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A facile label-free electrochemiluminescent (ECL) biosensor was developed for detection of Staphylo-
coccus aureus (S. aureus) based on the specific binding between Fc region of immunoglobulin G (IgG) and
S. aureus protein A (SPA) in the cell wall. Carboxyl graphene, with large surface and excellent electron
transfer ability, was used as the carrier of IgG for fabrication of ECL biosensor. This biosensor was con-
structed by depositing carboxyl graphene/porcin IgG composite on the surface of a glassy carbon elec-
trode. The specific reaction between SPA and IgG resulted in a decrease of ECL signal because the bound
S. aureus interrupted the interfacial electron transfer and hindered the diffusion of the ECL active sub-
stances. The ECL intensity decreased linearly with S. aureus concentrations in the range of 1.0 x 103-
1.0 x 10° colony-forming units (CFU) mL~!, with a detection limit of 3.1 x 10> CFU mL~". The whole assay
could be accomplished within 70 min when a ready-for-use biosensor was applied. The recovery test for
food, environmental and biological samples showed recoveries between 75.0% and 116.7%. This devel-
oped biosensor displayed ideal specificity, high sensitivity, facile manipulation, simple fabrication and

short assay time, thus provided a new pathway for pathogenic bacteria rapid screening.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Staphylococcus aureus (S. aureus), as the second most common
pathogenic bacterium, has long been threatening public health. It
exists in most kinds of environments and disseminates rapidly by
such media as water, air, food and biological contact, afflicting
people worldwide and mostly in developing and underdeveloped
countries [1-4]. Therefore, a reliable, rapid, facile, and low-cost
detection technique for S. aureus is urgently demanded for control
of infectious diseases.

The approach relying on bacterial culture and colony counting
is well known to be the gold standard for S. aureus detection due
to its high reliability [5]. Although it is error-proof, it has been
proved to be unsuitable for point-of-care test (POCT) because it
demands well-trained personnel and long-time culture consuming
typically no less than 1 day [6]. Alternatively, polymerase chain
reaction-based methods requiring much shorter time (several
hours) are also frequently used for S. aureus detection in the recent
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years [7,8]. Unfortunately, in spite of their short assay time and
preferable sensitivity, they require cell destruction and nucleic
acid extraction, making bacterial samples prone to contamination
and leading to false results. Recently, the molecular recognition
mode, which utilizes recognition agents to bind specifically with
the whole cells of bacteria, is becoming attractive because it is free
of cell destruction. Antibody [9-11], antimicrobial peptide [12-15],
aptamer [16-19], phage and its function protein [20-22] have been
successfully used as molecular recognition agents for S. aureus to
achieve rapid screening. Various electrochemical, fluorescent, mi-
crofluidic and surface plasmon resonance biosensors have been
well developed by using these molecular recognition agents [9-
11,17,18,20,21]. These agents are usually expensive, unstable, or
sometimes commercially unavailable, thus are not fit to be used in
source-limited institute. Most of all, these assay methods are
usually based on laborious and time-consuming labeling strategy
that utilizes enzyme [9-12], fluorescence dyes [13,14,16,20] or
nanomaterials [15,17-19,21] as the signal probes. Consequently,
additional efforts are still urgently needed to develop a more facile
and low-cost technique based on molecular recognition mode to
extend its application.

As a protein highly expressed in the cell wall of S. aureus,
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S. aureus protein A (SPA) is known to be capable of binding spe-
cifically with Fc region of immunoglobulin G (IgG) [23]. This pro-
tein has been conventionally adopted in immunoassays to or-
iented immobilization of antibody and expose Fab region of IgG to
facilitate immunobinding between antibody and antigen [24-26].

Graphene, a two-dimensional carbon sheet with almost one
atom thickness, has been proved to be an ideal carrier for protein
immobilization due to its powerful mechanical strength, large
surface area, and excellent thermal stability [27,28]. Moreover, it
can also serve as an electrode material for enhancing electro-
chemical signal owing to its strong electron transfer ability.
Compared with graphene, carboxyl graphene displays much better
water dispersibility and much stronger immobilization ability for
biomolecules. This material has already been reported to greatly
improve the ECL intensity of luminol, thus facilitate fabrication of
ECL sensor with high sensitivity [29].

