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a b s t r a c t

Rapid screening of foodborne pathogens is of great significance to ensure food safety. A microfluidic

biosensor based on immunomagnetic separation, enzyme catalysis and electrochemical impedance anal-

ysis was developed for rapid and sensitive detection of S. typhimurium. First, the bacterial sample, the

magnetic nanoparticles (MNPs) modified with capture antibodies, and the enzymatic probes modified

with detection antibodies and glucose oxidase (GOx) were simultaneously injected into the microfluidic

chip, followed by mixing and incubation to form MNP-bacteria-probe sandwich complexes. Then, glu-

cose with high impedance was injected into the chip and catalyzed by the GOx on the complexes into

hydrogen peroxide with high impedance and gluconic acid with low impedance, which was finally mea-

sured using the low-cost interdigitated microelectrode and the electrochemical impedance analyzer to

determine the target bacteria. Under the optimal conditions, this biosensor could quantitatively detect S.

typhimurium at the concentrations from 1.6×102 CFU/mL to 1.6×106 CFU/mL in 1h with the low de-

tection limit of 73 CFU/mL. Besides, this biosensor was demonstrated with good feasibility for practical

applications by detecting the S. typhimurium spiked chicken meat samples.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Foodborne pathogenic bacteria have been a serious threat to so-

cial public health and economic development [1,2]. Among these

bacteria, Salmonella is one of the leading causes for foodborne

diseases [3,4]. At present, the gold standard method for detec-

tion of Salmonella is culture, which is sensitive and accurate,

but takes a long time [5]. Polymerase chain reaction (PCR) is

widely used as the recommended method due to its high sen-

sitivity and short time, but it requires complex nucleic acid ex-

traction [6,7]. Enzyme-linked immunosorbent assay (ELISA) is an-

other recommended method and featured with rapid detection

and high throughput [8], however, it lacks sufficient sensitivity [9].

Thus, simple, rapid and sensitive methods are urgently needed to

strengthen risk monitoring and ensure food safety.

In the past decade, many biosensors have been reported for

rapid detection of Salmonella, including electrochemical [10,11],

optical [12], quartz crystal microbalance [13,14], and surface-
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enhanced Raman scattering [15,16], etc. As one important type of

electrochemical biosensor, impedance biosensor has attracted great

attention owing to high sensitivity, low cost and miniaturized size

[17]. So far, impedance biosensors have often relied on the electro-

chemical reaction on the electrode surface via complex electrode

modification procedures and multiple solid-liquid phase reactions

[18,19]. Recently, some modification-free impedance biosensors

have been developed by introducing different nature enzymes and

nanozymes to amplify the impedance signals. Urease was often re-

ported to develop impedance biosensors because it could catalyze

urea (high impedance) into ammonium carbonate (low impedance)

[20]. MnO2 in various morphological structures was also used as

catalase mimic for the development of impedance biosensors since

it could react with H2O2 (high impedance) to produce Mn2+ (low

impedance) [21]. Very recently, glucose oxidase (GOx) has been

introduced into impedance biosensing of bacteria due to its abil-

ity to catalyze glucose (high impedance) into gluconic acid (low

impedance) and H2O2 (high impedance) [22,23]. To further im-

prove the sensitivity of biosensors, some emerging nanomateri-
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Scheme 1. (a) The synthesis of the immune enzymatic probes. (b) The structure of the microfluidic chip. (c) The mechanism of the impedance biosensor for rapid and

sensitive detection of Salmonella typhimurium.

als, such as mesoporous silica nanocomposites [24,25] and metal-

organic frameworks [26], were reported for signal amplification.

Besides, the click chemical reaction between 1,2,4,5-tetrazine and

trans-cyclooctene has also been demonstrated with significant ad-

vantages, including their high reaction rate and biocompatibility

[27,28].

With rapid development of microfabrication technology, mi-

crofluidic chips have been widely used for automatic detection of

pathogenic bacteria by integrating mixing, separation, washing, re-

action and detection onto one single chip [29–31]. As the key com-

ponent of microfluidic chip, micromixers often have a great impact

on the sensitivity of microfluidic biosensors. The micromixers with

staggered asymmetric herringbone grooves at the top or bottom

of their microchannels have been verified to promote the trans-

verse flow, increase the local vorticity and achieve effective mix-

ing [32,33]. Therefore, it might be promising to develop impedance

biosensors combining microfluidic chips with click chemistry and

enzymatic catalysis for rapid, sensitive and automatic detection of

foodborne pathogens.

