DOI: 10.26599/FSHW.2024.9250115
XK. Luetal./Food Science and Human Wellness 14 (2025)

Contents lists available at SciOpen

Food Science and Human Wellness

journal homepage: https://www.sciopen.com/journal/2097-0765

A fluorescence-enhanced inverse opal sensing film for multi-sources detection of
formaldehyde

Xiaokang Lu,* Bo Han,* Deyilei Wei, Mingzhu Chu, Haojie Ma, Ran Li, Xueyan Hou, Yuqi Zhang,*
Ji-Jiang Wang

Key Laboratory of New Energy & New Functional Materials, Shaanxi Key Laboratory of Chemical Reaction Engineering, College of Chemistry
and Chemical Engineering, Yan an University, Yan an, Shaanxi, 716000, P. R. China

ABSTRACT: The SiO, inverse opal photonic crystals (PC) with a three-dimensional macroporous structure were
fabricated by the sacrificial template method, followed by infiltration of a pyrene derivative,
1-(pyren-8-yl)but-3-en-1-amine (PEA), to achieve a formaldehyde-sensitive and fluorescence-enhanced sensing film.
Utilizing the specific Aza-Cope rearrangement reaction of allylamine of PEA and formaldehyde (FA) to generate a
strong fluorescent product emitted at ~480 nm, we chose a PC whose blue band edge of stopband overlapped with the
fluorescence emission wavelength. In virtue of the fluorescence enhancement property derived from slow photon
effect of PC, FA was detected highly selectively and sensitively. The limit of detection (LoD) was calculated to be
1.38 nmol/L. Furthermore, the fast detection of FA (within 1 min) is realized due to the interconnected
three-dimensional macroporous structure of the inverse opal PC and its high specific surface area. The prepared
sensing film can be used for the detection of FA in air, aquatic products and living cells. The very close FA content in
indoor air to the result from FA detector, the recovery rate of 101.5% for detecting FA in aquatic products and fast
fluorescence imaging in 2 min for living cells demonstrate the reliability and accuracy of our method in practical
applications.

Keywords: inverse opal photonic crystals, slow photon effect, fluorescence enhancement, multi-sources
detection, formaldehyde

1. Introduction

Photonic crystals (PC), firstly proposed in 1987[1,2], are a kind of periodic arrangement of dielectric
materials. The refractive index of PC varies periodically, endowing them with special optical properties of
photonic stopband, which indicates that the light at a certain wavelength cannot transmit the materials and will
be reflected. The photonic stopband character renders PC to be used in various fields, such as catalyst[3,4],
solar cells[5,6], anti-counterfeiting[7,8] and sensing[9—13]. Among these applications, the PC-based sensing
for external stimuli such as temperature[14,15], humidity[16], strain[17], and chemical[18-23] and
biological[10,13,24—27] molecules have been paid more attention due to their regulable optical performance,

for example using fluorescence enhancement effect[20,21], changeable photonic stopband position[22,23] or
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Debye diffraction effect[26,27]. Presently, a variety of PC-based sensors have been developed extensively
from one-dimensional PC (1DPC)[18,19], two-dimensional PC (2DPC)[26,27] to three-dimensional PC
(3DPC)[20-23]. For example, a 1DPC sensor based on thiourea-functionalized nanocopolymer layer with a
mesoporous TiO2 layer for colorimetric detection of Hg?'[19] has been developed. The 2DPC hydrogel
aptasensors for detection of biomolecules based on measurements of Debye diffraction ring diameters[26,27]
have also been reported. In addition, the 3DPC fluorescence sensors and colorimetric sensors have been
developed to detect metal ions[20,21] and biomolecules[24—27]. Particularly, three-dimensional inverse opal
(IO) photonic crystals with interconnected microporous structures have been widely employed to construct
various sensors based on the changeable reflectance peak, such as organic solvents[22,23], explosives[28],
cocaine[29] and staphylococcal enterotoxin[30]. The fluorescence sensors based on IO photonic crystals have
also been developed to detect metal ions[31,32], amino acids[33], and microRNAs[34]. For example, our
group have constructed highly sensitive and fast response film fluorescence sensors of Bi**[31], Fe**and
Hg?*[32], and cysteine[33] by combining the optical properties and the structural advantages of 10 photonic
crystals. The fluorescence enhancement effect arisen from the slow-photon effect of PC have been utilized to
improve the detection sensitivity. The interconnected macroporous structures are beneficial to the diffusion of
the analytes in the 1O films and provide high specific surface area which endows the IO films with more active
sites, improving the response speed. In addition, the film fluorescence analysis also has many advantages
including good stability, facile operation, potential of devices fabrication, high selectivity and sensitivity.
Therefore, fluorescence 10 films are ideal sensing platform for various target analytes.

