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Colorimetric and ultrasensitive immunosensor for one-step 

pathogen detection via the combination of nanoparticles-trigged 

signal amplification and magnetic separation 

Yiping  Chen a and Mengxia Xie b* 

We develop a visual immunosensor for the one-step detection of 

Salmonella enterica by using gold nanoparticles triggered 

enzyme signal amplification and magnetic separation. This 

immunosensor shows an enhanced sensitivity compared with 

enzyme-linked immunosorbent assay, without the involvement of 

any equipment, thus providing a promising platform for rapid 

and sensitive detection of pathogen. 

Salmonella enterica (S. enterica) is a common and harmful 

pathogen that causes food poisoning worldwide.1 A relatively 

small number of S. enterica can cause severe illness such as 

gastroenteritis.2 The outbreak of S. enterica has emerged as a 

prominent cause of death in African children.3 Even for the 

United States, the infection by S. enterica leads to 370 people 

died per year.4 S. enterica infection is usually transmitted to 

people by food chain, so that the development of an effective 

method for detecting S. enterica in food samples is highly 

important to prevent the outbreak of diseases. Many methods 

have been used to detect S. enterica including polymerase chain 

reaction (PCR),5,6enzyme-linked immunosorbent assay 

(ELISA),7,8 gold lateral flow test (GLFT)9,10 and novel 

biosensors such as surface plasmon resonance (SPR) sensor 11,12, 

fluorescence method13, 14 and magnetic relaxation switch (MRS) 

sensor.15 PCR is the gold standard for detection of pathogens 

due to its high sensitivity and selectivity, but it requires 

expensive instruments, laboratory of high biosafety level, and 

professional operators which dramatically limit its application 

in the resource-poor areas. ELISA has been widely used to 

detect pathogens because of its specificity, sensitivity, and low 

cost. However, ELISA is usually labor-intensive and time-

consuming because of the multiple steps of operations. GLFT is 

also extensively used in pathogen detection due to its simplicity, 

rapidity, and low cost. A major limitation of GLFT is the low 

sensitivity that is inferior to that of ELISA, so that GLFT may 

not allow for highly sensitive detection of S. enterica. SPR is a 

label-free biosensor for detecting pathogens, but its application 

is hindered by its poor sensitivity and high cost. In previous 

work, we have developed an MRS sensor for rapid and 

sensitive detection of S. enterica in one step. However, this 

method still relies on an instrument for signal readout, and is 

not suitable for point-of-care testing (POCT) or on-site 

detection of pathogens. To address the aforementioned issues, 

the development of a simple, rapid and sensitive method to 

detect S. enterica in food samples is highly necessary.  

Visual readout of biochemical assays has drawn increasing 

attentions because it is convenient, low-cost, rapid and 

instrument-free.16,17 At present, visual detection methods 

mainly include: 1) color change originated from the chemical 

reactions;18 2) color change based on the unique characteristics 

of nanoparticles,19-21 such as the gold nanoparticles (AuNPs). 

The change of state of AuNPs in solution results in the color 

change, which has been widely adopted for visual readout in 

biochemical assays. This strategy shows high sensitivity and 

good stability, but it needs relatively complex surface chemistry 

to modify the AuNPs and therefore limits its application in real 

bio-analysis; 3) color change originated from the reaction 

between enzyme and substrate.22 For example, horse radish 

peroxidase (HRP) can highly catalyze its substance- 

tetramethylbenzidine (TMB), and the color of TMB solution 

changes from colorless to blue dependent on the concentration 

of HRP. The visual signal using substrate-enzyme system may 

be the most effective strategy because HRP is widely used in 

immunoassays as a labelling enzyme with properties of good 

stability, high catalytic efficiency and low cost. However, HRP 

is usually conjugated to the secondary antibody in the 

commercialized products, and the labelling efficiency is too 

low to achieve a high sensitivity for biochemical analysis. 

Therefore, it is important to construct a highly efficient bio-

conjugation method to label lots of HRP molecules onto one 

antibody molecule. 

Functional nanoparticles such as gold nanoparticles (AuNPs) 

and magnetic beads (MBs) have recently advanced the bio-
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analysis field because of their excellent optical, magnetic or 

electrical properties.23-25 Au NPs have been widely used in 

chemical and biological assays, due to their facile synthesis, 

high chemical stability, large specific surface area, and 

biocompatibility.26, 27 Au NPs have a large specific surface area, 

and they can conjugate lots of signal molecules such as HRP. 

