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We developed an aptamer biosensor based dual signal amplification system for the

detection of salmonella typhimurium.
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Abstract: Salmonella, a typical foodborne pathogen, always serioustgdtens the health and even life of both humans saniehals.
However, highly sensitive and fast quantitative hoels for its detection are remaining to be chakehdlerein, we presented an efficient
method with dual signal amplification strategy bymbining immune hybridization chain reaction (HCR}hwsurface enhanced Raman
scattering (SERS) to high sensitively det8atmonella typhimurium in food. After sample preparatio8, typhimurium were specifically
captured by immunomagnetic beads (IMBs), then apteed hairpin-probes were added to trigger HCR tm foicked dsDNA, finally
4’ 6-Diamidino-2-phenylindole dihydrochloride (DAPWVas incubated with HCR products and then the whgdéem was mixed with AgNP
colloid to detect the SERS intensity at 16107 cms a result, a good linear relationship was a@tebetween SERS intensities and
corresponding concentrations ®ftyphimurium ranging from 10 to T0CFU/mL, with a limit of detection (LOD) of 6 CFU/mhi3.5 h. The
proposed method has been successfully appliedptureaand detect th8. typhimurium in spiked milk samples, and the results were
consistent with those of the traditional plate dg methods. The method, with combination of HCR &ERS, achieves double
amplification of the detection signal and signifidg improves the detection sensitivity &ftyphimurium. And also shows good application

potential for the highly sensitive detection of@tlcontaminants in food.

Keywords: S. typhimurium; HCR; SERS; dual signal amplificatifend safety detection

1. Introduction

gradually applied into biosensing fields, such d¢ADand RNA
detection [16, 17], proteins detection [E8id cells detection [19]

Salmonella has attracted increasing attention in the last few g, 19 its superiorities of good amplification #pjleasy operation

decades, especialBalmonella typhimurium, as it is considered to
be one of the most dangerous foodborne pathogensgnians and
animals [1, 2]. Foods contaminated &ytyphimurium hardly show
obvious changes in sensory properties, so thegplar@ys prone to
be eaten by humans and livestock by mistake, cgdswd-borne
diseases such as gastroenteritis3lally, ingestion of more than
10° CFU Salmonella makes normal people infected, while 15 to 20
CFU for immunocompromised or highly susceptible pedp, 5].
Food safety incidents caused Bglmonella are still emerging
frequently worldwide. Therefore, it is of great iorance to
develop new methods for highly sensitive detectibi®almonella
to ensure food safety.

Various analytical methods for the detectionSofyphimurium
have been developed especially in the past fewdascalthough
regarded as the gold standard, the traditionalctiete method is
time-consuming and labor-intensive, which makemjtossible to
meet the urgent need for immediate detection.denkyears, great
improvements have been made in sensitivity andctietetime for
the analytical methods based on immunology or nubéediology,
such as ELISA [6, 7], PCR [8, 9] and loop-mediatedthermal
amplification (LAMP) [10]. However, either need cplax
preparation processes or false positives problegnaveur in these
methods sometimes. Therefore, the specificity & thetection
needs to be improved. Aptamer is usually an oligteutide
fragment obtained from a library of nucleic acidlewnles using
systematic evolution of ligands by exponential emment
(SELEX). It can fold into specific spatial struatuand specifically
bind to the target [11-13]. Comparing to antibodptamer has
advantages of stability, inexpensiveness, easy hegig and
chemical modification [14, 15]. Moreover, theregieat potential
for it to be designed as a structural aptasensapfecific analysis.

Hybridization chain reaction (HCR), as an enzyme-free
isothermal nucleic acid amplification technologyash been

and low cost. When aptamer is modified with anamifr, it can not
only specifically bind to its target, but also egpse the initiator and
thus touches off HCR. Furthermore, an effective mesnsignal
conversion and output is necessary. Being as a luarflytical
tool, surface-enhanced Raman scattering (SERS) leas dpplied
in many fields [20-22] due to its excellent fingenp recognition
and powerful signal amplification. SERS also showsgeh
prospects for foodborne pathogenic bacteria detecbuan et al.
developed a SERS-based aptasensor to quantitatieédet forS.
typhimurium with a LOD of 15 CFU/mL[23]; subsequently, similar
approaches based on SERS have also been developetha
detection sensitivity has been improved signifiba@4, 25]. When
HCR combines with SERS for the detection of foodborne
pathogens, sensitivity of detection may be furthmaroved.