Aldehydes, especially formaldehyde (FA), are widely used in chemical industries, biomedicines, food
and cosmetics. The extensive applications of FA bring severe threats to environments and human health
because of its solubility, irritation and carcinogenicity[35,36]. Therefore, the FA detection plays an important
role in ensuring air quality, food safety and human health[37,38]. For example, detecting FA is indispensable
for monitoring indoor air quality because long-term exposure to high levels of FA ambient can irritate eyes,
skin and even cause sore throat, headache, dyspnea and more serious leukemia[37]. In food safety, detecting
FA can protect consumers’ safety, prevent fraud, and avoid health risks because accidental ingestion of FA
can harm reproduction and fetal development[38]. Additionally, detecting FA is also helpful for diseases
prevention, early diagnosis and treatment because FA exposure in biological samples can lead to neurological
issues and an increased cancer risk[37].

In present, more efforts have been dedicated on developing highly effective detection methods of FA,
such as gas chromatography—mass spectrometry[39], high-performance liquid chromatography[40],
surface-enhanced Raman scattering[41], electrochemical[42], colorimetric[43,44] and fluorometric[45,46]
techniques. These detection techniques are sensitive, selective, and precise, but needing sophisticated
instruments, trained technicians, time-consuming or having unstable signal readouts. Thereupon, in virtue of
the fluorescence enhancement effect of PC films, fluorescence sensing IO films have been reported by our

group for detecting FA[47,48]. However, there are still some drawbacks, such as limited application only for
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gaseous FA or interference of acetaldehyde and demanded-improvement of sensitivity. Therefore, it is
desirable to construct an IO fluorescence sensing film which is highly selectivity and sensitivity for FA and
can be applied in FA detection from various sources including air, solution and living cells.

In this work, we constructed a pyrene derivative-infiltrated SiO2 10O film for fast, highly selective and
sensitive detection of FA in air, aquatic products and living cells. Here, SiO2 IO was chosen due to its
distinctive optical properties, structural characteristics, nontoxicity, biocompatibility, easiness of fabrication
and good stability. The interconnected microporous structure of IO film facilitated the fast response and the
pyrene derivative acted as a highly selective fluorescence probe of FA. The fluorescence emission was

amplified by slow photon effect of PC, achieving high sensitivity of FA detection.

2. Experimental
2.1 Reagents and instruments

1-(pyren-8-yl)but-3-en-1-amine (PEA, Scheme 1) was synthesized according to the method from the
literature[49] and characterized by Infrared Spectra (IR), Nuclear Magnetic Resonance Spectra (NMR) and
Electrospray lonization Mass Spectrometry (ESI-MS). The detailed synthesis process and the characterization
results were shown in Supporting Information (Scheme S1 and Figure S1-S2). Monodispersed polystyrene
(PS) microspheres latex (10 wt%) was acquired from Shanghai Huge Biotechnology Co., Ltd, China.
Polymethyl methacrylate (PMMA, Mw = 35000) was purchased from Sinopharm Chemical Reagent Beijing
Co. Ltd. Frozen squids were purchased from the local supermarket. The other analytical reagents were
commercially available and used as received. Ultra—pure MilliQ water (18.2 MQ-cm) was used for all of

experiments.
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Scheme 1 Schematic illustration of IO fluorescent sensing film for FA detection.

