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Salmonella causes most deaths from diarrheal disease worldwide. Therefore, Salmonella must be accurately and
quickly detected, even in complex food matrices, which is difficult to achieve using conventional culture
methods. Here we propose a novel photonic polymerase chain reaction (PCR) method based on ferroferric oxide
(Fe30y4) for the detection of Salmonella typhimurium in complex samples. Owing to the great photothermal
conversion performance of Fe30y4, rapid thermal cycling could be accomplished. Our optimized photonic PCR

system specifically detected Salmonella typhimurium in complex food matrices within 50 min. Quantitative data
showed a limit of detection up to 10> CFU/mL in food samples. This method is suitable for the detection of all
pathogenic microorganisms and is universal.

1. Introduction

Pathogenic bacteria are the main cause of morbidity and death
worldwide (Kim, Jo, Mun, Noh & Kim, 2018). According to the World
Health Organization, almost 76 million foodborne disease cases were
reported each year, leading to 5000 deaths (Kim et al., 2018; Painter
et al., 2013). Salmonella is a frequent cause of foodborne disease out-
breaks and is a considerable public health concern in both developing
and developed countries (Kirk et al., 2015). Over 75% of Salmonella
outbreaks are caused by contaminated chicken, eggs, pork, and vege-
tables, so detecting bacteria in food using reliable methods of detection
remains a critical public health need (Kang et al., 2021; Vinayaka et al.,
2019).

Salmonella is traditionally detected by pre-enrichment, selective
enrichment, time consuming isolation on selective agar plates, and then
complicated serological and biochemical testing (van der Zee, 1994).
This approach is complex, lengthy, and requires microbiological labo-
ratory conditions, far from the practical need for timely and accurate
detection. More recently, nucleic acid amplification has revolutionized
the determination of pathogenic bacteria and viruses, especially poly-
merase chain reaction (PCR) (Kaminski, Abudayyeh, Gootenberg, Zhang
& Collins, 2021; Lee, Park, Kim, Kwon, Rho & Jun 2019; Paul, Oster-
mann & Wei, 2020). However, conventional PCR uses expensive in-
struments, which are not always available in resource-poor settings and
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do not satisfy the demand for real-time rapid screening of large numbers
of samples (Almassian, Cockrell & Nelson, 2013). To solve these prob-
lems, a PCR method using the photothermal effect of a nanomaterial was
reported, termed photonic PCR (Kim, Kim, Park & Jon, 2017; You et al.,
2020).

Ultrafast photonic PCR uses plasmonic photothermal conversion of a
nanomaterial realized by photon-electron-phonon coupling on photo-
thermal nanomaterials. Photothermal nanomaterials can therefore be
used as efficient photothermal converters, allowing PCR to be completed
in a shorter time (You et al., 2020). In early designs, a thin gold film was
used as a photothermal source, but this did not produce the uniformity
of temperature required for the PCR reaction (Son et al., 2015). To
overcome the problem of temperature control, an optical cavity
composed of two thin gold films was developed, and gold nanorods and
bipyramids were added into the PCR reaction system as a photothermal
converter (Kim et al., 2017; Lee et al., 2017; Son et al., 2016). Later,
Jiang et al. and Wu et al. improved photonic PCR by coating ferroferric
oxide (Fe3O4) with nanomaterials, exploiting the magnetic effect of
Fe304 to separate the nanomaterials from the reaction solution for easy
reaction visualization (Jiang et al., 2021; Wu et al., 2021). Most of these
photonic PCR studies directly extracted DNA molecules as templates for
detection (Jiang et al., 2021; Lee, Lee, Kim, Kim & Kim, 2022; Lee et al.,
2020; Wu et al., 2021; You et al., 2021). Then, Cho et al. reported that
photonic PCR can also detect bacteria directly, but only in simple
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substrates such as urine (Cho et al., 2019). To date, to our best knowl-
edge, there has been no report of photonic PCR applied to the detection
of bacteria in complex substrates. Food substrates such as sugars, pro-
teins, and lipids can affect the detection. In some cases, the need for
samples to be pretreated could make the entire detection process more
expensive and more complicated (Klein, Breuch, Reinmiiller, Engelhard
& Kaul, 2021; Zelada-Guillén, Bhosale, Riu & Rius, 2010). Since food
samples are complex and heterogeneous systems, bacteria detection in
food samples usually requires complex pretreatment, and bacterial
isolation and enrichment with DNA amplification cannot be integrated
into a single step (Wang, Cai, Gao, Yuan & Yue, 2020). Therefore, the
rapid detection of bacteria in complex matrices without pretreatment
would be a major breakthrough in rapid assays based on nucleic acid
amplification.

