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Foodborne spores are ubiquitous with extremely strong resistance, and pose a serious threat to food safety and
human health. Therefore, rapid, sensitive, and selective detection of spores are crucial. In this study, a fluo-
rescent probe was developed based on lanthanide ion (Eu3+)-1abeled nano-silver-modified graphene oxide (GO-
AgNPs-Eu®") for the detection of 2,6-dipicolinic acid (DPA), a biomarker unique to spores, to allow quantitative
spores detection. The GO-AgNPs-Eu>t nano-fluorescent probe was loaded onto a polyvinylidene fluoride
microfiltration membrane, and a smartphone-assisted portable GO-AgNPs-Eu* nanoparticles-based paper visual
sensor was designed for rapid on-site quantitative and real-time online detection of spores. The results indicated
that the developed probe achieved equilibrium binding with DPA within 5 min, and enhanced fluorescence
emission through antenna effect. The fluorescence detection presented a good linear relationship in the DPA
concentration range of 0-45 pM, with a DPA detection limit of 4.62 nM and spore detection limit of 10* cfu/mL.
The developed sensor showed a change in fluorescence from blue to red with increasing DPA concentration, and
this color change was quantitatively detected through smartphone RGB variations, with a detection limit of 13.1
pM for DPA and 6.3 cfu/mL for Bacillus subtilis spores. Subsequently, the sensitivity and selectivity of the
developed sensor were verified using actual milk and water samples spiked with B. subtilis spores. The results of
this study provided objective technological support for rapid detection of spores, which is important for reducing
the occurrence of foodborne diseases and improving food safety.

1. Introduction

Spore is a kind of dormancy body with strong resistance and are
primarily composed of DNA, various receptor proteins, peptidoglycan,
and pyridine dicarboxylic acid (2,6-dipicolinic acid, DPA) (Farag,
Mesak, Saied, & Ezzelarab, 2021; Nakaya et al., 2023; Pande, Perez
Escriva, Yu, Sauer, & Velicer, 2020). These spores can survive for several
years in a dormant state, and can germinate into metabolically active
vegetative cells under suitable growth conditions, producing toxins that
can cause food spoilage, deterioration, and even foodborne diseases (Z.
Zhu, Bassey, Huang, Zhang, Ali Khan, & Huang, 2022). However, as
foodborne spores are small in size (with a diameter of < 2 um), possess
unique structure, and are unculturable, their precise identification and
digital quantification cannot be achieved using conventional culture

methods (Wong, Kang, Reyes, Teo, & Kah, 2020). Besides, accurate
assessment and prediction of the associated food safety risks are chal-
lenging, making foodborne spores as one of the most distinctive life
forms in the entire biological realm (Y. Zhu et al., 2022). DPA is a unique
compound present in the spore core, functioning as a biomarker for
spore identification (Gao, Zhang, Huang, Xiang, Wu, & Mao, 2018). To
assess the risk of spore contamination in a timely manner, various
techniques with high sensitivity have been developed (Liang et al.,
2023). Optical fluorescence detection technique offers advantages such
as low cost, minimal instrument requirements, portability, and real-time
capabilities, making it a more economically competitive option (Su
et al.,, 2021; Tiposoth et al., 2015). Among the reported fluorescence
probes used for detecting spore DPA, lanthanide ions (Eu®") exhibit
strong specific chelating affinity with the spore biomarker DPA and emit
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fluorescence at unique wavelengths through absorption energy transfer,
enabling rapid DPA detection (Jia et al., 2021). Lanthanide fluorescent
probes have long fluorescence lifetimes and narrow emission bands,
which effectively eliminate interference from background signals and
enhance the accuracy of fluorescence detection (Xu et al., 2018).

Furthermore, silver nanoparticles (AgNPs) are widely studied
nanomaterials, which have strong surface plasmon resonance bands in
the visible region, making them the best probe for sensitive detection of
molecules (Philip & Kumar, 2022). When compared with graphene,
graphene oxide (GO), a product of graphite oxidation, contains more
active functional groups owing to the introduction of oxygen functional
groups (such as -C—O, -C=0, carboxyl groups) during the oxidation
process (Dissanayake, Cifuentes, & Humphrey, 2018). GO can react with
Ag ions through electrostatic or charge transfer interactions, and the
reduced Ag ions form stable GO-Ag nanocomposites on the surface of
GO, which can enhance fluorescence signals (Kumari et al., 2020; K.
Yuan, Chen, & Chen, 2014). When combined with Eu®", GO-Ag nano-
composites allow for highly selective and rapid detection of foodborne
spores, especially DPA, thus offering a new technological approach for
quantitative detection of spores.