Herein, a label-free ECL biosensor for S. aureus detection was
developed by immobilizing porcin IgG on carboxyl graphene-de-
posited electrode. This biosensor emitted very strong ECL signal
after it was electrochemically triggered in alkaline electrolyte so-
lution containing luminol. The specific binding of S. aureus onto
the porcin IgG-immobilized biosensor resulted in a great decrease
of the ECL emission. In comparison with the previously reported
methods based on probe labeling strategy, this label-free ECL
biosensor showed attractive merits such as simple fabrication,
facile manipulation and low cost, thus provided a promising sen-
sing platform for POCT of pathogenic bacteria.

2. Experimental
2.1. Materials and instruments

Porcin IgG and fluorescein isothiocyanate (FITC)-labeled porcin
IgG were purchased from Beijing Biosynthesis Biotechnology Co.,
Ltd. (China). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) was purchased from Aladdin Chemistry Co.,
Ltd. (China). N-Hydroxysuccinimide (NHS) and luminol were ob-
tained from Sigma-Aldrich Chemical Co., Ltd. (USA). Bovine serum
albumin (BSA) and 2-(N-morpholino) ethanesulfonic acid mono-
hydrate (MES) were provided by Beijing Dingguo Biotechnology
Co., Ltd. (China). Carboxyl graphene was purchased from Nanjing
XFNANO Materials Tech Co., Ltd. (China). Strains of S. aureus, Es-
cherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa),
Salmonella, Micrococcus luteus (M. luteus) and Bacillus subtilis (B.
subtilis) were all provided by Chongqing Center for Disease Control
and Prevention (China). Phosphate buffer saline (PBS) at 0.01 M
was used as dilution buffer for all biomaterials. Ultra-pure water
(18.2 ML) purified by an ELGA PURELAB classic system (France)
was used to prepare all aqueous solutions. Milk was purchased
freshly from the local supermarket. Lake water was collected from
Chongde Lake inside campus. Human saliva and human urine were
all acquired from a healthy volunteer in the lab.

ECL signals were detected on a MPI-A ECL Analyzer (Xi'an Re-
max Electronic Science & Technology Co., Ltd., China) equipped
with a three-electrode system consisting of a glassy carbon
working electrode (3 mm in diameter), an Ag/AgCl reference
electrode, and a platinum wire auxiliary electrode. Electrochemical
impedance spectroscopy (EIS) was measured using an Autolab
PGSTAT302 electrochemical workstation (Netherlands). Scanning
electron microscopy (SEM) images were obtained with an
S-3000N scanning electron microscope (Hitachi Instrument Co.,
Ltd., Japan). Fluorescence micrographs were obtained from a
LSM710 laser confocal fluorescence microscopy (Carl Zeiss Co.,
Ltd., Germany).

2.2. Bacteria culture, counting and pretreatment

The strains of bacteria were grown in Luria-Bertani broth
medium at 37 °C with constant shaking for 11 h. The result of agar
plate counting for colony units showed that the concentration of
the achieved S. aureus solution was 1.2 x 10° colony-forming units
(CFU) mL~ . The bacterial culture were centrifuged at 5000 rpm
for 3 min to discard the supernatant, and washed twice with PBS.
The collected bacteria pellet were then re-suspended and diluted
serially with PBS.

2.3. Preparation of carboxyl graphene/porcin IgG composite

Porcin IgG was conjugated to carboxyl graphene by a classic
EDC/NHS chemical reaction. Briefly, 0.6 mg of carboxyl graphene
was dispersed in 2.0 mL of freshly prepared MES buffer (pH 5.2)
containing 800 mmol L~! EDC and 200 mmol L~ NHS to activate
the carboxyl groups for 0.5 h. Then the activated carboxyl gra-
phene was centrifugally washed thrice to remove excessive EDC
and NHS. Afterward, it was re-dispersed in 2.0 mL of PBS at pH 7.4,
and mixed with 20 pL of 1.0 mg mL~" porcin IgG. After overnight
reaction at 4 °C, it was centrifugally washed thrice to remove
unconjugated porcin IgG. The resulted carboxyl graphene/porcin
IgG composite was re-suspended in 2.0 mL of PBS at pH 7.4, and
stored at 4 °C until use.

