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Three-dimensional macroporous gold superior to conventional
gold disk electrode in the construction of electrochemical
immunobiosensor for Staphylococcus aureus detectiont

Hui Wang, Xiao Zhao, Hui Yang, Lin Cao, Wenfang Deng, Yueming Tan*, and Qingji Xie

Herein, three-dimensional macroporous gold (3DMG) electrode is demonstrated to be a better choice than conventional gold
disk electrode in the construction of an electrochemical immunobiosensor for Staphylococcus aureus (S. aureus) detection.
The 3DMG electrode was prepared on a gold disk electrode by one-step electrodeposition using hydrogen bubbles as
dynamic templates. The 3DMG electrode has a high electrochemically active surface area with pore sizes ranging from 20 to
50 um, and these unique features are conducive to the immobilization of primary antibodies and the capture of S. aureus.
Secondary antibody (Ab,) and alkaline phosphatase (ALP) were immobilized on mesoporous silica nanospheres (MSNs),
and the resulting ALP-MSNs-Ab, composites were utilized as signal tags to construct a sandwich-type
electrochemical immunobiosensor. S. aureus was measured based on the alkaline phosphatase-catalyzed silver
deposition and differential pulse voltammetric detection. The linear range is from 5 to 10° CFU mL!, and the
detection limit is 2 CFU mL-! for S. aureus detection. Due to the signal amplification of 3DMG electrode, the
sensitivity of the immunobiosensor constructing on the 3DMG electrode is 9 times that of an immunobiosensor
constructing on a gold disc electrode. The proposed biosensor was successfully applied for detecting S. aureus in milk

samples.

1. Introduction

The detection of foodborne pathogenic bacteria is important for
clinical diagnostics, disease control, environmental testing and food
safety, in particular due to the increasing global health issue of
increasing antimicrobial resistance.! Conventional method for
detecting foodborne pathogenic bacteria is based on enumerating and
isolating viable bacterial cells in food, and usually involves
complicated steps, so conventional bacterial testing method is time-
consuming.? Due to the development in the field of immunology and
molecular biology, many new detection technologies have been
developed for detecting foodborne pathogenic bacteria, such as
sequencing
technologies, enzyme-linked immunosorbent assay, and ATP

polymerase chain reaction technologies, DNA

bioluminescence.>® These detection methods show great

improvement in detection efficiency, but there are some
disadvantages including high technical requirements and high cost.
Biosensors that make use of antibody and aptamer as the recognition
elements have also been used for detecting foodborne pathogenic
bacteria.””!! Among them, electrochemical biosensors have been
recognized as a powerful tool for detecting foodborne pathogenic
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bacteria, owing to their advantages of fast response, simple operation,
low cost, intuitive output, and ease of miniaturization.'>'* However,
the sensitivities of most electrochemical biosensors are still not up to
the application requirements, since foodborne pathogenic bacteria
usually exist in real samples in very low numbers (<20 CFU mL").13
Therefore, developing an efficient signal amplification strategy is of
great importance for improving the sensitivities of electrochemical
biosensors.

Three-dimensional macroporous electrodes have been widely used
in lithium ion batteries,'® 17 solar cells,'® supercapacitors,'®> 20
electrocatalysis,?'?5 catalysis,?® microbial fuel cells,?"?° enzymatic
biofuel cells,?® and electrochemical biosensors,3!-3? because of their
advantages including large specific surface areas, uniform pores and
high electrical conductivity. For instance, three-dimensional
macroporous carbon-based electrodes have been explored as anodes
in microbial fuel cells to improve the power densities, because the
three-dimensional macroporous structures are beneficial to bacterial
attachment, electron transfer, and mass transport.?’-?° Despite the
fact that three-dimensional macroporous electrodes are beneficial to
the immobilization of bacterial cells, three-dimensional macroporous
electrodes have scarcely been reported to construct of
electrochemical immunobiosensors for detecting foodborne
pathogenic bacteria.