In this paper, a novel photonic PCR system using the photothermal
effect of Fe3O4 for the detection of pathogenic bacteria in food matrices
was presented (Scheme 1). Magnetic Fe3O4 nanoparticles were selected
as the photothermal converter, exploiting its magnetic property to
separate and enrich bacteria and its photothermal property for photonic
PCR. This allowed us to detect bacteria in a complex matrix and com-
plete enrichment and amplification in one step without complex pre-
processing, greatly reducing time and cost. The photothermal effect of
magnetic Fe3O4 nanoparticles under 808 nm laser irradiation was used
to achieve fast thermal cycling (40 thermal cycles in under 50 min), with
the temperature of PCR reagents controlled by adjusting the laser switch
(Fouad, El-Said & Mohamed, 2015). Anti-Salmonella typhimurium anti-
bodies were conjugated to the magnetic nanoparticles and used to
capture pathogenic bacteria from the food matrix, while the magnetism
of the nanoparticles was used for separation and enrichment. This
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approach exploited not only the magnetism of Fe304 nanoparticles but
also their photothermal property. Quantitative detection of target bac-
teria was achieved by the fluorescence of SYBR Green I, which inter-
acted with final amplified product, double-stranded DNA (dsDNA), to
produce fluorescence emission peaks of different intensities at 520 nm
(Dragan et al., 2012; Wang, Ma, Li & Wu, 2019). The detection limit of
the new method was 102 CFU/mL for Salmonella typhimurium. Our new
photonic PCR system shows great potential for food safety monitoring.

2. Material and methods
2.1. Materials and reagents

Salmonella typhimurium (ATCC 14028), Escherichia coli O157:H7
(ATCC 10907), Listeria monocytogenes (ATCC 23929), Staphylococcus
aureus (CMCC 26001) and Salmonella enteritidis (ATCC 13076) were
obtained from the National Center for Medical Culture Collections
(CMCC) (Beijing, China). Monodispersed magnetite microspheres
(200-300 nm) were purchased from Base Line Chromtech Research
Center (Tianjin, China). The rabbit anti-Salmonella typhimurium anti-
body was acquired from Boorson biological Co., Ltd. (Beijing, China).
Agar powder was acquired from Qingdao Hope Bio-Technology Co. Ltd.
(Qingdao, China). Mineral oil was purchased from Sigma-Aldrich, Inc.
(Shanghai, China). Bovine serum albumin (BSA), DNA Ladder and SYBR
Green I (10000 x ) dye were obtained from Solarbio Biological Tech-
nology Co. Ltd. (Beijing, China). Nutrient broth (NB) was purchased
from Beijing Aoboxing Bio-technology Co. Ltd. (Beijing, China). Ultra
gelred (10000 x ) and 2 x rapid Taq master mix were purchased from
Vazyme Biotech Co. Ltd. (Nanjing, China). Primers were ordered from
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Scheme 1. Schematic illustration of the photonic PCR method based on the photothermal effect of Fe30,.
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Tsingke Biotechnology Co. Ltd. (Beijing, China). Milk, egg, pork and
grape juice were obtained from a local supermarket (Jinan, China). The
tap water used in validation experiments was collected from the labo-
ratory tap. All laboratory experiments used ultrapure water.