2.4. Confocal microscopy imaging of fluorescence-stained S. aureus

One hundred microliters of S. aureus solution at
1.0 x 108 CFU mL~! was mixed with 50 pL of FITC-labeled porcin
IgG solution at 1.0 mg mL~!, followed by an incubation of 1h at
37 °C. The stained S. aureus cells was centrifugally washed thrice,
and then re-suspended in PBS. Twelve microliters of the obtained
solution was dropped onto a microscope slide and covered by a
cover slip. Finally, the specimen was observed under the laser
confocal fluorescence microscopy with a magnification of 1000.
The excitation and emission wavelength for FITC were chosen to
be 488 nm and 525 nm, respectively.

2.5. Preparation of ECL biosensor

The glassy carbon working electrode was polished and ultra-
sonically washed in ethanol and water sequentially, to get a mir-
ror-like surface. Subsequently, 5.0 pL of carboxyl graphene/porcin
IgG composite was deposited onto the electrode and dried at room
temperature to form film. Then the electrode was blocked with
3.0% BSA for 1.5h at room temperature to minimize the non-
specific binding. After rinsing with PBS, the electrode was stored in
PBS at 4 °C until use.

2.6. ECL assay procedure for S. aureus

To conduct a label-free ECL assay, the biosensor was incubated
with 30 pL of S. aureus sample at 37 °C for 1 h, to achieve biological
recognition of S. aureus. After a thorough rinsing, the biosensor
was inserted into an electrochemical cell filled with 6.0 mL of
0.01 M PBS (pH 8.5) containing 0.10 mmol L' luminol. With a
scan rate of 100 mV s~ !, a scan potential from —0.6 V to 0.6 V was
applied on the biosensor to trigger the ECL signal. Then the signal
was collected for S. aureus quantification.
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3. Results and discussion
3.1. Binding behavior of porcin IgG to S. aureus

To demonstrate the binding ability of porcin IgG to S. aureus,
FITC-labeled porcin IgG was incubated with S. aureus solution, and
the fluorescence-stained cells were observed under the fluores-
cence microscopy. As seen in Fig. 1, green fluorescence from FITC
was observed mainly on the outer layer of bacterial cells, which
was consistent with the previous claim that SPA existed in the cell
wall of S. aureus [25]. The phenomenon also demonstrated the
feasibility of label-free detection of S. aureus based on the binding
of porcin IgG to S. aureus.

3.2. Principle of ECL bioassay

As an ECL reagent with low oxidation potential yet high
emission efficiency, luminol has drawn increasing interest and
been frequently applied in bioassay. Its ECL reaction mechanism is
shown in Fig. 2A [30]. Carboxyl graphene was reported to greatly
enhance luminol ECL emission due to its strong electron transfer
ability [29]. Therefore, this nanomaterial was adopted to modify
the glassy carbon electrode in this work. It also displayed strong
immobilization ability to porcin IgG for its large surface and
abundant carboxyl groups. Since Fc region of porcin IgG bound
specifically with SPA, S. aureus whole cells were captured on the
surface of biosensor. Then the interfacial electron transfer was
interrupted and the diffusion of the ECL active molecules was
hindered by the as-formed porcin IgG/S. aureus biocomplex, which
resulted in a decrease of ECL intensity (Fig. 2B). Thus a label-free
biosensor for S. aureus detection was developed based on the de-
crease of ECL signal resulting from the bio-recognition event.

3.3. Characterization of ECL biosensor

The surface of the S. aureus biosensor was characterized by
SEM. Fig. 3A shows the surface morphology of the biosensor be-
fore it was incubated with S. aureus. After the biosensor was in-
cubated with bacterial solution, a large number of S. aureus cells
(0.8 pm in diameter) were captured on the surface of the bio-
sensor (Fig. 3B), demonstrating the binding between porcin IgG
and S. aureus.