In this work, three-dimensional macroporous gold (3DMG)
electrode was prepared by one-step electrodeposition on a gold disk
electrode using hydrogen bubbles as dynamic templates, and the as-
prepared 3DMG electrode was used for the immobilization of
primary antibodies (Ab;) and the capture of Staphylococcus aureus
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(S. aureus). Mesoporous silica nanospheres (MSNs) were used for
the immobilization of secondary antibody (Ab,) and alkaline
phosphatase (ALP), and the ALP-MSNs-Ab, composites were
labeled to the captured S. aureus cells. Based on the alkaline
phosphatase-catalyzed silver deposition and differential pulse
voltammetric detection, the biosensor can detect S. aureus down to 2
CFU mL-'. Compared with an immunobiosensor constructing on a
gold disc electrode, the sensitivity of the immunobiosensor
constructing on the 3DMG electrode was greatly improved,
highlighting the signal amplification effect of 3DMG electrode.

AA > . BSA

0=P—ONa* ONa* i} ALP

«» S aureus

AAP @ ALP-MSNs-Ab,

Scheme 1 (a) Illustration of fabrication steps of the 3DMG-based
immunobiosensor for S. aureus detection. (b) Illustration of ALP-
catalyzed Ag deposition.

2. Experimental
Instrumentation and reagents

Instrumentation and reagents were provided in the Supplementary
Information.

Preparation of 3DMG and MSNs

The 3DMG electrode was prepared on a gold disk electrode by one-
step electrodeposition using hydrogen bubbles as dynamic templates
according to a previous method with slight modifications.?* Briefly,
the electrodeposition was carried out at -4.0 V for 500 s in 10 M
H,SO, aqueous solution containing 5 mM HAuCl,.

MSNs were prepared following a reported synthesis strategy.’
Briefly, 9 mL of ethanol, 15 mL of ether, 5 mL of tetraethyl silicate,
and 0.5 mL of NH;-H,O were injected in order in 35 mL of water
containing hexadecyltrimethylammonium bromide (14 mg mL").
The above solution was magnetically stirred for 4 h at 27 °C. The
precipitates were centrifuged and washed with water/ethanol for 3
times. The resulted products were dried at 60 °C and then calcinated
at 550 °C for 4 h to produce MSNs.

Surface modifications of MSNs

For the preparation of amino-functionalized MSNs, 50 mg of MSNs
were dispersed in 35 mL of ethanol, followed by adding 0.5 mL of
3-aminopropyltriethoxysilane ~ (APTES). The
magnetically stirred for 24 h at 30 °C. Then the products were
separated by centrifugation and dried at 60 °C. The as-prepared

mixture  was

2| J. Name., 2019, 00, 1-6

amino-functionalized MSNs were used for the immgbilization,of
ALP and Ab,. 5.0 mg of amino-functionalizédMENS Wérd dikpersed
in 5 mL of phosphate buffer solution (PBS, pH 7.4) containing N-
1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (100 mM), followed by adding
50 pL of 1 mg mL! Ab, and 100 pL of 3 mg mL! ALP. After
shaking for 6 h, the as-prepared ALP-MSNs-Ab, composites were
centrifuged at 3,000 rpm, and then redispersed in PBS (5 mL)
containing 10 mg mL-! bovine serum albumin (BSA). The mixture
was agitated for 40 min, and the ALP-MSNs-Ab, composites
blocked by BSA were centrifuged at 3,000 rpm, redispersed in 5 mL
of PBS, and finally stored at 4 °C.