Field emission scanning electron microscope (SEM, SU8010, Hitachi, Japan) and an atomic force
microscope (AFM, Multimode 8, Bruker, Germany) were used to characterize the morphology of PCs. An
optical fiber spectrophotometer (PG—2000-ProEx, Ideaoptics Instrument Co., Ltd, China) was employed to
record the reflectance spectra, in which the incident light was perpendicular to the (111) plane of the PCs.
The fluorescence spectra were measured by a Cary Eclipse fluorescence spectrometer (Agilent

Technologies, USA), in which the film sample was placed in a quartz cuvette containing the testing
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solutions and the light of 350 nm was used as excitation wavelength. Air in a decorated room was collected
using a commercially multifunctional atmospheric sampler GDYK—-160 (Changchun Jida Little Swan
Instrument Co., Ltd., China) and FA content in air was determined by a Spectrophotometer GDYK—401RC
(Changchun Jida Little Swan Instrument Co., Ltd.) The fluorescence images in HeLa cells were recorded on

a LEICA DM6B fluorescence microscope.
2.2 Fabrication of 10 films

We first fabricated the PS-SiO2 opal PC films by co-assembly technique, followed by calcination to
remove PS microspheres to acquire SiO2 IO films. In detail, 20 g of monodispersed PS spheres latex at ~0.1
wt% was mixed with 0.1 mL of SiOz sol, which derived from hydrolysis of tetraethyl orthosilicate (TEOS, 28
wt%) in absolute ethanol in the presence of 0.1 M of HCI (TEOS:C2HsOH: HCI = 1:2:1, m:m:m)[48]. After
ultrasonication for 30 min, the mixture was transferred to 5 mL of vials and clean glass slides were placed
vertically. Then, the PS-SiO:2 opal PC films were formed at 65 °C (60% humidity) after 48 h. The resulting
opal PC films were heated to 500 °C at a rate of 1 min/°C and kept at 500 °C for 3 h. The PS microspheres were
removed and the three-dimensional macroporous SiO2 1O films were formed, in which air microspheres were
close-packed orderly in the arrangement of face-centered cubic. Various 10O films with different photonic
stopband were fabricated by changing the PS spheres’ diameter. Here, we denoted the prepared IO films using
PS spheres of 300 nm, 350 nm and 400 nm as 10300, IO3s50 and 10400, respectively. In addition, an unordered
Si02 porous film (denoted as PFnon) was also prepared using the same method, where the PS latex was

composed of several different diameters of PS microspheres.
2.3 Fabrication of PEA—IO films

The PEA molecules were infiltrated into the pores of the SiO2 IO films by capillary forces and adsorbed
onto the pore wall. The resultant film was denoted as PEA-IO. For example, 90 uL of PEA ethanol solution
(100 pumol/L) was dripped on the surface of 10350 film (1 cm % 2.0 cm) and dried in air to give a FA-sensitive
fluorescence sensing film PEA—1O3s0. The infiltration content of PEA was 2.439 pg. Several PEA—103s0 films
with different PEA contents were fabricated by varying the infiltration volume of PEA solution. We also
prepared a control sample PEA—PFnon by infiltration of PEA solution (90 pL). Additionally, 90 uL of PEA
tetrahydrofuran solution (100 pmol/L) containing PMMA (PEA:PMMA = 1:1, m:m) was dripped on a glass
slide (1 cm x 2.0 cm) and dried to acquire a smooth PEA film as another control sample, which was marked as
Glass.

2.4 Preparation of various testing solutions

Stock solutions of organic compounds: aqueous solutions (200 pmol/L) containing different organic
compounds were prepared, including FA, acetaldehyde, propionaldehyde, valeraldehyde, benzaldehyde,

glyoxal, benzene, toluene, acetone and ethyl acetate.
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Aqueous solution of indoor air: 5 L of air collected from a decorated room using a multifunctional
atmospheric sampler was slowly dissolved in 50 mL of water to be a testing solution for the detection of FA
in air.

Squid extract: according to the Aquatic Industry Standard of the People's Republic of China SC/T
3025-2006[50], 10 g of the mashed squid tentacle and 20 mL of water was mixed and shaken for 30 min.

After centrifugation, the supernatant was taken as the testing solution.
2.5 Cytotoxicity test and fluorescence imaging

The cytotoxicity test of PEA and its reaction product with FA toward living cells was performed using
Cell Counting Kit-8 (CCK-8) assay in HeLa cells lines. Eagle mediums with 10% vol/vol of fetal bovine
serum (DMEM) containing PEA (100 umol/L) and different concentrations of FA were added to HeLa cells
(37°C, 5% CO:2). The cells were incubated for 12 h and then the medium was removed, followed by washing
with phosphate buffer solution (PBS, 10 mmol/L, pH = 7.4) for two times. Next, 150 uL. CCK-8 (10%,
vol/vol) culture medium was added and the cells were cultured for 2 h, followed by cell viability testing.
Herein, the FA concentration were 0, 0.5 pmol/L ,1 pmol/L. 10 pmol/L and 50 umol/L, respectively.

