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a b s t r a c t

Foodborne bacterial infection is a serious threat to food safety, especially live pathogens causing out-

breaks of most diseases. Thus developing live bacterial detection methods is important for public health.

In this study, a microfluidic biosensor was developed for rapid detection of live Salmonella typhimurium,

in which immune magnetic particle chains in microchannels were used to separate and enrich target

bacteria, antibody-conjugated gold nanorods (GNRs) were applied for photothermal lysis of target live

bacteria under near-infrared (NIR) irradiation, and a photon-counting detector was used for measuring

adenosine triphosphate (ATP) bioluminescence in the presence of firefly luciferin/luciferase. This biosen-

sor was proved to be able to quantitatively detect S. typhimurium from 5.0×102 CFU/mL to 5.0×106

CFU/mL in 60min (magnetic separation 20min; GNRs combination 20min; NIR irradiation, 8min) with

limit of detection (LOD) of 495 CFU/mL. This biosensor showed an excellent specificity in the coexistence

of other foodborne bacteria, and target bacteria were successfully measured even in the matrix interfer-

ence of milk sample with mean recovery of 121.17%. This biosensor might be a promising tool for on-site

assessment foodborne bacteria.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Foodborne pathogens have been recognized as a worldwide

concern about food safety and public health [1,2]. Since most dis-

eases are caused by live pathogens, developing rapid and sensi-

tive methods to measure live bacteria is in high demand [3–5].

The gold standard method for live bacterial detection is colony-

counting, but this approach requires several days for bacterial cul-

tivation, which delays the result readout [6]. Nucleic acid-based

molecular detection approaches [7–9], aptamer-based recognition

strategies [10–12], and immunological methods [13–15] are widely

used to identify and detect specific bacteria within a few hours,

but these methods cannot effectively distinguish live bacteria from

dead bacteria, which will result in false positive results and inter-

fere with the correct assessment of food safety risks by regulatory

authorities. In contrast, adenosine triphosphate (ATP)-based biolu-

minescence methods can specifically and rapidly detect live bac-

teria via firefly luciferin/luciferase reaction [16,17]. This method is

widely used in the detection of bacterial contamination on food

and environmental surfaces. However, such methods are not spe-

∗ Corresponding author.

E-mail address: linling@btbu.edu.cn (L. Lin).

cific and cannot differentiate between different pathogenic bacte-

ria. Therefore, there is an urgent demand to develop some rapid

approaches for the detection of live specific bacteria.

Recently, gold nanorods (GNRs) have been applied to rup-

ture the bacteria owing to the advantages of photothermal effect

[18,19]. GNRs can be regulated to absorb near-infrared (NIR) ra-

diation according to their size and shape, and the radiation en-

ergy can be transformed into heat [18]. Given this characteristic,

if antibody-conjugated GNRs can specifically adhere to the target

bacterial surface, the localized heat generated during NIR irradia-

tion would cause target bacterial lysis [20]. Although this strategy

can selectively kill or destroy the target bacteria, it is incapable

of quantitative bacterial detection. To this end, combining GNRs-

targeted photothermal lysis of bacteria with ATP-based biolumines-

cence measure becomes promising for the detection of specific live

bacteria [21].

Food samples usually have complex matrix interference, and

the target bacterial concentration is generally low, in consequence,

the specific separation of target bacteria plays an important role in

rapid and sensitive detection of foodborne pathogens [22,23]. The

immunomagnetic separation method has been considered as a cru-

cial technique for sample pretreatment in the past decade [24,25].

https://doi.org/10.1016/j.cclet.2025.111704
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Fig. 1. Schematic of this microfluidic biosensor for rapid detection of live Salmonella

typhimurium based on immune magnetic separation and photothermal lysis of gold

nanorods.

Conventional methods for immunomagnetic separation are usually

performed in centrifuge tubes, which can only process small sam-

ple volumes due to the limited spatial distance of the magnetic

field [26,27]. The microfluidic devices allow continuous-flow sep-

aration of target pathogens in the microchannel, greatly increas-

ing the volume of the processed sample and improving the detec-

tion sensitivity [28,29]. Additionally, in order to reduce the con-

sumption of magnetic particles (MPs) and ensure sufficient con-

tact between pathogens and immune MPs, it is usually necessary

to immobilize MPs as a chain or net structure in the microfluidic

channel, which can significantly improve the separation efficiency

of the target bacteria [30].