In the present study, a novel fluorescent probe, GO-AgNPs-Eu®*
nanomaterial, was constructed by using the characteristics of lantha-
nides and GO-AgNPs for DPA detection, and a visual paper sensor based
on GO-AgNPs-Eu®" nanomaterials was developed by combining poly-
vinylidene fluoride (PVDF) microporous filter with smartphone, which
was used for rapid visual detection of spore DPA to realize on-site rapid,
quantitative, and real-time online analysis of spores. As shown in Fig. 1,
the GO-AgNPs nanoparticles were first prepared, and GO-AgNPs-Eu>*
nanomaterials were synthesized and characterized by cross-linking re-
action with EDTA via aminochemical treatment. Then, the biomarker
DPA of four representative spores (Clostridium sporogenes spores, Bacillus
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subtilis spores, Bacillus cereus spores, and Bacillus thuringiensis spores)
was detected using our developed fluorescent probe, and the limit of
detection (LOD) of GO-AgNPs-Eu3+ nanomaterials for DPA and spores
were calculated. Subsequently, a PVDF microporous membrane sensor
based on GO-AgNPs-Eu®" nanomaterial was developed and integrated
with a smartphone for on-site visual detection of spore DPA. Lastly, the
sensitivity and specificity of the developed sensor were validated using
actual milk and water samples spiked with B. subtilis spores.

2. Methods
2.1. Materials and reagents

The strains B. thuringiensis, B. cereus, B. subtilis, and C. sporogenes
were obtained from China Culture Preservation Center and Guangdong
Huankai Microbial Technology Co., Ltd., China, and stored at —80°C in a
porcelain bead culture preservation. Culture media, including Rob-
ertson’s cooked meat medium (RCM), Luria-Bertani (LB) medium, Difco
sporulation medium (DSM), tryptose sulfite cycloserine (TSC) medium,
and nutrient agar (NA) medium, were purchased from Beijing Luqgiao
Co., Ltd., China. Graphite sheets, sodium nitrate (NaNO3), silver nitrate
(AgNOs3), potassium permanganate (KMnO.), hydrogen peroxide
(H203), sodium borohydride (NaBHa4), 1,2-bis(2-aminoethoxy)ethane,
europium nitrate (Eu(NOs)3-6H20), ethylenediaminetetraacetic acid
dianhydride (EDTAD), and ascorbic acid (CcHgOg) were obtained from
China National Pharmaceutical Group Chemical Reagent Co., Ltd.,
China. The glassware used in the experiments was cleaned with aqua
regia (HCI:HNOg3 = 3:1), rinsed with deionized water, and dried before
use.
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Fig. 1. Preparation of GO-AgNPs-Eu>* nanomaterials and its application in foodborne spores detection.
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2.2. Spore cultivation method

Preparation of C. sporogenes spores (Y. Zhu et al., 2022; Y. Zhu et al.,
2023): C. sporogenes spores porcelain beads were streaked onto NA
medium to obtain single bacterial colonies, and a single colony was
transferred to 20 mL of RCM and incubated for 6 h. Then, 200 pL of the
bacterial suspension were inoculated onto RCM solid medium and
incubated for 3-7 days. The spores were collected by centrifugation
(8,000 rpm, 10 min, 4 °C) and washed with cold sterile deionized water
for 5-7 times to remove impurities such as vegetative cells from the
spore suspension. After washing, the spores were examined under a
microscope, and considered suitable for further analysis when > 95 % of
the field of view consisted of translucent spores with no visible small
impurities.

Preparation of B. subtilis spores: B. subtilis spores porcelain beads
were streaked onto LB plate and incubated overnight to obtain single
bacterial colonies. After three generations of activation, fresh single
colonies were selected and transferred to 20 mL of LB medium and
incubated overnight (200 rpm, 37°C) until an optical density (ODggp) of
1.2-1.5 was reached, and then inoculated into the spore growth pro-
moting medium, DSM, at a ratio of 1:100 (200 rpm, 37°C). Subse-
quently, the spores were collected as described earlier.

Preparation of B. cereus spores: B. cereus spores porcelain beads were
streaked onto NA plate and cultured overnight until the growth of single
bacterial colonies. Then, a single colony was inoculated into 20 mL of
nutrient broth and incubated for 6 h at 200 rpm and 37°C, and trans-
ferred to NA plate containing 10.05 g/L manganese sulfate tetrahydrate
at a ratio of 1:100 and incubated for 2-7 days. Subsequently, the spores
were collected as described earlier.

Preparation of B. thuringiensis spores: B. thuringiensis spores porcelain
beads were streaked onto LB plate and cultured overnight until the
growth of a single colony. Subsequently, a single colony was inoculated
into 20 mL of LB broth and cultured overnight until ODggp of 1.2-1.5.
Then, 200 pL of the bacterial culture were inoculated onto Insecticidal
Crystal Proteins Medium (ICPM) solid medium and incubated for 3-7
days. The spores obtained were collected as previously described.

