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Abstract: Shigella, a typical and fatal foodborne pathogen with strong infectivity and survivabil-
ity in foodstuff, demands a simple and sensitive detecting method. In this study, we reported a
novel nanoplatform based on biofunctionalized magnetic nanoparticles (MNPs) modified upcon-
version nanoparticles (UCNPs) for rapid and specific determination of Shigella. Due to base pairing,
Shigella aptamer-functionalized horseradish peroxidase (HRP) combined with complementary strand-
modified MNPs@UCNPs. In the absence of Shigella, HRP associated with MNPs@UCNPs were
magnetically separated, and colorless 3,3’ 5,5 -tetramethylbenzidine (TMB) was oxidized into blue
oxTMB. The overlap between oxXTMB'’s absorption peak and MNPs@UCNPs’ emission peak caused
the fluorescence quenching at 545 nm. The MNPs@UCNPs fluorescence biosensor was achieved to
detect Shigella in 1 h, with a limit of detection of 32 CFU/mL. This work showed a rapid and specific
sensing platform and produced satisfactory chicken sample results.
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1. Introduction

Foodborne diseases are a broad spectrum of illnesses and a significant cause of mor-
bidity and mortality worldwide, associated with bacteria, viruses, parasites, as well as
bio-toxins derived from food. In today’s interconnected and interdependent world, local
foodborne disease outbreaks have become a potential threat to the globe. According to
the federal government in the US, there are approximately 48 million cases of foodborne
diseases annually, with an estimated 128,000 hospitalizations and 3000 deaths [1].

Bacteria are the most common cause of foodborne illnesses and widely exist in a
variety of types and properties [2]. Among substantial foodborne pathogenic bacteria,
Shigella is a highly contagious pathogen with a rare infectious dose of about 10 to 100
organisms that cause illnesses such as nausea, vomiting, diarrhea, and even sepsis [3].
Therefore, it is essential to monitor Shigella and routinely analyze it in the food supply
chain for food safety, clinical diagnosis, as well as treatment.

The conventional strategies for foodborne pathogen determination are mainly based
on culturing and the plate-counting method, which was considered the gold standard
for bacteria analysis, the nucleic acid amplification technique, as well as enzyme-linked
immunosorbent assay (ELISA) [4]. Culturing and plate counting usually take a long time
to gain a confirmed consequence [5]. Nucleic acid amplification obtains highly sensitive
detection results while suffering from high cost, expensive equipment, as well as com-
plicated pretreatment steps [6,7]. ELISA is a sensitive and specific detection method to
quantify substances, while it still has limitations such as tedious procedure, sample matrix
interference, and temporary readouts [8]. These traditional methods are associated with
time-consuming, complicated operations and high-cost instruments. Therefore, it is urgent
to develop a rapid, sensitive, and low-cost approach to Shigella determination.

Over the years, biosensors based on nanomaterials have been a research hotspot in
hazardous substance detection due to their simplicity, rapidity, and cost-effectiveness [9].
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The biosensors can be divided into colorimetric, fluorescent, Raman scattering spectro-
scopic, and electrochemical sensors [10]. Among these biosensors, fluorescence biosensors
have received more and more attention for foodborne pathogen assays due to their high
sensitivity, low cost, and short response time. Unfortunately, conventional fluorescence
biosensors generally use fluorescent dyes [11] and quantum dots (QDs) [12] as fluorescence
reagents, which still suffer from a couple of limitations, including narrow excitation spec-
trum, short fluorescence lifetime, susceptibility to photobleaching, and unstable optical
properties [13,14]. Compared to these fluorescence donors, upconversion nanoparticles
(UCNPs), as a new type of fluorescence material, possess more stable optical properties,
longer fluorescence lifetime, less toxicity, and are less prone to photobleaching [15]. Re-
cently, a couple of strategies based on UCNPs have been applied to food safety monitoring,
including foodborne bacteria, heavy metals, antibiotics, and pesticide residues [16-19]. In
addition, some novel UCNPs fluorescence biosensors have been developed for foodborne
hazardous substances in foodstuff. For example, the UCNPs fluorescence nanoprobe-based
fluorescence resonance energy transfer (FRET) was constructed for Shigella detection with
a low detection limit of 30 CFU/mL [20]. Ouyang et al. fabricated a UCNPs-MnO, lu-
minescent resonance energy transfer (LRET) biosensor for carbendazim pesticide in food
with high sensitivity (0.05 ng/mL) [21]. Shao et al. established an “off-on” FRET probe
based on UCNPs for Cu?* assay with high sensitivity (18.2 nM) and excellent recovery
(96-108%) [22]. Therefore, there are broad prospects to fabricate a fluorescence biosensor
based on UCNPs to develop the biological assay field.