Herein, in this work, a microfluidic biosensor integrated with

MP chains was developed for rapid detection of live food-

borne pathogens based on ATP bioluminescent signals caused

by antibody-conjugated GNRs photothermal lysis (Fig. 1), and

the physical picture of microfluidic device was provided in Fig.

S1 (Supporting information). A major foodborne pathogen, S. ty-

phimurium, which commonly leads to serious emergencies, was

used as target bacteria to demonstrate the feasibility of this

biosensor. The immune MPs were first injected into the microflu-

idic channel. Since a high gradient magnetic field was installed un-

der the microfluidic chip using mutual repelling permanent mag-

nets separated by sawtooth-shaped iron slices, the MPs in mi-

crofluidic channels could form into chain structures at the tips of

sawtooth. The magnetic field was simulated using the finite ele-

ment analysis software COMSOL, as shown in Fig. 2a, a high gra-

dient magnetic field was generated at each tip of the iron slices.

To better understand the distribution of the magnetic field in mi-

crofluidic channels, the FEMM software was used to analyze the

magnetic zone, as shown in Figs. 2b and c, an average magnetic in-

tensity of ∼0.33 T and a mean gradient of ∼300 T/m was exhibited

from the bottom of channel (A) to the top of channel (B). Then, the

sample containing S. typhimurium was continuous-flow injected

into the microfluidic channel, and the target bacteria were specifi-

cally captured on the MP chains modified with the capture anti-S.

typhimurium antibodies (CAbs). Next, GNRs conjugated with detec-

tion anti-S. typhimurium antibodies (DAbs) were introduced into

the microfluidic channel and incubated with the S. typhimurium

to form the MPs-bacteria-GNRs complexes. Subsequently, the com-

plexes were irradiated with NIR laser, and the photothermal effect

of GNRs triggered S. typhimurium lysis and ATP release. The re-

leased ATP was monitored based on the bioluminescent signals via

the firefly luciferin/luciferase reaction. Since each bacterium con-

tained essentially the same ATP molecule, the signal intensity was

Fig. 2. Analysis of the high gradient magnetic field. (a) Simulation of the magnetic

fields using COMSOL software. (b) The distribution of the magnetic field in microflu-

idic channel simulated with FEMM software. (c) The change of magnetic intensity

with the channel height.

proportional to the amount of lysed S. typhimurium. It should be

noted, the dual antibody identification, including CAbs and DAbs,

further enhanced the specificity of target detection.

To verify the successful modification of CAbs on MPs, the anti-

S. typhimurium antibody-modified MPs were used to capture target

bacteria in centrifuged tubes, after magnetic separation, the num-

ber of S. typhimurium in supernatant and MPs were counted us-

ing the conventional culture plating method, separately. As shown

in Fig. S2a (Supporting information), almost all the bacteria were

captured by immune MPs. Besides, to prove the credibility of the

results, anti-Escherichia coli O157:H7 antibody-modified MPs were

used to capture S. typhimurium, and the results exhibited few

bacteria were attached on the MPs. The specificity of anti-S. ty-

phimurium antibody-modified MPs was also explored by compar-

ing the capture efficiency of different bacteria, as shown in Fig.

S2b (Supporting information), the capture rate of S. typhimurium

was as high as 90.83%, in contrast, only 3.33% E. coli O157:H7 was

nonspecifically adsorbed on the immune MPs. These results ver-

ified the successful modification of CAbs on MPs. Further, trans-

mission electron microscope (TEM) images showed the formation

of MPs-S. typhimurium, demonstrating the capture performance of

immune MPs (Fig. 3a). To demonstrate the successful conjugation

of antibody on carboxyl-functionalized GNRs, the visible absorp-

tion spectra, zeta potential measurement and TEM images were

investigated, separately. GNRs had two absorption peaks in visi-

ble spectra, including a transverse absorption peak at 510nm and

a longitudinal absorption peak at 810nm. After antibody was con-

jugated on GRNs, a slight red shift of longitudinal absorption peak

was observed (Fig. S3a in Supporting information). This was be-

cause the changes of GNRs size, shape and surface charge after an-

tibody modification caused the selective absorption of visible light.

