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KEYWORDS Abstract Formaldehyde (FA) is widely used in industry and also common in daily life. Finding an
Formaldehyde detection; efficient method to determine FA is quite an industrial challenge. Herein, a novel method based on
Carbon dots; a resonance light scattering (RLS) technique was developed for the detection of FA with high sen-
Schiff-base reaction; sitivity. Carbon dots (CDs) were used as RLS probes. CDs were obtained via one-pot solvothermal
Resonance light scattering; treatment from o-phenylenediamine. CDs showed yellow fluorescence with a quantum yield of 0.41.
Food samples Due to the multiple amino groups on the surface of CDs, FA can be captured easily by formation of

a covalent C = N bond based on the Schiff-base reaction. Owing to the covalent crosslinking, CD
nanoparticles aggregated, and even formed precipitate. The aggregation of CDs induced RLS
enhancement, where the RLS increment was linearly related to the concentration of FA ranging
from 4 nM to 1.6 mM, with a limit of detection (LOD) of 1.6 nM. In comparison with many pre-
vious reports, the present RLS method showed a wider linear range and lower LOD. Furthermore,
the RLS system was successfully used to detect FA in real food samples. The proposed system has
prospective applicability in the detection of FA in food fields.
© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction manufacture of composite wood products, building materials,
household products, medicines, cosmetics and pesticides.
Exposure to FA may cause adverse health effects such as

Formaldehyde (FA) is a colorless, flammable gas at room
irritation of the skin, eyes, nose and throat. It is reported that

temperature and has a strong odor. FA is widely used in the
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the inhalation of air containing FA can lead to severe diseases,
even at the ppm level (Luo et al., 2018; Park et al., 2012). There
are also some serious health issues for human when they con-
sume food contaminated by FA such as vomiting, pain or
coma (Nordin et al., 2011). According to the report of Euro-
pean Union, the minimum daily exposure to FA is 100 mg kg™’
from animal and lant origin food (Zhang et al., 2022a, 2020b),
and it is strictly forbidden to use formalin adulteration in
China (Aquilina et al., 2014). Therefore, developing a sensitive,
selective, and convenient method of detecting FA is urgent.

Various methods of determining FA in gas samples have
been reported, including spectrophotometry (Gorrotxategi-
Carbajo et al., 2013), electrochemistry (Zhang et al., 2020a,
2020b), chemiluminescence (Song et al., 2009), fluorescence
(Liu et al., 2019; Wang et al., 2021), and imaging (Liu et al.,
2019) techniques. Various materials have been employed for
FA detection, such as ZIF-90-LW (Wen et al., 2020), naph-
thalimide (Bi et al., 2018), CuO/Cu/TiO, nanotubes (Zhang
et al., 2020a, 2020b), egg white/ZnO (Padmalaya et al.,
2022), carbon dots (CDs) (Qu et al., 2020; Lin et al., 2022;
Kim et al., 2021; Liu et al., 2021; Li et al., 2023; Zhao et al.,
2022; Hu and Gao, 2020), SnSO,4/ZnO (Chang et al., 2018),
Cgo-encapsulated TiO, (Gakhar and Hazra, 2021), ZnSnO;
porous nanostructures (Du et al., 2021), and RGO/HA-HCI
(Zhou et al., 2020). However, there are still some limits for
these methods such as high cost, high toxic reagent use, as well
as the only use in aqueous media or vapor. Therefore, how to
achieve high sensitivity to determine FA both in liquids and
gases is still challenging.

Schiff-base reactions have played a major role, and still
have a significant function in the development of inorganic
chemistry (Zaltariov and Cazacu, 2020). The ligands that are
most commonly used for Schiff-base reactions are aldehydes
or ketones and primary amines, Schiff-base reactions are
widely used to form complexes with different architectures,
and it has an extensive application (Visuvamithiran et al.,
2013). There are a few reports in which Schiff-base reactions
are exploited for sensing analytes, such as Schiff-base reaction
induced detection of dopamine based on the Pty;Rhsy alloy/
ZIF-90 nanocomposite and the FA based on the CD-ND
(Chen et al., 2019a, 2019b).

