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Abstract: The surface stress-based biosensor has been applied in fast and sensitive identification of Escherichia coli (E.
coli)with significance for public health, food, and water safety. However, the stable sensitive element of flexible biosensor based
on surface stress is still crucial and challengeable. Here, the authors reported surface stress-induced biosensors based on
double-layer stable gold nanostructures (D-AuNS-SSMB) for E. coli O157:H7 detection. Bacterial detection demonstrates the
high stability of the biosensor. The resistance change of biosensor is linear to the logarithmic value of the E. coli O157:H7
concentrations ranging from 103 to 107 CFU/mL with a limit of detection (LOD) of 43 CFU/mL. The captured signals of D-AuNS-
SSMB comes from surface stress generated by antigen—antibody binding. In addition, the biosensor exhibits good stability,
reproducibility and specificity in detection of E. coli O157:H7 as well. This study provides a new preparation method of stable

sensitive element for the E. coli detection.

1 Introduction

Surface stress-induced biosensors hold remarkable potential for
diverse applications in biomolecules and cell detection due to their
label-free technology, direct detection method, and simple
preparation [1-7]. The biosensor depends on the deformation of the
sensitive element to sense surface stress generated during the
biomolecule interactions [8-11]. Hence, the stability and
consistency of the sensitive element surface play a significant role
in improving the performance of the surface stress-induced
biosensors [12, 13].

Currently, numerous researches have been conducted to
improve the surface stability of the sensitive element. Tsouti et al.
[14] deposited a passivation layer of silicon dioxide to coat
sensitive element and effectively improved the stability of the
surface stress-induced biosensors. However, the silicon dioxide, as
a protective layer, increased the thickness of the sensitive element,
leading to the decrease in the biosensor sensitivity. Loizeau et al.
selected silicon membrane to sense surface stress and employed
functionalisation polymer to protect the stability of sensitive
element [15]. Due to the swelling of functionalisation polymer, the
signal-to-noise ratio of the surface stress-induced biosensors was
reduced, and the experimental errors increased. Other works
deposited gold nanoparticles on polydimethylsiloxane (PDMS) to
fabricate sensitive element of surface stress-induced biosensors,
due to simple preparation, non-toxic and biocompatibility [16—19].
However, instability and abscission of the gold nanoparticles on
PDMS are prone to break the interface balance of sensitive
element, and restrain sensitivity of surface stress-induced
biosensors and increase the signal-to-noise ratio of the sensing
system.

Herein, we prepared double-layer stable gold nanostructures
(D-AuNS) on PDMS surface via two-step reduction method and
constructed surface-stable biosensors. The biosensor was employed
to specifically detect Escherichia coli O157:H7 (E. coli O157:H7)
based on the surface stress. The performance of the stable sensitive
elements was demonstrated by measuring the response of the
biosensor to the bacterium. The biosensor was characterised by
ultraviolet—visible (UV-Vis) spectrophotometry and scanning
electron microscope (SEM) in detail. Furthermore, the mechanism
of surface stress sensing was discussed. The surface stress-induced
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biosensor based on double-layer stable gold nanostructures (D-
AuNS-SSMBs) is sensitive to E. coli O157:H7, which
demonstrates the potential for practical applications in monitoring
the E. coli O157:H7 concentration.

2 Material and methods
2.1 Materials

PDMS (Sylgard 184 silicone elastomer kit) was obtained from
Dow Corning (Midland, MI, USA). Chloroauric acid tetrahydrate
(HAuCly4H,0, Au>47.8%) was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, CHN). D-Glucose
(C¢H1206°Hy0, >99.5%) was purchased from Hengxing Chemical
Reagents (Tianjin, CHN). Potassium bicarbonate (KHCO;3,
>99.5%) was purchased from Fuchen Chemical Regents (Tianjin,
CHN). 11 Mercapto 1 undecanoicacid (MUA: SH-(CH;);o-COOH)
was provided by Nanjing pars Biotechnology Co., Ltd 1-ethyl-3-
carbodiimide (EDC), N-hydroxysulfosuccinimide (NHS), and E.
coli antibody (anti-E. coli) were obtained from Hushi (Shanghai,
China). Bovine serum albumin (BSA) was provided by Sigma-
Aldrich (Saint Louis, MO, USA). Clostridium botulinum (C.
botulinum),  Salmonella  enteritidis  (S. enteritidis), and
Staphylococcus aureus (S. aureus) were provided by Institute of
Microbiology, Chinese Academy of Sciences. Deionised water was
purified using the Ulupure ultrapure water system (resistivity,
18.25 MQ-cm). All other chemicals and solvents were reagent
grade or of higher quality and used as received.