In this study, a microfluidic biosensor was developed for rapid

and sensitive detection of S. typhimurium based on magnetic sep-

aration, enzymatic catalysis and electrochemical impedance analy-

sis. Immune probes were synthesized based on click chemical reac-

tion between tetrazine-sulfo-NHS ester (Tz) and trans-cyclooctene-

PEG4-NHS ester (TCO) (Scheme 1a). As shown in Scheme 1c,

the bacterial sample, the immune magnetic nanoparticles (MNPs),

and the immune enzymatic probes were simultaneously injected

into the microfluidic chip, continuous-flow mixed by the mi-

cromixer with staggered asymmetric herringbone convexes, and

sufficiently incubated in the serpentine incubation channel. The

MNP-bacteria-probe complexes formed through immunological re-

action between the anti-S. typhimurium capture antibodies (on the

magnetic nanoparticles) and the anti-S. typhimurium detection an-

tibodies (on the probes) and the target bacteria. Then, the com-

plexes were magnetically captured in the separation chamber un-

der an external magnetic field, followed by washing with 600 μL

deionized water to remove the sample background, the excessive

probes and the residual inorganic ions. Finally, glucose with high

impedance was injected into the chamber and oxidized by the GOx

on the complexes to produce H2O2 with high impedance and glu-

conic acid with low impedance, which were measured using the

interdigitated microelectrode and the electrochemical impedance

analyzer to determine the amount of the target Salmonella cells.

The microfluidic chip is a key part of this biosensor. As shown

in Scheme 1b, it is mainly composed of three parts: (1) The mi-

cromixer with twelve groups of six staggered asymmetric herring-

bone convexes for continuous-flow mixing of the bacterial samples,

MNPs and probes; (2) the serpentine incubation channel (width:

1mm, height: 0.425mm, length: 20mm) for sufficient reaction to

form the MNP-bacteria-probe complexes; (3) the separation cham-

ber (length: 15mm, width: 5mm, height: 4mm) for magnetic sep-

aration of the complexes under the external magnetic field and

effective catalysis of glucose. Each convex includes two orthogo-

nal cuboids which intersection is at one third of the channel. The

width and height of the cuboids are 0.5mm and 0.3mm, respec-

tively. The space between each two convex is 0.5mm.

The microfluidic chip was fabricated using 3D printing and sur-

face plasma bonding. The 3D mold for the microfluidic chip was

drawn in stl format using the Solidworks software (Dassault Sys-

tèmes SolidWorks Corporation, Waltham, MA, USA) and printed us-

ing the Objet 30 3D printer. Then, the prepolymer of PDMS and

the curing agent were mixed at the ratio of 10:1 and poured into

the mold, followed by curing at 65 °C for 12h after degassing for

15min in vacuum to remove the bubbles. Finally, the PDMS replica

was peeled off and bonded to the glass slide after surface plasma

treatment and aged at 65 °C overnight to obtain the microfluidic

chip.

Impedance measurements of the catalysate were conducted

using the interdigitated microelectrode from LinkZill (Hangzhou,

China). As shown in Fig. S1 (Supporting information), the micro-

electrode includes five pairs of comb electrodes with the comb

width of 100μm and the comb length of 2mm. Each comb elec-

trode has thirty-five pairs of finger electrodes with the finger

length of 150μm, the finger width of 20μm and the finger gap of

20μm. Besides, the microelectrodes were fabricated on the flexible

polyethylene naphthalate (PEN) substrate to reduce the cost (∼ $2

for each). For all the impedance measurements, a sinusoidal alter-

nating potential with an amplitude of 5mV, a direct-current bias

of 0V and a frequency range of 1Hz to 5MHz was applied on the

microelectrode, and the bode plots were recorded to analyze the

electrochemical impedance data.