Although fluorescence biosensors based on UCNPs possess superiority in food safety
monitoring, the target enrichment and matrix influence are still unsolved issues in biosen-
sors construction [23]. Magnetic nanoparticles (MNPs) have been widely applied to the
separation and enrichment of foodborne pathogens in foodstuff and received so far atten-
tion due to easy synthesis and modification, high stability, and convenient operation [24].
The ferrite colloid of magnetite (Fe304) is a major type of MNPs and has gained increasing
interest in microbiological detection due to biocompatibility [25]. Narges et al. built a
nanobiosensor based on gold and magnetic nanoparticles for Shigella species detection
with a low detection limit of 102 CFU/mL [26]. Shi et al. increased enrichment efficiency
of Staphylococcus aureus via Fe30O4 MNPs, and the limit of detection was found to be
103 CFU/mL combined with PCR [27]. Multifunctional MNPs@UCNPs possess the charac-
teristics of fluorescence and magnetism, which improve accuracy and reliability, eliminate
the interference of foodstuff, as well as simplify procedures [23]. Nevertheless, there are
few reports on the detection of Shigella by multifunctional MNPs@UCNPs. Thus, there
remain substantial chances for the fabrication of simple, effective, and sensitive fluorescence
biosensors based on multifunctional MNPs@UCNPs.

Novel biofunctionalized MNPs@UCNPs connected with HRP by noncovalent forces
between Shigella aptamer and the complementary strand were designed in this study.
Scheme 1 displays the process of the proposed fluorescence biosensor for Shigella detection.
The MNPs@UCNPs were fabricated by a facile hydrothermal method and possessed both
magnetic and fluorescent properties. The complementary strand-linked MNPs@UCNPs
combined with Shigella aptamer-modified HRP due to base pairing. With the absence of
Shigella, MNPs@UCNPs-modified HRP were magnetically separated so that the TMB was
oxidized from colorless into blue, resulting in fluorescence quenching. The study covered
the following points: (1) synthesis and characterization of MNPs@UCNPs; (2) fabrication
and assessment of the detection system to determine Shigella; (3) specificity of the pro-
posed nanoplatform based on biofunctionalized MNPs@UCNPs; (4) the application of the
proposed method for Shigella detection in chicken. On the basis of adequate enrichment,
unique UCNPs fluorescence emission, and strong quenching properties, the proposed
fluorescence biosensor is able to determine Shigella with highly sensitive and precise results,
providing a potential application in foodborne pathogens detection.
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Scheme 1. Schematic presentation of the nanoplatform based on biofunctionalized MNPs@UCNPs
for Shigella detecting.

2. Materials and Methods
2.1. Materials and Chemicals

Rare earth nitrates were obtained from Sigma-Aldrich. 1-octadecene, oleic acid, alen-
dronic acid, CHCl3, HCl, NH4F, NaOH, FeCls, 1, 6-hexadiamine, and anhydrous sodium
acetate were purchased from Alfa Aesar (Shanghai, China). 3-3',5,5'-tetramethylbenzidine
horseradish peroxidase color development solution (P0209-100 mL) was purchased from
Beyotime Biotechnology Co., Ltd. (Shanghai, China). The Shigella-specific aptamer and
complementary strand were provided by Sango Biotechnology Co., Ltd. (Shanghai, China)
with the sequence 5'-Biotin-CCG GAC TAG GGC TGG TTA GCT TCA ATA CTG CTG GGC
GAG G-3 (aptl) and 5'-NH,-GGC CTG ATC CCG ACC AAT CGA AGT TAT GAC CCG
CTC C-3' (apt2) [28]. Nanjing Agricultural University provided all foodborne pathogens
involved in this study.