The electrode modifying and binding processes were char-
acterized by EIS obtained in 5.0 mmol L~! Ks[Fe(CN)g ]/K4[Fe
(CN)g] solution containing 0.1 mol L~ KCI. As seen in Fig. 3C, the
bare glassy carbon electrode showed a electron transfer resistance

(Ret) 0f 4261 Q (curve a). After carboxyl graphene was modified on
the electrode, a greatly decreased R.: value of 1580 2 was ob-
tained because carboxyl graphene facilitated the interficial elec-
tron transfer (curve b). An increased R, value of 2351 £ was ob-
tained for carboxyl graphene/porcin IgG modified electrode since
porcin IgG hindered the electron transfer (curve c). A further in-
crease of Re; value (4788 2) was observed for the same reason
after the modified electrode was blocked with BSA (curve d). After
the prepared biosensor was incubated with S. aureus solution, an
even larger Re. value of 5220 € was observed owing to the binding
of bacterial cells onto its surface (curve e).

3.4. Optimization of experimental conditions

Some factors influencing the performance of the proposed
biosensor were investigated in detail using S. aureus at
1.0 x 10° CFU mL~ . For this label-free assay strategy, it is known
that the ECL response of the biosensor was decided by the amount
of the as-formed porcin IgG/S. aureus biocomplex on its surface,
while the latter was affected by the blocking time, the incubation
time and the amount of immobilized porcin IgG. As shown in
Fig. 4A and B, the ECL intensity decreased gradually with an in-
creasing blocking and incubation time, and almost tended to a
plateau at 90 min and 60 min, respectively, suggesting a binding
saturation of S. aureus to the biosensor. Additionally, the influence
of the amount of immobilized porcin IgG on the ECL response was
investigated using S. aureus and PBS (as a blank) in parallel. Fig. 4C
shows that the signal-to-blank ratio reached the minimum when
the concentration of porcin IgG was 1.0 mg mL~!, indicating a
strongest inhibition of ECL signal. Thus, the blocking time of
90 min, the incubation time of 60 min and the porcin IgG con-
centration of 1.0 mg mL~! were selected for further investigation.

3.5. Analytical performance

Under the optimal conditions, ECL signal decreased linearly
with the logarithmic value of S. aureus concentration in the range
of 1.0 x 103-1.0 x 10° CFU mL~! (Fig. 5A and B), since the binding
of S. aureus on the biosensor depressed the ECL emission of lu-
minol. The linear regression equation was I(a. uw)=
6396.2 —497.2log ¢ (CFU mL™!), with a coefficient of determina-
tion (R?) of 0.995. The detection limit defined as the concentration
resulting in a 10% decrease of the signal from the blank sample
was 3.1 x 10> CFUmL™!, which is comparable with that of im-
munosensor, one of the most popular biosensors for bacteria de-
tection [9-11]. For S. aureus at low (1.0 x 10*> CFU mL~ '), medium

Fig. 1. Fluorescence micrographs of S. aureus stained with FITC-labeled porcin IgG. (A) bright field image, (B) image of green fluorescence channel.
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Fig. 2. (A) The ECL reaction mechanism of luminol in alkaline electrolyte solution. (B) Schematic illustration of biosensor fabrication and S. aureus assay strategy.
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Fig. 3. SEM images of the biosensor surface before (A) and after (B) it was incubated with S. aureus solution. (C) EIS spectra of (a) bare glassy carbon electrode, (b) glassy
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Fig. 6. (A) ECL responses of blank sample (PBS), S. aureus and the interfering bacteria all at 1.0 x 10° CFU mL~". (B) ECL responses of the four un-spiked real samples, blank
sample (PBS) and S. aureus at 1.0 x 10° CFU mL~ . All assay conditions were the chosen optimal conditions, where n = 5 for all points.

Table 1

Recovery test for real samples spiked with S. aureus at different concentrations.