2.2. Equipment

Magnetic separation racks were acquired from Jinan Chengsen
Biotechnology Co. Ltd. (Jinan, China). The ADR-1860 near-infrared (IR)
laser (808 nm) was used for irradiation and was acquired from Shanghai
Xilong Photoelectric Technology Co, Ltd. (Shanghai, China). The ther-
mal sensor (Fotric 225) for recording temperature changes was pur-
chased from Fotric Precision Instruments (Shanghai, China).
Fluorescence spectrophotometer was used for measuring the fluores-
cence intensity of PCR product and was acquired from Hitachi, Ltd.
(Tokyo, Japan).

2.3. Bacterial culture

Bacteria were cultured as same as literature with slight modifica-
tions, pure bacterial colonies were cultured in NB liquid medium over-
night at 37°C, 200 rpm (Du S., Wang, Liu, Xu & Zhang, 2019; Du, Lu,
Gao, Ge, Xu & Zhang, 2020; Lu et al., 2022). The concentration of Sal-
monella typhimurium was calculated by the classical plate colony
counting method. The collected bacterial liquid (5 mL) was diluted in a
gradient, and then 200 pL of the bacterial solution from each dilution
was evenly spread on the solid medium and colonies counted after
culturing at 37°C for 16 h.

2.4. Calculation of photothermal conversion efficiency

Photothermal conversion efficiency () of magnetic FesO4 nano-
particles was measured according to the following equation (Ren et al.,
2015):

_ hAATmax 7 Qs
S I(1—104)

n: photothermal conversion efficiency;

I: laser power;

A,: absorbance of Fe304 magnetic nanoparticle at 808 nm;

h: heat transfer coefficient;

A: surface area of the container;

ATmax: maximum temperature change of the Fe3O4 magnetic
nanoparticle;

Qs heat associated with the light absorbance of the solvent;

For pure water heating, the heat input equals the heat output at the
highest steady state temperature, so the equation may be written as:

Os = Qloss = hAAT i 11y0

Where ATpqm,0 is the maximum temperature change of water.

2.5. Preparation of immune-Fe304 complexes

The antibodies (50 pL, 10 pg/mL) were added dropwise into 50 pL
magnetic Fe3O4 nanoparticles (5.0 mg/mL) and incubated in a low-
speed shaker at 25°C for 1 h. Finally, BSA (100 pL, 8% w/v) was
added into the immune-Fe304 complex solution, followed by incubation
for 2 h at 25°C to block the active site and prevent the enzyme from
adsorbing to the composite. After cleaning, complexes were redissolved
in ultrapure water to the required concentrations (Lu et al., 2022).

2.6. Capture of pathogenic bacteria

Immune-Fe304 complexes (50 pL, 5.0 mg/mL) were added into 50 pL
ultrapure water or samples containing Salmonella typhimurium and
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incubated in a low-speed shaker at 25°C for 1 h to ensure that the target
bacteria were captured on the immune-Fe3sO4 complexes (Zhang, Wang,
Han, Du, Yu & Zhang, 2018).

2.7. Detection of Salmonella typhimurium by photonic PCR

The primers used to amplify Salmonella typhimurium DNA were: the
forward (5-AGCGT ACTGG AAAGG GAAAG-3) and reverse (5-ATACC
GCCAA TAAAG TTCAC AAAG-3'). The Salmonella-specific invA primers
were designed to amplify a 116 bp sequence (Kasturi & Drgon, 2017).
All pathogenic serotypes of Salmonella described thus far contain the
invA gene, whose product plays a critical role in the ability of organisms
to invade mammalian cells and subsequently cause disease (Gonzalez-
Escalona et al., 2009). Genomic Salmonella typhimurium DNA was used
as a template. Light spots completely covered the bottom of eppendorf
tube, including PCR reagents and Fe304 magnetic nanoparticles, during
near-infrared laser irradiation. The PCR reagents for this method were:
12.5 pL of 2 x rapid Taq master mix, 1 pL each of forward and reverse
primers, sterile ultrapure water to a total volume of 25 pL. Mineral oil (3
pL) was used to reduce the evaporation of water during photonic PCR
(Kim et al., 2017). The thermal sensor recorded changes in temperature.
Finally, the number of Salmonella typhimurium was estimated by
measuring the fluorescence intensity of SYBR Green I interacted into the
photonic PCR product. 3% agarose gel electrophoresis was carried out to
further confirm PCR amplification. The selectivity of detection for Sal-
monella typhimurium was compared with other foodborne pathogenic
bacteria.