For fluorescence imaging, the Hela cells were cultured at 37 °C for 72 h on 10350 films, in which DMEM
culture medium with 10% vol/vol of fetal bovine serum was added on the film’s surface. The cells grew in the
micropores and the surface of the 10350 films. The Hela cells grown on the surface of the 10350 films were
washed away by rinsing with PBS for two times. The 50 pL PBS solution containing PEA (100 umol/L) and
10 wt.% of dimethylsulfoxide (DMSO) were added to the 10350 films with Hela cells and remained 10 min.
After washing with PBS for three times to remove PEA adsorbed on the surface of 10350 films, aqueous
solutions of FA at concentration of 1 pmol/L and 10 pmol/L were added, respectively, and the fluorescence

images were recorded at different time.

3. Results and discussion
3.1 Characterization of morphology and reflectance spectra

All the prepared PS—S102 opal PC (Figure S3a—c), the corresponding 10 films before (Figure S4a'—c')
and after (Figure S3a"—c") infiltration of PEA, and the unordered films (Figure S3d—d") were characterized by
SEM images to observe their surface morphology. The PS microspheres are close-packed orderly in the
arrangement of face-centered cubic and SiO2 nanoparticles are in the voids of PS spheres. After calcination,
the resultant 10 films replicated the opal PS structure perfectly, in which the PS spheres were replaced by air
pores. The infiltration of PEA into the voids of SiO2 IO films did not bring obvious morphology change
compared with the original 10 films due to the lower infiltration content. Figure 1a-c show SEM images of
PEA—10300, PEA—10O350 and PEA—IO400. Three dark areas can be observed in each of the air pores,
demonstrating the interconnected three-dimensional microporous structure of 10 film. The air pore size of the
PEA—10O3s0 film is about 321 nm, which is smaller than that of the corresponding PS microsphere due to the

shrinkage of SiO: skeleton during calcination[51]. The thickness of the PEA-1O3s0 film is about 5.9 pm
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(Figure S3e). AFM image of PEA—1O3s0 also confirmed this ordered macroporous structure (Figure S3f) with

an average pore diameter of ~315 nm, which is consistent with the result from SEM characterization.
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Figure 1 SEM image of (a) PEA-IO300, (b) PEA—10350 and (¢c) PEA—1O400. (d) The reflectance spectra of the prepared 10
films before and after infiltration of PEA and the unordered SiO; porous film (PFyon).

The high orderly periodic structures of air pores endow the 10 films with unique optical properties, just as
the reflectance spectra demonstrated (Figure 1d). The photonic stopbands center, that is the maximum
reflectance peaks, of 10300, 0350 and 10400, are located at 463 nm, 504 nm and 578 nm, while red-shifted to
470 nm, 510 nm and 591 nm after infiltration of PEA, respectively. This is because the effective refractive
index of the film increased slightly after the infiltration of small amount of PEA. We also can see that the
unordered SiO2 porous film (PFnon) does not display obvious reflectance peak compared with ordered 10
films, proving the necessity of periodic structure for optical properties. The reflectance spectra of the initial

PS-SiO2 opal films fabricated from different diameter PS microspheres are shown in Figure S4.
3.2 Optimization of FA-sensitive 1O sensing film

