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Abstract

Salmonella is the leading risk factor in food safety. Raggdnsitive and accurate
detection ofSalmonella is a key to prevent and control the outbreaksoofdborne
diseases caused Bgimonella. In this study, we reported a colorimetric bioserfsor
ultrasensitive detection &galmonella Typhimurium using a magnetic grid separation
column to efficiently separate target bacteria frtemge volume of sample and
platinum loaded zeolitic imidazolate framework-8t@ZIF-8) nanocatalysts to
effectively amplify biological signal. The targ8almonella cells in large volume of
sample were first separated and concentrated ubiegmagnetic grid separation
column with immune magnetic particle chains, themjegated with the immune
Pt@ZIF-8 nanocatalysts to mimic peroxidase for Igaim of hydrogen
peroxide-3,3’,5,5'-tetramethylbenzidine, and figalletermined by measuring the
catalysate at characteristic wavelength of 450 finis proposed biosensor was able
to separate ~70% of targ&almonella cells from 50 mL of bacterial sample and
quantitatively detecBalmonella from 10 to 1¢f CFU/mL in 2.5 h with the lower
detection limit of 11 CFU/mL. The mean recovery Simonella in spiked chicken
carcass was about 109.8%. This new magnetic gpdragon method was first time
reported for efficient separation of target baetérom very large volume of sample to
greatly improve the sensitivity of this biosenserdacould be used with various
biosensing assays for practical applications intineu detection of foodborne

pathogens without any bacterial pre-enrichment.
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1. Introduction

Salmonella is the leading risk factor in food safety anddtstaminations may
occur at any link of the whole food supply chaiRspid and accurate screening of
Salmonella has been a key measure to prevent and controlutheeaks of foodborne
diseases. Traditional methods for bacteria detectioainly include culture,
polymerase chain reaction and enzyme-linked immaoment assay, however these
methods either are time-consuming, or require cemphmple pretreatment, or lack
sufficient sensitivity (Kwon et al. 2019; Kwon dt 2017; Li et al. 2019b; Wang et al.
2019a; Wang and Salazar 2016). Therefore, theam isrgent need for reliable and
accurate methods for rapid and sensitive detectidoodborne bacteria.

Enormous efforts have been made on the developneéntutting-edge
technologies, such as various biosensors for bactdetection and magnetic
separators for bacteria separation (Lee et al. ;28&8aumburg et al. 2019; Zeinhom
et al. 2018). Optical biosensors, relying on theasmeement of absorbance,
fluorescence, luminescence or scattering, are ofeaxtured with easy readout,
contactless detection and uncomplicated instrunientand have become a powerful
analytical tool (Dong et al. 2019; Vellaisamy et2018; Wang et al. 2019b; Wu et al.
2019). Due to the complexity of food matrix andrertiely low concentration of
pathogenic bacteria in routine screening, immunaoratig separation using magnetic
nanoparticles (MNPs) has been widely used in tls¢ gecade and become essential
for food sample pretreatment (Chattopadhyay e2@9; Garrido-Maestu et al. 2019;

Iranmanesh and Hulliger 2017; Li et al. 2019a; Sahaurg et al. 2019). However,
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this conventional magnetic separation method hagsoab limitations, such as low
sample handling capability (volume oftenl mL), high magnetic field requirement,
and well-trained technician. Thus, some emergingmatic separation methods, such
as high gradient magnetic separation (HGMS) (Lale2018; Ryumae et al. 2010,
2012), magnetophoretic separation (MPS) (Guo eR@l5; Jeong and Lim 2018;
Wang et al. 2016) and magnetic flow separation (ME8ng et al. 2018; Lee et al.
2014), were attempted to specifically separateetabgcteria from large volume of
sample, however HGMS was easily blocked by largeesiparticles in food matrix,
and MPS required a large amounts of immune MNRgdot with target bacteria in
advance. Although MFS was able to continuous-flepasate target bacteria, it was
often used at a low flow rate in a microfluidic anal to ensure efficient capture of
target bacteria, leading to long separation timkess sample volume. Recently, some
interesting studies on the forming of magnetic ip&rtchains were reported for cell
sorting, separation and pre-enrichment (Mohamadil.eR015; Saliba et al. 2010).
The combination of magnetic particle chains withgmetic flow separation might be
promising to develop efficient and cost-effectiveethods for continuous-flow
separation of target bacteria from large volumeashple in short time. To the best of
our knowledge, there is no study that has repoftedrapid, cost-effective and
specific separation of foodborne bacteria from \arge volume of sample.