2.3. Preparation of GO-AgNPs-Eu®>" nanomaterials

Synthesis of GO-AgNPs nanomaterials: A total of 0.5 g of graphite
sheets and 0.25 g of NaNOg were mixed with concentrated sulfuric acid,
and the mixture was cooled to 0 °C, followed by the addition of KMnOa.
After stirring at room temperature for 30 min, ultrapure water and 30 %
H20;, were added at 98 °C for 15 min. Subsequently, the mixture was
washed sequentially with 0.1 M HCI and water, and vacuum-dried at
60 °C for 12 h to obtain GO (H. Li et al., 2020; Y. Li et al., 2021). Then,
200 pL of 0.5 mg/mL GO were mixed with 19 mL of ultrapure water and
continuously stirred for 15 min (pH = 9), and 0.3 mL of AgNO3 (10 mM)
was added to the mixture and again continuously stirred for 30 min.
Subsequently, 50 pL of 0.01 M NaBH4 were slowly added to the mixture
(Loganathan, Muthukrishnan, & John, 2021). After that, 25 mL of 1,2-
bis(2-aminoethoxy)ethane, 500 mg of potassium hydroxide, and 250
mL of water were added to the mixture and vigorously stirred for 24 h at
70 °C, and then 50 mL of 0.5 M NaBH. solution were added to the
mixture and incubated at 70 °C for 2 h. The resulting product was
collected by centrifugation and thoroughly washed with water several
times to obtain the precipitate. Next, 10 mg of the obtained precipitate
were dispersed in 5 mL of bicarbonate buffer solution (pH = 9.6, 0.1 M)
and mixed with 80 mg of EDTAD by stirring for 2 h. The prepared
nanoparticles were separated by centrifugation, washed four times with
bicarbonate buffer solution, washed twice with deionized water, and
vacuum-dried at 60 °C for 12 h to obtain EDTAD-modified GO-AgNPs
nanoparticles (Y. Wang, Li, Qi, & Song, 2015).

Synthesis of GO-AgNPs-Eu>* nanomaterials: A total of 10 mg of GO-
AgNPs were dispersed in 5 mL of water and sonicated, followed by
dropwise addition of 5 mL of Eu(NOs3)3-6H20 (0.01 M) with continuous
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stirring for 3 h. The product obtained was collected by centrifugation,
washed several times with deionized water, and resuspended in 5 mL of
ultrapure water to obtain a 2 mg/mL solution (M. Yuan et al., 2023).

2.4. Characterization of GO-AgNPs-Eu>* nanomaterials

The UV-Visible spectra of the nanoparticles were assessed using a
UV-2600 spectrophotometer (Shimadzu Corporation) with a scanning
speed of 0.5 nm/s and wavelength range of 200-800 nm. The
morphology and elemental distribution of the nanoparticles were
characterized using a scanning electron microscope (SEM, ZEISS Sigma
300) equipped with an energy-dispersive X-ray spectrometer (EDS,
Oxford Xplore). The crystal structure and purity of the nanoparticles
were determined by X-ray diffraction (XRD) using a TD-3500 X-ray
diffractometer with scanning angles ranging from 5° to 80° and scanning
speed of 0.1°/s. Elemental composition and oxidation states were
analyzed by X-ray photoelectron spectroscopy (XPS) using a Thermo
Scientific K-Alpha instrument. Fluorescence spectra were measured
using a fluorescence spectrophotometer (F-4600, Hitachi, Japan).

2.5. Fluorescence measurement

A total of 200 pL of samples and 2 pL of GO-AgNPs-Eu>" nano-
materials were added into 500 pL of Tris buffer (10 mM, pH = 7.0), and
the emission spectra were collected using a Hitachi F4600 fluorescence
spectrophotometer. All the tests were conducted at room temperature,
under a scanning rate of 1,200 nm/min, an excitation wavelength of
282 nm, and an emission wavelength of 616 nm. The excitation and
emission slits were fixed at 10 nm, and the fluorescence spectrum was
scanned at 700 V. The experiment was performed in triplicate (n = 3).

2.6. Detection of spore DPA

The initial concentration of the spores was adjusted to ODggg of 0.5
(approximately 107 cfu/mL). Then, a certain volume of spore suspension
was serially diluted with sterile water, and the diluted spore suspension
was inoculated onto corresponding culture medium at 37 °C. After in-
cubation for 24 h, the specific concentration of the spores was deter-
mined by plate counting. Subsequently, the spores at different
concentrations were heat-treated at 121 °C for 30 min to ensure com-
plete release of DPA. Then, 200 pL of the spore suspension and 2 pL of
GO-AgNPs-Eu>" nanomaterials were added to 500 pL of Tris buffer (10
mM, pH = 7.0) and incubated at room temperature for 5 min, and the
fluorescence intensity was measured.