In order to highly sensitive detecd typhimurium, we
developed an efficient method with dual signal afigaltion
strategies by combining HCR with SERS typhimurium was first
captured by prepared IMBs. Then the aptamers maddifigh an
initiator were utilized to specifically bind t8. typhimurium and
trigger HCR as signal amplification. Subsequently,Ad#that had
not reacted with HCR products could absorb betweenAtijiNP
substrates due to the electrostatic interactiommiftg a large
number of hot spots, and emitting intensive SERS8ad#gas signal
conversion and amplification. Finally, the amounts S
typhimurium can be quantitatively detected by the measured SERS
signals. In this combination strategy, dual signedscade
amplification increases detection sensitivity, apmtamer ensures
specificity of detection and ease of sample prejara

2. Materials and methods
2.1 Reagents and materials

Dynabeads MyOn& carboxylic magnetic beads were



purchased from Thermo Fisher Scientific Co., Ltdalft\am, MA).
MES hydrate was obtained from Acros Organics (MoRfains, NJ)
and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) was purchased from TCI Co., L&hgnghai,
China). Phosphate buffer solution (PBS, 10x) werelmsed from
Solarbio Science and Technology Co., Ltd (Beijing, @hiand
Tween 20 was purchased from Aladdin Inc. (ShangGaina).
Bovine Serum Albumin (BSA) was purchased from Signiarigh,
Inc. (Saint Louis, MQO). TMB solution was purchaseani
Beyotime Biotechnology Co. Ltd (Shanghai, China). Rabbi
polyclonal antibody toSalmonella was purchased from Abcam
(Shanghai, China) and Goat anti-Rabbit IgG (H+L) waschased
from YEASEN Biotech Co., Ltd. (Shanghai, China).
4',6-Diamidino-2-phenylindoledihydrochloride( DAPI ) was
purchased from Dibo Biotechnology Co., Ltd. (Shangkdiina).
Silver nitrate was purchased from Chemical reag€&us Ltd.
(Shanghai, China) and trisodium citrate was purahaem
Lingfeng chemical reagents Co., Ltd. (Shanghai, &hiAlmost all
kinds of solutions unless specifically stated wprepared using
deionized water purified by a Milli-Q water purifiton system
(Millipore Corp., Bedford, MA) with an electrical ristance of
18.2 MQ-cm. Oligonucleotides[26, 27] shown in Table S1 were
synthesized by Sangon Biological Engineering Teabgol &
Services Co., Ltd. (Shanghai, China). The strainstgpes are as
follows: Salmonella typhimurium ASI 1174, Escherichia coli
ATCC 35128 E. coli), Saphylococcus aureus ATCC 12600 &.
aureus), and Mycabacterium smegmatis CGMCC 10562 .

smegmatis).
2.2 Instrumentation

Bacteria were cultured in a HZ-9211K constant terapee
oscillator (Hualida Experimental Equipment Co., Ltdiangsu,
China). The preparation of nanosilver was carried on a
collecting thermostatic heating magnetic stirrer F{D01S,
Yuhua Instrument Co., Ltd., Henan, China). Agarogel
electrophoresis was performed on an electrophogsgiaratus
(DYY-6C, Liuyi Biotechnology Co., Ltd., Beijing, Gha) and
the gels were visualized under a BioRad Moleculaager
(Tanon-1600, China) and Gel Image System (Tanonnah
UV-vis absorption spectra were measured by a miatep
reader (Bio-Tek Instrument, Winooski, VT) usingrarnsparent
384-well microplate (Corning Inc., NY) and the deténation
of Raman spectra was carried out by Raman spectesme
(785nm, B&W Tek, Delaware). The particle size dmattion of
AgNPs was determined by the Muti-angle Dynamic Ligh
Scattering instrument (Dynapro NanoStar, Wyatt).

2.3 Preparation of immunomagnetic beads

20 pL carboxyl magnetic beads were washed for threegiby
200 pL MES solution (15 mM, pH 6) on the magnetic frame.
Subsequently, 200L freshly prepared EDC solution (10 mg/mL)
was added to resuspend the magnetic beads for 8Catmioom
temperature to activate the carboxyl group on tnéase of the
magnetic beads, and then 3@0rabbit polyclonal antibody against
S typhimurium (40 mg/mL) was added into the experimental group,
while 200puL PBS in the control group. After vibrating at room
temperature for 3 h, the solution was washed twitth 200 pL
PBST (0.1% Tween 20 in 1xPBS solution), and fin&B0 uL
blocking solution (1% BSA in 1xPBS solution) was adldAfter
conjugation, the antibody modified magnetic beadsewstored at
4 °C. In order to verify whether the antibody hadigled with
magnetic beads successfully, two experimental grodpand 2)