We thus hypothesis that Au NPs may be used as a carrier to 

simultaneously conjugate antibody (Ab) and HRP molecules to 

prepare the HRP-Au-Ab conjugate. HRP-Au-Ab conjugate may 

provide a new signal amplification system and solve the 

problem of low efficiency of bio-conjugation between HRP and 

Ab. Meanwhile, immunomagnetic separation (IMS) based on 

magnetic beads (MBs) can specifically capture and enrich 

target from complex samples. The combination of IMS with 

HRP-Au-Ab conjugate may specifically capture targets from 

complex samples, while realize signal amplification for visual 

readout at the same time.  

In this study, we developed a simple, rapid and visual 

immunosensor for determination of S. enterica based on Au 

NPs-triggered enzyme signal amplification and IMS. In this 

immunosensor, anti-S. enterica antibody (Ab2) and HRP are 

simultaneously labeled on the surface of Au NPs to prepare the 

HRP-Au-Ab2 conjugate. Immunomagnetic beads (MBs-Ab1), 

S. enterica and HRP-Au-Ab2 conjugate can form a “sandwich” 

immunocomplex (“MB-Ab1-target-Ab2-Au-HRP”) by specific 

recognition between antigen and antibody. By taking the 

advantage of magnetic separation, this sandwich complex was 

separated from the complex matrix, which can highly catalyze 

the TMB, yielding a color change from colorless to blue that 

can be read with the naked eye. The brightness of the blue color 

is directly proportional to the concentration of S. enterica, and 

used as the visual signal. In this strategy, HRP-Au-Ab2 

conjugate not only can be used as the recognition element but 

also as the signal amplification system since HRP can highly 

catalyze its substance (TMB) and the color of TMB will change 

from colorless to blue (Scheme 1). We use the color change of 

TMB solution as the readout, and the absorbance of TMB 

solution (OD620) for quantitative detection in this study. 

 

 
 

Scheme. 1 The scheme of visual immunosensor for one-step 

detection of S. enterica in milk samples. In (a), the Ab2 and 

HRP are simultaneously conjugated on the surface of AuNPs to 

prepare the HRP-Au-Ab2 conjugate; In (b), Ab1 is labelled on 

the surface of MBs to form the MB-Ab1 conjugate; In (c), 

HRP-Au-Ab2 conjugate is used as the dual-signal probe and the 

signal amplification system in the immunorsensor, and MB-

Ab1 is used as a carrier of immunomagnetic separation to 

realize one-step detection of S. enterica.  

     We first characterized the property of the MBs-Ab and 

HRP-Au-Ab conjugate. We quantify that one magnetic beads 

can conjugate 52000 Ab molecules by using the bicinchoninic 

acid (BCA) assay kit. Very small amounts of the S. enterica can 

thus be enriched because of the high density of Ab on MB. We 

also characterized the Ab-Au-HRP conjugate using the 

biological electron microscope. Some gray floccule is labeled 

on the surface of Au NPs, and this gray floccule should be anti-

S. enterica antibody and lots of  HRP molecules, indicating that 

the Ab-Au-HRP conjugate has been successfully prepared 

(Figure S1).  

In this immunosensor, immunomagnetic beads (MBs-Ab1) is 

used as the carrier to enrich S. enterica from samples, and HRP-

Au-Ab2 conjugate is employed for signal recognition and 

signal amplification. We investigated three key factors that 

influence the sensitivity of this immunosensor: (1) The molar 

ratios of HRP/Ab2 on the surface of AuNPs; (2) The 

concentration of the MBs-Ab1 and HRP-Au-Ab2 conjugate. (3) 

The immune-reaction time. We chose four molar ratios of 

HRP/Ab (1:10, 1:50, 1:100 and 1:200) to prepare the HRP-Au-

Ab2 conjugate. The OD620 value is the largest when the molar 

ratios of HRP/Ab are 100:1 and 200:1, indicating that more 

HRP molecules have bound on the surface of Au NPs at these 

molar ratios (Figure S2). The signal intensity is dependent on 

the amount of HRP molecules, and thus we selected the 100:1 

as the ideal molar ratio of HRP/Ab for the following 

experiments.  

When the concentration of MBs-Ab1 is too low 

(0.01mg/mL), it is not enough to capture the S. enterica in 

samples and the positive signal is not strong, thus affecting the 

accuracy of the method (Figure S3c). If the concentration of 

MBs-Ab1 is too high (0.1 mg/mL), the non-specific adsorption 

between the MBs-Ab1 and sample is severe, resulting in the 

false positive result (Figure S3a). High signal/noise ratio could 

be obtained when the concentration of MBs-Ab1 is 0.05 mg/mL 

(Figure S3b). Hence, 0.05 mg/mL of MBs-Ab1 was used for 

the following studies. These results also prove that HRP-Au-

Ab2 conjugate and MBs-Ab1 have been successfully prepared. 