Additionally, the zeta potential was measured to verify the conju-

gation formation. Carboxylated GNRs were electronegative in PBS

buffer with −10.58mV potential, and antibody was electropositive

in PBS buffer, the results showed the potential of antibody-GNRs

was −9.53mV, confirming the formation of conjugation (Fig. S3b

in Supporting information). TEM images exhibited the morphol-

ogy of GNRs before and after modification, but no obvious differ-

ence was observed owing to the size of antibody in nano-scale

(Fig. S3c in Supporting information). Further, different antibody-
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Fig. 3. TEM images of bacteria. (a) Anti-Salmonella typhimurium antibody-modified

MPs adhered on Salmonella typhimurium. (b) Anti-Salmonella typhimurium antibody-

conjugated GNRs adhered on Salmonella typhimurium (left), anti-E. coli O157:H7

antibody-conjugated GNRs (middle) and bare GNRs (right) nonspecifically ad-

sorbed on Salmonella typhimurium. (c) Targeted photothermal lysis of Salmonella ty-

phimurium by anti-Salmonella typhimurium antibody-conjugated GNRs in the pres-

ence (right) and absence (left) of NIR irradiation.

modified GNRs were incubated with Salmonella, only anti-S. ty-

phimurium antibody-conjugated GNRs fully adhered on the bac-

terial surface, while few anti-E. coli O157:H7 antibody-conjugated

GNRs and bare GNRs were adsorbed on bacterial surface (Fig. 3b).

To prove that photothermal effect of GNRs can cause bacterial ly-

sis under NIR irradiation (808nm), the lethal temperature of bac-

teria was first explored. As shown in Fig. S4a (Supporting infor-

mation), when bacteria were heated at 65 °C for 10min, the mor-

tality rate could reach 80%. Then, the photothermal effect of dif-

ferent concentrations GNRs in solution was monitored, as shown

in Fig. S4b (Supporting information), the solution temperature was

positively associated with GNRs concentration. When GNRs con-

centration was 0.1mg/mL, the solution temperature increased to

above 65 °C after 6min of NIR laser irradiation, indicating that the

photothermal effect of GNRs was able to cause bacterial lysis and

death. Furthermore, antibody-modified GNRs were incubated with

bacteria, and the bacterial morphology before and after NIR irradi-

ation was observed via TEM imaging. As shown in Fig. 3c, the sur-

face of bacteria without NIR irradiation was smooth with a com-

plete bacterial structure; while the surface of bacteria after NIR ir-

radiation was obviously damaged, verifying the photothermal lysis

capability of antibody-modified GNRs.

Further, to optimize the magnetic separation efficiency of tar-

get bacteria, two key parameters including the amount of MPs and

flow rate were investigated by calculating the ratio of bacteria on

MPs to original bacteria. Firstly, the amount of MPs was optimized,

different amounts of MPs (20, 30, 40, 50 μg) in PBS buffer were in-

jected into the microfluidic channel to generate chain structures.

As shown in Fig. 4a, the chain height was related to the amount of

MPs, and an obvious chain structure was formed with 50μg MPs.

Meanwhile, the separation efficiency was improved from 31.69%

to 82.39% when the amount of MPs was increased from 20μg to

50μg at a flow rate of 50μL/min with 104 CFU/mL S. typhimurium

(Fig. 4b), thus the amount of 50μg was determined in the follow-

ing experiments. Besides, the flow rate also had a great impact on

the integrity of chain structures and the contact probability be-

tween the MPs and S. typhimurium. If the fluid flow rate was too

fast, the chain structures would be destroyed, and at the same

Fig. 4. Optimization of magnetic separation and photothermal lysis on this mi-

crofluidic biosensor. (a) Images of the dot-array magnetic particle chains using dif-

ferent amounts of MPs. (b) The change of separation efficiency with the amounts of

MPs at a bacterial concentration of 104 CFU/mL with a flow rate of 50μL/min. (c)

The change of separation efficiency with the flow rate at a bacterial concentration

of 104 CFU/mL with 50μg MPs. (d) The separation efficiency at different bacterial

concentrations with 50μg MPs and 50μL/min flow rate. (e) Bioluminescent signals

generated from various concentrations of immune GNRs and different irradiation

time. (f) The bioluminescent signals generated from live and dead Salmonella ty-

phimurium after photothermal lysis.

time, the collision and contact between MPs and S. typhimurium

would be insufficient, thus affecting the separation efficiency. In

contrast, if the flow rate was too slow, although the chain struc-

ture could remain intact, and the sufficient contact between MPs

and target bacteria was allowed, it would make the target sep-

aration time too long, thus it was necessary to reasonably opti-

mize the flow rate to balance the separation efficiency and time.