2.8. Detection of Salmonella typhimurium in food samples

To detect Salmonella typhimurium in tap water, bacteria were first
removed from the tap water. Then, multiple concentrations of Salmo-
nella typhimurium suspension were centrifuged at 6000 rpm for 10 min
(Lu et al., 2022). After removing the supernatant, the sediment was
dissolved with sterile tap water, after which Salmonella typhimurium was
captured using immune-Fe304 complexes in real samples. The following
operations were the same as in Section 2.7 Detection of Salmonella
typhimurium by photonic PCR.

For other samples, egg white (1 g) or pork (1 g) were mixed with 9
mL of ultrapure water and homogenized thoroughly. After which the
mixture was centrifuged for 10 min at 10,000 rpm to remove any solid
impurities present in both the egg white and pork samples. Bacteria in
the supernatant were removed using a filter (0.22 pm pore size). For
milk and grape juice, the bacteria were removed directly through a 0.22-
pm filter. To explore the effect of food matrix on Salmonella typhimurium
detection, 1 mL food matrix solution was mixed with 1 mL bacterial
solution, and the volume was brought to 10 mL with sterile ultrapure
water (Vinayaka et al.,, 2019). The volume of spiked samples was
adjusted with sterile ultrapure water to obtain different concentrations
of Salmonella typhimurium (Du et al., 2020; Lu et al., 2022). Then, im-
mune-Fe304 complexes were applied to capture Salmonella typhimurium
from real samples. The following operations were the same as in Section
2.7 Detection of Salmonella typhimurium by photonic PCR.

3. Results and discussion
3.1. Optimization of photonic PCR reaction

We compared the nucleic acid amplification capability of a Fe3O4-
based photonic PCR with that of a conventional PCR. Photonic PCR was
dependent on many factors and the optimal reaction conditions were
determined by varying temperature, heating time and Fe3O4 concen-
tration. DNA from Salmonella typhimurium was used as template for
photonic PCR by irradiating with a laser and monitoring the tempera-
ture with a thermal imager. To confirm that the amplification was
complete, the collected photonic PCR products were subjected to
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agarose gel electrophoresis to determine their size (Fig. 1). The opti-
mization results of the number of thermal cycles were presented in Fig. 1
(a), with the band brightness increasing as the number of cycles
increased and plateauing at 40 cycles. Agarose gel electrophoresis was
chosen for the accuracy of the experimental results during the condi-
tional optimization process.

The PCR temperature was monitored by thermal imaging of the tube,
although there are previous reports that the internal temperature of the
PCR tube is higher than that of the surface. Therefore, thermal imaging
requires optimization for photonic PCR. As shown in Fig. 1(b), dena-
turation temperatures of 75-80 °C and 80-85 °C produced dimmer and
brighter bands, respectively. Furthermore, incomplete denaturation at
the lower temperature (75-80°C) produced primer dimers below the
target band, while a higher temperature (85-90°C) inactivated the
enzyme. Therefore, a denaturation temperature of 80-85°C was chosen.
Similarly, as shown in Fig. 1(c), with increasing denaturation time, the
target band brightness gradually decreased. However, no target band
was generated for a denaturation time of O s. Finally, a denaturation
time of 5 s was chosen. Fig. 1(d) and (e) showed the brightest target band
with an annealing time of 10 s, and this was the same at an annealing
temperature of 50-55°C and 55-60°C. Considering that a higher
annealing temperature during cooling can save time, the annealing
temperature of 55-60°C was chosen. Therefore, the final optimal pho-
tonic PCR reaction conditions were a denaturation temperature of
82-85°C for 5 s, an annealing temperature of 55-57°C for 10 s, and an
extension temperature of 60°C for 2 s. The photonic PCR took only 48
min to run 40 cycles.