Sample Spiked Found RSD (%) Recovery (%)
(CFUmL™1) (CFUmL™")

Milk 1.2 x 10* 11 x 10* 2.4 91.7
1.2 x 10° 0.9 x 10° 22 75.0
1.2 x 10° 1.0 x 10° 1.6 83.3

Human 1.2 x 10% 13 x10* 49 108.3

saliva

1.2 x 10° 1.0 x 10° 1.4 83.3
1.2 x 10° 1.1 x 10° 2.4 91.7

Lake water 1.2 x 10* 1.0 x 10* 33 83.3
1.2 x 10° 1.4 x 10° 2.4 116.7
1.2 x 10° 1.2 x 108 3.8 100.0

Human urine 1.2 x 10% 1.4 x 10* 3.8 116.7
1.2 x 10° 1.0 x 10° 21 83.3
1.2 x 108 1.4 x 10° 5.7 116.7

(1.0x 10° CFUmL™!) and high (1.0 x 10° CFUmL™!) concentra-
tions, the relative standard deviation (RSD) values for five re-
plicated detections were 2.5%, 2.6% and 5.9%, respectively, showing
acceptable repeatability. By using a ready-for-use biosensor that
had already been modified and blocked, the whole assay process
could be accomplished within 70 min, which is shorter than those
of the reported immunosensors [9-11]. Stability was one of the
major concerns for practical application of biosensor. Fig. 5C dis-
plays the ECL emission of the luminol system under 25 cycles of
continuous potential scans between —0.6 and 0.6 V for the de-
tection of 1.0 x 105 CFUmL ™! S. aureus. Stable ECL signals were
observed with a RSD value of 1.8%. The biosensor retained 91.3% of
its initial response after it was stored in PBS at 4 °C for 15 days,
showing acceptable storage stability. In comparison with the re-
ported immunosensors, this method shows outstanding ad-
vantages such as low cost and facile manipulation because a label-
free protocol and non-specific IgG were adopted.

3.6. Specificity

The specificity of the developed biosensor was investigated in
detail by comparing its ECL responses to PBS (as blank), S. aureus
and five potential interfering bacteria, including three gram-ne-
gative bacteria (E. coli, Salmonella and P. aeruginosa), and two
gram-positive bacteria (M. Luteus and B. subtilis). As seen in Fig. 6A,
only S. aureus at 1.0x10° CFUmL™! resulted in an obvious
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decrease of ECL emission of luminol. The ECL responses from the
interfering bacteria at the same concentration all showed negli-
gible difference compared to that from blank. The degree of in-
terference value of these interferents was calculated according to
the following equation:

B_C x 100% 1
where A, B and C are the signals from the interfering bacteria, S.
aureus and the blank, respectively. The values of degree of inter-
ference for the five interferents (E. coli, Salmonella, P. aeruginosa, M.
Luteus and B. subtilis) were 4.0%, 2.1%, 2.6%, 1.8% and 4.3%,
respectively.

Additionally, mixture 1 composed of the five interfering bac-
teria (all at 1.0 x 10° CFUmL™') and mixture 2 composed of S.
aureus and the five interferents (all at 1.0 x 10° CFUmL~') were
prepared and assayed with the biosensor. It was noted that the
degree of interference for mixture 1 was 3.8%. Furthermore, only
negligible change (1.7%) of ECL response was observed from the
mixture 2 in comparison with that from S. aureus. The matrix ef-
fects of some real samples including milk, lake water, human
saliva and human urine were investigated by comparing the ECL
responses to the un-spiked real samples, PBS buffer (as blank) and
S. aureus at 1.0 x 10° CFUmL~ . As seen in Fig. 6B, the ECL re-
sponses from the un-spiked real samples all showed negligible
difference compared with that from blank. The influence of the
un-spiked milk, lake water, human saliva and human urine were
3.2%, 2.8%, 1.6% and 2.9%, respectively. The above results indicated
that these potentially co-existing bacteria did not interfere the
assay of S. aureus. The developed biosensor showed ideal specifi-
city for S. aureus detection.

Degree of interference =

3.7. Assay of real samples

In order to further assess the application potential of the label-
free ECL biosensor for pathogen detection, sterile samples of milk,
lake water, human saliva and human urine were spiked with S.
aureus at different known concentrations and assayed using the
proposed method. As seen in Table 1, the recovery values ranged
from 75% to 116.7%, with RSD values all below 5.8%, indicating
acceptable accuracy of this biosensor for real sample assay.