Signal amplification is another effective strategyimprove the sensitivity of
biosensors. Enzymes are frequently used to ampibjogical signals, which are

relatively expensive and often featured with poawvienmental tolerance and
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unsatisfied stability (Huang et al. 2018; Liu et 2018; Sun et al. 2019). In recent
years, various nanocatalysts with mimic enzyme egntigs were employed for the
development of biosensor due to their merits ofdiowost, better stability and tunable
catalytic activity (Borghei et al. 2018; Tan et 2019; Wang et al. 2018; Xie et al.
2019). Among them, platinum (Pt) nanoparticles wattcellent chemical stability,
biological compatibility and catalytic activity weroften considered as a promising
candidate for natural peroxidases (Bu et al. 2Ct#Eng et al. 2017; Draz et al. 2018;
Wang et al. 2019c; Zhu et al. 2018). Besides, soe& nanocarriers with high
specific surface and strong load capacity, suckzeaditic imidazolate framework-8
(ZIF-8), graphitic carbon nitride, carbon nanotyleds., were reported to increase the
load of Pt nanoparticles for enhancing HRP-mimitalgéic reaction, resulting in
further improvement on the sensitivity of bioserss@ai et al. 2019; Ertan et al. 2016;
Lian et al. 2017; Liang et al. 2015; Medetalibgyoet al. 2018; Tolga Colak et al.
2016; Wang and Ma 2019; Yola and Atar 2017).

In this study, a colorimetric biosensor was devetbfor ultrasensitive detection
of Salmonella using a magnetic grid separation column for camdus-flow
separation ofSalmonella from large volume of sample and platinum loade#-&I
nanocatalysts for efficient amplification of biologl signal. As shown in Fig. 1 and
Fig. S1, the immune magnetic particles were finggdted into the separation column
and formed into magnetic particle chains aroundtitie of the ring iron grids in the
fluidic channel. Then, th&lmonella cells in large volume (50 mL) of sample were

continuous-flow injected into the column and speaify captured by the
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anti-Salmonella antibodies on the magnetic particle chains. Aftee immune
Pt@ZIF-8 nanocatalysts were synthesized as signalification tags and injected
into the column, they were conjugated with the ¢argells and used to catalyze
hydrogen peroxide-3,3’,5,5-tetramethylbenzidine ;@xTMB), which was
terminated using 50L of 1 M H,SQ, for 1 min. Finally, the catalysate was measured

at characteristic wavelength of 450 nm to deterrtiigeconcentration &almonella.

Fig. 1

2. Materialsand methods

2.1 Materials

The biotinylated polyclonal antibodies (~2.0 mg/miagainst Salmonella
Typhimurium from Abcam (ab69255, Cambridge, UK, &fety: react with
Salmonella sp. in bacterial and infected tissue samples,tyupirotein A purified.)
and the monoclonal antibodies (~3.4 mg/mL) agasakionella Typhimurium from
Meridian (Cincinnati, OH, US) were used to sepagatd label the targ&dalmonella
cells, respectively. Zinc acetate dehydrate fromadélin (Shanghai, China) and
dimethylimidazole from Sigma Aldrich (St. Louis, MOS) were used to synthesize
the zeolitic imidazolate framework-8. Chloroplatinacid (HPtCk-6H,0) from
Sigma Aldrich was used to synthesize the platinuamoparticles. Anhydrous
potassium carbonate {§€0Os) from Beijing Chemical Reagents (Beijing, Chinajsv
used to adjust the pH. Hydrogen peroxide-3,3’,5¢famethylbenzidine from

Solarbio (Beijing, China) was used as the catalgibstrate. The carboxylated
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magnetic particles (MPs, ~10 mg/mL) with differsmes of ~180 nm, ~600 nm and
~1000 nm from So-Fe Biomedicine (Shanghai, Chinajewused to magnetically
separate the target bacteria. Streptavidin fromlau&hemical (Shanghai, China),
1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydfdoride (EDC-HCI) from
D&B Biological (Shanghai, China), and N-Hydroxysgficcinimide sodium (NHSS)
from Yanye Biotech (Shanghai, China) were usedadifg streptavidin onto the MPs.
Bovine serum albumin (BSA) from Sigma Aldrich wased for blocking (1% and
10%, w/v). Deionized water was produced by Millip@kdvantage 10 (18.2 ftcm,
Billerica, MA, US) and used to prepare all aquesotutions. The concentrated
phosphate buffered saline (PBS) from Sigma Aldnehas 10 times diluted with
deionized water and used as buffer solution. Otbagents were of analytical grade

and obtained from Beijing Chemical Reagents.

