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a b s t r a c t

Residual antibiotics in food pose a serious long-term threat to human health. Therefore, an on-site vi-

sualization method for antibiotic detection is required. However, the requirements of traditional antibi-

otic testing methods in terms of operator proficiency and equipment cost hinder the rapid point-of-care-

testing detection of suspected samples. Herein, we reported an integrated microfluidic device combining a

microfluidic chip containing cruciform valves with immunochromatographic strips for the rapid detection

of multiple antibiotics in milk. The rapid qualitative and quantitative analysis of four types of antibiotics

(sulfonamides, β-lactams, streptomycin, and tetracyclines) was performed using mobile phone photogra-

phy and mobile phone application analysis. The detection time was maintained at 10min. The limits of

detection (LODs) for the four antibiotics were 0.15, 0.12, 0.25, and 0.29ng/mL, respectively, and the selec-

tivity for the different antibiotics was observed even in a highly complex matrix. This device successfully

integrated separation and real-time detection onto a chip and might provide a promising perspective for

the detection of multiple antibiotics in milk.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The misuse of antibiotics is a significant public health problem

that negatively affects food quality and, in turn, human health. An-

tibiotic abuse has caused environmental pollution and the accu-

mulation of antibiotic residues in human food and poses an invis-

ible threat to human health [1–5]. In particular, antibiotic residues

in milk have a particularly marked impact on the growth of in-

fants and young children, and there is a significant association be-

tween early life antibiotic exposure and certain childhood-onset

diseases [6]. The European Union and World Health Organization

(WHO) have stipulated maximum residue limits (MRLs) for the

levels of veterinary drugs in food [7]. Therefore, it is imperative

to establish a method for the rapid detection of multiple antibi-

otic residues in food. Traditional detection methods for antibiotics

in milk include liquid or gas chromatography-tandem mass spec-

trometry, surface-enhanced Raman scattering, and enzyme-linked

immunosorbent assays (ELISAs) [8–12]. These methods are costly,

time- and reagent-consuming, and complex in terms of process-

ing steps and require specialized operators. Thus, there is an ur-

gent need to develop an automated, simultaneous, and quantifiable

platform to detect antibiotics in milk and ensure food safety.
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Microfluidic technology has been widely employed for the de-

tection of pathogens and pesticide residues in various fields, such

as healthcare, environmental monitoring, and food safety, owing

to its high throughput, low cost, and portability for drug screen-

ing [13–16]. As a detection device, microfluidic chips can be com-

bined with various detection techniques, such as mass spectrome-

try, optical detection, electrochemical detection, and biosensors. In

the past decade, numerous efforts have been made to develop var-

ious on-chip rapid detection methods. In the field of food safety,

the combination of microfluidic technology with aptamer sen-

sors, nanocatalysts, and immunoluminescent techniques enables

the high-throughput and rapid detection of antibiotics, pathogens,

heavy metals, and proteins [17–20]. Depending on the design, dif-

ferent elements, such as pumps, columns, and valves, can be inte-

grated into a microfluidic device, allowing for the entry of gasses,

precise reactions, mixing, and flow of reagents [21,22]. These el-

ements can be used in a small chip with multiple reactions. The

reagent, sample, and time costs are reduced using microfluidic

chips [22–24]. Microfluidic devices can be used for the rapid de-

tection of foodborne pathogenic bacteria and antibiotics, and the

detection time can be reduced to less than 10min [25,26]. How-

ever, few rapid and portable field detection methods can simulta-

neously detect multiple antibiotics in food and perform rapid qual-

itative and quantitative analysis.
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Fig. 1. Overview of the integrated microfluidic device for simultaneous detection of

multiple antibiotics in milk.

In this work, we developed an integrated microfluidic device for

the simultaneous detection of multiple antibiotic residues in milk

using rapid qualitative and quantitative analysis (Fig. 1). Addition-

ally, we selected four antibiotics, namely, sulfadiazine (SDZ) from

sulfonamides (SAs), ampicillin (AMP) from β-lactams (BLs), strep-

tomycin (STR), and tetracycline (TC).

The microfluidic device was created using 3D printing com-

bined with polydimethylsiloxane (PDMS) cross-shaped slits and

immunochromatographic strips to develop an immunoassay de-

vice. The device includes a customized instrument, an integrated

microfluidic chip, test strips, and an image acquisition device, al-

lowing for multiple results from a single injection (Fig. 1). Four

freeze-dried colloidal gold-labeled monoclonal antibodies (CG-

mAbs) were stored in the reaction wells of the microfluidic chip,

each of which was used for the detection of one antibiotic. Based

on the principle of indirect immune competition, the milk sam-

ples were first mixed with four CG-mAbs. If no residual antibi-

otics were present in the milk sample, the CG-mAbs would com-

bine with the artificial antigens on each T-line to form red bands.