2.2. Synthesis and Modification of Fe3Oy

According to a previous study, the monodisperse MNPs were synthesized [29]. Firstly,
1.1 g of FeClz and 0.12 g of iron powder were added into 8 mL of dodecylamine and
3.5 mL of oleic acid. After the substance was dispersed completely, the mixed solution
was transferred into a polytetrafluoroethylene-lined autoclave and heated to 190 °C for 6 h.
Then, the autoclave was cooled to room temperature. The samples were separated and
washed with ethanol and cyclohexane three times to remove unreacted precursors. Finally,
the products were dried in a vacuum oven at 60 °C overnight.

2.3. Synthesis and Modification of MNPs@UCNPs

The MNPs@UCNPs were fabricated and modified with alendronic acid (ADA) fol-
lowing the reported method [30]. Firstly, 2 mL of Fe304NPs (25 mg/mL) were added into
10 mL of DI water and 30 mL of 1-propanol under stirring at 25 °C for 30 min. RE(NO3)3
(RE =Y (78.5%), Yb (20%), Er (1.5%)), and 9 mmol NaF were introduced into the above
solution under ultrasonic agitation. Then, 20 mL of EDTA solution (0.05 mmol/mL) were
added to the flask. After a reaction for 30 min, the mixed solution was transferred into a
polytetrafluoroethylene-lined autoclave and heated to 120 °C for 24 h. The samples were
separated and washed with ethanol and DI water three times to remove nonmagnetic
particles. Finally, the products were dried in a vacuum oven at 60 °C overnight.
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Alendronic acid (ADA) was adopted for the water-soluble modification of UCNPs [31].
Initially, 5 mg of ADA and 20 mg of MNPs@UCNPs were dissolved in 0.4 mL of ethanol,
1 mL of CHCl3, and 0.6 mL of deionized water by ultrasound for 30 min. Then, the
completely dissolved solution was pH adjusted to 2-3 by HCl (1 mol/L) and stirred for 1 h.
Lastly, the products were dried in a vacuum oven after washing them with ethanol and
deionized water (1:1 v/v).

ADA-UCNPs and Shigella aptamer conjugates were fabricated by a reported method
with a slight modification [32]. Firstly, 10 mg of ADA-MNPs@UCNPs were dispersed into
5 mL of PBS buffer (pH = 7.2) and 1.25 mL of glutaraldehyde under stirring. After the
reaction for 2 h, the MNPs@UCNPs were washed with PBS buffer (pH = 7.2) three times.
Subsequently, 500 pL of Shigella aptamer (0.1 mmol/mL) were introduced into the above
solution under shaking for 4 h. Finally; the MNPs@UCNPs and aptamer conjugates were
washed several times by PBS buffer (pH =7.2).

2.4. Microbial Culture

Shigella (ATCC 12022), Salmonella typhimurium (ATCC 14028), Listeria monocyto-
genes (ATCC 19111), Staphylococcus aureus (ATCC 130), Pseudomonas aeruginosa (ATCC
27853), Escherichia coli (ATCC 43889), and Streptococcus thermophile (ATCC 03872) were
cultured in Luria—Bertani (LB) on a shaking incubator at 200 rpm at 37 °C overnight. The
concentration of Shigella cells was calculated by the plate count method when the ODgq of
bacterial cultures achieved 0.3.