A novel resonance light scattering (RLS) method based on
CDs is constructed for the sensitive detection of FA. Due to its
high sensitivity, rapidity, and convenience, the RLS technique
has attracted much interest in analytical and environmental
chemistry (Chen et al., 2017, 2018; Liu et al., 2018; Lu et al.,

AT

2006; Luo et al., 2019, 2020, Wang et al., 2017, 2019b; Yang
etal., 2017). RLS can be carried out on a common fluorescence
spectrometer with inexpensive and safe materials and reagents
(Hou et al., 2017; Yang et al., 2017). RLS spectra can be easily
obtained by synchronous scanning with the same excitation
and emission wavelength. The RLS signal can be enhanced
by enlargement of the molecule or particle via assembly of
small molecules or particles. Various RLS approaches were
constructed for analytes based on increase or decrease of
RLS signal.

CDs were obtained by a simple hydrothermal method using
1,2-diaminobenzene (o-phenylenediamine, OPD) as precursor
material. CDs can be freely dispersed in aqueous medium with-
out aggregation. Due to abundant amino groups on the sur-
face of CDs, FA can be easily captured by CDs owing to the
covalent crosslink via Schiff-base reaction. The covalent cross-
link among nanoparticles leaded to the aggregation of CDs
and even precipitate immediately. The aggregation of CDs
induced the RLS enhancement. The RLS increase was linearly
responsive to the concentration of FA, enabling the sensitive
and selective sensing of FA (Scheme 1).

2. Materials and methods

2.1. Chemicals and materials

Glyoxal solution (GA) (40 wt% in H,O and H,0, (HP)
(>30%)) was ordered from Shanghai Perfemiker Material
Technology Co., Ltd. FA (36%-38%), ethanol (EtOH)
(>99.8%), methanol (MeOH) (>99.5%) and acetone (Ace)
(>99.5%) were purchased from Yantai Far Eastern Fine
Chemical Co., Ltd. OPD (>99.5%). Acetaldehyde (AA)
(>40%) was obtained from Tianjin Kermel Reagent Co.,
Ltd (Tianjin, China). Propionaldehyde (PA) (>99%) and
butyraldehyde (BA) (>97%) were ordered from Shanghai
Macklin Biochemical Co., Ltd. The small shrimps were bought
from a supermarket on campus. All chemicals were used with-
out further purification. Deionized (DI) water was used
throughout the experiments from Milli-Q water purified
system.

2.2. Synthesis of CDs

The yellow-emitting CDs were obtained via a simple
hydrothermal treatment and the experimental conditions
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Scheme 1  Synthesis of CDs and detection of FA.



Assay of formaldehyde using resonance light scattering technique

3

including mass of precursors, hydrothermal reaction time and
temperature were investigated by reference to literatures (Zhao
et al., 2019; Vedernikova et al., 2022; Papaioannou et al., 2019,
Gao et al., 2021). The reaction time affects the morphology of
CDs, no nanometer-sized particles were observed under the
reaction time of 6 h. So the reaction time for the synthesis of
CDs was 6 h (Papaioannou et al., 2019). Briefly, 0.036 g
OPD was introduced into 10 mL deionized water, and then
heated in a Teflon-sealed autoclave reactor at 180 °C for 6 h.
And then the product solution was filtered with a 0.22 pm filter
membrane and dialyzed with dialysis bag (molecular weight
cutoff ~ 500 Da, for 12 h). CDs solution was heated in a vac-
uum drying oven at 60 °C for 24 h to obtain solid product.
Finally, the CDs was stored in a refrigerator at 4 °C for subse-
quent use.

2.3. Characterization of CDs

The transmission electron microscope (TEM) images were
recorded on a JEM 2100 electron microscope. TEM worked
with an acceleration voltage of 200 kV, and a copper grid
was used for CDs suspension. (JEOL Ltd, Japan). Dynamic
light scattering (DLS) data for CDs were acquired using a
Zetasizer Nana-ZS System (MPI Ltd, UK). Fourier-transform
infrared (FT-IR) spectra were acquired using pressed KBr pel-
letsa on a Nicolet 6700 spectrometer (Thermo Scientic Ltd,
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USA). The powder X-ray diffrac- tion (XRD) measurement
was performed on a D/Max-2500 Diffractometer with Cu
Ko radiation (A = 0.15406 nm) at 20 ranging between 5°
and 80°. X-ray photoelectron spectroscopy (XPS) measure-
ments were performed with a K-Alpha spectrometer (Thermo
Scientic Ltd, USA).