Conversely, the CG-mAbs would first bond with the antibiotics in

the sample. Thereafter, the free CG-mAbs would bind to the artifi-

cial antigens, and the color intensity of the T-lines would relatively

weaken until the color disappeared completely. The detection de-

vice was inserted into the image acquisition device (Fig. S1 in Sup-

porting information) after the detection, and a mobile phone ap-

plication was used for image acquisition and quantitative analysis

(Fig. S2 in Supporting information).

The integrated microfluidic system has four microchannels (for

conveying the liquid) and four reaction wells, which can be in-

serted into the detection device (Fig. 2A). Cruciform slits were cut

with a scalpel at the corresponding positions at the bottom of each

reaction chamber. The cross-shaped structure is a valve that can

be controlled by an external force (Fig. 2B). Owing to the elasticity

of the silicone rubber of PDMS, the incisions created by cutting do

not cause solution leakage without an external force [27]. When an

external force is applied to the structure in the vertical direction,

the silicone rubber is punctured, and the solution flows down-

ward (Figs. 2B and C). An external force is applied through four

small rods and simultaneously acts on the four cruciform valves.

The head of this small rod is thin; the remaining rod is not a

smooth cylinder and has four mutually perpendicular edges, which

can open the gap of the chip valve with sufficient space for the

liquid to flow (Fig. 2D). The sample is injected into the chip and

pumped into the reaction chamber simultaneously through a mi-

crochannel with four equal divisions. Notably, the sample volume

flowing into the four reaction wells is the same (200 μL) through-

out.

Fig. 2. Microfluidic chip and detection device. (A) Composition of the microfluidic

chip and device. (B) Cruciform valve and its state before and after it was punctured.

(C) Photo of the microfluidic chip. (D) Photos of the detection device and details of

the circular rod. (E) Relationship between the thickness of the PDMS membrane

and the volume of the solution flowing down (n=3). (F) Relationship between the

thickness of the PDMS membrane and flowing time (n=3).

We first verified that the adsorption between the PDMS and

protein would not affect the binding of antigens and antibodies

and confirmed that it was feasible to use PDMS as a detection car-

rier (Fig. S3 in Supporting information). Next, the assay device, in-

cluding the thickness of the PDMS membrane, reaction time, and

inclination of test strips, were optimized.

The thickness of the PDMS membrane is important for the per-

formance of the cruciform valves because it has a significant im-

pact on the deformation and recovery of the PDMS membrane. To

optimize the membrane thickness, PDMS membranes of different

thicknesses (0.1, 0.2, 0.4, 0.5, 0.8, 1.0, and 1.5mm) were selected.

Thereafter, 200 μL of the solution was added to each chamber. Af-

ter 5min, the bottom valves were punctured vertically downward

with small rods, and the volume of the solution flowing down

and the time taken for the liquid to flow down were recorded. As

shown in Figs. 2E and F, when the thickness is 0.1–0.5mm, the

upper solution can flow to the lower layer in a shorter time (1–

3 s). PDMS membranes with a thickness of less than 0.2mm usu-

ally cannot withstand the solution for more than 5min; therefore,

a thickness of 0.5mm was chosen as the optimal thickness of the

membrane.

To obtain the optimal reaction time, standard solutions

(1.0 ng/mL) of each antibiotic were incubated with their CG-mAbs

for 3, 5, 7, 10, and 15min, and the chromatography durations were

set to 3, 5, 7, 10, and 15min, respectively. A comparison of the re-

sults showed that prolonged incubation and chromatography time

(7–15min) resulted in significantly lower detection concentrations

and accurate concentrations; the longer the duration, the lower

the concentrations (Figs. 3A–D). This phenomenon is due to the

non-specific binding of antigens and antibodies, leading to false-

negative results. However, owing to the different affinities of anti-
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Fig. 3. Detection time and angle of inclination optimization. Relationship between

the detection effect and incubation and chromatography time (SAs (A), BLs (B), STR

(C), and TCs (D)). The purple, red, green, orange and blue dots represent incubation

times of 3, 5, 7, 10, and 15min, respectively. (E) Optimization of the angle of incli-

nation of test strips. The red dotted line indicates the concentration of antibiotics

of 1.0 ng/mL.

gens and antibodies, when the incubation time was 3min, the de-

tection accuracy of the different antibiotics was different. When

the incubation and chromatography times were both 5min, the de-

tection results were stable at 1ng/mL; thus, for both incubation

and chromatography times, 5min was selected as the optimal time

for the detection reaction.

To verify the influence of the inclination angle of the test strips,

inclinations of 0°, 10°, 15°, 30°, and 90° were selected to detect the

four antibiotics (1.0 ng/mL). When the test strip was inserted hori-

zontally (0°), the solution was easily immersed in the front end of

the nitrocellulose (NC) membrane, thereby affecting the binding of

CG-mAbs to the artificial antigens and impacting the chromatogra-

phy effect. In comparison, an inclination of 10°−90° ensured a sta-

ble detection effect (Fig. 3E). Therefore, the minimum inclination

angle (10°) was chosen as the final choice given the miniaturiza-

tion of the device.