2.7. Preparation of GO-AgNPs-Eu®>" nanomaterials based visual paper
sensor

The PVDF microporous membrane was immersed into Tris buffer
(10 mM, pH = 7.0) containing GO-AgNPs-EuB'+ nanomaterials
(approximately 5 mg/mL) for 20 min and air-dried naturally to develop
an instant visual paper sensor for DPA detection. Subsequently, 20 pL of
samples at different concentrations were added onto the prepared GO-
AgNPs—Eu3 nanomaterials based visual paper sensor for DPA detection.
The fluorescence color change images were captured using a smart-
phone, and the changes in the red, green, and blue (RGB) values were
calculated. Then, the RGB intensity of the images was generated using
an installed color recognition app on the smartphone.

3. Results and discussion
3.1. Characterization of GO-AgNPs-Eu>" nanomaterials
After preparing GO by Hummer’s method, the GO-AgNPs nano-

particles were synthesized by NaBH. reduction method, and amination
treatment was employed to make the surface of the nanoparticles amino-
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functionalized. Subsequently, GO-AgNPs-Eu®>' nanomaterials were
prepared by two-step surface functionalization method, and EDTA-
modified GO-AgNPs nanoparticles were obtained by introducing
EDTAD into GO-AgNPs nanoparticles, which caused a spontaneous
cross-linking reaction between the anhydride and -NHj, resulting in GO-
AgNPs-EDTA. The EDTA ligands on the GO-AgNPs nanoparticles readily
formed GO-AgNPs-Eu®" nanomaterials through strong chelation with
the Eu" ions. As shown in Fig. 2A, GO exhibited a broad plasmon
resonance peak at around 300 nm. However, during NaBH4 reduction to
synthesize GO-AgNPs nanoparticles, the oxygen functional groups of GO
were masked, resulting in the disappearance of the absorption peak.
Instead, a characteristic absorption peak induced by AgNPs was
observed at 390 nm, and the color of the mixture turned yellow. After
the binding of EDTA ligand onto GO-AgNPs nanoparticles with Eu®*, the
diameter of the nanoparticles increased, resulting in the widening of the
ion resonance absorption peak, which preliminarily determined the
formation of GO-AgNPs-Eu®t nanomaterials.

To further confirm the successful synthesis of GO-AgNPs-Eu®*
nanomaterials, the structure and surface morphology were character-
ized using scanning electron microscopy (SEM). As shown in Fig. 2G and
2H, AgNPs were well-dispersed on the graphene surface. Comprehensive
characterization of the elemental composition of GO-AgNPs-Eu®"
nanomaterials using EDS (Fig. 3I-3L) revealed that the particle-like Ag
(red) was distributed on the surface of GO (green) and Eu (blue) was
uniformly dispersed on the surface of GO-AgNPs nanoparticles. It can be
seen that AgNPs have been reduced on the surface of graphene oxide and
-NH; was formed on the surface by amination treatment, followed by
the spontaneous cross-linking reaction between the anhydride and -NH;
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after the introduction of EDTA to form —COOH and CO-NH groups, and
that the AgNPs are uniformly dispersed, which is due to the EDTA
enhanced electrostatic repulsion in the presence of EDTA. It has been
reported to prove that EDTA has strong chelating effect with Eu®* and
effectively hinders the coordination of H,0 with Eu®*, avoiding the loss
of non-radiative energy (Tan, Ma, Chen, Xu, Chen, & Wang, 2014; Y.
Wang et al., 2015). Furthermore, XRD characterization of the crystalline
structure of GO-AgNPs-Eu>* nanomaterials presented a sharp diffraction
peak (20) at 10.7° for GO (curve (a) in Fig. 2B), and the diffraction peaks
(20) at 10.7°, 38.24°, 44.4°, 64.5°, and 77.46° for GO-AgNPs (curve (b)
in Fig. 2B) corresponded to (001), (111), (200), (220), and (311)
crystal planes of GO and Ag cubic structure, respectively, which are
consistent with the powder diffraction file database card (JCPDS
75-1609). Moreover, the diffraction peaks (20) characteristic of both GO
and AgNPs could be noted in curve (b). Characterization of the GO-
AgNPs-Eu®* nanomaterials using XPS revealed a deconvoluted XPS Cls
region presenting three prominent peaks at 284.1, 285.8, and 287.8 eV,
corresponding to sp2 carbon, O0—C—O0, and O-C—O0 bonds, respectively
(Fig. 2C-2F). Deconvolution of the Ag3d XPS spectrum showed two
peaks at binding energies of 367.8 and 373.8 eV for Ag3d5/2 and
Ag3d3/2, respectively, indicating the presence of metallic silver (Ag0)
in the GO-AgNPs-Eu>" nanomaterials. In addition, two peaks at 1134.1
and 1163.7 eV corresponded to Eu(Il) 3d5/2 and Eu(Ill) 3d5/2,
respectively (S. Li, Li, Cao, Zhu, Fan, & Li, 2014; Miao et al., 2023).
These characterizations provided strong evidence for the successful
synthesis of GO-AgNPs-Eu®" nanomaterials.
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3.2. Detection of DPA by GO-AgNPs-Eu>t nanomaterials