hydroxysuccinimide (100 mM) and

Fabrication and electrochemical characterizations of

immunoelectrodes

The fabrication steps of the immunoelectrodes are shown in Scheme
1a. To immobilize Ab; on the 3DMG electrode, Chitosan (CS) was
electrodeposited potentiostatically on the 3DMG electrode at -0.40 V
for 100 s in 0.10 M HAc-NaAc buffer (pH 5.1) containing 20 mM
H,0; and 0.5 wt.% CS.3¢ Then 10 pL of glutaraldehyde aqueous
solution (2.5 wt.%) was casted on the CS/3DMG electrode. After
reacting for 2 h, the activated CS/3DMG electrode was rinsed with
ultrapure water. To immobilize anti-S. aureus Ab;, 10 pL of anti-S.
aureus Ab; (0.1 mg mL') was casted on the activated CS/3DMG
electrode. After reacting for 12 h at 4 °C, the excess Ab; was rinsed
with PBS. For blocking the nonspecific binding sites, 10 pL of
blocking solution (1 wt.% BSA) was casted on the Ab,-CS/3DMG
electrode and incubated for 1 h at room temperature. After washing
with PBS, the BSA/Ab;-CS/3DMG electrode was incubated with
PBS (1 mL) containing a certain concentration of S. aureus cells at
room temperature for 80 min, where the exact concentration of S.
aureus was detected by the traditional plate-counting method. After
washing with PBS, the obtained S. aureus/BSA/Ab;-CS/3DMG
electrode was incubated with PBS (0.2 mL) containing ALP-MSNs-
Ab, composites (1.0 mg mL!) for 45 min at room temperature to
form ALP-MSNs-Ab,/S. aureus/BSA/Ab;-CS/3DMG electrode.
Finally, the ALP-MSNs-Aby/S. aureus/BSA/Ab;-CS/3DMG
electrode was washed with PBS.

For comparison, ALP-MSNs-Ab,/S. aureus/BSA/Ab,-CS/Au
electrode was also prepared. The fabrication steps of the ALP-
MSNs-Ab,/S. aureus/BSA/Ab;-CS/Au electrode were similar to
those of the ALP-MSNs-Aby/S. aureus/BSA/Ab;-CS/3DMG
electrode except that the Au disk electrode was used instead of the
3DMG electrode.

Each fabrication step of the immunoelectrodes was characterized
by cyclic voltammetry and electrochemical impedance spectroscopy.
Cyclic voltammograms (CVs) were recorded at scan rate at 50 mV s
I, Electrochemical impedance spectra were obtained in the frequency
range from 1 MHz to 0.01 Hz at voltage amplitude of 5 mV.

Electrochemical detection of S. aureus

The immunoelectrodes were subjected to ALP-catalyzed silver
deposition (Scheme 1b). Briefly, 10 pL of enzymatic reaction
solution consisting of 3.5 mM L-ascorbic acid-2-phosphate
trisodium salt (AAP), 3.0 mM AgNO;, and 0.07 wt.% NH;"H,O was
dropped on the immunoelectrodes. After reacting for 45 min at room
temperature, the immunoelectrodes were rinsed with ultrapure water,

This journal is © The Royal Society of Chemistry 20xx
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and air-dried at Then the as-prepared
immunoelectrodes were subjected to differential pulse voltammetric
detection. The electrodes were placed in a 1 mL of 2 M HNO;
aqueous solution, and a cathodic potential of -0.3 V was applied for

room temperature.

200 s. Subsequently, differential pulse voltammetric detection was
carried out between -0.3 V and 0.7 V, with an amplitude of 50 mV, a
pulse width of 50 ms, and a potential step of 4 mV. Differential
pulse voltammograms (DPVs) were baseline corrected using the
CHI760E baseline-correction command.

3. Results and discussion
Characterizations of 3DMG

The 3DMG were characterized by scanning electron microscopy
(SEM). From Fig. la, one can see that the 3DMG is three-
dimensional porous, with pore sizes ranging from 20 to 50 pum.
Compared with the sizes of S. aureus cells (< 1 pm), the pore sizes
of the 3DMG are so large that the diffusion of S. aureus cells into
the pores of the 3DMG is feasible. The electrochemical behaviors of
3DMG and Au disk electrode were studied in 0.5 M H,SO,4 aqueous
solution. As shown in Fig. 1b, the oxidation of Au at both the
3DMG and Au disc electrode starts at ca. 1.1 V, but the shapes of
oxidation peaks in the CVs of the two electrodes are distinct, due to
the different exposed crystal planes.’” The cathodic currents near 0 V
related to reduction of dissolved oxygen are also distinct in the CVs
of the two electrodes, owing to the different oxygen reduction
activities of different crystal planes.®® The electrochemically active
surface area (EASA) can be examined by measuring the charge of
the reduction peak in the CVs in 0.5 M aqueous H,SO, at 50 mV s’!
(Fig. 1b), assuming the charge density of 390 uC cm? during the
electroreduction of an oxide monolayer.® The EASA of the 3DMG
is estimated to be 6.48 cm?, and the roughness factor (Ry) of the
3DMG, namely, the ratio of the EASA to the geometric area, is
calculated to be 92.6. In contrast, the R; value of an Au disc
electrode is only 1.51. The EASA of the 3DMG electrode is 61 times
that of Au disc electrode, and the high EASA of the 3DMG will be
beneficial to the immobilization of Ab; and the capture of S. aureus
cells.