and one control group were tested as follow: firstt0O0 pL
previously prepared samples were washed for thmesstwith 200
uL PBST, and then 2@l goat anti-rabbit antibody (0.4 mg/mL)
was added. The reaction was carried out for 1 hrogm
temperature and then washed three times with PB&T,that, 200
uL TMB coloring solution was added and reacted fanih, then
50 L dilute sulfuric acid (2 M) was added to termindie reaction.
Finally, the absorbance was measured on a miceopdader.

2.4 1MBscapture S. typhimurium

S. typhimurium were inoculated into LB liquid medium and
cultured at 37 ° C overnight in the constant terapae oscillator.
After fully mixing, 1 mL bacterial solution was tak and
centrifuged at 8000 rpm for 6 min, then removeghpernatant and
wash the precipitates with 1 mL PBS buffer; aftepeaing the
operation twice, the precipitate was dispersed mL1PBS buffer
and the Ol value was measured. Subsequently, gradient
concentrations of the bacterial solution from 1018 CFU/mL
were diluted according to the @9 standard curve ofS
typhimurium. At the same time, the preservation solution of
prepared IMBs was dispensed in 200per tube and washed three
times with PBST. Finally, 1 mL bacterial solutionedch gradient
was mixed with IMBs and shaken at room temperatoret® min
to form IMB-S. typhimurium conjugates.

2.5 Signal amplification by HCR

Stock solutions of H1 and H2 were previously hedtef5 °C
for 2 min and then cooled to room temperature leefse. In order
to obtain the optimal reaction conditions for HCRmperature
(room temperature, 37 °C and 42 °C) and reaction (Orieh, 1 h
and 2 h) were chosen to improve the extension ieffay of
dsDNA, and the results were verified by 2% agarags
electrophoresis with the condition that electroglsts was carried
out for 15 min at the voltage of 100 v. Under thetimized
condithion, 190uL Tris-HCI buffer (20 mM Tris, 0.5 M sodium
chloride, pH 7.8) and 1QL annealed aptamer (EM) were
successively added to the IMB-typhimurium conjugate. After
shaking for 50 minutes at 37 °C, the conjugate washed with
PBST for three times. After that, 160. SSC buffer (120 mM
sodium citrate, 1.2 M sodium chloride, pH 7), 20 H1 (10 uM)
and 20pL H2 (10 uM) solutions were successively added to the
IMB - S typhimurium-aptamer conjugate and then shook at 37 ° C
for 1 h. After washed three times with PBST, 1Q0sterile water
was added and it's ready to be tested.

2.6 Signal amplification and conversion by SERS

The preparation of nano-silver was synthesized rdatg to a
modified conventional classical method [28]. Briefi63 mL of
deionized water was poured into a three-necked #iasl heated to
99 ° C on a collecting thermostatic heating magrstticer. Then, 1
mL of 30 mg/mL silver nitrate solution and 3 mLghdy prepared 1%
sodium citrate solution were added rapidly. Thaeisoh gradually
changed from colorless to pale yellow after abo@t min.
Subsequently, the temperature was lowered to 9@ridCthe reflux
reaction was continued for 1 hour. Finally, theladl turned
grayish green and cooled to room temperature aex $tored in
the dark at 4 ° C.

The conditions for SERS detection were set as falotle
wavelength of the laser was 785 nm, the laser povasr100 mW,
and the integration time was 10,000 ms. TheryI2BICR products
were mixed with 2QL of 2.86 mM DAPI (Raman signal molecule)



and reacted in the dark for 10 min. Subsequenfyuls AgNP
colloid was added and reacted in dark for 5 minaRy, 10uL of
this liquid sample was taken on a glass plate atelcted after dark
subtracted.

2.7 Performances of thisdual signal amplification system

Three non-target bacteria sample§. coli being a
representative of Gram-negative bacterfa, aureus being a
representative of Gram-positive bacteria, 8hadmegmatis being a
representative of actinomycetes, were used tdhesspecificity of
this method for the detection of targ@t typhimurium, as these
three are common bacteria of different speciehésurrounding
environment that may also contaminate drinking watdood. The
concentration of these non-target bacteria wasast 116 CFU/mL
while that of S. typhimurium was at a lower concation of 1¢
CFU/mL. The detection procedure was the same asftinas
typhimurium.