2.5. Procedures for Shigella Fluorescent Detection

To access the sensitivity of the biofunctionalized MNPs@UCNPs fluorescence biosen-
sor, a series of tenfold-diluted concentrations (108 CFU/mL-10 CFU/mL) of Shigella were
determined by the proposed method. Firstly, 200 uL of streptavidin—HRP (0.02 mg/mL)
were added into 50 pL of Shigella aptamer modified with biotin (10 mg/mL). Then, the
above solution was mixed with 500 pL of MNPs@UCNPs to obtain the biofunctionalized
MNPs@UCNPs connected with HRP. The Shigella of different concentrations (250 puL) was
mixed with the above solution and incubated for 23 min at 37 °C. Then, the substance was
magnetically separated and dispersed into 150 uL of PBS buffer (pH = 7.2). Subsequently,
350 pL of TMB horseradish peroxidase color development solution were added to the
above solution and continued to incubate for 24 min. Finally, the fluorescence intensity at
Aem = 545 nm was recorded when the excitation laser was at 980 nm.

2.6. Specificity Analysis for Shigella

To complete the specificity tests of the proposed method, Shigella (ATCC 12022),
Salmonella typhimurium (ATCC 14028), Listeria monocytogenes (ATCC 19111), Staphylococcus
aureus (ATCC 130), Pseudomonas aeruginosa (ATCC 27853), Escherichia coli (ATCC 43889), and
Streptococcus thermophile (ATCC 03872) at a concentration of 108 CFU/mL were determined
by the biofunctionalized MNPs@UCNPs fluorescence sensor. The fluorescence intensity of
different pathogens was measured for further comparison.

2.7. Detection of Shigella in Chicken Sample

To evaluate the developed method’s potential application value and accuracy, we
determined Shigella (ATCC 12022) in chicken breast meat. The artificially contaminated
chicken samples were processed in the following steps [33]. Firstly, the chicken breast sam-
ples bought from the local supermarket were washed with saline and sterilized with 30 W
ultraviolet for 30 min. Then, the sterilized chicken samples (25 g) were mixed with 250 mL
of DI water and homogenized. Subsequently, the chicken samples were allowed to stand
for 30 min to remove large particles and filtered through a 0.45 pum filtration membrane to
reserve supernatant. Finally, Shigella in concentrations of 103 CFU/mL, 10* CFU/mL, and
10° CFU/mL were spiked into homogeneous supernatant. The fluorescence intensity of
different concentrations of Shigella was measured to calculate the recovery.
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3. Results
3.1. Characterization

A series of properties have been characterized, including morphology, size, crystal
form, and surface groups, as depicted in Figure 1. Figure 1A,B reveal that the shape and
size of MNPs@UCNPs had no noticeable difference after ADA modification. Moreover, it
could be clearly observed that a mass of UCNPs was decorated on rod-shaped Fe3O4NPs.
The size of MNPs@UCNPs was about 320 nm in length and 160 nm in width, while the
size of UCNPs was about 15 nm. Additionally, the crystal form of hexagonal-shaped
UCNPs demonstrated that all peaks were in good agreement with the 3-NaYF, (JCPDS No.
16-0334) and Fe304 (JCPDS No. 19-0629), as shown in Figure 1C, which suggests that the
synthesized MNPs@UCNPs were composed of Fe3O4 and 3-NaYF,. Figure 1D shows the
surface properties of nanoparticles by FTIR spectra. The peak at 573 cm~! and 580 cm ™!
was the characteristic band of Fe-O, which reflected the appearance of Fe;04. Before ADA
modification, there were three apparent peaks at 1410 cm !, 1610 cm !, and 3410 cm L.
The peaks at 1410 cm~! and 1610 cm ! were attributed to the -COOH groups of OA-coated
UCNPs. Furthermore, the band at 3410 cm™~! was ascribed to the stretching vibration of
hydroxide radicals. After ligand exchange with ADA, the peak of 1040 cm ! appeared,
which related to the stretching vibration of P-O of ADA [32,34].
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Figure 1. (A) TEM image of Fe304NPs@UCNPs before ADA modification; (B) TEM image of
Fe3O4NPs@UCNPs after ADA modification; (C) XRD patterns of NaYF,, Fe3O4/NaYF,, and FezOy;
(D) FTIR spectra of Fe3Oy4 (a), Fe304/NaYF, (b), and ADA-Fe30,/NaYF; (c).