We chose PS microspheres with particle sizes of 300 nm, 350 nm and 400 nm as templates to prepare
S102 10 films with different photonic stopbands, followed by infiltration of ethanol solution containing PEA
(100 uM, 90 puL). We immersed the resultant PEA—IO films, the control samples including the PEA—PFnon and
the smooth PEA film Glass, in 1 umol/L of FA aqueous solution for 13 min and measured the fluorescence
spectra, as presented in Figure 2a. All the films emitted fluorescence at around 480 nm. The appearance of
fluorescence can be attributed to the Aza—Cope arrangement reaction between PEA and FA[49], which

formed a fluorescent product pyrene-1-carbaldehyde (PCA), as shown in Scheme 1.
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Figure 2 (a) Fluorescence (FL) spectra of PEA—infiltrated IO films and the control sample Glass upon exposure to 1 pmol/L
of FA aqueous solution. (b) The corresponding fluorescence intensity at maximum emission wavelength. Inset:
photographs of PEA—1QO359 before and after response to FA (taken under UV light of 365 nm). (¢) CIE
chromaticity diagram for fluorescence spectrum of PEA—1QOss¢. (d) Fluorescence intensity (at ~480 nm) of
different PEA—IQO3s0 by adjusting infiltration volume of PEA ethanol solution when immersed in 1 pmol/LL
of FA aqueous solution. (Aex= 350 nm).

Figure 2b exhibits the fluorescence intensity of the different films containing PEA in the FA solution.
Obviously, the films with porous structure exhibited stronger fluorescence than that of the control sample
Glass and the PEA—IO3s0 film has the strongest fluorescence. There was a 38.7-times increase in fluorescence
intensity for PEA—IO3s0 film compared with that of Glass. The remarkable fluorescence enhancement is arisen
from the slow photon effect endowed by PC[52], in which the emission wavelength of the reaction product
PCA (~480 nm) overlapped with the blue-band edge of the photonic stopband of PEA—IO3s0 film (Fig. 1b).
Here, the photon group velocity becomes slow and the resultant high density of states enhances the coupling of
photons to the local resonance mode, further enhancing the interaction between light and matter, and
ultimately improving the efficiency of photocarrier generation, thus generating a fluorescence amplification
effect[53,54]. The strongest fluorescence occurred for the PEA—IO3s0 film because the reaction product PCA
is a low refractive index material[55] which shows stronger interaction with light at blue band edge of the
photonic stopband[56]. The other films containing three-dimensional microporous structures show a certain
fluorescence enhancement compared with that of Glass due to their higher specific surface area than smooth
PEA film (Glass). Therefore, in the subsequent experiments, we chose PEA—1O3s0 as the optimal PC film for
FA detection.

The photographs (Inset in Figure 2b) of the PEA—IOss0 film before and after immersion in the FA

solution were taken under UV irradiation of 365 nm. We can observe that the film did not emit fluorescence
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before exposure to FA solution, while it emitted cyan fluorescence after contacting FA. Figure 2¢ shows the
CIE1931 chromaticity diagram plotted from the fluorescence spectrum (Figure 2a) of PEA—IO3s0 film in FA
solution. The coordinate point of the fluorescence appeared at (0.125, 0.228), displaying cyan color. The result
is consistent with the observed fluorescence color from the photograph. As depicted in Scheme 1, PEA
molecules were infiltrated into the voids of SiO2 10 films and adsorbed on the pore walls. There is no
fluorescence emission for the initial PEA—IO film. Upon exposure to FA environment, the IO film shows
obvious cyan fluorescence under UV light because PEA reacts with FA to generate a fluorescent product PCA
which emit fluorescence at around 480 nm. Furthermore, the fluorescence intensity can be enhanced
significantly due to the slow photon effect derived from PC. Thus, the as-constructed PEA—-IO film can be
employed as a “turn—on” fluorescent sensing film for the determination of FA.

The 10350 film was used as the sensing film candidate to prepare PEA—IO3s0 films containing different
contents of PEA by dripping different volumes of PEA ethanol solution of 100 umol/L. The resultant
PEA-IOss0 films were exposed to the 1 pmol/L of FA solution for 13 min, followed by fluorescence
measurement. Figure 2d presents the fluorescence intensity of these PEA—IO3s0 films at ~480 nm and the
corresponding spectra are shown in Figure S5. Clearly, the fluorescence increased gradually when the volume
of PEA solution changed from 50 pL to 90 pL and finally achieved to a maximum value. This is because the
more PEA in the 10 film, the more fluorescence product PCA formed. Therefore, the PEA—IO3s0 film
prepared from 90 pL of PEA solution was chosen as the optimized IO sensing film to investigate the detection