The performance of the detection device was tested using a

standard solution of four antibiotics (SDZ, AMP, STR, and TC). With

an increase in the antibiotic concentration, the signal intensity of

the T-line gradually decreased and disappeared completely. Naked-

eye observations when the T-lines disappeared completely showed

that the SDZ, STR, and TC concentrations were all 6.0 ng/mL, and

the AMP concentration was 2.0 ng/mL. For the quantitative analy-

sis, the T and C lines were photographed using an image acquisi-

tion platform and the change in color intensity was analyzed. To

establish a standard curve for each antibiotic, the T/C-cutoff was

used as the y-axis, the logarithmic concentration of the antibiotic

as the x-axis for sulfadiazine (SDZ), and the antibiotic concentra-

tion as the x-axis for the other three antibiotics (AMP, STR, and

TC) (Figs. 4A–D and Fig. S4 in Supporting information). The cutoff

Fig. 4. Standard curves and specificity. Antibiotic detection standard curves of SAs

(A), AMP (B), STR (C), and TCs (D). (E) Photos of the results of the specificity of the

detection device. (F) Column chart of the results of the specificity.

value was defined as the ratio of the signal intensity of the T-line

to the C-line (T/C), corresponding to the minimum concentration

of antibiotics causing the T-line to disappear. All four antibiotics

displayed excellent linear relationships, with linear correlation co-

efficients (R2) above 0.99. The linear ranges of each antibiotic were

0.4–5.0 ng/mL for SDZ, 0.1–2.0 ng/mL for AMP, and 0–3.0 ng/mL for

STR and TC. The limits of detection (LODs) of each antibiotic were

calculated as LOD=3σ /k, where σ is the standard deviation of the

signal value of the negative sample taken six times, and k repre-

sents the slope of the standard curve. The LOD values were 0.15,

0.12, 0.25, and 0.29ng/mL for SDZ, AMP, STR and TC, respectively,

and were lower than the MRLs specified by WHO.

To evaluate the specificity of the assay, the standard solutions

of the four antibiotics were added to the negative milk samples,

incubated with CG-mAbs, and detected with the corresponding

test strips. The concentrations of the four representative antibiotics

(SDZ, AMP, STR, and TC) corresponded to the cutoff values. When

SDZ is detected, the signal value is the lowest, the T-line disap-

pears and is positive, and the signal values of AMP, STR, and TC

are high and negative, indicating that there is good specificity for

SDZ in one of the channels (Figs. 4E and F). Similarly, when AMP is

detected, the signal value is the lowest, the T-line disappears and is

positive, and the signal values of SDZ, STR, and TC are higher and

negative, indicating that the other channel of the four channels is

specific for AMP. STR and TC were detected under the same condi-

tions. When the corresponding antibiotic was detected, the signal

value was the lowest (positive, T-line disappeared). By contrast, the

signal value for other antibiotics was higher (negative), indicating

that the device had excellent specificity.
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To determine the feasibility, portability, on-site detection capa-

bility, and remote data processing capability of our detection sys-

tem, multiple antibiotic tests were performed on milk from three

dairy industries in China (Yili skim milk, Mengniu fresh milk, and

Bright Dairy fresh milk). These samples were also verified to be

negative using ELISA (Table S1 in Supporting information). An-

tibiotic solutions containing SDZ (1, 2, 2.5 ng/mL), AMP (1, 1.5,

2.5 ng/mL), STR (1, 2, 2.5 ng/mL), and TC (1, 2, 2.5 ng/mL) were

added to each sample. The spiked samples were then injected into

the microfluidic chip from the inlet well, and the sample solutions

flowed into the reaction wells through the microchannel to react

with CG-mAbs. The samples were detected using lateral flow im-

munoassay strips. Each sample was tested in triplicate, and the re-

sults are summarized in Table S2 (Supporting information). The av-

erage recoveries of the four antibiotics in all the samples ranged

from 91.92% to 108.29%, and the coefficient of variation was less

than 10% (n=3), indicating that the detection device has good re-

producibility and accuracy and can be used for the quantitative

analysis of antibiotic residues. Thus, it is suitable for on-site de-

tection, and the detection results can be shared in time, which is

conducive for rapid and efficient responses by regulatory authori-

ties and users.

In conclusion, an integrated immunochromatographic microflu-

idic device was developed in this work. The microfluidic chip con-

tained cruciform valves, which controlled the flow of liquids. This

device was used to simultaneously detect four types of antibiotics

(SAs, BLs, STR, and TCs) in milk. The LODs for SDZ, AMP, STR, and

TC were 0.15, 0.12, 0.25, and 0.29ng/mL, respectively, which are

much lower than the MRLs stipulated by the European Union and

WHO (0–5, 0.1–2, 0–3, and 0–3ng/mL, respectively). The average

recovery rates of the antibiotics in milk were between 91.92% and

108.29%, and the detection time was maintained within 10min.

This indirect immunoassay method has the advantages of low cost,

fast detection, and portability and can be used for detecting an-

tibiotics in the field of food safety. Furthermore, by designing mi-

crofluidic chips with more channels, this detection platform could

potentially detect a more extensive range of target compounds.
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