To verify the effectiveness of this method in déter real
samples, commercially available UHT milk was used $pike
experiment. 10 mL milk sample was centrifuged &@@B€pm for 8
min to remove the upper layer of cream. Subseqyenérial

unknown concentrations @& typhimurium were added into these

samples, and then detected simultaneously botthisyproposed
method and the traditional plate counting methdtk flesults were
compared.For solid foods, on the other hand, as long as tasy
be mashed or washed into sterile water, their tietesteps are the
same as the above-mentioned liquid foods.

3. Resultsand discussion
3.1 Principle of the detection

The schematic illustration of the principle of théptasensor
based immuno-HCR-SERS method with dual
amplification system for detectir§ typhimurium was shown in
Fig. 1. IMBs could specifically captur&. typhimurium via
antigen-antibody immuno reaction. When the hairgtinctural
aptamer modified with initiator binds to the targethe hairpin
structure would be opened and exposed the triggeséguence.
Subsequently, H1 and H2 alternately opened the -&tem
structure and complemented each other, eventuatlnding a

signal

showed the UV-Vis absorption spectroscopy of theppared
IMBs. The experimental group 1 and 2 showed sigaiii
characteristic absorption peaks at 450 nm while ¢batrol
group didn’t, which indicated the ari-typhimurium antibody
had been successfully coupled to the surface obooat
magnetic beads.

%

=

s

i 5:1 IMB S8~ S.typhimurium F Aptamer with initiator

DAPI AgNP

Figure 1. Principle of the aptasensor based Immuno-HCR-SERS

method for the detection & typhimurium.
3.3 Determination of optimal conditionsfor HCR

The results of the combinations of different expental
conditions were shown in Fig. S3, these diffusedsawere the
extended dsDNA of different length. The length loé textended
dsDNA gradually increased as the reaction timeeiased at room
temperature. The result was the opposite whildéehgerature was
at 42 °C. The best extensions were performed &C3Tn order to
achieve the best extension efficiency in the slsotiee, reacting

nicked dsDNA. Then excess DAPIs were added as Ramarat 37 ° C for 1 h had been chosen as the optimizeditions for

signal molecule, which can be deeply embedded & AT

region of the dsDNA. The DAPIs embedded in the d8DN

hardly display SERS signal while the free DAPIswhiatense

SERS signal at about 1610 ¢rdue to the C=N stretching mode

when adsorbed on the surface of AgNPs [29]. Theegfthe
more target bacteria were there, the more dsDN/Aereded
while less free DAPIs remained thus abtained we&&ERS
signal. That meant the SERS signal was negativelyetated
with the bacterial concentration and was therefased to
determine the amount & typhimurium.

3.2 Characterization of the AgNPsand IMBs

The morphology and particle size of the Raman gsabest
play an important role in ensuring the formation haft spots
and normal Raman scattering [30, 31]. Fig. S1 shibwee
UV-Vis absorption spectroscopy and particle sizgritbution of
the prepared AgNPs. As shown in Fig. S1A, thereewsemain
peak at 485nm and a small peak at 350 nm, indicgtaad
morphology uniformity of the AgNPs. The particlezsi of
AgNPs was mainly distributed around 65 nm, withyoalvery
low ratio below 10 nm and above 200 nm (Fig. S1HYy. S2

HCR.
3.4 Detection resultsfor S. typhimurium

As shown in Fig. 2A, the strongest Raman peak appeat
1610 cm' in each gradient group and the peak intensityedses
with the concentration of target bacteria increa3ésis, the peak
values at 1610 cth were used to quantitatively assess the
concentration ofS. typhimurium. The linear fitting analysed by
Origin 2017 was shown in Fig. 2B. A good lineamat&nship was
achieved between the SERS intensities and the tbgeiof S
typhimurium concentrations in the range from 10 to¢ GFU/mL
and the theoretical LOD of 6 CFU/mL. Comparison o€ th
proposed dual signal amplification Immuno-HCR-SERShwoe
and recently reported methods are shown in Tabldlllthese
methods have made great progress in increasingtigiysor
shortening the detection time, while our method als® almost
reached the level of single molecule detection.