2.4. Detection of FA in aqueous media

CDs (250 uL, 1 mg mL~') and FA solutions (1 uL) with differ-
ent concentrations were placed in 1.5 mL centrifuge tubes and
allowed to react at room temperature for 18 min. Subse-
quently, the RLS spectra of the mixture, as well as that of
the blank were recorded. To investigate the specificity of the
CDs for FA detection, a series of materials with similar struc-
ture as FA (AA, PA, BA, GA, HP, MeOH, EtOH, Ace, and
Glu) were added to CDs solution and RLS measurements were
performed using the same process as that of FA. RLS spectra
were acquired using an F-7100 spectrofluorometer (HITACHI,
Japan).

2.5. Detection of FA vapor

The process for analyzing FA gas is illustrated in Fig. SI (in
Supporting Information). A bottle containing 250 pL CDs
solution in a vial at the bottom was sealed. FA solutions with
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TEM images of CDs (a), CDs + FA (b), dynamic light scattering (DLS) (c) and FT-IR spectrum (d) of CDs and CDs + FA.
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different concentrations were dropped to the bottle bottom. 3. Results and discussion
The bottle was placed into a 50 °C water-bath to accelerate

gasification of the FA solution (about 8 min) and the CDs 3.1. Characterization
solution was allowed to react completely with FA gas at room
temperature for 18 min. Subsequently, the RLS spectra of the

mixture solution were recorded. Fig. 1a, b and Fig. S2 a, b (in Supporting Information) show

the TEM images of the CDs before and after the reaction with
FA, respectively. CDs were freely dispersed in the aqueous
medium without aggregation (Fig. la, Fig. S2 a, b). The mor-
phology of the CDs is almost spherical, with a average particle
The standard addition method was used to determine FA, and size of 3.5 + 0.4 nm ranging from 2.9 to 4.1 nm. The HR-
the recovery was calculated. A small shrimp sample as food TEM image exhibited CDs with a lattice parameter of
samples was triturated and weighed. The shrimp sample 0.26 nm. When FA (0.4 pM) was added to the CDs solution,

2.6. Detection of FA in food samples

(1.5 ) and deionized water (100 mL) were combined in a the particle size of the CDs clearly increased, with medial
250 mL iodine volumetric flask. The mixture sample was trea- diameter of 25 nm (Fig. 1b). DLS data for the CDs in the pres-
ted with ultrasound and centrifugation (10000 rpm) for 20 min  ¢pce and absence of FA also confirm aggregation of the CDs