4. Conclusions

In summary, a novel label-free ECL biosensor for S. aureus
whole cells detection was developed based on the strong and
specific affinity between SPA and the Fc region of IgG. This bio-
sensor was fabricated with a very simple protocol by depositing
carboxyl graphene/porcin IgG composite on a glassy carbon elec-
trode. Recognition of S. aureus led to an obvious decrease of ECL
emission because the bound S. aureus interrupted the interfacial
electron transfer and hindered the diffusion of the ECL active
substances. As a molecular recognition mode-based method, it
does not require laborious and time-consuming pretreatments
such as pathogenic bacteria culture and nucleic acid extracting.
Compared with other reported methods based on molecular

recognition mode, such as ELISA and aptasensor, this biosensor
does not demand probe labeling process. Therefore it is a very
facile and user-friendly method for pathogen screening, and shows
great application potential in food safety control, medical diag-
nosis, environmental monitoring, and even bioterrorism defense.

Acknowledgments

This project was financially supported by the National Natural
Science Foundation of China (21475107) and the Fundamental
Research Funds for the Central Universities (XDJK2013A025).

References

[1] Y.Q. Li, BW. Zhu, Y.G. Li, W.R. Leow, R. Goh, B. Ma, E. Fong, M. Tang, X.D. Chen,
Angew. Chem., Int. Ed. 126 (2014) 5947-5951.
[2] T.L. Harris, RJ. Worthington, C. Melander, Angew. Chem., Int. Ed. 51 (2012)
11254-11257.
[3] P. Yoong, V.J. Torres, Nat. Commun. 6 (2015) 8125-8134.
[4] J.LH. Madsen, T.C. Johnstone, E.M. Nolan, ]. Am. Chem. Soc. 137 (2015)
9117-9127.
[5] H.Y. Wang, Y.F. Zhou, X.X. Jiang, B. Sun, Y. Zhu, H. Wang, Y.Y. Su, Y. He, Angew.
Chem,, Int. Ed. 54 (2015) 5132-5136.
[6] ]J.C. Rees, C.L. Pierce, D.M. Schieltz, ].R. Barr, Anal. Chem. 87 (2015) 6769-6777.
[7] W.S. Chan, B.S.F. Tang, M.V. Boost, C. Chow, P.H.M. Leung, Biosens. Bioelectron.
53 (2014) 105-111.
[8] Z.M. Du, RF. Yang, Z.B. Guo, Y.J. Song, J. Wang, Anal. Chem. 74 (2002)
5487-5491.
[9] V. Escamilla-Gémez, S. Campuzano, M. Pedrero, .M. Pingarrén, Anal. Bioanal.
Chem. 391 (2008) 837-845.
[10] E. Tan, PH.M. Leung, Z.B. Liu, Y. Zhang, L.D. Xiao, W.W. Ye, X. Zhang, L. Yi,
M. Yang, Sens. Actuators B 159 (2011) 328-335.
[11] S. Boujday, R. Briandet, M. Salmain, J.M. Herry, P.G. Marnet, M. Gautier, C.
M. Pradier, Microchim. Acta 163 (2008) 203-209.
[12] S.S. Rao, K.V.K. Mohan, Y.M. Gao, C.D. Atreya, Microbiol. Res. 168 (2013)
106-112.
[13] N. Suree, C.K. Liew, V.A. Villareal, W. Thieu, E.A. Fadeev, ]J. Clemens, M.E. Jung,
R.T. Clubb, ]. Biol. Chem. 284 (2009) 24465-24477.
[14] M. Dehbi, G. Moeck, EF. Arhin, P. Bauda, D. Bergeron, T. Kwan, ]. Liu, J. McCarty,
M. DuBow, ]. Pelletier, ]. Bacteriol. 191 (2009) 3763-3771.
[15] R.S. Sainath, K.K. Mohan, V., A., D. Chintamani, Blood 116 (2010) 1375-1376.
[16] X.X. Cao, S.H. Li, L.C. Chen, H.M. Ding, H. Xu, Y.P. Huang, J. Li, N.L. Li, W.H. Cao, Y.
J. Zhu, B.E. Shen, N.S. Shao, Nucleic Acids Res. 37 (2009) 4621-4628.
[17] Y. Lian, FJ. He, H. Wang, EF. Tong, Biosens. Bioelectron. 65 (2015) 314-319.
[18] S.J. Wu, N. Duan, Z. Shi, C.C. Fang, Z.P. Wang, Anal. Chem. 86 (2014) 3100-3107.
[19] J.F. Shangguan, Y.H. Li, D.G. He, X.X. He, KM. Wang, Z. Zou, H. Shi, Analyst 140
(2015) 4489-4497.
[20] S. Balasubramanian, I.B. Sorokulova, V.J. Vodyanoy, A.L. Simonian, Biosens.
Bioelectron. 22 (2007) 948-955.
[21] M. Varshney, Y.B. Li, Biosens. Bioelectron. 24 (2009) 2951-2960.
[22] M. Landthaler, U. Begley, N.C. Lau, D.A. Shub, Nucleic Acids Res. 30 (2002)
1935-1943.
[23] U.B. Olsen, Immunopharmacology 22 (1991) 107-114.
[24] (https://en.wikipedia.org/wiki/Protein_A).
[25] P.P.Qj, Y.Y. Ding, T. He, T. Yang, Q.L. Chen, ]J. Feng, ].H. Wang, M.M. Cao, X.Y. Li,
H. Peng, H.M. Zhu, J. Cao, W. Pan, Sci. Rep. 4 (2014) 6908.
[26] RJ.F. Branco, A.M.G.C. Dias, A.C.A. Roque, ]. Chromatogr. A 1244 (2012)
106-115.
[27] B. Kavosi, A. Salimi, R. Hallaj, F. Moradi, Biosens. Bioelectron. 74 (2015)
915-923.
[28] J.F. Liu, G.H. Lin, C. Xiao, Y. Xue, A.K. Yang, H.X. Ren, W.S. Lu, H. Zhao, XJ. Li, Z.
B. Yuan, Biosens. Bioelectron. 71 (2015) 82-87.
[29] XJ. Li, Q.F. Guo, W. Cao, Y.Y. Li, B. Du, Q. Wei, Anal. Biochem. 457 (2014) 59-64.
[30] X.B. Feng, N. Gan, H.R. Zhang, Q. Yan, T.H. Li, Y.T. Cao, ET. Hu, HW. Yu, Q.
L. Jiang, Biosens. Bioelectron. 74 (2015) 587-593.