To establish the calibration curve of this biosensor, different

concentrations of target bacteria in pure cultures were detected us-

ing this biosensor. First, 200 μL of the target bacterial culture (each

concentration from 1.6×102 CFU/mL to 1.6×106 CFU/mL), 20 μg

of the immune MNPs and 25μg of the immune enzymatic probes
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were injected into the microfluidic chip, respectively. This proce-

dure was conducted at the same flow rate of 15 μL/min using pre-

cise syringe pumps (Pump 11 elite, Harvard Apparatus, Holliston,

MA, USA). After mixing by the micromixer and incubation in the

serpentine incubation channel, the MNP-bacteria-probe complexes

formed. They were captured in the separation chamber by apply-

ing an external magnetic field using two repelling Neodymium-

Iron-Boron magnets. Following by washing with 100 μL of PBST

(PBS containing 0.05% Tween 20) to remove the unboned probes

and 600 μL of deionized water to remove the chemical ions in

the separation chamber. Then, 100 μL of glucose (50mmol/L) was

injected to the separation chamber and catalyzed by the GOx

on the complexes for 30min. Finally, 20 μL of the supernatant

was transferred onto the microelectrode for impedance measure-

ment, which was conducted on the IM6 electrochemical worksta-

tion (ZAHNER, Kronach, Bavaria, Germany) with the Thales analysis

software. The normalized impedance (�Z) at the characteristic fre-

quency of 10.08 kHz was used to determine the concentration of

target bacteria and described as Eq. 1.

�Z = (Zc − Zs)/Zc×100% (1)

where, Zs and Zc are the impedance of the sample and the control

(glucose) at the characteristic frequency, respectively.

To verify the practicability of this biosensor for detection of

Salmonella in real foods, the chicken meats were purchased from

the local supermarket. First, 25 g of chicken meats were added into

225mL of sterile PBS and homogenized (BagMixer, Interscience,

Mourjou, France) for 4min followed by standing for 5min to obtain

the supernatant. Then, different concentrations of S. typhimurium

were added into the supernatant to obtain the spiked chicken meat

samples containing target bacteria ranging from 1.6×102 CFU/mL

to 1.6×106 CFU/mL. Finally, the spiked chicken samples were de-

tected using this biosensor.

The micromixer played an important role in the immunoreac-

tion between the target bacteria and the MNPs/probes. To better

understand the performance of the micromixer, the COMSOL soft-

ware was employed to simulate the micromixer and the mixing

efficiency (Ms) was used to evaluate the mixing effect [34], which

can be described as Eq. 2.

Ms = 1 −

√
1
n

∑n
i=1 (Ci −Cm)

2

Cm
(2)

where Ci is the concentration of the point i, Cm is the mean con-

centration of all the points in the cross section, and n is the num-

ber of the points at the cross section. As shown in Fig. 1a, the mix-

ing efficiency of two fluids reaches 99.99%, i.e., complete mixing,

when they flow through the second group of the staggered asym-

metric herringbone convexes at the flow rate of 150 μL/min. To

verify the mixing effect of these convexes, this micromixer and the

same straight channel were simulated and compared. As shown

in Fig. 1b, it takes a much shorter distance to completely mix

two fluids in the micromixer than the straight channel. To fur-

ther demonstrate, the blue dye and deionized water were simul-

taneously injected into the chip at the flow of 30 μL/min using

syringe pumps (Pump 11 Elite, Holliston, MA, USA). As shown in

Fig. 1c, the blue dye was separated from the deionized water at

the inlet and rapidly mixed in the micromixer. The photos of the

inlet and outlet were taken using the fluorescent inverted micro-

scope (Eclipse Ti, Nikon, Kyoto, Japan) with a high-speed camera.

As shown in Fig. 1d, it can be clearly seen that the blue dye is

deep and separate from the deionized water at the inlet of the mi-

cromixer and they are fully mixed with light blue color at the out-

let. The photos were further processed using the ImageJ software.

The calculated results show that the mixing efficiency at the outlet

of the micromixer is up to 95%.

The mechanism of this biosensor was based on the impedance

change induced by the glucose oxidase to catalyze glucose (high

impedance) into gluconic acid (low impedance) and H2O2 (high

impedance). To prove the concept of this biosensor, the electro-

chemical impedance spectra (EIS) for different concentrations of

glucose, H2O2 and gluconic acid were measured. As shown in Figs.

2a and b, the impedance for different concentrations of glucose

and H2O2 from 1 μmol/L to 10mmol/L almost remains about 65

k� and closes to that for deionized water, verifying that their

impedance does not change with their concentration. As shown in

Fig. 2c, the impedance at the characteristic frequency of 10.08 kHz

decreases from 57.7 k� to 6.0 k� when the concentration of glu-

conic acid increases from 0.1 μmol/L to 100 μmol/L, and a linear

relationship between the impedance (Z) at characteristic frequency

and the concentration of gluconic acid (N) from 1 μmol/L to 100

μmol/L is found and can be described by Z=−10.51 ln(N)+54.68.