and 10 min, respectively. The supernatant of the sample was with FA (Fig. lc). Fig. 2c, the hydration diameter of the
collected. CDs (1.25 mL), supernatant (0.15 mL), and the stan-  CDs was determined as ~30 nm, while the hydrodynamic size
dard solutions of FA with different volumes were added to of the CDs was about 230, 478, and 1002 nm in the presence of
7.34 mL of deionized water, and diluted to 250 pL. After incu- 4, 40, and 400 pM FA, respectively. It is deduced that FA can
bation for 20 min, the RLS spectra were recorded for the mix- induce aggregation of the CDs, where aggregation becomes
ture solution of CDs and shrimp sample with and without the more extensive with increasing FA concentration. The FT-IR
FA standard solution, respectively.
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Fig. 2 XPS survey profile (a), C 1 s spectrum (b), O 1 s spectrum (c), and N 1 s spectrum (d) of the CDs (upper panels) and CDs + FA
(lower panels).
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spectra of the CDs and CDs + FA have two absorption bands
at 3423 cm~! and 1598 cm ™! (Fig. 1d), associated with N-H
and C = O stretching vibrations, respectively (Zhao et al.,
2019). The spectrum of CDs only showes a tiny band at
1505 cm ™!, whereas that of the CDs + FA has a distinct sharp
peak owing to C = N stretching vibrations (Wu et al., 2018). It
is obvious that FA can be easily captured by CDs owing to the
covalent crosslink. XRD patterns of CDs (Fig. S3, in Support-
ing Information) shows a broad diffraction peak (002) at
20 = 24.5°, which is consistent with the graphitic structure
(Hu et al., 2020). XPS was used to study the chemical bonds
and chemical compounds on the surface of the CDs and
CDs + FA. The XPS profile of the CDs (upper part,
Fig. 2a) shows three typical peaks at 284.75, 399.18, and
532.11 eV, corresponding to C 1 s, N 1 s, and O 1 s, respec-
tively (An et al., 2021; Hu et al., 2020; Dai and Hu, 2022).
The XPS profile of the CDs + FA (lower part) shows three
main peaks at 284.91, 399.25, and 532.16 eV, which are
assigned to C 1's, N 1s, and O 1 s, respectively (An et al.,
2021; Hu et al., 2020). The XPS data indicate that the CDs
and CDs + FA comprise the same elements. The C | s spec-
trum of the CDs (Fig. 2b) shows two peaks at 284 and
285 eV, corresponding to C-C/C = C and C-N/C-O, respec-
tively (Yuan et al., 2021; Hu et al, 2020; Wang et al.,
2019a). The O 1 s spectrum of the CDs (Fig. 2c, upper part)
shows two peaks at 531.8 and 532.3 eV, derived from
C = O and C-O-C (Dong et al., 2022; Zhao et al., 2019),
respectively. The N 1 s spectrum of the CDs (Fig. 2d upper
part) shows three peaks at 398.7, 399.2, and 400.4 ¢V, which
results from pyrrolic N, pyridinic N, and N-H, respectively
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(Dong et al., 2022; Li et al., 2022). The C 1 s spectrum of
the CDs + FA (Fig. 2b, lower part) shows three peaks at
284.1, 285, and 286.5 eV, owing to C-C/C = C, C-N/C-O,
and C = N, respectively (Hu et al., 2020; Wu et al., 2018;
Wang et al., 2019a, 2019b). The O 1 s XPS spectrum of the
CDs + FA (Fig. 2c, lower part) shows two peaks at 531.8
and 532.3 eV, attributed to C = O and C-O-C (Dong et al.,
2022; Zhao et al., 2019), respectively. The N 1 s spectrum of
the CDs + FA (Fig. 2d, lower part) shows three peaks at
398.8, 399.2, and 399.7 eV, which are attributed to pyrrolic
N, pyridinic N, and N-H, respectively (Dong et al., 2022; Li
et al., 2022; Hu et al., 2021). Comparison of the XPS profiles
of the CDs and CDs + FA shows a significant difference in
the C 1 s spectra (Fig. 2b). In the C 1 s XPS spectrum of the
CDs + FA, a new peak appeared at 286.5 eV. This new peak
is ascribed to the formation of the C = N group via the Schiff-
base reaction between CDs and FA. Therefore, FA can be
easily captured by the CDs via covalent crosslinking of the
aldehyde and amino groups of FA and the CDs to form cova-
lent bonds.

3.2. Optical properties of CDs

Fig. 3 shows the optical properties of the CDs. The absorption
bands at 232 nm and 285 nm in the spectra of the CDs and
CDs + FA (Fig. 3a) are attributed to the n—n* transition of
the C = C bond, and the absorption peak at 420 nm is attrib-
uted to the n—n* transition of C = N. The absorption band at
420 nm was absent in the spectrum of FA. When FA was
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Fig. 3  Absorption spectra of CDs, FA, and CDs + FA (a); excitation and emission spectra of CDs (b); effect of excitation wavelength
on the emission spectra of CDs (c); QY for CDs with Rh B as reference (d).
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added to the CDs solution, the absorption peak of the CDs
clearly decreased (inset of Fig. 3a) due to the formation of pre-
cipitates of CDs in the reaction of CDs and FA. Fig. 3b shows
the excitation/emission peaks of the CDs at 419/567 nm. When
the excitation wavelength was changed from 390 nm to 450 nm
(Fig. 3c), the emission peak at 567 nm showed excitation-inde-
pendent fluorescence characteristics. With Rhodamine B
(RhB) as the reference, the quantum yield (QY) of the CDs
was measured (Fig. 3d). The QY of the CDs was ~0.41.

