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ABSTRACT
Detection of Mycobacterium bovis (M bovis) 
is important for prevention of a cattle tuber-
culosis outbreak. In this study, a nanobio-
sensor modified by gold nanoparticles for 
detection of M bovis in milk was developed. 
The biosensor was fabricated firstly by 
dropping the mix solution of chitosan (Ch), 
Au nanoparticles (AuNPs), and alkaline 
phosphatase labeled goat anti-mouse IgG 
(ALP-IgG) on glassy carbon electrode 
(GCE) to form a robust film with good bio-
compatibility, then antibody against Myco-
bacterium tuberculosis (anti-M.TB), which 
could identify M bovis, was immobilized on 
the composite film through the reaction with 
ALP-IgG. The biosensor was able to detect 
M bovis with the detection limit 3.5×103 
cfu/ml and a linear range from 104 to 106 
cfu/ml. This strategy could be applied as a 

rapid platform for detection of M. bovis for 
cattle tuberculosis infection.

INTRODUCTION
Detection of Mycobacterium bovis (M 
bovis) in milk is a good solution to prevent 
cattle TB outbreak, which can also provide 
a guarantee for food safety and human 
health. Some studies have reported that 
Pasteurization and short-time high tempera-
ture sterilization cannot completely kill the 
Mycobacterium tuberculosis.1 M bovis was 
found in commercial milk, raw milk, and the 
cow lung tissue in Nepal, Spain, and other 
countries.2,3 However, the detection of M 
bovis is cumbersome and time-consuming 
due to their slow growth rate, which may 
take 4 to 12 weeks for culture.4  Recently, 
the electrochemical immunosensor has been 
applied for detection of pathogenic bacteria, 
because it possesses the promising proper-
ties of specific and simple detection, short 
assay time, and suitable miniaturization.5,6 
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For the design of an electrochemical im-
munosensor, a crucial step is the immo-
bilization of the immunoreagent onto the 
electrode surface. Chitosan (Ch), a kind of 
natural polysaccharide, has been extensively 
applied as immobilization matrices for 
preparation of biosensors7,8 due to its attrac-
tive properties of excellent film-forming 
ability, biocompatibility, non-toxicity, high 
mechanical strength, and affordability. 
Au nanoparticles (AuNPs), with unique 
chemical and physical properties, have been 
widely used for constructing electrochemical 
biosensors due to their high electron-transfer 
ability between biomolecules and electrode 
surface, and with enhancement of the signal 
response. 9-11 In addition, AuNPs could retain 
the proteins conformation and make them 
free in orientation, thus improve the lifespan 
of the immunosensor. 12 

In this work, an immunosensor for the 
determination of M bovis was fabricated 
on the surface of glassy carbon electrode 
(GCE). The electrode was firstly modified 
by dropping the mix solution of the Ch, 
AuNPs, and alkaline phosphatase labeled 
goat anti-mouse IgG (ALP-IgG) on the elec-
trode surface, and subsequently, monoclonal 
mouse antibody against M tuberculosis 
(anti-M.TB) was adsorbed onto the com-
posite film through the specific binding with 
ALP-IgG. The enzyme ALP catalyzed the 
substrate 1-naphthyl phosphate (1-NP) in the 
detection buffer, and the resulting enzymatic 
product 1-naphthol provided electrochemi-
cal signal on GCEs that could be detected. 
13 When anti-M.TB immunoreacted with M 
bovis to form immunocomplex after incuba-
tion, the active site of ALP was shielded and 
the access of substrate molecules to ALP 
was also partially shielded. Consequently, 
the electrochemical signal of the immuno-
sensor changed correspondingly with the 
concentration of M bovis. 

MATERIALS AND METHODS 
Reagents and Apparatus
Soluble Ch powder, AuNPs, Tris, and 1-NP 
were purchased from Sigma, USA. Goat 
anti-mouse IgG labled with ALP (ALP-IgG), 

monoclonal mouse antibody to M tubercu-
losis (anti-M.TB), which could also react 
with M. bovis, were purchased from Abcam, 
USA. All these antibodies were diluted in 
0.1 M Tris buffer pH 7.4 containing 1.0% 
(w/v) BSA and 0.05% (w/v) Tween 20. The 
washing buffer was 0.01 M pH 7.4 PBS. 
Test target M bovis strain using Freeze dried 
Bacille Calmette-Guérin (BCG) was pur-
chased from Shanghai Institute of biological 
Products (Shanghai, China). Escherichia 
coli (E coli) and Staphylococcus aureus 
(S aureus) were acquired from Institute of 
Environmental Medicine of Tongji medical 
College (Wuhan, China). M bovis was dis-
solved in 0.01 M pH 7.4 PBS. 