2.2 Fabrication of D-AuUNS-SSMBs

The mixture solution of Sylgard 184 monomer and curing agent in
a weight ratio of 10:1 was prepared and removed the air bubbles in
vacuum at room temperature. PDMS films were fabricated by
spinning mixed solution on glass substrates at 2000 rpm for 1.5
min by spin coater (SPIN-1200D, Midas, Daejeon, Korea) and then
cured at 70°C for 3 h. The Au-seeds, as the first layer of AuNS,
were generated in PDMS films by immersing the cured native
PDMS films in 0.01 g/mL HAuCly alcohol solution for 24 h at
room temperature. The Au-seed PDMS films were transferred from
the glass substrate to the cured pure PDMS, which had circular
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Fig. 1 Schematic representation of the D-AuNS-SSMB
(a) Photographic image of the D-AuNS-SSMB, (b) Schematic diagram and cutaway
drawing of the D-AuNS-SSMB, (¢) The cross-section view of AA
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Fig. 2 SEM characterisation of D-AuNS-SSMB

(a) SEM image of the first layer of AuNSs. The inset shows the cross section of
PDMS with the first layer of AuNSs, () SEM image of the second layer of AuNSs on
the D-AuNS-SSMB surface by glucose reduction, (¢) EDS of the D-AuNS-SSMB
with the first layer of AuNSs

holes in order to facilitate the deformation of the film. The second
layer of AuNS on PDMS continued to grow on the basis of Au-
seeds in the mixed solution, containing glucose (0.02 g/mL),
KHCO;3 (0.02 g/mL) and HAuCly (0.01 g/mL). The pH of the
solution was adjusted to 9.0 by dripping 0.01 g/ml NaOH solution
and kept for 20 min at 0-4°C. The photographic image and
schematic of D-AuNS-SSMB are shown in Fig. 1.

2.3 Characterisation of the PDMS films with gold
nanostructures (AuNS-PDMS)

The surface morphology of AuNS-PDMS films were characterised
by SEM (JSM-7400F, JEOL, Japan) at 10 kV. The absorption peak
of D-AuNSs of the composite films, which is located in 540 nm
wavelength, were tested utilising UV-Vis spectroscopy (UV-3100,
Shimadzu, Japan) at room temperature. Digital Multimeter
(Keithley 2400, Tektronix, USA) was purchased to test the
electrical characteristics.

2.4 Functionalisation of D-AuNS-SSMB

The D-AuNS-SSMBs were cleaned for 5 min by successively
soaking in acetone, isopropanol, alcohol, and deionised water and
dried with nitrogen, followed by incubating in 0.1 mM MUA for
10 h to form the self-assembled monolayer. MUA-modified D-
AuNS-SSMBs were activated by incubating in a mixture solution
of 3 mg/mL EDC and 3 mg/mL NHS (volume ratio=1:1) for 1 h at
room temperature, and then injected 1 mg/mL anti-E.coli and kept
for 1 h at 37°C. Afterwards, the biosensors were incubated in 0.1%
BSA for 1h. The biosensors were rinsed with ethanol and
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deionised water to remove the free MUA and anti-E.coli, and dried
with nitrogen finally.

2.5 Bacterial culture

E. coli O157:H7 was cultured in Luria-Bertani media at 37°C
overnight in cell culture incubator (HERAcell150i, Thermo, USA),
and centrifuged at 5000 rpm for 2 h, followed by resuspension in
25 mL normal saline. The bacterial suspensions with different
concentrations were diluted with normal saline as well.