2.2 Fabrication of immunomagnetic grid separation column

The immunomagnetic grid separation column is thetrimaportant component of
this biosensor and has obvious impact on its geitgitAs shown in Fig. 1, it was
composed of an inner glass tube (inner diametdr:mdn, outer diameter: 6.0 mm,
length: 55 mm), an outer glass tube (inner diam&t@& mm, outer diameter: 9.0 mm,
length: 65 mm) and a ring iron hoop (inner diame®2 mm, outer diameter: 10.0
mm, length: 55 mm). Different thickness (2.0 mnQ hm, 6.0 mm and 8.0 mm) of
cylinder magnets (material: NdFeB; grade: N52; diten 4.0 mm) were mutually

repelled in the inner glass tube and each two adjamagnets were separated by an
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ring iron grid (diameter: 4.3 mm; thickness: 0.5 Jrim generate local high gradient
magnetic fields at the tips of the grid. After eaxttd of the inner tube was connected
with an aligner, which was fabricated by a 3D minfObject 24, Stratasys, Eden
Prairie, MN, US), it was inserted into the outebduo make the tubes concentric,
resulting in the forming of a ring fluidic chann@hner diameter. 6.0 mm, outer
diameter: 7.0 mm). As shown in Fig. S2, the align@s improved based on our
previous design (Wang et al. 2017) to allow thaisohs to flow through the fluidic
channel more uniformly by removing five symmetric-aylinders (arc angle: 45
height: 0.4 mm) from the cylinder and avoid thaedeals by adding one triangle cone
(diameter: 6.0 mm, height: 3.0 mm). The iron hogsget over the outer tube and
aligned with the inner tube to control the magnéetd lines for better forming of
magnetic particle chains in the fluidic channehdfly, each end of the outer glass
tube was connected with a silicone hose via a 3btgat connector. The silicone hose
was installed on the peristaltic pump (T60-S2&WXIBA, Longer, Baoding, China)
for accurate liquid operations. The distributiortlod magnetic field in this separation

column was simulated by the Finite Element Methaabhktics (FEMM) Software.

2.3 Madification of immune magnetic particles

The immune magnetic particles (IMPs) with differasites of 180 nm, 600 nm
and 1000 nm were prepared using the EDC/NHSS methdadtcompared in this study
to specifically separate the target bacteria frangd volume of samples. First, 2 mg

of carboxyl functionalized MPs were washed with L of PBS three times and
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resuspended in 1 mL of PBS. Then, EDC-HCI (0.58 0ntjf mg and 0.10 mg) and
NHSS (0.65 mg, 0.20 mg and 0.12 mg) were frestdpared in PBS (0.01 M, pH 7.4)
and used to activate carboxyl groups for 1 h atplB, respectively. After washing
with PBS three times, the MPs were incubated wifl6 Ong of streptavidin in 1 mL
of PBS at 37°C for 2 h at 15 rpm respectively,doied by blocking with 10@L of
10% BSA for 45 min. Finally, the streptavidin maodd MPs were conjugated with
100 pg of biotinylated polyclonal antibodies at 15 rpwr 45 min respectively,
allowing the forming of the IMPs through streptamibiotin binding, and

magnetically separated to remove surplus antibodies

2.4 Synthesis of platinum loaded ZI F-8 nanocatalysts

Zeolitic imidazolate framework-8 was synthesized¢aading to previous study
with some modifications (Wu et al. 2015). First4 2nL of 0.3 M zinc acetate
dehydrate was mixed uniformly with 9 mL of 0.8 Mrdithylimidazole at 15 rpm for
1 h. Then, the white precipitates were collecteccéntrifuging at 6,000 rpm for 10
min and washing with deionized water three timesrdmove residual reagents.
Finally, the ZIF-8 powder was obtained by bakin@atC for 12 h and stored at 4°C
for further use.

The Pt nanoparticles with the diameter of ~5 nmewgnepared to mimic horse
radish peroxidase (HRP) according to previous stiidyall et al. 2008). First, 36 mL
of chloroplatinic acid hexahydrate (0.2%, v/v) wasickly added into 464 mL of

boiling deionized water. Then, 11 mL of aqueoususoh (containing 1% sodium
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citrate and 0.05% citric acid, from Solarbio) an@ &L of freshly prepared sodium

borohydride (0.08%, from Aladdin) in ice solutioh% sodium citrate and 0.05%
citric acid) were successively added. After incudratfor 10 min, the mixture was

cooled to room temperature and the synthesizethptatnanoparticles were stored at
4°C for further use.