Electrochemical experiments were 
performed on an electrochemical worksta-
tion CHI-660C (Shanghai Chenhua Instru-
ment Co, China). GCEs were purchased 
from Hengsheng Technology Co. (Beijing, 
China). A three compartment electrochemi-
cal cell contained a saturated calomel refer-
ence electrode, a platinum wire auxiliary 
electrode, and the modified GCE (Ф=3.0 
mm) as working electrode. Ultraviolet and 
visible (UV-Vis) absorption spectra were 
recorded with a Lambda 35 UV/Vis spec-
trometer (Perkin–Elmer instruments, USA). 
The measurements were carried out at room 
temperature (25 ± 0.5 ℃).
Fabrication of the Immunosensor
The mix solution ALP-IgG/AuNPs/Ch for 
modification of the electrodes was prepared 
according to the literature. 14 The concen-
tration of ALP-Ig in the mixed solution was 
0.125 mg/ml. After dropping the mix solu-
tion 8 μl on the surface of clean electrode 
GCE, the electrode was kept at 4℃ for 8 h, 
and then rinsed with PBS. Then, 8 μl of 100 
ng/ml anti-M.TB was dropped on the sur-
face of the electrode modified by ALP-IgG/
Au/Ch and kept at 4℃ for 4 h to immobilize 
the anti-M.TB on the film through the reac-
tion with ALP-IgG. And in this step, anti-M.
TB could block the possible remaining 
active sites of Au nanoparticles to avoid the 
nonspecific adsorption. After washed with 
1 ml PBS, the immunosensor anti-M.TB/
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ALP-IgG/Au/Ch was stored at 4℃ when not 
in use. 

The modified electrodes were charac-
terized by the method of electrochemical 
impedance spectroscopy (EIS) in 5 mM 
Fe(CN)64−/3− containing 0.1 M KCl with 
frequencies ranging from 100 kHz to 0.1 
Hz with an amplitude of 5 mV. The cyclic 
voltametry (CV) was performed in 0.1 M pH 
8.0 Tris-HCl containing 1 mM 1-NP.
Electrochemical Assay 
Differential pulse voltammetry (DPV) was 
used for recording the analytical signal, 
which was performed in the testing buffer 
0.1 M pH 8.0 Tris-HCl containing 1 mM 
1-NP at room temperature. The instrumen-
tal parameters for DPV were as follows: 
amplitude 0.05 V, pulse width 0.01 s, pulse 
period 0.02 s, and potential range 0 to 0.6 
V. The detection of M bovis level was based 
on detecting the inhibition of the access of 
ALP active center to 1-NP, which resulted 
from the immunoreaction anti-M.TB with M 
bovis. 

The current response of the immunosen-
sor was evaluated as the following equa-
tion: ΔI=I1-I2, where I1 represented the 
current response in the testing buffer before 
the immunoreaction, and I2 was the cur-
rent response after incubating with M bovis 

for 30 min. When antigens were captured 
by immobilized antibodies, the antigen-
antibody complex coating on the surface of 
the electrode inhibited the electron-transfer. 
Therefore, the amperometric reduction cur-
rent response (ΔI) increased proportionally 
to the concentration of antigen in antibody-
antigen reaction.
Milk Ssamples Preparation
Milk was purchased from a grocery store. 
Spiked samples were obtained by mixing 
M bovis and 1 ml of sterile milk together. A 
series of milk samples spiked with different 
concentration of M bovis (ranging from 103 
to 106 cfu/ml) were prepared. According to 
the literature,15 diluted milk sample (10 ml) 
was centrifuged at 1,900 g for 10 min. After 
discarding the supernatant, the sediment of 
M bovis cells was washed three times. Fi-
nally, discarding the supernatant, 1 ml PBS 
was added to the sediment and mixed it for 
detection.
Statistical Analysis
Linear regression was used to determine 
the relationship between current shift and 
M bovis concentration in the samples. The 
consistency of current response signals be-
tween PBS samples and milk samples in the 
range of all concentrations were analyzed 
by correlation analysis. And t-test was used 

to determine the significance 
of differences between the 
signals produced by the two 
kinds of samples in each con-
centration separately. Statisti-
cal analyses were performed 
with SPSS software. A signifi-
cance level of P < 0.05 was 
applied in all statistical tests. 