3.5 Specificity of the assay by using Immuno-HCR-SERS
method



Compared with the control (no bacteria were added)taree
other non-target bacteria, the SERS intensit$ ¢fphimurium was
much lower than those of the control and the nogetabacteria
(shown in Fig. 3). This was due to the good affiietween the
selected aptamer and the target bacteria, suggesti@ good
specificity and selectivity of the Immuno-HCR-SERStinoel for

the detection ofS typhimurium (10 CFU/mL) and three other
different non-target bacterig. coli, M. smegmatis and S. aureus
(10° CFU/mL). In addition, the strain difference is try variable
in these experiments, which means that the changeSERS
intensities are caused by this factor rather thhars.

Table 1. Comparison of this proposed method and the recently reported methods for the detection of S. typhimurium.

LOD

Linear range

Method (CFU/mL) (CFU/mL) Assay time Reference
SERS-based aptasensor 15 15-1.8x10 - [32
Label-free impedimetric biosensor 3 2a.0° ~ 45 min [33]
. PCR method Wlth 100 16- 10 i [34]
immunoseparation
Aptamer based SERS detection 35 2100 ~1h [24]
SERS aptasensor 4 4010 - [35]
Aptamer-based FOF1-ATPase biosensor 10 Lt - [36]
Capillary biosensor 14 300 - 3.0%%10 - [37]
Colorimetric detection 16 f0 10 - [38]
Aptasensor based immuno-HCR-SERS 6 Laoo ~35h This work

Table 2. Comparison of theamount of S. typhimurium measured by both plate counting method and this proposed method (n=3).

UHT milk sample Amountsounted by plate Amounts detected by this Recovery
counting method (CFU/mL) proposed method (CFU/mL) rate (%)

1 5307 + 133 5534 + 253 104.27

2 4367 + 208 4532 + 241 103.77
3 231+6 238 £42 103.08
4 41 +3 43+8 104.88




control

3.6 Sample detection by aptasensor based immuno-HCR-SERS

(A) | 10000 10' CFU/mL method
= ——10? CFU/mL
2 | ——10° CFU/mL The results of the tests for spiked milk samplengisthe
£ | Mof A ——10°CFU/MmL Immuno-HCR-SERS method were shown in Table 2, with th
g ] ‘ —10° CFU/mL conventional plate count method carried out pdhallas the
» measuring standard refer. The results showed a gobosistency
= ._.MN)\..MAA,“_*.____
= \ between the two methods. The recovery rates detedmiby
1 \ dividing the results of the proposed method by ¢had the
L . , , ; traditional standard method were between 103.08%0u.88%.
S0 1000 1500 2000 =0 This might be due to the fact th&ttyphimurium spiked into milk
Raman shift (cm'l) ; : .
samples were not strictly during the exponentishgeh) so IMBs
could also capture the injured or dead ones tltahoi grow on the
(B) 20000 e Y2243 74301655, plate. It was undeniable that these bacteria giileserve

15000

10000 -

SERS intensity at 1610 cm™ (a.u.)

5000

R*=0.984

15000

10000

SERS intensity at 1610 em™ (a.u.)

i 2 3 4 : |
Ig [concentration of S. yphimurium (CFU/mL)]

1 2

3 4 5

Ig [concentration of S. fyphimurium (CFU/mL)]

Figure 2. (A) Raman scattering spectra &ftyphimurium with a
series of concentration gradient (top to bottom! C&FU/mL,
10? CFU/mL,1¢ CFU/mL, 1d CFU/mL and 18 CFU/mL). (B)
Calibration curve by plotting the SERS intensita&s1610 crit
against logarithms of the concentrationsSofyphimurium. The

error bars represent the deviations of three palrakperiments.

pathogenicity due to the expression of virulenaeegg 39-41].
4, Conclusion

In this work, we presented an aptasensor based
immuno-HCR-SERS method with dual signal amplification
capability for highly sensitive detection & typhimurium. The
proposed method fully exploits the advantages ofleia acid
aptamer to specifically recognize and attach to trget, HCR
triggered to amplify the signal, and finally SERS8ized to convert
and further amplification of the signal. It therebyalizing the
sensitive and rapid detection &ftyphimurium with the LOD of 6
CFU/mL and the detection time of 3.5 h. Moreovers timethod
exhibited good specificity and could be well apgli¢co the
detection of real samples, all of these make itnisong to prevent
the occurrence of foodborne diseases thus enstootysafety in
the future.
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Highlights

® A signal-cascade-amplification method named as ‘imoaHCR-SERS” was constructed for
the detection oS&. typhimurium.

® S typhimurium aptamer modified with a trigger sequence to bgdécHically recognize
targets and trigger HCR.

® Immuno-HCR followed by SERS for the further sigaahplification to realize the highly

sensitive detection @& typhimurium.