The Pt@ZIF-8 nanocatalysts were synthesized baseddsorptive property of
ZIF-8. First, the pH of Pt nanoparticles was adjddb 7.0 with KCO; (0.2 M). Then,
20 mg of ZIF-8 nanoparticles were added and saogtcabout 2 min to make them
dissolve in the solution. After incubation for 1the Pt@ZIF-8 nanocatalysts were
obtained by centrifuging at 10,000 rpm for 5 mirdamashing three times with
deionized water. Finally, the Pt@ZIF-8 nanocataly$D mg/mL) were dispersed in 2

mL of deionized water and stored at 4°C for furthee.

2.5 Preparation of immune Pt@ZI F-8 nanocatalysts

The Pt@ZIF-8 nanocatalysts were modified with mdoal antibodies through
electrostatic adsorption for labeling target baatefFirst, 10 ug of monoclonal
antibodies were incubated with 1 mL of Pt@ZIF-8 swatalysts (10 mg/mL) for 1 h.
Then, 100uL of 10% BSA was added drop-by-drop to block susites for 30 min,
and the immune Pt@ZIF-8 nanocatalysts were obtdigembntrifuging at 10,000 rpm
for 5 min and washing three times with deionizedtenvaFinally, the immune
Pt@ZIF-8 nanocatalysts (10 mg/mL) were dispersed imL of deionized water

containing 1% BSA and stored at 4°C for further.use
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2.6 Detection of target bacteriain pureculture

To prove the concept of efficient separation andsgwe detection of target
bacteria, 50 mL of target bacterial samples witfedent concentrations ranging from
1.3 x 10 to 1.3 x 18 CFU/mL were prepared and detected using this himse Prior
to testing, the magnetic grid separation column washed with alcohol and
deionized water respectively, and blocked with 1%ABor 30 min. First, 20Qug of
IMPs in 1 mL of PBS were injected into the coluntnagflow rate of 5 mL/min to
form immune magnetic particle chains around the igod. Then, 50 mL of target
bacterial sample at each concentration was injectedthe column and the target
bacteria were captured by the antibodies ontortireuine magnetic particle chains to
form MP-bacteria complexes (magnetic bacteria)pyed by washing with 5 mL of
deionized water at a flow rate of 0.8 mL/min. Swspeely, 500uL of immune
Pt@ZIF-8 nanocatalysts (2 mg/mL) were injected amaibated with the magnetic
bacteria for 45 min to form MP-bacteria-Pt@ZIF-8nexes (nanocatalyst bacteria).
After washing with 5 mL of deionized water, 500 pt H,O,-TMB was used to
immerse the nanocatalyst bacteria, followed by ation for 30 min. Finally, the
catalysate was flushed out and the reaction wasirtated by 50 pL of 1 M $0O,.
The absorbance of the catalysate was analyzed eadured by the microplate reader
(Infinite M200 PRO, Tecan, Austria) at charactécisivavelength of 450 nm to

determine the concentration of target bacteria.
2.7 Detection of target bacteriain spiked chicken carcass
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The chicken carcass bought from local supermarkestwged to mimic real food
sample to verify the applicability of this proposkidsensor. First, 250 mL of PBS
was used to rinse chicken carcass with vigoroukisgdor 5 min. After standing for
10 min to obtain the supernatant, 50 mL of spikbttken carcass samples with
bacterial concentrations from 1.3 x°16 1.3 x 18 CFU/mL were prepared by adding
different concentrations of target bacteria to thgernatant. Finally, the spiked
samples were detected using the proposed bioseawsmrding to the protocol

described in Section 2.6.