http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref1
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref1
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref1
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref2
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref2
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref2
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref3
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref3
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref4
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref4
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref4
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref5
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref5
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref5
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref6
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref6
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref7
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref7
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref7
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref8
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref8
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref8
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref9
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref9
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref9
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref10
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref10
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref10
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref11
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref11
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref11
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref12
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref12
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref12
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref13
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref13
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref13
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref14
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref14
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref14
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref15
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref15
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref16
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref16
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref16
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref17
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref17
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref18
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref18
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref19
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref19
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref19
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref20
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref20
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref20
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref21
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref21
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref22
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref22
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref22
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref23
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref23
https://en.wikipedia.org/wiki/Protein_A
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref24
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref24
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref25
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref25
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref25
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref26
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref26
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref26
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref27
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref27
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref27
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref28
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref28
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref29
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref29
http://refhub.elsevier.com/S0039-9140(16)30170-9/sbref29

	A facile label-free electrochemiluminescent biosensor for specific detection of Staphylococcus aureus utilizing the...
	Introduction
	Experimental
	Materials and instruments
	Bacteria culture, counting and pretreatment
	Preparation of carboxyl graphene/porcin IgG composite
	Confocal microscopy imaging of fluorescence-stained S. aureus
	Preparation of ECL biosensor
	ECL assay procedure for S. aureus

	Results and discussion
	Binding behavior of porcin IgG to S. aureus
	Principle of ECL bioassay
	Characterization of ECL biosensor
	Optimization of experimental conditions
	Analytical performance
	Specificity
	Assay of real samples

	Conclusions
	Acknowledgments
	References