3.2. Feasibility for Shigella Detection

Based on the inner filter effect between MNPs@UCNPs and oxTMB, the fluorescence
biosensor for Shigella detection was developed. It was widely known that the spectrum over-
lapping of fluorescence donor and acceptor was primarily responsible for the mechanism
of the inner filter effect. Figure 2A shows that the fluorescence intensity of MNPs@UCNPs
significantly decreased when the absorption of oxTMB and the fluorescence spectrum
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(A)

of MNPs@UCNPs overlapped. In addition, Scheme 1 demonstrates the principle of the
proposed method for Shigella detection. Firstly, Fe3O4 nanoparticles were synthesized by
the solvothermal method and simultaneously performed excellent dispersity and mag-
netic properties. On this basis, MNPs@UCNPs were fabricated via a facile hydrothermal
method. Then, the nanoparticles were modified with the complementary strand. Due
to base pairing, complementary strand-modified MNPs@UCNPs combined with Shigella
aptamer-modified HRP. In the presence of Shigella, HRP with Shigella aptamer could sepa-
rate from MNPs@UCNPs because of the stronger affinity between Shigella and aptamers.
After removing the HRP, which was unbound with MNPs@UCNPs via magnetic separation,
TMB remained colorless owing to the lack of HRP. In the absence of Shigella, HRP bound
with MNPs@UCNPs would remain through magnetic separation. In this case, TMB was
oxidized from colorless into blue with an absorption decrease ranging from 500 nm to
600 nm, which contributed to fluorescence quenching since the absorption band of oxTMB
overlapped with the emission peak of MNPs@UCNPs at 545 nm. Figure 2B shows a sig-
nificant fluorescence recovery with Shigella addition, which confirmed the feasibility of
the proposed fluorescence biosensor. This method amplified the response signals through
magnetic separation to achieve high performance and a lower detecting limitation; hence,
it has a great application value for pathogenic bacteria warning early in food safety.
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Figure 2. (A) UV-vis absorption spectra of TMB and oxTMB, fluorescence spectra of MNPs@UCNPs
+ TMB and MNPs@UCNPs + oxTMB; (B) fluorescence spectra of aptl-MNPs@UCNPs, aptl-
MNPs@UCNPs-apt2, aptl-MNPs@UCNPs-apt2 + TMB, aptl-MNPs@UCNPs-apt2 + TMB + Shigella.

As shown in Figure 3A, there was no significant change between the fluorescence
spectrum of different surface modifications onto UCNPs. Meanwhile, Figure 3B shows
that MNPs@UCNPs had no effect on TMB oxidation and color change. Based on the above
results, the proposed method has convincing stability and feasibility for Shigella detection.
To confirm that the functionalized MNPs@UCNPs and aptamer conjugate successfully, the
UV spectrum of products after incubating was determined, as depicted in Figure 3C. There
was a noticeable peak at 280 nm on account of the successful connection of aptamer with
MNPs@UCNPs in the mixture of the conjugate.

3.3. Optimization of Experimental Condition

To enhance the sensitivity and efficiency of the proposed sensor, this work optimized
several critical factors such as the volume of TMB solution, the concentration of HRP, the
response time of TMB and MNPs@UCNPs-HRP conjugates, and the incubation time of
Shigella and aptamer. Firstly, the sensitivity of the proposed fluorescence biosensor was
heavily impacted by the TMB quenching efficiency. Hence, it is necessary to examine the
influence of the volume of TMB horseradish peroxidase color development solution on
fluorescence quenching. As demonstrated in Figure 4A, the fluorescence intensity gradually
decreased with the increase of TMB solution volume. When the volume of the TMB solution
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rose to 350 pL, the fluorescence intensity tended to flatten, which proved that 350 pL of
TMB solution should be selected for the Shigella quantitative analysis. Additionally, the
absorption spectra of the TMB and different concentrations of HRP are shown in Figure 4B.
The absorption peak tended to stabilize when the concentration of HRP reached 20 nug/L.
Thus, 20 ug/L was selected as the optimal concentration of HRP. Furthermore, the influence
of the response time of TMB oxidization was investigated in Figure 4C. The absorbance
increased to about 1.48 and then remained stable at 24 min. Therefore, it is optimal to select
24 min as the final response time. In order to achieve optimal performance, the incubation
duration of Shigella and aptamer, which has a significant impact on the sensitivity of the
proposed fluorescence biosensor, was examined. As shown in Figure 4D, the fluorescence
intensity rose continuously and peaked at 23 min. As a result, 23 min was determined to be
the ideal incubation time for Shigella detection.