Y

00 04 08 12
E/Vvs SCE

T T T

0.4 0.8 1.2
E/Vvs SCE

Fig. 1 (a) SEM image of 3DMG. (b) CVs of 3DMG and Au disk
electrode (inset) in 0.5 M H,SO,4 aqueous solution at 50 mV s,

Characterizations and surface modifications of MSNs

The morphologies of MSNs were characterized by SEM (Fig. 2a)
and transmission electron microscopy (TEM, Fig. 2b). The SEM
image reveals that MSNs have uniform size (290+30 nm). TEM
image further reveals that MSNs have porous structure. A hysteresis
loop is observed in the nitrogen adsorption/desorption isotherms

This journal is © The Royal Society of Chemistry 20xx
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(Fig. S1 ), indicating that mesopores exist in the, MSNs.olhe
Brunauer-Emmett-Teller surface area of the MSNDikCE9 i ghM82EI30
m? gl and the average pore size is 3.7 nm according to Barret-
Joyner-Halenda theory.

—— Before amination
After amination

— Amino-functionalized MSNs
0.3 - —— MSNs-ALP

: —— MSNs-Ab,

— ALP-MSNs-Ab,
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Fig. 2 (a, b) SEM (a) and TEM image (b) of MSNss. (c¢) FTIR spectra
of MSNs before and after surface amination. (d) UV-Vis spectra of
ALP, Ab,, amino-functionalized MSNs, MSNs-ALP, MSNs-Ab,,
and ALP-MSNs-Ab,.

For facile immobilization ALP and Ab,, MSNs were subjected to
surface amination by coating APTES on the surfaces of MSNs. In
the Fourier transform infrared (FTIR) spectrum of MSNs (Fig. 2c¢),
the sharp absorption peak at 1100 cm! and the small absorption peak
at 800 cm’! are due to the asymmetric and symmetric stretching
vibration of Si-O bonds, respectively.*® In addition, the sharp
absorption peak at 466 cm! is resulting from the bending vibration
of Si-O bonds, while the broad peak at 3458 ¢cm™! is resulting from
the asymmetric stretching vibration of O-H.#! After surface coating
of APTES, a weak peak at 2940 cm’' in the FTIR spectrum is
assigned to the asymmetric stretching vibration of -CH, in the
APTES. This result suggests that APTES was successfully modified
on the surface of MSNs. Note here that the absorption peak of -NH,
is overlapped with the absorption peak of -OH at 3458 cm!.

Amino-functionalized MSNs were used for the immobilization of
ALP and Ab,, and the product was studied by Ultraviolet-visible
(UV-Vis) spectrometry. As shown in Fig. 2d, both ALP and anti-S.
aureus Ab, show an absorption peak at 280 nm, which is a typical
absorption peak of proteins.*>** Significant absorption peaks at 280
nm can also observed for MSNs-ALP, MSNs-Ab,, and ALP-MSNs-
Ab,, indicating the successful immobilization of protein molecules
on MSNs. However, the peak intensity at 280 nm of ALP-MSNs-
Ab, is higher than those of MSNs-ALP and MSNs-Ab,, indicating
that more protein molecules are immobilized on MSNs. This result
may indicate both ALP and Ab, were successfully linked to the
surfaces of the MSNs.