EDTA can effectively prevent the access of -OH groups and water,
thereby promoting the intrinsic emission of Eu®". Owing to the speci-
ficity and strong chelation affinity between Eu" and DPA, GO-AgNPs-
Eu®t nanomaterials can serve as highly sensitive nanoprobes for
detecting DPA (Yang, Lu, Zhan, Tian, Yuan, & Lu, 2020). As shown in
Fig. 3A, GO, GO-AgNPs, and GO-AgNPs-Eu®t did not emit the charac-
teristic fluorescence (red fluorescence) of Eu®* at 616 nm. There are two
possibilities that the fluorescence of GO-AgNPs-Eu* is suppressed by
the inner filter effect (IFE) or the GO-AgNPs-Eu3+ system cannot emit
the fluorescence itself (Yin & Tong, 2021). However, after the addition
of DPA, a non-fluorescent compound, to the system, the characteristic
fluorescence of Eu®* at 616 nm was detected, because the coordination
interaction of conjugated organic ligands and energy transfer effects
(antenna effect, AE) led to the luminescence of Eu®*(Yin et al., 2021).
DPA possesses a pyridine N and two carboxyl groups, which can interact
with Eu®" through metal-ligand chelation coordination. When an
appropriate surface ligand (DPA) is introduced, the ligand (DPA) acts as
an antenna absorbing group, stably chelating with Eu*, effectively
enhancing the red fluorescence of Eu®* through the AE, and transferring
energy to Eu>*. Comparison of the fluorescence intensity at 616 nm
(Fig. 3B) evidently showed that the fluorescence intensity of GO-AgNPs-
Eu®t nanomaterials was significantly higher than that of Eu®", sug-
gesting that GO-AgNPs nanoparticles play a role in enhancing fluores-
cence. It must be noted that individual coordination of Eu®* with DPA
did not reach saturation, and hence, the Eu®" ions coordinated with
water molecules to achieve saturation, resulting in some non-radiative
energy loss. In contrast, GO-AgNPs nanoparticles modified with EDTA
hindered the coordination of Eu®t with water molecules and, instead,
facilitated coordination with the functional groups on the surface of GO-
AgNPs nanoparticles, thus preventing energy loss and enhancing fluo-
rescence intensity. Additionally, during the addition of DPA to the GO-
AgNPs-Eu* system, only Eu®" ions that acted as a bridge for connecting
the GO-AgNPs are inhibited and the aggregated GO-AgNPs-Eu®" are
redispersed. However, the coordination of GO-AgNPs with Eu®" is not
destroyed yet, which is the reason why the characteristic fluorescence of
Eu®t ions in the GO-AgNPs-EuT-DPA system is greatly enhanced
compared with that in the Eu>"-DPA system (Yin et al., 2021).

To investigate the sensitivity of GO-AgNPs-Eu>" nanomaterials to
DPA, fluorescence emission spectra were observed after the addition of
different concentrations of DPA to GO-AgNPs-Eu®" nanomaterials
(Fig. 3C). At 0-45 pM DPA concentration, the fluorescence emission
peak at 616 nm increased with increasing DPA concentration, exhibiting
strongest fluorescence signal. Thus, detection of DPA concentration
based on fluorescence intensity at 616 nm could achieve higher sensi-
tivity. As shown in Fig. 3D, the fluorescence intensity of GO-AgNPs-Eu>*
nanomaterials presented a strong linear correlation with DPA concen-
tration in the range of 0-45 pM. The linear regression equation was y =
691.09x — 907.78, with an R? value of 0.99. The LOD of the prepared
nanomaterials was calculated using the formula LOD = 3c6/k, and was
found to be 4.62 nM, which was lower than the amount of released DPA
(60 pM) that can cause pathogenic spore formation. In addition, com-
parison of the LOD, detection time, and linear range of the present study
with those reported in previous works revealed that the findings of this
study were comparable to most of those reported in recent years
(Table 1). More importantly, under UV light (254 nm) exposure, a
visible color change from colorless to red was observed with increasing
DPA concentration, and this obvious color change was exploited in the
subsequent application of portable DPA visual sensor.