3.4. Analytical Performance of the Fluorescence Biosensor for Shigella Detection

After optimizing the experimental conditions, the proposed fluorescence biosensor
measured different concentrations of Shigella by monitoring the emission peaks of the
UCNPs fluorescence intensity at 545 nm. In the presence of Shigella, HRP with Shigella
aptamer could separate from MNPs@UCNPs due to the stronger affinity between Shigella
and aptamers, resulting in an increased fluorescence intensity at 545 nm. In the absence
of Shigella, HRP with MNPs@UCNPs would remain in solution, and oxidized TMB to
blue, contributing to fluorescence quenching at 545 nm based on the inner filter effect, as
demonstrated in Figure 5A. As shown in Figure 5B, there was a strong linear correlation
between fluorescence intensity and the logarithm of Shigella concentrations (log C) ranging
from 2.3 x 10> CFU/mL to 2.3 x 107 CFU/mL (Y = 259.5 log C — 608.48, R? = 0.9919). The
limit of detection was calculated to be 32 CFU/mL according to the formula 3Sy/K (3Sy is
the standard deviation of 11 blank measurements, and K is the slope of the Shigella detection
calibration plot) [35]. These results confirmed that the MINPs@UCNPs fluorescence sensor
had excellent detection performance and potential application in bacteria determination.
More importantly, there was a comparison between this work and other methods in
Table 1 from the aspects of linear range, the limit of detection, and detection time, which
confirmed that the proposed MNPs@UCNPs fluorescence sensor possessed broad prospects
in foodborne pathogen monitoring. The proposed fluorescence biosensor has good results
in a relatively short time compared with other biosensors [36-38]. To further explore
the superiority of the fabricated method, we also made a comparative analysis of this
method with other fluorescence biosensors. Unlike other fluorescence sensors shown
in Table 1 [39,40], which require incubation with fluorescent probes, the approach we
constructed was more straightforward, because the detected system possesses fluorescence
emission intensity after magnetic separation.

(A) 3000 S— (B); ©) 1, —
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Figure 3. (A) Fluorescence spectra of MNPs@UCNPs, ADA-MNPs@UCNPs, and apt2-
MNPs@UCNPs; (B) UV-vis spectra of TMB, TMB + HRP, and TMB + MNPs@UCNPs; (C) UV-vis
spectra of MNPs@UCNPs and apt2-MNPs@UCNPs.
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Figure 4. (A) Optimized condition of the volume of TMB; (B) the concentration of HRP; (C) the
response time of TMB and MNPs@UCNPs-HRP conjugates; (D) and the incubation time of Shigella

and aptamer.
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Figure 5. (A) Fluorescence spectra of the proposed method with various Shigella concentrations
from 2.3 x 107 CFU/mL to 2.3 x 10! CFU/mL; (B) calibration curve of fluorescence intensity at
545 nm of the proposed method with various Shigella concentrations; (C) fluorescence intensity of
MNPs@UCNPs fluorescence sensor with the addition of different bacteria.
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Table 1. Comparison of the sensitivity of this work and other methods for Shigella detection.