3. Resultsand Discussion
3.1 Mechanism of magnetic particle chain forming

The forming of magnetic particle chains is vitaldfficient separation of target
bacteria from large volume of sample. In theorygn&ic particles in a magnetic field
move from lower gradient zone to higher one aloragnetic field lines, and finally
aggregate at the highest gradient zone. Thus,viéng important to investigate force
analysis of the magnetic particles in the fluiditaonel at the presence of external
magnetic field for better understanding forming hestsm of magnetic particle
chains. As shown in Fig. S3, four forces act onagmetic particle including magnetic
force Fm), fluidic push Ep), gravity F4) and floatageKs). In this study, compared to
the magnetic force (~ 1§ N), the gravity (~ 18* N) and the floatage (~ TON) are

much smaller and can be ignored. Thus, the trajctd magnetic particle is
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dominated by the magnetic force and influencechieyfluidic push (~ 18" N). If the
fluidic push was not present, the magnetic partwtaild move along its original
magnetic field line (L) to the highest gradient zone. However, when lindi€ push

is present, it makes the magnetic particle movesscthe magnetic field lines (from
L; to L), not completely following the original one (ser.FS3). Right before the
moving magnetic particle (black) hits the fixed divue) that has been captured in
the highest gradient zone (at the moment &f) {-the fluidic push and the magnetic
force with the same direction as the magnetic fiile (Ls) act on the moving particle,
making it move towards the fixed one. When the mg\particle is hitting the fixed
one (at the moment of t), the counter forEg) (starts to act on the moving patrticle
with the reverse direction as the magnetic fielte li(Ly) while the direction of
magnetic force is still unchanged sfLdue to magnetic hysteresis, resulting in a
combined force with the upward direction. The camehi force will quickly make the
particle move upwards and finally reach a balariceeamoment of tat. Thus, when
the magnetic particles are continuous-flow flowthgough the fluidic channel, they

will be captured and formed into chains at the nesigrgrid zone.
3.2 Simulation of magnetic field in fluidic channel

The magnetic field distributed in the fluidic chahnof the magnetic grid
separation column is the key to successful fornahgnagnetic particle chains and
thus has great impact on separation efficiencyaajet bacteria. Since the magnetic

particle chains standing vertically in the fluiditbannel can obviously increase the
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opportunities for the antibodies on the magnetitiglas to capture the flowing target
bacteria, it is important to make the magneticfie¢ vertical to the flow direction.

Because the magnetic field lines always go the wih the least magnetic
resistance, the iron hoop was set over the ouber timi control the magnetic field lines.
To verify this, the magnetic field with and withatlte iron hoop was simulated and
analyzed using the FEMM software. As shown in FAg, when the iron hoop is
present, much more magnetic field lines go throtigh fluidic channel vertically,
indicating that the magnetic particles are easidotm the chains with the iron hoop
than without the iron hoop. Besides, the magnetienisity in the fluidic channel at
each tip of the iron grid (from the inner point@the outer point B) for the magnetic
fields with the hoop and without the hoop is shawirig. 2b. Their mean magnetic
gradients are basically the same, however the mreagnetic intensity with the iron
hoop (0.66 T) is higher than that without the ifmop (0.54 T). To further verify this,
three parallel tests on continuous-flow separatib&0 mL of target bacteria with the
concentration of 1.7 x POCFU/mL were conducted using the magnetic grid
separation column with and without the iron hodye (length of the magnets: 8 mm).
As shown in Fig. 2c, the separate efficiency (72.1¥%fined as the ratio of the
amount of the captured bacteria to that of theilmaigone) of the target bacteria with
the iron hoop is obviously higher than that (50.7A%hout the iron hoop, further
verifying the effectiveness of the iron hoop.

The length of the magnet is also important in tegetbopment of the magnetic

field. Since the magnetic resistance of the iroaphis very small compared to the air
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and the glass and can be ignored, the length aintignets () should be obviously
larger than 2 times of the distance;Detween the tip of the iron grid and the inner
wall of the iron hoop, i.e., only whem s much larger than 2Dmost magnetic field
lines will go through the fluidic channel verticaldue to the smaller magnetic
resistance. To verify this, the magnetic fieldswdifferent lengths of magnets and the
same iron grid and iron hoop were simulated usiegREMM software. As shown in
Fig. 2d-e, when the length of the magnet changes £ mm to 8 mm, the number of
the vertical magnetic field lines (the angle betwélee line and the flow direction
larger than 45°) passing through the fluidic ch&nnethe red rectangle region
increases from 2 to 12, and the mean magneticsityeimcreases from 0.17 T to 0.76
T with the same magnetic gradient of 320 T/m. Tim¢her increase in the length of
the magnet results in less change on the numb#reomagnetic field lines and the
magnetic intensity. Therefore, the optimal lengtl8 anm for the magnet was used in
this study.