3.2. Characterization of properties of FesO4

Fe3O4, as a good photothermal material, is often combined with
other materials to form multifunctional nanocomposites for photo-
thermal therapy (Jing, Zhi, Wang, Liu, Shao & Meng, 2018; Wang, Li,
Chen, Dong, Liang & Yu, 2020; Xiao et al., 2019). Magnetic Fe304
nanoparticles can rapidly heat up when irradiated by near-IR light.
Based on the above equations, the 1 value of magnetic Fe3O4 nano-
particles was 26.6%. Compared with gold nanomaterials, Fe304 was
more stable at continuous high temperature with equivalent photo-
thermal properties (Gonzalez-Rubio et al., 2017; Li et al., 2016; You
et al., 2020). Applying them for the first time to the detection of path-
ogenic bacteria in food, magnetic Fe3O4 nanoparticles represent a
promising photothermal conversion material.

We previously demonstrated that FesO4 nanoparticles show a better
photothermal effect and non-specific adsorption at 200-300 nm than at
100-200 nm and 10 nm (Zhang et al., 2018). Therefore, 200-300-nm
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magnetic Fe3O4 nanoparticles were selected as the photothermal con-
version material for photonic PCR. The magnetic microspheres used
here have uniform particle size distribution, consistent settlement speed
in the magnetic field, and ultra-paramagnetism (Zhang et al., 2018).
Fig. S1 showed that the particle size of Fe304 was 200-300 nm and the
immune-Fe304 complexes successfully captured Salmonella typhimurium.

Researchers have previously reported that increasing PCR efficiency
is influenced by the concentration of heat-conductive nanomaterials
(Kim et al., 2017). Thus, the effect of PCR was evaluated as a function of
Fe304 concentration from 2 mg/mL to 12 mg/mL. Fig. 2 showed the
temperature distribution in a 200 pL PCR tube. Thermal cycling was
carried out as follows: the maximum temperature was nearly 85°C
(denaturation), the minimum temperature was nearly 55°C (annealing),
and the final temperature was nearly 60°C (extension). Different Fe3sO4
concentrations had different photothermal conversion abilities. At
Fe304 concentrations between 2 and 10 mg/mL, the time required to
achieve a thermal cycle decreased as the concentration increased but
then increased again at a concentration of 12 mg/mL.

Agarose gel electrophoresis images obtained by photonic PCR with
different Fe3O4 concentrations were shown in Fig. 2(b). At magnetic
Fe304 nanoparticle concentrations of 2-10 mg/mlL, the brightness of
agarose gel electrophoresis increased with increasing concentrations of
nanomaterials to plateau at 10 mg/mL.

3.3. Fe304-based thermal cycling of photonic PCR

The system consists of a thermal imager, 808 nm laser, and Fe304
nanomaterial. The PCR temperature can be modulated by adjusting the
laser output power. The photonic PCR system can achieve ultrafast
thermal cycles of three different temperatures for denaturation,
annealing, and extension.

As shown in Fig. 3(c), the laser output power to achieve thermal
cycles was first optimized. When the PCR solution reached 80-85 °C for
5, 55-60°C for 10 s, and 60°C for 2 s, the laser output power was 0.40
W, 0.13 W, and 0.20 W, respectively. Thermal imaging was shown in
Fig. 3(d), the solution in the tube reached the required, uniformly
distributed temperature. It took about 27 min for 10 mg/mL magnetic
Fe304 nanoparticles to achieve 40 thermal cycles at a maximum tem-
perature of 85°C. The average ramp rate for heating and cooling in 40
thermal cycles could calculate as follows:

Ramprateforheating(i) = (Tyax; — Tvivi)/theari
Ramprateforcooling(i) = (Twax; — Tigy ;) /teool.