Linear Range LOD Detection

Method (CFU/mL) (CFU/mL) Time Reference

Electroc.hemlcal DNA 80-8 x 108 10 15h [36]
biosensor
Electrochemical sensor 3 x 103-3 x 10% 18 78 min [37]
SERS biosensor 10-100 10 1.5h [38]
Fluorescence sensor 103-108 2.5 x 102 1h [39]
Fluorescence sensor 103-107 10° 1.5h [40]
2_
MNPs@UCNPs 2.3 X 107 2.3 X 30 1h This work
fluorescence sensor 10

3.5. Selectivity for Shigella Detection

Selectivity is a crucial factor in evaluating the performance of the developed MNPs@UCNPs
fluorescence biosensor, which is also the ability to assess the detection system against inter-
ference from nontargets. It was estimated whether the proposed fluorescence biosensor was
capable of determining Shigella against the potential interferences from other foodborne
pathogens. Figure 5C shows the intensity of fluorescence signal of the MNPs@UCNPs
fluorescence biosensor after adding the Shigella (ATCC 12022) and nontarget bacteria
(Salmonella typhimurium (ATCC 14028), Listeria monocytogenes (ATCC 19111), Staphylococcus
aureus (ATCC 130), Pseudomonas aeruginosa (ATCC 27853), Escherichia coli (ATCC 43889),
and Streptococcus thermophile (ATCC 03872)). It is obvious that the detection system has
a significant fluorescence change only in the presence of the Shigella based on the spe-
cific recognition between Shigella and aptamer, which verified that the MNPs@UCNPs
fluorescence biosensor had good selectivity towards Shigella detection.

3.6. Detection of Shigella in Spiked Chicken Sample

The MNPs@UCNP:s fluorescence biosensor was applied to chicken samples analysis
with different concentrations of Shigella to validate the potential application. Plate count-
ing, which is regarded as the conventional detecting method, was used to analyze the
spiked chicken samples. As shown in Table 2, the developed MNPs@UCNPs fluorescence
biosensor exhibited excellent recoveries from 97.8% to 108.5%, which had no significant
difference from the plate counting method. Although the Shigella was spiked into chicken
samples, the results acted with little interference with the quantitative assay. It may be
caused by MNPs separating the target from the food matrix, which performs high potential
applications in foodborne pathogens monitoring.

Table 2. Determination of Shigella in chicken samples by the proposed method.

Spiked Levels Measured (Mean + SD) (CFU/mL)
1 R %
Sample (CFU/mL) This Work Plate Count ecovery (%)
103 (1.034 + 0.130) x 10° (1.025 £ 0.071) x 10° 103.4
10% (1.065 + 0.084) x 10° (1.011 4 0.124) x 103 106.5
103 (0.892 4 0.191) x 10° (0.914 £ 0.218) x 10° 106.5
10* (1.085 £ 0.122) x 10* (1.064 £ 0.131) x 10* 108.5
Chicken 10* (1.042 £ 0.108) x 10* (1.107 + 0.151) x 10* 104.2
10* (0.986 + 0.130) x 10* (0.951 £ 0.087) x 10* 98.6
10° (0.978 + 0.240) x 10° (1.013 £ 0.111) x 10° 97.8
10° (1.074 + 0.070) x 10° (1.012 £ 0.108) x 10° 107.4
10° (1.064 + 0.267) x 10° (0.997 +0.121) x 10° 106.4

4. Conclusions

In summary, a novel and sensitive nanoplatform based on biofunctionalized MNPs@UCNPs
as the fluorescence donor and oxTMB as the fluorescence acceptor was fabricated to detect
Shigella quantitatively. The fluorescence signal of UCNPs at 545 nm was quenched by
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oxTMB based on the inner filter effect in the absence of Shigella and recovered due to
the strong affinity between Shigella and aptamer in the presence of Shigella. On the basis
of the above changes, the concentrations of Shigella were quantified by the change of
the fluorescence intensity ranging from 2.3 x 102 to 2.3 x 107 CFU/mL with a LOD of
32 CFU/mL. Furthermore, the proposed fluorescence biosensor acted with an excellent
result for sensitivity, specificity, stability, as well applicability, confirming that the developed
method had a broad prospect in foodborne pathogens detection and food safety monitoring.
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