3.3. Detection of FA

3.3.1. Detection of FA in aqueous media

First, the stability of CDs was studied. As shown in Fig. S4a
(in Supporting Information), the CDs of RLS intensity
changes in the pH range of 2-12, but it can be seen that the
CDs of RLS intensity remains basically stable in the range
of 5-9. Different concentrations of NaCl solutions were used
to study the effect of ionic strength (Fig. S4b, in Supporting
Information). CDs have no distinct RLS changes in NaCl
solutions (0—100 mM). In addition, the RLS of CDs is basi-
cally stable for seven days (Fig. S4c, in Supporting
Information).

Second, the precursor of CDs and other CDs were tested
for the detection of FA. When FA solutions with different con-
centrations (4 nM—1.6 mM) were added to OPA solution, the
RLS signal has a neglectable increase (Fig. S5a, in Supporting
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700

Information). Nitrogen-doped CDs (N-CDs)are usually
amino-rich CDs, are these CDs all suitable to detect FA by
RLS through Schiff-base reactionThe N-CDs were obtained
using the previous method (Arkin et al., 2021). When FA solu-
tions (4 nM—400 uM) were added to the N-CDs solution, the
RLS signal of the N-CDs has not distinct change (Fig. S5b
and c, in Supporting Information). Thus, our CDs rather than
the precursor and the N-CDs can be used for detecting FA.

Third, the selectivity of the present CDs system for FA
detection was investigated. Common organic molecules with
similar structure as FA were studied. They included AA, PA,
BA, GA, HP, MeOH, EtOH, Ace and Glu. The RLS intensity
for the CDs with all these species is shown in Fig. 4a and b.
Clearly, these molecules have no obvious influence on the
RLS intensity of CDs.

Forth, the reaction time between CDs and FA was opti-
mized (Fig. S5d in Supporting Information). The RLS inten-
sity was recorded after mixing CDs and FA for different
time. The RLS intensity of CDs + FA increases with reaction
time, and gets to a platform after 18 min. Thus, the interaction
of CDs and FA can finish within 18 min.

Finally, the sensitivity of the CDs system for FA detection
was studied. When FA solution (4 nM-1.6 mM) was added to
CDs solution, the RLS signal of the CDs was distinctly
enhanced (Fig. 4c). As shown in Fig. 4d, the RLS intensity
of the CDs at ~346 nm increased with the FA concentration
in the range of 4 nM-1.6 mM. The increment of RLS intensity
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RLS intensity at ~346 nm with and without different molecules (a), and effect of various other molecules on the response of CDs

to FA (b), RLS spectra of CDs in the presence of FA with different concentrations (c), and corresponding linear relationship between
ARLS and concentration of FA (the inset shows the relationship at low FA concentration) (d) (the concentration of FA, AA, PA, BA,
GA, HP, MeOH, EtOH, Ace, MeOH, EtOH, Ace, and Glu is 1.2 mM).
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(ARLS) exhibits a linear relationship to the FA concentration
with the linear regression equation: ARLS = 4351.24
[FA] + 46.28 (R’ = 0.992). ARLS and [FA] represent the
RLS increment of CDs with FA, and the FA concentration,
respectively. In the range of 4-50 nM, the RLS signal of
CDs also was enhanced (Fig. S6, in Supporting Information)
and the linearity is better (R> = 0.996) (inset of Fig. 4D).
The limit of detection (LOD) is 1.6 nM, which is estimated
using equation of 3Sg/m (Hou et al., 2020).

The results from the proposed and the previous methods
for FA detection are listed in Table S1 (in Supporting Informa-
tion). The present method has a wider linear range and a lower
LOD than most of the other methods.

3.3.2. Detection of FA vapor

FA vapor was detected using a lab-made device (Fig. S1, in
Supporting Information). The small molecules were volatilized
into gases at a concentration of 10 uM (within 8 min) (Gu
et al., 2020). The concentration of FA vapor can be determined
by applying the Eq. (1).