This is because more gluconate ions and hydrogen ions are present

in the solution to increase its conductivity while the concentration

of gluconic acid increases. Besides, after the MNP-bacteria-probe

complexes were formed, the separation chamber was washed with

deionized water. To check if the residuals were effectively removed,

the impedance of deionized water was first measured as control.

Then, different volumes (100–700 μL) of the deionized water were

used to wash the complexes. Finally, an additional 100 μL of the

deionized water was injected and collected, followed by measur-

ing its impedance for comparison. As shown as Fig. S2 (Supporting

information), when 600 μL or more deionized water was used to

wash the complexes, the impedance of the collected deionized wa-

ter (83.10 k�) was very close to that of the original deionized wa-

ter (84.22 k�), indicating that ∼ 99% of the residuals were washed

away. Therefore, gluconic acid in the catalysate is the only sub-

stance responsible for the impedance change.

The microelectrode played an important role in the develop-

ment of this biosensor. In our previous studies, another simple

interdigitated microelectrode with the finger width and gap of

15μm was fabricated on the glass substrate using photolithog-

raphy and wet-etching with a high cost (∼ $10 for each) and

used for impedance measurement of ammonium carbonate, which

was the catalysate of urease-urea system in the development of

our previous impedance biosensors. To compare their performance,

the impedance measurement for different concentrations (1–100

μmol/L) of gluconic acid was conducted. As shown in Fig. S3 (Sup-

porting information), the impedance of both microelectrodes has

a good linear relationship with the concentration of gluconic acid.

However, the slope for this microelectrode is larger than that of

previous one, indicating that the sensitivity of this microelectrode

is higher due to more pairs of this microelectrode.

To understand the measured impedance data, the equivalent

circuit was used to simulate this biosensor using the ZSimpWin

software. The equivalent circuit is showed in Fig. S4a (Support-

ing information), which includes three elements: solution resistor

(Rs), double layer capacitor (Cdl) and dielectric capacitor (Cdi). Rs
stands for the resistance of the bulk electrolyte solution; Cdl stands

for the effect of the charge at the electrode-solution interface; Cdi
stands for the dielectric characteristics of the electrolyte solution.

To further investigate the fitting of this equivalent circuit, the mea-

sured impedance data for 100 μmol/L gluconic acid were com-

pared with the calculated data through the equivalent circuit. As

shown in Fig. S4b (Supporting information), both the magnitude

and phase angle of the measured data fit well with those of the

calculated one, indicating this equivalent circuit is suitable for sim-

ulation of this biosensor. In the low frequency range from 3Hz to

400Hz, the impedance gradually decreases since it is dominated

by the double-layer capacitor. In the medium frequency range from

400Hz to 100kHz, the impedance remains stable since it is dom-

inated by the solution resistor. In the high frequency range from
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Fig. 1. (a) The simulation on the micromixer. (b) The comparison of the micromixer with the straight channel. (c) The mixing effect of the blue ink and deionized water in

the microfluidic chip. (d) The photos of inlet and outlet of the micromixer.

Fig. 2. Concept proof of this impedance biosensor. (a) The impedance for different concentrations (1 μmol/L-10mmol/L) of glucose (n=3). (b) The impedance for different

concentrations (1 μmol/L -10mmol/L) of H2O2 (n=3). (c) The linear relationship between the impedance and the concentration of gluconic acid (n=3).

100 kHz to 2.5MHz, the impedance decreases again since it is

dominated by the dielectric capacitor. In this study, the change

of the catalysate’s ionic concentration (solution resistance) is the

main factor to the impedance change, and thus the characteristic

wavelength of 10.08 kHz was selected to analyze the relationship

between the impedance and the bacterial concentration.

The flow rate, the amount of the immune enzymatic probes, the

concentration of glucose and the time for enzymatic reaction were

also important factors to the sensitivity of this impedance biosen-

sor. The detailed procedures for their optimization can be found in

Supporting information. As shown in Fig. S5 (Supporting informa-

tion), the optimal flow rate of 10 μL/min, the optimal amount of

25μg for the immune enzymatic probes, the optimal concentra-

tion of 50mmol/L for glucose and the optimal time of 30min for

enzymatic catalysis could be obtained and were used in this study.