performance to FA.
3.3 Detection of FA using PEA—103s0 sensing film

The PEA-10350 film was immersed in 1 pmol/L of FA solution and the fluorescence spectra at different
immersion time were recorded, as shown in Figure 3a. The fluorescence can be observed after immersion for 1
min. The fast response to FA is because the interconnected macroporous structure of the 10 sensing film is
conducive to the rapid diffusion of FA molecules, and its high specific surface area offers more active reaction
sites. The fluorescence intensity (Figure 3b) gradually enhanced as the immersion time increased. The
intensity reached to a level after the 10 sensing film reacted with FA for 13 min. Therefore, the following
fluorescence were measured after the sensing film was exposed to the solution for 13 min.
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Figure 3 Time dependence of (a) fluorescence spectra and (b) the intensity (at ~480 nm) of PEA—IQO3s0 film after
immersion in 1 pmol/L of FA aqueous solution. (Aex =350 nm).

The fluorescence spectra dependence of PEA—IO3s0 film on FA concentration were given in Figure 4a,

which was used to investigate the limit of detection (LoD) of the sensing film to FA. The fluorescence

intensity increased with increasing the FA concentrations and reached to a level until the concentration

increased to 900 nmol/L. The fluorescence intensity showed a good linear relationship with R? = 0.9936

towards the FA concentration when it varied from 50 nmol/L to 600 nmol/L (Figure 4b). The LoD of 1.38

nmol/L for FA detection was acquired according to the formula LoD = 3c6/s, where o is the standard deviation

of blank measurement and s is the slope of the calibration curve. The results demonstrate that the sensing film

has a higher sensitivity compared with that of other materials based on fluorimetric technique (Table S1), and

the LoD also improved two orders of magnitude compared with that from the PEA solution system[49].

Furthermore, compared with the sensors based on the 1O film using electrical signal to sense, the FA detection

of our constructed IO film shows better selectivity, lower detection temperature (at room temperature, not

needing high temperature) and multi-sources FA including gaseous state[57].
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Figure 4 Dependence of (a) fluorescence spectra and (b) intensity (at ~480 nm) for PEA—IQ350 on FA concentrations. (c)
Benesi—Hildebrand plot of PEA—IQ3s¢ for FA. (d) Fluorescence intensity (at ~480 nm) of PEA—IQ3sg after exposure to
aqueous solutions (1 pmol/L) containing different organic compounds.

The Benesi—Hildebrand theory[58] was used to deduce the interaction ability between the PEA—IO3s0

film and FA. The fluorescence [1/(F — Fo)] was plotted against 1/[FA] according to the following

Benesi—Hildebrand Equation, as shown in Figure 4c.

1 1

1

F— FO - Ka(Fmax - FO)[FA]

+
(Fmax - FO)
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Here, Fyp and F are the fluorescence intensity of PEA—IO3s0 film before and after exposure to FA solution,
and Fuax1s the maximum intensity in FA solution. [FA] represents the concentration of FA solution and K.
represents interaction ability between the PEA—IOss0 film and FA. Figure 4¢ gives a good linear correlation
(R? = 0.9961) and the K. was determined to be 2.43x10® M!, indicating a strong interaction between
PEA—1O3s0 film and FA molecules. Figure 4d provides the fluorescence intensity (at ~480 nm) of the
PEA-IO3s50 film upon exposure to different organic compounds aqueous solutions (1 umol/L). The
fluorescence spectra in different solutions are given in Figure S6. It can be seen that the sensing film displayed
the strongest fluorescence intensity when placed in FA solution, in which the intensity was nearly 50-fold
compared with those in other compounds solutions. The results demonstrated that the constructed PEA—10O350
film is a highly selective sensor for the detection of FA, which is based on the excellent and specific Aza-Cope

rearrangement reaction between PEA and FA[49].
3.4 Application of FA detection using PEA—1O3s0 sensing film

We first tried to detect FA in indoor air. The PEA—IO3s0 sensing film was placed in the aqueous solution
containing the air collected from a new-decorated room, followed by fluorescence measurement. The resultant
fluorescence spectrum is shown in Figure 5a. We measured 5 parallel samples of indoor air solution and
averaged the fluorescence intensity, as shown in Table S2. According to the linear relationship between the
fluorescence intensity and FA concentration (Figure 4b), y = 0.8876x+84.53, we calculated the FA content in
the air solution to be 283.91 nmol/L. Then, we can obtain the FA concentration (Cra inair) in the collected
indoor air to be 0.085 mg-m~ based on the following calculation. In addition, the FA concentration in air of
this decorated room was measured by a commercial FA detector to be 0.08 mg-m™ (Figure S7). The result
from our method was very close to that from the FA detector, testifying the accuracy of this sensing film for

monitoring FA in air.
_283.91nM X 107° x 50 mL x 1073 x 30 g/mol x 103
FAinair — 5 L x10-3