To this end, the influence of flow rate on chain structural in-

tegrity was explored, and we found that chain structure kept in-

tact when the flow rate was less than 150μL/min, while when

the flow rate was more than 200μL/min, the chain structure be-

gan to be destroyed, accompanied by partial tilting and collapse.

Hence, we focused on investigating the effect of three different

flow rates (50, 100, 150μL/min) on S. typhimurium separation ef-

ficiency with a bacterial concentration of 104 CFU/mL. As shown

in Fig. 4c, a flow rate of 50μL/min allowed a highest separation

efficiency with a value of 83.2 % owing to the sufficient immune

reaction time, thus a flow rate of 50μL/min was determined in

the following experiments. Based on the above optimization pa-

rameters, we further explored the separation efficiency of different

concentrations of target bacteria. As shown in Fig. 4d, the separa-

tion efficiency of S. typhimurium with 103–105 CFU/mL was more

than 80%, while a lower separation efficiency was observed with

a range from 106 to 107 CFU/mL. One possible reason might be

that the limited binding sites and steric hindrance on MPs chain

partly restrained the combination of high concentrations of bacte-

ria. However, this would not be a concern because the concentra-

tion of target bacteria in practical samples was usually in a low

range. To optimize the photothermal lysis efficiency of target bac-

teria, the antibody-conjugated GNRs were injected into the chan-
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nel and incubated with S. typhimurium for 20min to allow specific

binding. The free GNRs were washed away, and a sandwich struc-

ture of MPs-S. typhimurium-GNRs was obtained. Although both

the antibodies modified on MPs and GNRs could identify S. ty-

phimurium, they targeted different epitopes on bacterial surface

without mutual competition. More than that, two immune iden-

tification greatly improved the separation specificity and reduced

the interference of non-target substances. Subsequently, the MPs-

S. typhimurium-GNRs were irradiated by 808nm NIR laser, which

led to the bacterial lysis and ATP release, generating biolumines-

cent signal in the presence of firefly luciferin/luciferase. We found

that the bioluminescent signals reached a maximum with an ad-

dition of 0.1mg/mL antibody-conjugated GNRs, suggesting a suffi-

cient immune reaction between GNRs and S. typhimurium. Further,

given that photothermal effect was dependent upon NIR irradia-

tion time, we investigated the change of bioluminescent signals

with increasing irradiation time. The results showed irradiation

within an 8min period dramatically caused ATP release, whereas

extended irradiation time (10min) did not significantly increase bi-

oluminescent signals (Fig. 4e). In addition, to demonstrate that this

approach was able to specifically detect live S. typhimurium with-

out the interference of dead bacteria, the bioluminescent signals

generated from the same concentration of live S. typhimurium and

dead S. typhimurium (inactivated at 70 °C for 10min) were mea-

sured, respectively. As shown in Fig. 4f, after 8min of NIR irra-

diation, the live S. typhimurium obviously generated strong biolu-

minescent signals, while the signal from dead S. typhimurium was

extremely weak, indicating the method specificity for live S. ty-

phimurium.

Having defined the above parameters, different concentrations

of S. typhimurium ranging from 5×101 CFU/mL to 5×106 CFU/mL

were detected to determine the calibration curve between biolumi-

nescent signal (RLU) and bacterial concentration (C), and each con-

centration was repeated for three parallel tests. As shown in Fig.

5a, a good linear relationship was obtained from 5×102 CFU/mL

to 5×106 CFU/mL, which was expressed as log10(RLU)=0.8log10(C)

− 0.446 (R2 =0.998). The LOD was defined as the analyte concen-

tration giving a signal equal to the blank signal plus 3× standard

deviation (SD) of the blank, and the calculation result of LOD was

495 CFU/mL. Although the LOD of this biosensor showed a com-

parable sensitivity in contrast to most methods, it was not so im-

pressive compared to some strategies using target amplification or

signal amplification. Thus in our future work, for the further im-

provement of detection sensitivity, we would try to develop strate-

gies for ATP signal amplification. The specificity of this microflu-

idic biosensor was evaluated by measuring three kinds of bac-

teria, including 104 CFU/mL target bacteria (S. typhimurium) and

106 CFU/mL nontarget bacteria (E. coli O157:H7 and Staphylococ-

cus aureus). As shown in Fig. 5b, only S. typhimurium emitted

strong signals, while the nontarget bacteria exhibited weak signals.