Besides, the thickness of the iron grid was als@stigated to understand the
effect on the magnetic field lines. As shown in.Fgg, for different thicknesses of
iron grids, the number of the magnetic field linds&e mean magnetic intensity (~ 0.7
T) and gradient (~ 300 T/m) of the magnetic fietd basically consistent, indicating
that the thickness of iron grids has little effeatthe magnetic field lines. Therefore,

the thickness of 0.5 mm was used in this study.

Fig. 2

3.3 Optimization of magnetic grid separation of target bacteria
16
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Efficient separation of target bacteria from langgdume of sample using the
magnetic grid separation column is vital to thesgianty of the proposed biosensor.
To select the best magnetic particles for thisystB@80ug of IMPs with different sizes
of 180 nm, 600 nm and 1000 nm were compared andl tosgeparate target bacteria
with the concentration of 1.9 x 1@FU/mL from 50 mL of bacterial sample. As
shown in Fig. 3a, with the increase of the sizeMPs, the separation efficiency
increases from 49.0% to 70.7%. This is mainly duéhe forming of more magnetic
particle chains in the fluidic channel for largeresl IMPs, resulting in the capture of
more target bacteria. Therefore, the IMPs withroptisize of 1000 nm were used in
this study.

Besides, the flow rate of the bacterial sample &las impact on separation of
target bacteria. Thus, different flow rates of l/min, 0.8 mL/min, 1.2 mL/min and
1.5 mL/min were used to separate target bactetta e concentration of 2.3 x 10
CFU/mL from 50 mL of bacterial sample. As shown kig. 3b, the separation
efficiency increases from 44.6% to 68.0%, when ftoev rate decreases from 1.5
mL/min to 0.8 mL/min. However, further decreasettie flow rate results in little
change (<5%) on the separation efficiency. Theegfoo trade off the separation
efficiency and the separation time, the optimalfl@ate of 0.8 mL/min was used in

this study.

Fig. 3

3.4 Optimization of immune Pt@Z| F-8 nanocatalysts
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The immune Pt@ZIF-8 nanocatalysts used as signglifging tags are the key to
the sensitivity of this proposed biosensor. ThallohPt nanoparticles onto the ZIF-8
nanoparticles has great impact on the amplificatbdrbiological signal, so it is
essential to understand the load capacity of Zifas@particles. The same amount (20
mgq) of ZIF-8 nanoparticles were added into diffénesiumes (1 mL, 2 mL, 4 mL and
6 mL) of Pt nanopatrticles solution (pH 7.0) to $yedize the Pt@ZIF-8 nanocatalysts
(10 mg/mL), which were then evaluated by catalyzing HO,-TMB substrate. As
shown in Fig. 4a, the pure Pt nanoparticles arewbrand the pure ZIF-8
nanoparticles are white. When more Pt nanopartiakes absorbed by the ZIF-8
nanoparticles, the color becomes deeper graduadiy foure white to black gray.
After the Pt@ZIF-8 nanocatalysts were synthesi2@0,uL of them (1 mg/mL) were
used to catalyze 100 of H,O,-TMB for 15 min, respectively. As shown in Fig. 4b,
the absorbance at 450 nm increases from 0.50 tb, @vBen the volume of Pt
nanoparticles changes from 1 mL to 4 mL. Howewverther increase in the volume
results in little change (<10%) on the absorbafides might be because the load
capacity of ZIF-8 nanoparticles is saturated. Tloees the optimal volume of 4 mL
for Pt nanoparticles was used in this study.

The amount of immune Pt@ZIF-8 nanocatalysts andirie for catalytic reaction
are also crucial to the sensitivity of the propobexsensor. Thus, different amounts of
immune Pt@ZIF-8 nanocatalysts were compared faratien of target bacteria with
the concentration of 1.3 10° CFU/mL. As shown in Fig. 4c, the absorbance at 450

nm increases from 0.37 to 0.83 when the amounnaiune Pt@ZIF-8 nanocatalysts
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changes from 0.25 mg to 1.0 mg. However, furthergase in the amount results in
little change (<8%) on the absorbance. Thus, thienap amount of 1 mg for immune
Pt@ZIF-8 nanocatalysts was used in this study.d@ssidifferent time for immune
Pt@ZIF-8 nanocatalysts to catalyze thgOHTMB substrate was also compared for
detection of target bacteria with the concentratéri.3 x 10° CFU/mL. As shown
in Fig. 4d, the absorbance increases from 0.4584 @hen the catalytic reaction time
changes from 10 min to 30 min, and the absorptiwrd® min and 50 min does not
increase obviously compared to that for 30 minidating that 30 min is sufficient for
the Pt@ZIF-8 nanocatalysts to catalyze the sulestidterefore, the optimal catalytic

reaction time of 30 min was used in this study.