Characterizations of immunoelectrodes

The fabrication steps of the immunoelectrodes are illustrated in
Scheme 1a, and each fabrication step of the immunoelectrodes was

J. Name., 2013, 00, 1-3 | 3
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characterized by cyclic voltammetry (Fig. 3a) and electrochemical
impedance spectroscopy (Fig. 3b). All the modification layers on
3DMG are non-conductive and have no redox activity, which will
mainly affect the mass transfer of [Fe(CN)g]**. Thus all
electrochemical impedance spectra were fitted to a simple equivalent
circuit model. As shown in Fig. 3a, resulting from the redox of
[Fe(CN)s]*7-, a pair of reversible redox peaks can be seen at the
3DMG electrode, and the redox peak separation (AE, Ey,-Eyp.) is 85
mV. Based on the Randles equivalent circuit model, the charge
transfer resistance (R) is estimated to be 6 Q for the 3DMG
electrode (Fig. 3b). After the electrodeposition of CS on the 3DMG
electrode, increased AE (90 mV) and R (236 Q) were obtained,
indicating the successful modification of CS film on the 3DMG
electrode. To specifically recognize S. aureus cells, Ab;-CS/3DMG
electrode was prepared, and further increased AE (119 mV) and R
(838Q) were obtained. For blocking the nonspecific binding sites,
BSA/Ab;-CS/3DMG electrode was prepared, and the values of AE
and R are estimated to be 179 mV and 1667 Q, respectively. The
BSA/Ab-CS/3DMG electrode was used for capture of S. aureus
cells (103 CFU mL"), and the values of AE and R for the resulting S.
aureus/BSA/Ab;-CS/3DMG electrode are 220 mV and 2105 Q,
respectively. Finally, the S. aureus/BSA/Ab;-CS/3DMG electrode
was labeled with ALP-MSNs-Ab, and the values of AE and R for
the resulting ALP-MSNs-Aby/S. aureus/BSA/Ab;-CS/3DMG
electrode are 264 mV and 2735 Q, respectively. One can see that
each modification step can result in the increased AE and R,
confirming the successful preparation of the immunoelectrodes.

Fig. 3¢ and d show SEM images of the S. aureus/BSA/Ab;-
CS/3DMG electrode, and many S. aureus cells are observed on the
electrode, confirming that S. aureus cells can be captured efficiently
by the electrode. After being labeled with ALP-MSNs-Ab,, one can
see that many nanoparticles are linked to the S. aureus cell (Fig. 3e),
ALP-MSNs-Ab,
successfully labeled to the S. aureus cell.

suggesting that the nanocomposites were

a 150 4
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Fig. 3 CVs (a) at a scan rate of 50 mV s and electrochemical
impedance spectra (b) of 3DMG (1), CS/3DMG (2), Ab;-CS/3ADMG
(3), BSA/Ab;-CS/3DMG (4), S. aureus/BSA/Ab;-CS/3ADMG (5),
ALP-MSNs-Ab,/S. aureus/BSA/Ab;-CS/3DMG (6) in 0.10 M PBS
(pH 7.4) containing 5.0 mM K;Fe(CN)s and 5.0 mM KyFe(CN)g.
Inset of b shows electrochemical impedance spectrum of 3DMG and
equivalent circuit model. Electrochemical impedance spectra were

4| J. Name., 2019, 00, 1-6
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obtained in the frequency range from 1 MHz to 0.01,Hz at.yvoltage
amplitude of 5 mV. SEM images of S. aurdd9/BSOAPAYOS/IDWHG
(c, d) and ALP-MSNs-Ab,/S. aureus/BSA/Ab;-CS/3DMG (e).

Electrochemical detection of S. aureus

The ALP-MSNs-Ab,/S. aureus/BSA/Ab;-CS/3DMG electrodes were
subjected to ALP-catalyzed silver deposition. As shown in Scheme
1b, due to the catalysis of ALP, AAP can be converted to ascorbic
acid (AA), and then AA can react with AgNO; and Ag will deposit
on the immunoelectrodes.*> 4 The deposited Ag on the
immunoelectrodes was converted to Ag(I) ions by HNO; leaching,
and then differential pulse voltammetric detection was carried out to
quantitatively detect S. aureus.