Additionally, coexistence of S. typhimurium with other nontarget

bacteria did not influence the signal. These results demonstrated

that this microfluidic biosensor had a good specificity toward S.

typhimurium, regardless of the presence of nontarget bacteria or

other interferences.

The practical applicability of this microfluidic biosensor was

verified by detecting different concentrations of S. typhimurium

in spiked milk samples. The added bacterial concentration was

counted by the gold standard culture method, and the detected

bacterial concentration was calculated according to calibration

curve between bioluminescent signals and bacterial concentration.

As shown in Table S1 (Supporting information), the detected bi-

oluminescent signal showed an upward trend with the increase

of S. typhimurium concentration, however, we found that all the

calculated S. typhimurium concentrations were higher than the ac-

tual added concentrations. We deduced there were two possible

Fig. 5. Performance evaluation of this microfluidic biosensor. (a) Calibration curve

of this biosensor for detection of Salmonella typhimurium at the concentrations of

5×102 CFU/mL to 5×106 CFU/mL (n=3). (b) Specificity evaluation of this biosen-

sor in the presence of interfering bacteria (E. coli O157:H7 and Staphylococcus au-

reus). (c) Bioluminescent signals generated from various concentrations of bacteria

spiked in PBS and milk, separately. NIR(-) represented in the absence of NIR laser

irradiation, indicating the signals came from interferences in milk matrix; NIR(+)

represented in the presence of NIR laser irradiation, indicating the signals came

from both the residual milk matrix and ATP released from bacteria.

reasons for this result: one was that the residual matrix of milk

samples interfered the ATP measure even though a washing step

was performed to rinse the milk sample. The other possible reason

was that when preparing the spiked bacterial samples, the bacte-

ria proliferated due to the rich nutrients in the milk matrix, result-

ing in a higher detection result. To this end, a set of experiments

were designed to verify the above two guesses. Different concen-

trations of bacteria (104, 105, 106 CFU/mL) were spiked into PBS

buffer, 1/2 diluted milk samples (volume ratio of milk to PBS: 1:1),

and 1/4 diluted milk samples (volume ratio of milk to PBS 1:3) for

2h incubation, followed by magnetic separation. Then, PBS buffer

was injected into the microfluidic channels to wash away the milk

matrix prior to adding immune GNRs. Subsequently, the MPs-S.

typhimurium-GNRs complexes were directly mixed with luciferase

and luciferin substrate without NIR irradiation. The bioluminescent

signals were recorded as NIR(-), which were mainly caused by the

interference from residual milk matrix. Besides, the same samples

were also performed to suffer from NIR laser irradiation for 8min,

recorded as NIR(+), and these bioluminescent signals were caused

by the combined effect of interference from residual milk matrix

and ATP released from S. typhimurium. As shown in Fig. 5c, the

signals of each group in NIR(+) were much stronger than those

in NIR(-), suggesting that the residual matrix interference could be

ignored. Therefore, a likely reason for the overestimated bacterial

concentration might be that S. typhimurium multiplied greatly dur-

ing the 2h in milk. To prove this hypothesis, the number of de-

tected bacteria in milk and PBS buffer was calculated, respectively.

As shown in Table S2 (Supporting information), the number of bac-

teria in milk samples was much higher than that in PBS buffer for

each group of bacterial concentration, indicating that the overesti-

mated results were due to the bacterial proliferation.
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In conclusion, in this study, a microfluidic biosensor integrated

with immune magnetic separation was successfully developed for

rapid detection of live S. typhimurium using ATP bioluminescence

methods caused by specific photothermal lysis. The MP chains in

microfluidic channels allowed the target separation and enrich-

ment from large-volume milk samples. The photothermal effect

of antibody-conjugated GNRs caused bacterial lysis accompanied

by ATP release, making it possible to selectively detect live S. ty-

phimurium. This biosensor effectively avoided the interference of

false positives resulted from dead bacteria in the sample with the

advantages of fast detection speed, strong sample processing abil-

ity, and high specificity, and was expected to be used as a promis-

ing tool for the rapid detection of live food-borne pathogens to en-

sure food safety.
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