To better interpret the impedance data, different concentrations

of gluconic acid ranging from 1 μmol/L to 100 μmol/L were mea-

sured using the microelectrode and the impedance data were used

to simulate the elements of the equivalent circuit. The results are

shown in Table S1 (Supporting information), compared with the

control (50mmol/L glucose), the solution resistor has shown a sig-

nificant relative change from 19.6% at 1 μmol/L to 92.0% at 100

μmol/L. However, the double-layer capacitor is almost unchanged

and the dielectric capacitor only has slight increases from 1.4% at

1 μmol/L to 6.0% at 100 μmol/L. Besides, the average standard de-

viations of Rs, Cdl and Cdi are 2.9%, 4.2% and 3.8% respectively, in-

dicating the suitability of this equivalent circuit to simulate this

biosensor.

To determine unknown bacterial concentration, different con-

centrations of the target bacteria from 1.6×102 CFU/mL to

1.6×106 CFU/mL were detected using this impedance biosensor at

optimal conditions to establish the calibration model. The electro-

chemical impedance spectra were shown in Fig. 3a. The impedance

decreases with the concentration of target bacteria. To obtain the

calibration model, the normalized impedance (�Z) at the char-

acteristic frequency of 10.08 kHz was plotted with the concen-

tration (C) of target bacteria. As shown in Fig. 3b, the normal-

ized impedance has a linear relationship with the bacterial con-

centration and could be expressed as �Z=0.0476 ln(C)+0.1393

(R2 =0.9889) . The lowest detection limit of this biosensor was

calculated as 73 CFU/mL based on three times of signal-to-noise

ratio. The high sensitivity of this impedance biosensor is mainly

attributed to the following aspects: (1) The effective reaction of

the target bacteria with the immune MNPs and immune enzymatic
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Fig. 3. (a) The electrochemical impedance spectra for different concentrations of Salmonella typhimurium from 1.6×102 CFU/mL to 1.6×106 CFU/mL. (b) The calibration

model of this impedance biosensor (n=3). (c) Specificity of this impedance biosensor (n=3).

probes through the efficient mixing and sufficient incubation in the

microfluidic chip, (2) the amplification of the impedance signals

using the immune enzymatic probes with a load of GOx, and (3)

the sensitive measurement of the impedance using the microelec-

trode.

To investigate the specificity of this impedance biosensor, E.

coli O157:H7, Listeria monocytogenes and Staphylococcus aureus were

used as non-target bacteria. The negative control (PBS), target

bacteria and non-target bacteria at the concentration of 1.6×104

CFU/mL were detected using this biosensor. As shown in Fig. 3c,

the normalized impedance for target bacteria (0.5616) is signifi-

cantly larger than the non-target bacteria (0.3254 for E. coli, 0.3483

for Listeria and 0.3491 for Staphylococcus) and negative control

(0.3438), indicating that this biosensor has a good specificity due

to the specific capture and detection antibodies against the target

bacteria.

To further investigate the feasibility of this impedance biosen-

sor for detection of S. typhimurium in real samples, the spiked

chicken meat samples containing S. typhimurium from 1.6×102

CFU/mL to 1.6×106 CFU/mL were detected using this biosensor.

The recovery of target bacteria was calculated as the ratio of the

normalized impedance for each spiked sample to that for its orig-

inal culture. As shown in Table S2 (Supporting information), the

normalized impedance for each spiked sample is close to that for

the original culture. Besides, the recoveries for different concentra-

tions of target bacteria from 1.6×102 CFU/mL to 1.6×106 CFU/mL

range from 96.6% to 105.7% with the coefficient of variation from

0.5% to 4.6%, indicating this biosensor has good practicability.

In this study, a microfluidic biosensor based on magnetic sep-

aration, enzymatic catalysis and impedance analysis was success-

fully developed for rapid and sensitive detection of Salmonella.

Under the optimal conditions, this biosensor was able to detect

Salmonella as low as 73 CFU/mL in 1h. The glucose-GOx system

was demonstrated with the ability to result in obvious impedance

change and could be used for impedance biosensor development.

The mixing, incubation, separation, washing and catalysis were in-

tegrated into one single microfluidic chip and carried out automat-

ically. It reduces the requirement on well-trained technicians and

enhances the consistence on bacteria detection. This biosensor has

the potential to be extended for detection of other targets by using

their specific antibodies.
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