2.6 E. coli O157:H7 detection

The D-AuNS-SSMBs were exposed to the E. coli O157:H7 with
concentration ranging from 103 to 107 CFU/mL for 30 min. Then
the Digital Multimeter (2400, Keithley Instrument, Ohio, USA)
was employed to detect the response of D-AuNS-SSMB to E. coli
0157:H7 with concentrations ranging from 103 to 107 CFU/mL.
The I~V curves were obtained by voltage scanning measurement.
The resistances (R) were calculated according to the measured /-
curves. The resistance change (AR/Rj;) of D-AuNS-SSMB is
obtained with (R—R()/R( calculation, where R the resistance of
biosensors with different bacterial concentrations, and Ry is the
initial resistance of biosensor. The standard deviation is calculated
with (1).

o= \/% D" (AR/R,— AR/R)) (1)

i=1

Where o is the standard deviation, n is the number of parallel
experimental tests and n =10 in this study, ARj/R is the resistance

change and AR/R, is the average resistance change of the biosensor
in ten parallel experiments at the same bacterial concentration.

3 Results and discussion
3.1 Growth of D-AuNSs

As well-known, the Si-H groups are enriched in cured PDMS and
considered as the reducing agent [20]. Herein, PDMS can in situ
reduce HAuCly to gold nanoparticles (2) [21], which forms the first
layer of AuNS (Fig. 2a). The gold nanoparticles in the first layer of
AuNS are regarded as the Au-seeds and embedded into the PDMS
surface (inset in Fig. 2a). Furthermore, the energy dispersive
spectrometer (EDS) in Fig. 2¢ shows that the composite films
include gold atoms, proving that AuNSs are reduced in PDMS.
Based on the Au-seeds, the D-AuNSs are continually constructed
to form the second layer of AuNS by glucose reduction (Fig. 2b).
The reduction process is described as (3). The D-AuNSs grows
steadily on the PDMS surface due to the embedded Au-seeds.
Absorption of carbon dioxide by NaOH solution and reduction of
reaction rate at low temperature contribute to uniformly distribute
of D-AuNSs on the PDMS surface.

4AuCl; +6 — §|i —H+ 3H,0 — 4Au
@
+3—§|i—o—§|i— +16CI™ + 12H*

2HAuCl, + 3HOCH,(CHOH),CHO — 2Au

+3HOCH,(CHOH),COOH + 8HCI + H,O ®)
To further characterise D-AuNSs, the AuNS-PDMS films were
tested with typical UV-Vis spectroscopy, as shown in Fig. 3. It can
be seen in Fig. 3 that the AuNS-PDMS with the first layer of
AuNSs has an absorption peak at 540 nm due to the surface
plasmon resonance of gold nanoparticles in PDMS films [22],
compared with PDMS film without AuNSs. The absorption peak of
AuNSs is enhanced with glucose reduction, indicating the
formation of the second layer of AuNSs.
The gold stability of AuNSs-PDMS film prepared by two-step
reduction is compared with that prepared by one-step reduction of
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Fig. 3 UV-Vis spectroscopy of PDMS, PDMS with the first layer of AuNSs
and PDMS with the second layer of AuNSs

Fig. 4 Photographic image of AuNS-PDMS film
(a) AuNS-PDMS prepared by two-step reduction method, (5) AuNS-PDMS prepared
by one-step reduction of glucose

== AUNSs-PDMS  § MUA > BSA

Y Anti-E.coli @ E.coli
Fig. 5 Schematic diagram of the modification procedure of the D-AuNS-
SSMB

glucose, as shown in Fig. 4. The film demonstrates a stable gold
layer on the PDMS surface due to D-AuNS; however, the film
suffers from a gold layer falling off the PDMS surface due to weak
adsorption between monolayer AuNS and PDMS. At present,
many similar sensors stabilise the gold layer by evaporation of
chromium plating; however, evaporation process has a negative
impact on the sensitivity of the biosensor due to the increase of
film thickness [23, 24]. Therefore, two-step reduction can
effectively improve the stability of AuNSs on PDMS surface.