where Tyaxi, Tviv; and Ty ; are respectively the highest tempera-

LN
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Fig. 1. Optimization of the number of thermal cycles (a). 1, DNA ladder; 2, conventional PCR, 40 cycles; 3-6, photonic PCR, 30, 35, 40 and 45 cycles. Optimization
of the denaturation temperature (b). 1, DNA ladder; 2, conventional PCR, 95°C; 3-5, photonic PCR, 75-80°C, 80-85°C and 85-90°C. Optimization of the time
required for denaturation (c). 1, DNA ladder; 2, conventional PCR, 5 s; 3-6, photonic PCR, 0, 5, 10 and 15 s. Optimization of the time required for annealing (d). 1,
DNA ladder; 2, conventional PCR, 10 s; 3-5, photonic PCR, 5, 10 and 15 s. Optimization of the annealing temperature (e). 1, DNA ladder; 2, conventional PCR, 60°C;

3-5, photonic PCR, 50-55°C, 55-60°C and 60-65°C.
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Fig. 2. The temperature profile of different concentrations of Fe304 for one thermocycle (a). Optimization of the concentrations of Fe304 by PCR (b). 1, DNA ladder;

2, conventional PCR, 10 mg/mL; 3-8, photonic PCR, 2-12 mg/mL.
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Fig. 3. The temperature profile for the 40 thermocycles (a). Characterization of ramp rate for heating and cooling (b). Temperature execution profile of the pho-
tothermal device (c). Thermal images of Fe304 solution upon infrared laser irradiation (d).

ture of cycle i, the lowest temperature of cycle i and i + 1, theqr; and teoors
are the time required for heating and cooling of cycle i. The average
ramp rate for heating and cooling in 40 thermal cycles was calculated as
3.71°C/s and 0.90°C/s.

3.4. Accuracy assessment of the photonic PCR method

Salmonella typhimurium were first detected in ultrapure water. For
quantitative detection, 2 x SYBR Green I dye was added to the PCR
reaction mixtures after PCR amplification and the fluorescence signals
measured. For reliability, the fluorescence intensity was measured by
adding different volumes of SYBR Green I, which showed that increasing

volumes of SYBR Green I enhanced the fluorescence intensity in the
range of 2-12 pL, plateauing at 520 nm with 14 pL SYBR Green I
(Fig. S2). As shown in Fig. 4(a), the concentration of Salmonella typhi-
murium was linear between 10* and 108 CFU/mL. A detection limit of 36
CFU/mL was calculated based on the equation: limit of detection = 36/
k, where ¢ represents the standard deviation of the blank sample and k
represents the slope of the analytical calibration curve. As shown in
Fig. 4(b), the actual limit of detection was 100 CFU/mL. Repeatability
was characterized by calculating the relative standard deviation of five
repetitions (on one day), which was 3.99%.

The mean dose required for 50% probability of infection and illness
(InfDsg and IIDsg) was 4.33 x 10% and 1.25 x 108 CFU (Table S1). The
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detection limit of this established method was 10 CFU/mL, which can
realize the detection of the mean dose. The flow-chart was shown in
Fig. S3. Due to the 1% probability of infection and illness (InfDg; and
lIDg;), a lower dose was required, so the proposed method was less
efficient against those concentrations.

To further evaluate detection in real samples, Salmonella typhimurium
was measured in tap water, juice, pork, egg white, and milk spiked with
various concentrations of target bacteria (10°, 105, and 10® CFU/mL).
Table 1 shows 82.9%~114% recoveries from all samples with relative
standard deviations < 4.51%. Due to the strong signal interference of fat
and protein in milk, the recovery rate of milk spiked samples is slightly
lower (Bai et al., 2020). It can be concluded that all these are beneficial
to the development and application of photonic PCR assays for the
detection of Salmonella typhimurium in real samples.