For practical application, the GO-AgNPs-Eu®" nanomaterials must
exhibit selectivity and anti-interference ability; however, some inter-
fering substances may exist during practical applications. Therefore, we
examined the ability of our developed nanomaterials to detect different
kinds of aromatic ligands, amino acids, and various common cations or
anions (3,5-DPA, BA, mPA, p-PA, 0-PA, 2,4-DPA, 2,5-DPA, 3,4-DPA, Asa,
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Table 1
Comparison of the DPA detection performance of our developed GO-AgNPs-
Eu®" nanomaterials with that of different lanthanide nanoprobes.

Testing platform Analytical Detection References
technique limit
Tb/Eu@bio-MOF Ratiometric 34 nM (Zhang, Li, Ma, Zhang,
fluorescent & Zheng, 2016)
AgNPs-Tstr Fluorescent 6.7 nM (Tan et al., 2013)
CDs-Tb>* Fluorescent 0.1 nM (Liu et al., 2019)
GMP-Tb**/Eu* Ratiometric 96 nM (Donmez, Oktem, &
fluorescence Yilmaz, 2018)
Eu®*-CDs Ratiometric 5nM (Shi, Yang, Dong, & Yu,
fluorescence 2018)
hPEI-CD-EDTA- Ratiometric 0.19 nM (Yang et al., 2020)
Eu®* fluorescence
Eu-GNPs Fluorescent 1000 nM (Donmez, Yilmaz, &
Kilbas, 2017)
Tb3*/DPA@SiO,- Ratiometric 7.3 nM (Zhou et al., 2017)
Eu/GMP fluorescence
GO-AgNPs-Eu>* Fluorescent 4.62 nM This study

Ala, Cys, Gly, K¥, Feg+, Mg2+, Na®, NO3, Cl-, SO%’) under the same
detection conditions (Fig. 3E). The results revealed that only DPA
induced a signal response at 616 nm, and none of the interfering sub-
stances caused a significant fluorescence change. Besides, under UV
light (254 nm) exposure, only DPA emitted distinct red fluorescence,
whereas the other interfering substances did not produce noticeable
color changes (Fig. 3F). This high selectivity of GO-AgNPs-Eu>* nano-
materials could be attributed to the strong coordination ability of DPA
with Eu®" in a tridentate chelation manner.

Furthermore, to investigate the interference resistance of GO-AgNPs-
Eu®" nanomaterials to these potential interfering substances, 30 pM DPA
was mixed with 200 pM of different interfering substances, respectively,
and their signal responses at 616 nm were comparable to that of DPA.
This result indicated that GO-AgNPs-Eu>" nanomaterials exhibited
strong interference resistance in DPA detection. To demonstrate the
stability of GO-AgNPs-Eu®" nanomaterials, the fluorescence intensity of
20 pM DPA was measured 20 times (Fig. S1), and the results produced an
RSD of 1.36 %, indicating that our developed GO-AgNPs-Eu®* nano-
materials have high repeatability and could have potential use for
practical DPA detection in complex environments.

3.3. Validation of GO-AgNPs-Eu®* nanoparticle-based paper visual
sensor for quantitative detection of DPA in spores

To further evaluate the performance of the designed GO-AgNPs-Eu>"
nanoparticles based visual sensor for the detection of spores, we used
our developed sensor to detect the amount of DPA in four common food-
borne spores (C. sporogenes spores, B. subtilis spores, B. cereus spores, and
B. thuringiensis spores). Before fluorescence detection, the spores were
diluted to different concentrations, enumerated by plate counting
method, and heat-treated at 121°C for 30 min to ensure complete release
of DPA. Fig. 4 shows the fluorescence detection results for the four food-
borne spores. Following the addition of different concentrations of spore
suspensions, the characteristic fluorescence emission intensity of GO-
AgNPs-Eu®* nanomaterials increased with the increasing spore con-
centration (Fig. 4A). A linear relationship was observed between
C. sporogenes spores concentration within the range of 3.18 x 10'-3.18
x 107 cfu/mL and fluorescence intensity (Fig. 4B). In particular,
C. sporogenes spores exhibited good linearity between 10* and 107 cfu/
mL, with a linear equation of y = 2.93 x 10*x + 96.56 (R? = 0.997), and
the LOD for C. sporogenes spores was 2.37 x 10% cfu/mL. Similarly, linear
relationships were also noted between the concentrations of B. subtilis
spores (2.54 x 10'-2.54 x 107 cfu/mL), B. cereus spores (2.63 x
10'-2.63 x 107 cfu/mL), and B. thuringiensis spores (4.27 x 10'-4.27 x
107 cfu/mL) and their corresponding fluorescence intensities, exhibiting
good linearity between 10* and 107 cfu/mL, with linear equations of y =