To achieve the highest detection signal, various experimental
conditions for the preparation of the immunoelectrodes were
optimized (Fig. S2 f). The optimal incubation time for S. aureus
capture is 80 min, and the optimal incubation time for ALP-MSNs-
Ab; labeling is 45 min. Experimental conditions for ALP-catalyzed
silver deposition were also optimized (Fig. S3 t). The optimal
AgNOj; concentration is 3 mM, the optimal AAP concentration is 3.5
mM, and the optimal reaction time for ALP-catalyzed silver
deposition is 45 min. Experimental conditions for differential pulse
voltammetric detection were also optimized (Fig. S4 1). The optimal
deposition potential is -0.3 V, and the optimal deposition time is 200
s.

Under these optimized experimental conditions, S. aureus was
quantitatively detected by differential pulse voltammetry (Fig. 4a).
The peak current (/p, mA) in DPVs increases accordingly with the
increase of S. aureus concentration (¢, CFU mL™). Fig. 4b shows the
calibration curve for detecting S. aureus using the 3DMG-based
immunobiosensor, which shows a good linear relationship from 5 to
10° CFU mL-!. The linear fitting curve equation is I, = 0.139 logc -
0.122 (R?>= 0.9987). The relative standard deviation (RSD) for three
parallel tests was below 5%. The detection limit of the 3DMG-based
immunobiosensor is 2 CFU mL! (S/N=3). A biosensor was also
constructed on a gold disc electrode, and the fabrication steps of the
Au disk electrode-based biosensor were similar to those of the
3DMG-based biosensor except that the Au disk electrode was used
instead of the 3DMG electrode. As shown in Fig. 4¢ and d, the Au
disk electrode-based biosensor shows a linear range from 50 to 108
CFU mL'!. The linear fitting curve equation is /,=0.0150 logc-
0.0255 (R? = 0.9948). The detection limit of the Au disk electrode-
based biosensor is evaluated to be 20 CFU mL-! (§/N=3). Obviously,
the detection limit of the 3DMG-based biosensor is much lower than
that of the Au disk electrode-based biosensor. Foodborne pathogenic
bacteria usually exist in real samples in very low numbers (<20 CFU
mL1),"5 so the detection limit of the Au disk electrode-based
biosensor is still not up to the application requirements. The 3DMG-
based biosensor can detect S. aureus down to 2 CFU mL!, which
can meet the practical application requirements. Also, the sensitivity
of the 3DMG -based biosensor (0.139 mA CFU"! mL) is 9 times that
of the Au disk electrode-based biosensor (0.0150 mA CFU-! mL),
suggesting that the 3DMG electrode can amplify the detection signal.
The 3DMG has a high surface area and abundant macropore (20 - 50
um), and these features are beneficial to the immobilization of Ab,
and the capture of S. aureus. At the same S. aureus concentration,

This journal is © The Royal Society of Chemistry 20xx
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the 3DMG can capture more S. aureus than the Au disk electrode. In
our work, the ALP-MSNs-Ab, composites were labeled to the
captured S. aureus cells. Compared with the Au disk electrode-based
immunoelectrode, more Ag will deposit on the 3DMG-based
immunoelectrode after the ALP-catalyzed silver deposition, thus
resulting in higher differential pulse voltammetric signal. Moreover,
the detection limit of the 3DMG-based immunobiosensor is lower
than those of most electrochemical biosensors in literature, and only
a little higher than that of an electrochemical sandwich aptasensor
(Table S1).47 In this work, the electrochemical signal of the 3DMG-
based immunobiosensor was amplified by effectively integrating
sensitive electrochemical detection with enzymatic amplification and
3DMG-assisted signal-amplification, so the proposed method is
sensitive than the reported electrochemiluminescence, colorimetry,
surface-enhanced Ranman scatting, fluorescence, and polymerase
chain reaction in literature (Table S1). Although label-free
biosensors based on electrochemical impedance technique can be
used to directly detect pathogenic bacteria, the detection limits are
typically higher than 100 CFU mL-1.4% 4> Although the fabrication
steps of the biosensor are somewhat complex, the proposed
biosensor may still have a great application prospect in the detection
of pathogenic bacteria due to its high sensitivity.