Detection of FA in the aquatic products was also utilized to evaluate the application performance of the

= 0.085 mg/m3

PEA-IOss0 sensing film. The sensor showed an obvious fluorescence emission upon exposure to the original
squid extract (green line in Figure 5). Similarly, the FA content was found to be 240.60 nmol/L via the linear
correlation between the fluorescence intensity and FA concentration. As a comparison, we prepared an
aqueous solution containing 241 nmol/L of FA as testing solution. The fluorescence spectrum (orange line in
Figure 5) which is nearly agreement with that of the original squid extract demonstrated the detection accuracy
of this sensor. Additionally, we also added 100 nmol/L of FA to the original extract, followed by and
fluorescence measurement and FA concentration calculation. The calculated FA concentration was 342.11
nmol/L and the recovery rate of 101.5% was acquired, further confirming the reliability and accuracy of our

constructed PEA—IO3s0 sensing film for detecting FA in aquatic products.
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Figure 5 Fluorescence spectra of PEA—IQ3s9 immersed in various aqueous solutions: (a) aqueous solution of indoor air
collected from a decorated room; (b) the original squid extract, the solution after adding 100 nmol/L of FA and the prepared
FA solution of 241 nmol/L.

The fluorescence imaging was performed in living cells to extend the FA detection and its biomarker
application. The viability of HeLa cells was studied in the presence of PEA and different concentrations of
FA, as shown in Figure S8. The cell viability was 95% for PEA and around 70% when 50 pmol/L of FA was
added. The HeLa cells in the 10350 film containing PEA did not emit fluorescence (Figure 6a and 6a').
However, blue fluorescence could be observed obviously after FA was added. Figures 6b-f show the
fluorescence images of the HeLa cells in the presence of 1 pmol/L FA. We can find the blue fluorescence
occurred in 2 min and became brighter at longer observation time, demonstrating a fast response. The
fluorescence was stronger and the image became brighter at the same observation time when FA was 10
umol/L (Figure 6b'-f'). The results indicated that our constructed PEA—IO3s0 films are a good candidate for
determining FA and bioimaging of living cells, showing potential clinical testing application.

(a) 0 min

(@') 0 min i (c') 4 min i (f') 15 min

Figure 6 Fluorescence images of HeLa cells incubated on the surface of 10350 film containing PEA after adding (a—f) 1
umol/L and (a'—f') 10 umol/L of FA at different time.

4. Conclusions

The SiOz2 inverse opal photonic crystal infiltrated by PEA was employed as a fluorescence enhancement
sensing film for rapid and highly sensitive detection of formaldehyde. The no-fluorescence PEA underwent a
chemoselective Aza—Cope rearrangement reaction with FA to generate a fluorescent product PCA emitted at
~480 nm, constructing a “turn-on” fluorescence sensing film with high selectivity. The slow photon effect of
PC based on the matching of blue-band edge of the photonic stopband and the emission wavelength
remarkably enhanced the fluorescence intensity of the film, improving the detection sensitivity (LoD, 1.38

nmol/L) of FA two orders of magnitude compared with solution system. The interconnected porous structure
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and high specific surface area of the inverse opal rendered the film a rapid response within 1 min. The
constructed PEA—IOs3s0 sensing film was successfully applied in the detection of FA in indoor air, squid
extract and living cells. The FA content in indoor air was very close to that from the FA detector, and the
recovery rate of 101.5% was achieved for detecting FA in squid extract. The fluorescence imaging could be
observed in 2 min for living HeLa cells. The results demonstrated that the as-constructed PEA—IO can be an
excellent fluorescence sensing film for selective, sensitive and fast determination of FA in air, aquatic
products and biological cells. Our method can be extended to design different functional molecules infiltrated

inverse opal films for detection of various analytes.
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