cpyridine = 3750 ppm)
(Fig. 3b). In addition, the signal strength of the nanomesh
scaffold-modified sensor did not show significant attenuation
after 4 h of continuous testing. This shows that the
nanomesh scaffold-modified sensor has good photochemical
stability. Compared with the glass substrate sensor, the
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Fig. 3 (a) Signal intensity of the nanomesh scaffold-modified sensor
recorded at different pyridine concentrations (varying from 4.8 ppb to
3750 ppm, 25 °C); (b) reusability and photochemical stability test of the
nanomesh scaffold-modified sensor towards pyridine vapor (Cpyrigine =
3750 ppm, 25 °C).
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nanomesh scaffold-modified sensor has less observable
attenuation for both the reversibility and signal intensity
(Fig. S11bt).

To distinguish the pyridine and its derivatives is of great
practical significance for the specific detection of a certain
target. Based on this, the sensors based on different
substrates (with 200 nm and 300 nm hole depths and glass)
are combined into the sensing array, and the distinguish
detection can be realized through pattern recognition
algorithm (PCA) of the response signal difference. As shown
in Fig. 4a, the hot plots of the response intensities of the
film-based devices towards pyridine and its derivatives
resulted in an easily distinguishable pattern. Further, PCA is
used to analyze the response signals of pyridine and its
derivatives in different sensors (Fig. 4b). The PCA score plot
as generated shows a clear clustering of the data using the
first principal component (PC1) and the second principal
component (PC2), where PC1 carries about 93.17% of the
variance and PC2 carries 6.68%, demonstrating the strong
discriminating capability of the nanomesh scaffold-modified
sensor array.

Conclusions

A new type of film-based fluorescent sensor was constructed
by the nanomesh scaffold technology. This technology is
conducive to the contact between analytes and fluorescent
molecules, which greatly improves the diffusion flux. The
LOD of the nanomesh scaffold-modified sensor for pyridine
ranges from 4.8 ppb to 3750 ppm. In particular, the
nanomesh scaffold-modified sensor can be applied to detect
PDA, a high-risk biological warfare agent. More importantly,
this strategy can easily form a sensing array to realize
distinguish detection of pyridine and its derivatives. It is
expected to be an ideal choice for the detection and analysis
of trace chemicals in public safety and environmental
monitoring in the future.
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Fig. 4 (a) Hot plot of the response intensity of three sensors on
exposure to pyridine and its derivatives (2-picoline, 3-picoline and
4-picoline), sensor 1 and sensor 2 was based on the nanomesh
scaffold-modified substrate with 300 nm and 200 nm hole depths,
sensor 3 was based on the ground glass substrate. (b) Two-
dimensional PCA score plot for discriminating the saturated vapor of
pyridine and its derivatives at 293 K via utilization of the response
intensity of three sensors.
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