1.2 4 3
1.0 A
E 0.8
~ 06
0.4 4
0.2 4
0.0 4
L e e B e R B B B
-0.2 0.0 0.2 0.4 0.6 01 2 3 4 5 6 7 8 9 10
E/Vvs SCE d Log S.aureus concentration / CFU mL”'
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Fig. 4 DPVs (a) and standard curve (b) for S. aureus detection using
3DMG-based biosensor. DPVs (c) and standard curve (d) for S.
aureus detection using Au disk electrode-based biosensor. Error bars

represent the standard deviation.

The selectivity of both the 3DMG-based biosensor and the Au
disk electrode-based biosensor was tested. As shown in Fig. 5 and
Fig. S5 +, both the 3DMG-based biosensor and the Au disk
electrode-based biosensor have good selectivity toward S. aureus
detection. The specific affinity of anti-S. aureus antibodies is mainly
responsible for the selectivity toward S. aureus detection, so there
was no significant difference in selectivity between the 3DMG-based
biosensor and the Au disk electrode-based biosensor. To study the
reproducibility of the biosensor, 6 immunoelectrodes were prepared
under the same conditions, and the detection of S. aureus (10° CFU
mL"") using an immunoelectrode was carried out every 3 day (Fig.
Sé6a t). The relative standard deviations are below 5.5%, suggesting
the proposed immunoelectrodes have excellent reproducibility. We
also detect S. aureus in milk samples using the 3DMG-based

This journal is © The Royal Society of Chemistry 20xx
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biosensor and the Au disk electrode-based biosensor (FableS2)..As
shown in Table S2 T, the detection of S. atrélis USIRY/ HRAMA? H3k
electrode-based biosensor at a low concentration of 10 CFU mL-! is
infeasible, resulting from the relative high detection limit (20 CFU
mL-1). In contrast, the 3DMG-based biosensor can still show
satisfactory recovery for detecting S. aureus at a low concentration
of 10 CFU mL-!, highlighting the advantage of the 3DMG-based
biosensor. Foodborne pathogenic bacteria usually exist in real
samples in very low numbers (<20 CFU mL™"),!5 so so the 3DMG-
based biosensor is more suitable for the detection of foodborne
pathogenic bacteria in real samples than the Au disk electrode-based
biosensor. To further validate for detection of S. aureus in milk
samples using the 3DMG-based biosensor, we also detected S.
aureus in milk samples using our reported method that combines
immunomagnetic separation with fluorescent immunoassay.'! As
shown in Table S3 f, the results obtained by the 3DMG-based
biosensor are in good agreement with those obtained by the
fluorescent immunoassay, confirming that our method can be used to
detect S. aureus in real samples.

—— S.aureus
0.3 1 —— E. coli O157:H7 0.3 1

L.monocytogenes
—— E.coliK12

— S aureus

mm E. coli 0157:H7
L.monocytogenes

m— E coliK12

0.0 /o~

T T T T T 0.0 -
-0.2 0.0 0.2 0.4 0.6

E/Vvs SCE
Fig. 5 DPVs (a) and peak currents (b) for detecting different
pathogens using 3DMG-based biosensor. The concentrations of all
pathogens are 10> CFU mL-'. Error bars represent the standard
deviation.

4. Conclusions

In summary, 3DMG electrode was prepared by the dynamic
hydrogen bubble template method, and used to construct an
electrochemical immunobiosensor for detecting S. aureus. ALP-
loaded MSNs served as signal tags to construct a sandwich-type
electrochemical Based on the
phosphatase-catalyzed silver deposition and differential pulse

immunobiosensor. alkaline
voltammetric detection, the immunobiosensor can detect S. aureus
down to 2 CFU mL!. Because the macroporous structure of the
3DMG celectrode is beneficial to the immobilization of Ab; and the
capture of S. sensitivity of the 3DMG-based
immunobiosensor is 9 times that of the Au disk electrode-based
immunobiosensor. The

aureus, the

immunobiosensor also has excellent
stability
immunobiosensor can also be used for detecting S. aureus in milk
samples. We believe that the 3DMG electrode can also be used for
the construction other biosensors for signal-amplification detection

of other targets.

selectivity, high and good reproducibility. The
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