RESULTS AND DISCUSSION
Characterization of the Ch/
Au/ALP-IgG Mix Solution
It is well known AuNPs can 
be stabilized with –NH2- or 
–SH-terminated polymers,16 
and through the amine groups 
and cysteine residues in 
the protein.17 As Ch is an 

Figure. 1. UV-Vis absorption spectra of (a) Ch solution, 
(b) Ch mixed with ALP-IgG, (c) AuNPs, (d) Ch mixed with 
AuNPs, and (e) Ch mixed with ALP-IgG and AuNPs.
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amine-rich polysaccharide, it 
is mixed with ALP-IgG and 
AuNPs to form stable solu-
tion for modification of the 
GCE. As shown in Fig 1, the 
UV-Vis absorption spectra 
of Ch solution (a) showed a 
flat curve (Fig1 a). After Ch 
mixed with ALP-IgG, a dis-
tinct peak of absorption was 
observed at about 280 nm 
(Fig 1b), which are similar to 
the absorption of IgG.18

AuNPs exhibited a dis-
tinct surface plasmon absorp-
tion band, with the maximum 
absorbance at about 518 
nm (Fig 1c), which was the 
characteristic of plasmon 
absorbance of unaggregated 
AuNPs.19 When mixed with 
Ch and again with ALP-IgG, the maximum 
absorbances of AuNPs in the two mixtures 
were respectively found red shift (523 nm 
for Fig 1d and 524 nm for Fig 1e) com-
pared to the bare AuNPs (Fig 1c), due to the 
change in the refractive index as a result of 
the addition components.20 

Electrochemical Characteristics of the 
Modified Electrode
EIS is an effective method to investigate 
the interface properties of surface-modified 
electrodes. Fig 2 showed the EIS results 
of the stepwise fabrication of the immu-
nosensor on the bare GCE (a), ALP-IgG/
Ch (b), ALP-IgG/AuNPs/Ch (c), anti-M.
TB/ALP-IgG/AuNPs/Ch (d), and M bovis/
anti-M.TB/ALP-IgG/AuNPs/Ch (e) in 5 
mM Fe(CN)64−/3− containing 0.1 M KCl. 
It could be seen that the bare GCE exhibited 
a small semicircle at high frequencies and 
a linear part at low frequencies, implying 
the characteristic of a diffuse limiting step 
of the electrochemical process on a bare 
GCE in the electrolyte solution (Fig 2a). 
After ALP-IgG/Ch layer formed onto the 
GCE surface, a remarkable increase in the 
semicircle diameter was observed (Fig 2c), 
which implied the successful formation of 

ALP-IgG/Ch membrane hindering diffusion 
of ferricyanide toward the electrode surface. 

When AuNPs was present, the semi-
circle diameter of the ALP-IgG/AuNPs/Ch 
modified electrode decreased comparing to 
that of ALP-IgG/Ch (Fig 2b), indicating that 
AuNPs facilitated the diffusion of ferricya-
nide toward the electrode surface, as AuNPs 
acted as a conducting wire or an electron 
communication relay.21 After immobiliza-
tion of anti-M.TB, the semicircle diameter 
of anti-M.TB/ALP-IgG/AuNPs/Ch obvious-
ly increased again (Fig 2d), suggesting that 
anti-M.TB was successfully immobilized 
on the surface of the electrode. Especially, 
after M bovis was coupled onto the anti-M.
TB/ALP-IgG/AuNPs/Ch modified electrode 
through the reaction with anti-M.TB, a 
remarkable increase of interfacial resistance 
was obtained (Fig 2e). This increase was at-
tributed to the immunocomplex layer on the 
electrode, which acted as the mass-transfer 
blocking layer, thus, a further increase resis-
tance was observed. 22

Detection of M. bovis in PBS and Milk 
Samples
After the electrodes of anti-M.TB/ALP-
IgG/AuNPs/Ch were incubated to various 
concentrations of M bovis diluted in PBS. 