J. Tian et al.

Fig. 4. Fluorescence spectra for different concentrations of (A) C. sporogenes spores, (C) B. subtilis spores, (E) B. cereus spores, and (G) B. thuringiensis spores.
Fluorescence standard curves for different concentrations of (B) C. sporogenes spores, (D) B. subtilis spores, (F) B. cereus spores, and (H) B. thuringiensis spores.
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2.96 x 10*%x + 74.92 (R? = 0.999), y = 3.06 x 10™x + 79.92 (R% =
0.998), and y = 2.9 x 10™*x + 139.3 (R% = 0.998), respectively. The LOD
values for B. subtilis spores, B. cereus spores, and B. thuringiensis spores
were 2.6 x 10% 2,52 x 10 and 2.66 x 10* cfu/mL, respectively.
Furthermore, under UV irradiation (254 nm), gradual visible color
change from weak blue to red fluorescence was noted with the increase
in spore concentration, and this characteristic red fluorescence of Eu®*
at 616 nm could be effectively distinguished without interference. These
results suggested that our developed sensor could be directly used to
determine the actual spore content, with minimal interference from
other components within the spores. Thus, the GO-AgNPs-Eu®* nano-
materials prepared in the present study exhibited high visual detection
selectivity for DPA, providing a foundation for the potential application
of portable visual sensors for on-site spore detection.

3.4. Validation and application of GO-AgNPs-Eu>* nanoparticles based
visual paper sensor

In recent years, there has been a rapid development of instant visual
detection technology owing to its advantages of low cost, practicality,
and portability (Q. X. Wang et al., 2017; Zhao et al., 2023). In particular,
paper-based instant detection devices, as one of the most commonly
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used substrates, have gained increasing attention. However, conven-
tional filter paper possesses significant inherent fluorescence and un-
even distribution of nanoprobes owing to its large micropores (Zhou
et al., 2020). In contrast, PVDF microporous membranes have highly
compact and fixed internal structures, resulting in well-arranged small
micropores and negligible inherent fluorescence (Huang, Xu, Meng, &
Li, 2022; Song et al., 2024; Yue et al., 2024). Therefore, this study
employed PVDF microporous membrane as the substrate to develop a
portable GO—AgNPs—Eu3+ nanomaterials based visual paper sensor that
presented advantages of high sensitivity, excellent selectivity, and
noticeable color change with DPA concentration. In brief, the PVDF
microporous filter membrane was first soaked in GO-AgNPs-Eu®"
nanomaterial solution and incubated for 20 min (5 mg/mL) and then
dried naturally. Subsequently, 20 pL of different concentrations of DPA
solution were added onto the PVDF microporous membrane, and images
were captured using a smartphone. Finally, the sample was visually
analyzed under a handheld UV lamp at 254 nm. As shown in Fig. 5B,
with an increase in DPA concentration, the color of the test paper shifted
from blue to purple and then to red, which was clearly observable by the
naked eye. However, it is difficult to quantify the DPA content using this
visual analysis based on color change. Therefore, to achieve digital
quantification, a color recognition app installed on a smartphone was
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Fig. 5. (A) Process of complete DPA release from B. subtilis spores during heat-treatment at 121°C for 30 min; (B) simplified illustration of DPA detection using the
developed GO-AgNPs-Eu®" nanomaterials based visual paper sensor and smartphone sensing platform; (C) fluorescent color image and linear relationship between
DPA solution (0-400 pM) and different concentrations of spores solution (10'-107 cfu/mL) under UV irradiation at 254 nm (linear relationship determined between

R/B intensity and spores concentration).



J. Tian et al.

used as a signal reader and analyzer, which could digitize the color in-
tensities of RGB in the fluorescence color images and calculate the RGB
variation values, allowing for semi-quantitative analysis.

To validate the accuracy of the prepared GO-AgNPs-Eu®" nano-
materials based visual paper sensor for DPA detection, 20 uL of DPA
solution (0-400 pM) were added onto the PVDF microporous membrane
and allowed to dry. As shown in Fig. 5C, under 254-nm UV light irra-
diation, the fluorescence color on the PVDF microporous membrane
gradually shifted from blue to purple and then to red with increasing
DPA concentration, indicating that the designed GO-AgNPs-Eu®*
nanomaterials based visual paper sensor successfully achieved visual
detection of DPA. Furthermore, the ratio of R to B (R/B) could reflect the
concentration of DPA (0-400 pM), which exhibited a good linear rela-
tionship with the G/B ratio (R2 = 0.99), and the corresponding linear
regression equation was y(R/B) = 0.00019x (CDPA) + 0.4256, with an
LOD of 13.1 pM. These results indicated that smartphone-assisted color
analysis based on the GO-AgNPs-Eu®* nanomaterials based visual paper
sensor has significant potential use in the field of DPA detection.