3.5. Selectivity assessment of photonic PCR

The selectivity of photonic PCR system was tested using other

Table 1
Spiked recoveries.
Samples Spiked Log;o (CFU/  Tested Logio (CFU/  Recovery Ccv
mL) mL) (%) (%)
Tap 5.00 5.70 114 2.16
water 6.00 6.70 111 2.94
8.00 6.90 86.3 0.480
Juice 5.00 5.30 105 2.04
6.00 6.10 111 1.88
8.00 6.90 86.0 2.01
Pork 5.00 5.20 104 4.51
6.00 5.00 82.9 0.840
8.00 6.90 86.4 0.660
Egg 5.30 5.90 110 2.52
white 6.30 6.70 106 0.930
8.30 7.70 92.4 0.710
Milk 5.40 5.10 94.1 0.810
6.40 6.00 93.6 1.35
8.40 7.50 88.8 1.70

CV = coefficient of variation.
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Fig. 4. Standard curve of photonic PCR for Salmonella
typhimurium in ultrapure water (a). Photonic PCR in
real samples (b). 1, DNA ladder; 2-3, tap water, 10°
CFU/mL, 10?> CFU/mL; 4-5, juice, 10° CFU/mL, 10>
CFU/mL; 6-7, pork, 10° CFU/mL, 10?> CFU/mL; 8-9,
egg white, 10° CFU/mL, 10*> CFU/mL; 10-11, milk,
10° CFU/mL, 10% CFU/mL. The fluorescence intensity
of photonic PCR in the presence of different common
bacteria (10° CFU/mL) (c). The selectivity of the
detection was shown by agarose gel electrophoresis
(d). 1, DNA ladder; 2-6, Salmonella typhimurium, Sal-
monella enteritidis, Listeria monocytogenes, Escherichia
coli, Staphylococcus aureus.

common bacteria (10° CFU/mL), including water as blank, Salmonella
typhimurium as target. As shown in Fig. 4(c), the fluorescence intensities
at 520 nm for Salmonella typhimurium peaked at 2299.4, but the fluo-
rescence intensities of other non-targeted bacteria were all low. Pho-
tonic PCR had high selectivity for Salmonella typhimurium, due to the
recognition specificity of the primers and antibodies.

3.6. Stability assessment

Photonic PCR relied on the photothermal conversion efficiency of
Fe304. Since the storage stability of FesO4 was very important, the
temperature change of Fe3O4 under different storage conditions was
measured to judge its stability. Fig. S4(a) showed that Fe3O4 could be
stored stably at 4°C for at least half a year. Inmune-Fe3O4 complexes
stability mainly depended on the activity of anti-Salmonella antibodies
on Fe30y4. As shown in Fig. S4(b) the antibodies-coated and BSA-blocked
Fe304 was placed at 4°C for 10 d, and then the detection efficiency of
Salmonella typhimurium can be retained 80.3%.

3.7. Comparison of detection methods for Salmonella typhimurium

As shown in Table S2, we summarized five aspects of reported
nanomaterial-based immunoassay methods for Salmonella typhimurium,
including methods, nanomaterials, samples, linear range, and limit of
detection. The advantages of photonic PCR over conventional PCR and
real-time PCR methods are the lack of bulky instrumentation, low cost,
and simplicity of operation. Although this is not the lowest detection
limit of the method established in this paper, it is on the same order of
magnitude as the other fast detection methods, and may meet the re-
quirements for detection of the infection dose of Salmonella typhimurium
outbreaks (10° CFU mL™!). In summary, the established photonic PCR
detection method can be sensitive and accurate for realizing the detec-
tion of Salmonella typhimurium in real samples, and has a good prospect
for application.
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4. Conclusions

In conclusion, an ultrafast photonic PCR system for detecting Sal-
monella typhimurium was established with a limit of detection of 102
CFU/mL. Our photonic PCR Fe3Og4-based specifically detected Salmo-
nella typhimurium in food matrices for the first time. The photonic PCR
system contains Fe3O4 nanomaterial, a thermal imager, and a 808 nm
laser, which allowed 40 rapid thermal cycles in under 50 min. This
system enabled the rapid detection of bacteria in complex food samples
without the need for expensive additional equipment and sophisticated
preprocessing. Future developments will package the photonic PCR
system into a small detection device that can display the measured
fluorescence intensity through smart phones. This method is suitable for
the detection of all pathogenic microorganisms and is universal.
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