We further selected four different diluted ratios (20:1, 50:1, 

100:1 and 200:1) to optimize the concentration of the HRP-Au-

Ab2 conjugate. When the diluted ratio of HRP-Au-Ab2 

conjugate is 1:20, we found that the color of solution in blank 

sample is also blue, which suggests that the non-specific 

adsorption between HRP-Au-Ab2 conjugate and MBs-Ab1 

exists which yields a false positive result (Figure S4a). When 

the diluted ratio of HRP-Au-Ab2 conjugate is 1:200 and 1:500, 

the positive signal (the concentration of S. enterica is 106 

cfu/mL) is not obvious (Figure S4c and Figure S4d), and the 

color change is not remarkable with the change of the 

concentration of S. enterica. The reason is that there is not 

enough HRP-Au-Ab2 conjugate to form “MBs-Ab1-target-
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Ab2-Au-HRP” sandwich immune-complex. When the diluted 

ratio of HRP-Au-Ab2 conjugate is 1:100 (Figure S4b), the 

relationship between change of blue color of sample and the 

concentration of S. enterica is the most obvious, and the signal 

to noise ratio (S/N) is the largest, which is beneficial to the 

sensitivity. Thus, we adopt this diluted ratio for the following 

experiments.  

We also optimized the reaction time from 30min, 45min and 

60 min. The lowest detectable concentration of S. enterica is 

104 cfu/mL when the reaction time is 30 min, and it can reach 

103 cfu/mL when the reaction time is 45 min and 60 min 

(Figure S5). These results show that the whole reaction is 

complete when the reaction time is 45 min, which is selected as 

the optimized reaction time.  

Under the optimized conditions, we studied the sensitivity of 

this method for detection of S. enterica. The brightness of blue 

color of sample increased when the concentration of S. enterica 

is from 0 cfu/mL to 108 cfu/mL(Figure 1a). We can identify 

the color difference between the 102 cfu/mL S. enterica and the 

blank control, and the lowest detectable concentration of the 

immunosensor for detection of S. enterica with the naked eye is 

102 cfu/mL. The OD620 value of samples increases when the 

concentration of S. enterica is from 102 cfu/mL to 108 cfu/mL 

(Figure 1b). For quantitative determination, a linear relationship 

between the OD620 value and the log of concentration of S. 

enterica was observed in the range between 103 and 107 cfu/mL, 

with the linear equation Y= 0.127X-0.055 (X=lg[CS. enterica], 

R2=0.968) (Figure 1c).To investigate the performance of this 

visual immunosensor, we first employ GLFT as a contrast 

method because GLFT is a popular and simple method for 

naked-eye detection. The lowest detectable concentration of the 

GLFT for detection of S. enterica with the naked eye is 104 

cfu/mL(Figure 1d), which suggests that the sensitivity of the 

visual immunosensor is superior to that of GLFT.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The results of visual immunosensor and GLFT for 

detection of S. enterica. (a) The visual result of this 

immunosensor. (b) The relationship between OD620 value and 

the concentration of S. enterica. (c) The linear relationship 

between the OD620 value and the log of concentration of S. 

enterica. (d) The result of GLFT for analysis of S. enterica.  

ELISA was also chosen as a control method because it is 

widely used in detection of pathogens due to its high sensitivity 

and simplicity. The value of OD450 increased with the 

concentration of S. enterica from 0 cfu/mL to 108 cfu/mL 

(Figure S6), and the limit of detection (LOD, three times the 

standard deviation) is 500 cfu/mL. These results show that the 

sensitivity of this visual immunosensor is better than that of 

GLFT and ELISA. The reasons are as follows: 1) Au NPs have 

high specific surface areas and can conjugate lots of HRP 

molecules, which can be employed as the signal amplification 

system. In ELISA method, the signal tag is commercialized 

HRP-secondary conjugate, and one Ab2 molecule only 

conjugate one or two HRP molecules which has no obvious 

signal amplification effect. 2) This visual immunosensor 

employs magnetic separation that can enrich the target from 

complicated samples,  giving rise to the improved sensitivity. 3) 

This immunosensor is a homogeneous immunoassay, and the 

specific recognition between antigen and antibody is more 

efficient, thus beneficial to the sensitivity of the analysis. 