Subsequently, the practical application of the GO-AgNPs-Eu®"
nanomaterials based visual paper sensor for actual spores detection was
confirmed using B. subtilis spores. In brief, different concentrations of
B. subtilis spores (2.54 x 10'-2.54 x 107 cfu/mL) were heat-treated at
121 °C for 30 min to ensure complete DPA release (Fig. 5A). Then, the
GO-AgNPs-Eu®" nanomaterials based visual paper sensor was used to
test the DPA content in different concentrations of spores. As shown in
Fig. 5C, with the increasing concentration of B. subtilis spores, the
fluorescence color on the PVDF microporous membrane gradually
shifted from blue to purple under UV light exposure, indicating that the
designed paper sensor could visually detect real spores. Furthermore,
the logarithmic value of spore concentration presented a good linear
relationship with G/B ratio (R? = 0.99), and the corresponding linear
regression equation was y(R/B) = 0.0312x(lgC spores) + 0.347, with an
LOD of 6.3 cfu/mL. These results demonstrated that the combination of
the visual paper sensor with smartphone-assisted color analysis pro-
vided technical support for the rapid and convenient detection of real
spore samples.

To assess the feasibility of the GO-AgNPs-Eu>" nanomaterials based
visual paper sensor for detecting foodborne spores in complex envi-
ronments, a spiked experiment was designed to measure the spores
content in tap water and milk samples using fluorescence detection and
a smartphone sensing platform. Before spiking the milk samples with
spores, the samples were poured into sterile bags and exposed to UV
light on both sides for 30 min to eliminate interference from miscella-
neous bacteria. Subsequently, the samples were double-filtered using
sterile 0.45-ym microporous membranes to remove residual impurities
such as proteins. The tap water samples were filtered twice with 0.45-
pM sterile microporous membrane to remove insoluble substances.
However, pretreatment of dark-colored samples may require further
optimization. After samples pretreatment, 1 mL of B. subtilis spores at
different concentrations (2.54 x 10°, 2.54 x 106, and 2.54 x 107 cfu/
mL) was added to 9 mL of the actual samples, and the spiked samples
were subjected to DPA detection by fluorescence detection and smart-
phone sensor platform. The results showed that the recovery rate of
B. subtilis spores by fluorescence detection was 97.5 %-101.8 %, with
RSD value of 1.5 %-4.6 % (Tables S2 and S3), while that by the
smartphone sensor platform was 96 %-103.3 %, with RSD value of 2.5
%-7.2 %, demonstrating good recovery rate and small relative standard
deviation (n = 3). These findings revealed that GO-AgNPs-E‘.u3+ nano-
materials based fluorescence and smartphone sensor platform had sig-
nificant potential use in detecting foodborne spores. Based on the
chromatic changes of the strip, enabling inexpensive preparation and
good portability. The visible color transition of the DPA obviates the
need for sophisticated protocols and instruments and provides simple
sensors suitable for on-site testing. In the future, along with improving
the detection limit, we believe that this paper strip sensor can be widely
used in on-site testing and will play an important role in food safety,
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water source safety and transportation safety where needed.
4. Conclusion

The strong selectivity and chelating affinity between Eu>" and DPA
as well as the intense red fluorescence under UV excitation allowed
sensitive, accurate, and rapid fluorescence detection and quantification
of the spore biomarker DPA. In the present study, novel GO-AgNPs-Eu>*
nanomaterials fluorescent probe was developed by binding Eu®" onto
GO-AgNPs for the detection of four common bacterial spores
(C. sporogenes spores, B. subtilis spores, B. cereus spores, and
B. thuringiensis spores). The developed system presented excellent per-
formance, achieving an LOD as low as 4.62 nM for DPA and 10* cfu/mL
for the four spores. Subsequently, a portable GO-AgNPs-Eu>" nano-
materials loaded PVDF micropore membrane was developed, to create a
smartphone-assisted portable GO-AgNPs-Eu>! nanomaterials based vi-
sual paper sensor, which could quickly detect DPA and visually exhibit
color change from blue to red under 254-nm UV irradiation. The
developed visual paper sensor combined with a smartphone could be
used for rapid measurements and real-time online analysis of spore DPA,
providing technical support for on-site detection of spores.
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