Fig. 4

3.5 Characterization of immune Pt@Z| F-8 nanocatalysts

The immune Pt@ZIF-8 nanocatalysts with the HRP mingnzymatic
characteristics play an important role in the depeient of this proposed biosensor
since they act as the signal amplifying tags toroup the sensitivity. To verify the
successful synthesis of the nanocatalysts, thamiparticles, the ZIF-8 nanoparticles,
and the Pt@ZIF-8 nanoparticles were characterizeidgutransmission electron
microscope (TEM). The TEM imaging results show tihat Pt nanopatrticles display a
uniform and monodispersed spherical morphology whth size of ~ 5 nm (Fig. 5a)
and the ZIF-8 nanopatrticles are rhombododecahedlitbnthe size of ~ 470 nm (Fig.

5b). As shown in Fig. 5c, a large amount of Pt mpamticles are observed on the
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surface of Pt@ZIF-8 nanoparticles, indicating sesfid absorption of Pt
nanoparticles. Besides, as shown in Fig. 5d, timawuhyc light scattering (DLS) results
indicate that the diameter of Pt@ZIF-8 nanopari¢tec00 nm) is larger than the pure
ZIF-8 nanoparticles (~470 nm) , which are consisteith TEM imaging results. As
shown in Fig. 5e, the increase in the volume adsbdi very low relative pressures
indicates the nanoporous structure of the syntbdsiZIF-8 nanoparticles. The
specific surface area of ZIF-8 nanoparticles ista®07.4 ni/g, indicating that the
ZIF-8 nanoparticles have a high loading efficiefaly Pt nanoparticles. As shown in
Fig. 5f, the pore sizes are narrowly distributetiveen 0.8 nm and 2.0 nm, indicating
that the ZIF-8 nanoparticles have a uniform poneicstire as well and the Pt
nanoparticles are loaded onto the surface of Ztlas®particles.

To further prove the concept of this proposed hissg different concentrations
of Pt@ZIF-8 nanopatrticles were used to catalyzd-t@®-TMB substrate. As shown
in Fig. 5g, the absorbance at 450 nm increases thwitfconcentration of Pt@ZIF-8
nanoparticles, and the absorban@g has a good linear relationship with the
concentration @,) of Pt@ZIF-8 nanoparticles ranging from 0.025 mig/to 1.0

mg/mL, which can be expressedfas 0.3244*In(C,) +1.5662 (B=0.99).

Fig.5

3.6 Performance evaluation of this proposed biosensor

Under the optimal conditions, the calibration cubetween the absorbance and

the concentration for this proposed biosensor wstabéshed to determine the
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concentration ofalmonella Typhimurium in an unknown sample. Three paratsts
on pureSalmonella cells with different concentrations of 1.3 x°403 x 1¢ CFU/mL
were conducted using this proposed biosensor. 8wisln Fig. 6a-b, the absorbance
at 450 nm increases from 0.30 to 1.21 while thedsed concentration changes from
1.3 x 1 CFU/mL to 1.3 x 16 CFU/mL, and a good linear relationship between the
absorbanceA) and the concentratiorCf) is found and can be expressed By=
0.1352*In(Cp)-0.1172 (R=0.98). The low detection limit of this biosensomsv
determined by 3 times of signal-to-noise ratio @14 CFU/mL. This colorimetric
biosensor was also compared with some recentlyrtegbonethods. As shown in
Table S1, this proposed biosensor has a higheitiségsand a comparable detection
time. The high sensitivity of this biosensor wasntyacontributed to two aspects: (1)
effective amplification of biological signals usirthe Pt@ZIF-8 nanocatalysts as
amplifying tags; (2) efficient separation of targpeicteria from very large volume (50
mL) of sample using the magnetic particle chainsméd in the magnetic grid
separation column. Besides, the TEM imaging wasl tise/erify successful forming
of MP-bacteria complexes and MP-bacteria-Pt@ZIFeghmexes (see Fig. 6¢), and
the microscopy was employed to observe the magpeatiele chains (see Fig. 6d). It
can be clearly seen that the magnetic particlenshaiie successfully formed when the
iron hoop is used.