We further investigated the selectivity of the visual 

immunosensor. During the analysis of S. enterica, the other four 

bacteria, Escherichia coli, Shigella spp, Staphylococcus aureus, 

and Spirillum of Cholera, are used to evaluate the specificity of 

the immunosensor. The brightness of blue color of sample is 

remarkable in S. enterica group and the other bacteria samples 

show negligible blue color (Figure 2a), which confirms that the 

sensor has good specificity for detection of S. enterica in 

complex real samples. The value of OD620 in S. enterica group 

is greatly larger than that of other four groups (Figure 2b), 

which proves that this visual immunosensor has good 

selectivity for detection of S. enterica.  

 
Figure 2. The selectivity of visual immunosensor for detection of S. 

enterica. The concentration of these bacteria was 105 cfu/mL. 

Milk is often contaminated by S. enterica, and we detect the 

S. enterica in milk to demonstrate the practical application of 

this sensor. For comparison, we simultaneously employed this 

visual immunosensor and ELISA for the detection. The results 

of visual immunosensor showed that sample 1, sample 3, 

sample 4 and sample 5 were detected to be positive samples, 

and sample 2, sample 6, sample 7 and sample 8 were detected 

to be negative sample (Figure 3a). These results agree well 

with the quantitative results by using the value of OD620 

(Figure 3b), which further prove the accuracy of the naked eye 

readout strategy. The result from ELISA suggested that sample 

1, sample 3 and sample 5 were detected to be positive samples 

and sample 2, sample 4, sample 6, sample 7 and sample 8 were 

detected to be negative samples (Figure 3c). Sample 1 to 

sample 5 were detected to be positive samples and sample 6 to 
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sample 8 were detected to be negative samples by PCR method 

in Chinese Academy of Inspection and Quarantine (Beijing, 

China). Real time-PCR (RT-PCR) is the gold standard for 

pathogen detection because of its ultrahigh sensitivity, which 

can reach 1cfu/mL for detection of pathogen. However, RT-

PCR needs long detection time (2-3 h) and high cost, which 

prevent it in the field of POCT. This result showed that the 

accuracy rate of visual immunosensor (87%) is higher than that 

of ELISA (75%) because the visual immunosensor has a higher 

sensitivity. Compared to PCR, the advantages of this visual 

immunosensor are: (1) It enables naked-eye detection and needs 

no expensive equipment, which is very important to the on-site 

test; (2) It is a homogeneous immunoassay and the whole 

analysis can be completed in one step, which can greatly 

shorten the detection time.  

 
Figure 3. The detection of S. enterica in milk samples. (a) The 

visual result of immunosensor. (b) The quantitative result of 

immunosensor using absorbance of TMB solution. (c)The detection 

results of the ELISA. “+” present the positive sample (three times 
the standard deviation in blank group), “-” present the negative 

sample. These samples were identified to be positive sample by RT-

PCR, and the concentration of these samples from 1 to 8 was 

1.5×104, 14, 3.3×103, 2.9 ×103, 3.1 ×103, 12, 14 and 16 cfu/mL. 

Therefore, we can apply the visual immunosensor to detect S. 

enterica in real milk samples. Compared to conventional 

ELISA and GLFT, this sensor has many advantages: (1) 

speediness and simplicity: the sensor combines the magnetic 

separation and visual signal generation and amplification into 

one step, which avoid multi-step reactions that is required in 

ELISA, and thus can reduce the whole analysis time (1 h). It         

only needs a magnetic separation rack, and does not need 

professional operators, which is more rapid and friendly         

operable than that of ELISA; (2) sensitivity: the sensitivity of 

this sensor for determination of S. enterica increases by two 

orders of magnitude compared with GLFT and five folds 

compares to that of ELISA. The visual immunosensor can be 

completed in short time (1 h) with convenient operation and 

high sensitivity, which provides an attractive method for the 

detection of pathogen. Table. S1 summarizes the advantages 

and disadvantages of ELISA, GLFT and this visual 

immunosensor. 

Conclusions 

In summary, we have developed a simple, fast, and sensitive 

immunosensor for detection of S. enterica in milk samples by 

naked eyes. The enzymatic reaction between HRP and TMB is 

an effective visual signal readout system. Meanwhile, Au NPs 

is an idea carrier for signal recognition and amplification. The 

visual immunosensor based on magnetic separation and Au 

NPs-triggered enzyme signal amplification will provide a rapid, 

sensitive and simple platform for POCT in the fields of food 

safety, environment monitoring, clinical diagnosis and so on, 

particularly in the developing countries. 
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