C = (224pTV, x 10°)/273MV

In Eq. (1), C is the concentration of FA (ppm), p is the den-
sity of liquid FA (g mL™"), Tis the temperature where the test
is performed (K), V; is the volume of liquid FA (uL), M is the
molecular weight (g mol™"), and ¥ is the volume of the device

(L).
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The specificity for FA is tested using the molecules with
similar structure of AA, PA, BA, GA, HP, MeOH, EtOH,
Ace and Glu as interferences (Fig. 5a and b). It is obvious that
the CDs have high selectivity for the detection of FA vapor.

FA in vapor samples with different concentrations (0.04—
10 pM) was detected (Fig. 5c). The RLS intensity at
~346 nm of CDs increases with the concentration of FA vapor
and the corresponding relationship is linear in the range of
0.04-10 pM (4RLS = 69.58 [FA] (uM) + 58.48,
R? = 0.996) (Fig. 5d). The LOD was 32.33 nM using the equa-
tion 3Sg/m. The present method is compared with previous
reports for the detection of FA vapor (Table S2), indicating
that the present RLS method owns a wider linear range and
lower LOD.

3.4. Applications

FA is widely used as a preservative in food. If people eats food
contaminated FA for a long time, even though can cause
numerous diseases (Zhang et al., 2022a, 2022b). Therefore, it
is necessary to determine FA in food samples.

The developed method is expected to be useful for practical
analysis in real samples. Herein, shrimp samples were used as
real samples. After appropriate preprocessing, FA in small
shrimp samples was determined (Table 1). The recovery is
ranging from 99.5 to 105.8%, with a relative standard devia-
tion (RSD) of less than 6.7%. The concentration of FA in real
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Fig. 5 RLS intensity at ~346 nm with and without various gas molecules (a), and effect of various other molecules on the response of
CDs to FA gas at room temperature (b). RLS spectra of CDs in the presence of FA gas with different concentrations (c), and
corresponding linear relationship between ARLS and the concentration of FA gas (d) (the concentration of FA, AA, PA, BA, GA, HP,

MeOH, EtOH, Ace and Glu is 10 uM).
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Table 1 Determination of FA in real samples.

Sample Spiked (pg-g™") Found (pg-g™") Spectrophotometry (ug-g~") Recovery (%) (n = 3) RSD (%)
Shrimp 0 2.45 2.72 — 5.5

5.3 8 8.27 104.1% 6.7

21.3 23.67 24.27 99.5% 2.5

26.7 30.67 29.6 105.8% 43

sample of shrimp is 1.2 uM. By calculation, the content of FA
is 2.72 pg-g~! in shrimp.

3.5. Possible mechanism

As shown in Fig. 2d and 3b, there are numerous amino groups
on the surface of CDs. Owing to covalent crosslinking via the
Schiff-base reaction (Ge et al., 2020), FA reacts with the amino
groups on the surface of the CDs to form C = N bonds
(Fig. 2e and 3b). Formation of the C = N bond reduces the
solubility of CDs products in aqueous medium. Therefore,
the nanoparticles of CDs can aggregate in the presence of
FA, and even instantly form precipitates (Chen et al., 2019c).
These precipitates bring about the enhancement of the RLS
signal. The enhancement of RLS signal is linearly responsive
to the concentration of FA. Thus, a sensitive and selective
RLS method was developed for sensing FA.

4. Conclusions

In summary, a RLS method was developed for the simultane-
ous detection of FA in aqueous and vapor medium. The RLS
technique not only has high sensitivity, but also offers high
selectivity, aiding the study of molecules and nanomaterials
assembly. CDs were used as RLS probes for FA capture.
CDs exhibit yellow fluorescence, with a medium QY of
~0.41. The optical features, morphology, and surface groups
of the CDs were examined. The surface of CDs is rich in amino
groups, derived mainly from OPD. In the presence of FA, CDs
undergo obvious aggregation due to the covalent crosslinking
of FA via the Schiff-base reaction, thereby inducing RLS sig-
nal enhancement. The increase in the RLS intensity exhibits a
sensitive, selective, and linear response to FA. The proposed
CDs system was used to assay FA in shrimp samples. This
study highlights the possibility of extending CDs to the capture
of FA in food field.
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