Figure.2. EIS of the different electrodes in 5 mM 
Fe(CN)64−/3− containing 0.1 M KCl: (a) bare GCE, (b) 
ALP-IgG/AuNPs/Ch, (c) ALP-IgG/Ch, (d) anti-M.TB/ALP-
IgG/AuNPs/Ch and (e) after anti-M.TB/ALP-IgG/AuNPs/Ch 
modified electrode incubated with 105 cfu/ml M. bovis. The 
frequency range was from 10-2 to 106 Hz with perturbation 
amplitude of 5 mV.
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DPV curves were separately scanned to 
record the current response (Fig 4). When M 
bovis was captured by the anti-M.TB/ALP-
IgG/AuNPs/Ch biofilm on the electrode, 
there would be an additional layer, which 
became a barrier for partly shielding the 
active center of immobilized ALP-IgG and 
decreased the catalytic capability of ALP.22 
Consequently, a significant decrease in the 
DPV peak current was observed with the 
increment of M bovis concentration (Fig.3). 

The pH value of test solution affected 
the performance 
of the immuno-
sensor. Since 
highly acidic or 
alkaline sur-
roundings would 
damage the im-
mobilized protein 
and decrease the 
stability of Ch, pH 
8.0 was selected 
as the optimum 
pH value for M 
bovis detection. 
Also, the ampero-
metric response 
of the antigen-
antibody reaction 
greatly depends 

on the incubation tempera-
ture and time. 

Room temperature was 
employed as the optimum 
incubation temperature 
throughout the experi-
ment in order to adapt to 
practical application. The 
incubation time of 30 min 
was adopted throughout the 
experiment, since longer 
incubation time was not 
able to improve the re-
sponse. Under the optimal 
conditions, the calibration 
curve of the DPV peak 
current shift ΔI to M bovis 
in PBS was shown in Fig 
4 line a. The ΔI increased 

proportionally to the logarithm of M. bovis 
concentration from 104 to 106 cfu/ml with a 
detection limit of 3.5×103 cfu/ml (S/N=3). 
The linear regression equation was ΔI = 
3.344×logC-11.727, with a correlation coef-
ficient of 0.994. 

This immunosensor was also used to 
detect M bovis spiked milk samples. The 
current shift ΔI increased with M bovis con-
centration, the calibration curve was shown 
in Fig 4 line b. These results appeared to 

Figure 3. DPV curves of the anti-M.TB/ALP-IgG/AuNPs/
Ch electrodes in pH 8.0 Tris-HCl solution containing 1mM 
1-NP after incubating with various concentrations of M. bovis, 
and curves a–h represent 0, 1×104, 2.5×104, 5×104, 1×105, 
2.5×105, 5×105, 1×106 cfu/ml M. bovis (from bottom to top).

Figure 4. The calibration linear curves of DPV peak current shift ΔI 
for PBS samples (line a ◆) and milk samples (line b ◆) with different 
concentrations of M. bovis. 
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agree well with the results obtained from M 
bovis in PBS (Fig. 4 line a). After statistical 
analysis, milk samples showed consistent 
signals with pure PBS samples in the range 
of all concentrations (r = 0.999), and there 
was no significant difference between them 
(P>0.05). Furthermore, the detection limit 
for milk samples was equal to that for PBS 
samples. In contrast with routine M bovis 
testing analysis and other supplementing 
methods,23,24 this method is faster and only 
requires simple sample preparation. 
Specificity, Repeatability and Stability 
In order to evaluate the specificity of the 
immunosensor, possible interfering patho-
genic bacteria in food such as Escherichia 
coli O157:H7 (E coli) and Staphylococ-
cus aureus (S aureus) were chosen in the 
testing experiment. As shown in Fig 5, the 
current shift induced by M bovis was much 
larger than that induced by other pathogens, 
demonstrating a good selectivity of the im-
munoassay.

The repeatability of the immunosensor 
was evaluated from the response to M bovis 
(105 cfu/ml) at five different electrodes, 
and the relative standard deviation (R.S.D) 
was 8.3%. When the immunosensor was 
stored at 4 ℃ for a week, the amperometric 

response was 90% of 
the initial response. The 
results indicated that the 
immunosensor had ac-
ceptable reproducibility 
and stability.

CONCLUSION
In this paper, an ampero-
metric immunosensor 
for rapid detection of M 
bovis has been developed 
based on immobilization 
of anti-M.TB on glassy 
carbon electrode modi-
fied by ALP-IgG/AuNPs/
Ch composite membrane. 
M bovis was detected 
based on the inhibition 
of enzymatic activity to 
the oxidation reaction of 
1-NP due to the forma-

tion of immunocomplex on the surface of 
the immunosensor. When the immunosensor 
was applied to milk spiked samples, good 
results were obtained. The fabrication of the 
sensor provides a simple and rapid method 
for detection of M bovis comparing to con-
ventional analysis. 23, 24 
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