To evaluate the specificity of this proposed bicsenfive common foodborne
pathogenic bacteria, includin@aphylococcus aureus, Vibrio parahaemolyticus,

Listeria monocytogenes, Bacillus cereus andE. coli O157: H7 with the concentration
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of 10° CFU/mL were used as non-target bacteria and @eterting this biosensor. As
shown in Fig. 6e, the absorbance values at 450 rmnemgative control,
Saphylococcus aureus, Vibrio parahaemolyticus, Listeria monocytogenes, Bacillus
cereus andE. coli O157: H7 are 0.18, 0.33, 0.28, 0.25, 0.29 and,0dspectively,
and much lower than that ofalmonella Typhimurium (0.85) at the same
concentration, indicating that this proposed bisseimas a good specificity.

To further evaluate the practical applicability tfis proposed biosensor for
detection ofSalmonella Typhimurium in food samples, three parallel tesigifferent
concentrations of th&almonella cells in spiked chicken carcass were conductetusi
this biosensor. As shown in Fig. 6f, the absorbatc#50 nm for the spiked chicken
carcass at each concentration is slightly highan tthat for the pure culture at the
same concentration. This might be due to the ieterfces from the chicken sample
background, since a large number of proteins, &atd other molecules might
influence the separation and detection of the talgeteria. The recoveries for
different concentrations of the target bacteriageafrom 105.4% to 114.4%, with an
average of 109.8%. This indicates that the propbsegknsor has a good applicability

for detection osalmonella Typhimurium in chicken samples.

Fig. 6

4. Conclusions
In this study, we successfully developed a colotimdiosensor using magnetic
grid separation and platinum loaded zeolitic im@ate framework-8 nanocatalysts

for ultrasensitive and rapid detectionSsmonella. This biosensor was able to detect
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Salmonella as low as 11 CFU/mL in 2.5 h. The immune Pt@ZIkaBocatalysts were
verified with a good peroxidase-like enzymatic tyi to catalyze HO,-TMB and
could greatly amplify biological signals. More impantly, the magnetic grid
separation method was first time demonstrated withigh separation efficiency of
target bacteria from a very large volume of santplgreatly improve the sensitivity
of this biosensor and could be used with varioosdmsors or bioassays for biological,

chemical and medical applications.
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Figure captions

Fig. 1 Schematic of the proposed colorimetric biosensoukloasensitive detection of
Salmonella from large volume of sample

Fig. 2 (a) The simulation of the magnetic field with angdheut the iron hoop for

controlling the magnetic field lines; (b) The distrtion of the magnetic field in the
fluidic channel with the absence and presence af inoop; (c) The separation
efficiency of the target bacteria with and withdl iron hoop; (d) The simulation of
the magnetic field using the magnets with differemnigth; (e) The distribution of the
magnetic field with different length of magnetglie fluidic channel

Fig. 3 (a) Optimization of the size of the IMPs; (b) Optzation of the flow rate of

the bacterial sample

Fig. 4 (a) The color for the Pt@ZIF-8 prepared with défetr volume of the Pt
nanoparticles; (b) Optimization of the volume ofetHPt nanoparticles; (c)
Optimization of the amount of the immune Pt@ZIF{8) Optimization of the

catalytic reaction time

Fig. 5 TEM images of the Pt (a), ZIF-8 (b) and Pt@ZIF-Br{anoparticles; (d) DLS

results for the ZIF-8 and Pt@ZIF-8 nanoparticley; The N adsorption—desorption
isotherm of the ZIF-8 nanoparticles; (f) The poieesdistribution of the ZIF-8

nanoparticles; (g) The absorbance for differentceatrations of the Pt@ZIF-8
nanoparticles to catalyze the®}-TMB substrate.

Fig. 6 (&) The absorption spectra for different conceiunat of the target bacteria; (b)

Calibration curve of this proposed biosensor; (EMIimage of the MP-bacteria and
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660 MP-bacteria-Pt@ZIF-8 complexes; (d) Microscopic gas of the magnetic particle
661 chains; (e) The specificity of the proposed bioserte the non-target bacteria; (f)
662 Detection of Salmonella Typhimurium in chicken carcass using the proposed
663  biosensor.
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Highlights
Magnetic particle chains were successfully formed in fluidic channel using iron grid.
Magnetic grid separation was very effective to separate target bacteria from large volume.
Pt@Z1F-8 with HRP-mimic enzymatic activity could greatly amplify biological signals.
This biosensor was able to detect Salmonella aslow as2 CFU/mL in 2.5 h.

This biosensor might be used for bacterial routine screening without any pre-enrichment.
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