3.2 Response principle of the biosensing strategy

The process of functionalisation and specific binding with E. coli
O157:H7 are shown in Fig. 5. Initially, hydroxyl (-COOH) groups
are immobilised on the D-AuNS-SSMB surface via self-
assembling of MUA [25, 26], as shown in Figs. 5a and b. Then
anti-E.coli is assembled on the carboxylated D-AuNS-SSMB by
chemical treatment of EDC/NHS solution, forming a specific
recognition interface, as shown in Fig. 5c. The BSA is employed to
inhibit non-specific binding and enhances the performance of

IET Nanobiotechnol., 2019, Vol. 13 Iss. 9, pp. 905-910
© The Institution of Engineering and Technology 2019

specific recognition (Fig. 5d). E. coli can be specifically recognised
and captured on the D-AuNS-SSMB surface.

Although great effort has been invested to apply to surface
stress in biosensing, the generation mechanisms of surface stress,
surface deformation process and force-electricity conversion
method remain unclear. Our D-AuNS-SSMB provides a means to
understand the generation mechanisms of surface stress [20, 26]. In
the process of specific binding of E. coli O157:H7 with anti-E.coli,
large bond energy emerges on D-AuNS-SSMB surface due to
antigen—antibody binding, and is stronger than that between surface
D-AuNSs, leading to the mutual exclusion of D-AuNSs on the
surface [20]. As a result, compressive surface stress is generated on
the D-AuNS-SSMB surface, causing a convex deformation of the
membrane [26], as shown in Fig. 5e. The deformation of the
membrane can inevitably hold change in the distance between the
AuNSs on D-AuNS-SSMB surface, which turns into resistance
changes finally. Therefore, the principle of D-AuNS-SSMB
resistance change can be used to detect E. coli with different
concentrations.

3.3 E.coli O157:H7 detection using D-AuNS-SSMBs

Before the E.coli detection, we first proved that the detection
signals came from specific capture of E.coli O157:H7 via anti-
E.coli. Hence, control experiments were designed and conducted.
The E.coli O157:H7 (107 CFU/mL) was injected on anti-E.coli-
modified D-AuNS-SSMB and anti-E.coli-free D-AuNS-SSMB,
respectively, and the dynamic responses of the D-AuNS-SSMB are
shown in Fig. 6a. The baseline was obtained by detecting normal
saline with as-prepared D-AuNS-SSMB modified with anti-E.coli.
The baseline reveals that gravity of normal saline contributes to
0.01 resistance change of the D-AuNS-SSMB. Due to the specific
binding of E.coli O157:H7 and anti-E.coli-modified D-AuNS-
SSMB, upward surface stress is generated and gradually increases
to counteract gravity of bacterial solution. At 20 min, the upward
surface stress is equal to gravity, and the film hardly deforms.
Hence, the resistance of D-AuNS-SSMB restores the initial value.
The upward surface stress continues to increase and exceeds the
gravity, leading to convex deformation and re-rising resistance of
the D-AuNS-SSMB. After 30 min, upward surface stress stabilises
and resistance remains unchanged [24]. Therefore, the surface
stress is considered as the ultimate cause of D-AuNS-SSMB
resistance change. However, due to the absence of antigen—
antibody specific binding and the generation of surface stress, the
dynamic response of the anti-E.coli-free D-AuNS-SSMB to
bacteria is the same as that of the normal saline. After the E.coli
0157:H7 was incubated for 30 min, we removed the buffer and
rinsed it with deionised water, and re-measured the change in
resistance of the D-AuNS-SSMB, as shown in Fig. 6b. The
resistance change of anti-E.coli-modified D-AuNS-SSMB is
distinguished from the anti-E.coli-free D-AuNS-SSMB with the
high signal difference, which further reveals that resistance change
results from the specific capture of E.coli O157:H7.

The responses of E. coli O157:H7 with concentration ranging
from 103 to 107 CFU/mL to D-AuNS-SSMB were monitored by
resistance change. The E. coli O157:H7 was incubated on the D-
AuNS-SSMB for 30 min and then washed to remove the buffer.
Under the same conditions, each E. coli O157:H7 concentration
was detected five times or more using as-prepared D-AuNS-
SSMB. The response curve corresponding to resistance change of
D-AuNS-SSMB within ten minutes versus the E. coli O157:H7
concentrations ranging from 103 to 107 CFU/mL is shown in
Fig. 7. The resistance change of D-AuNS-SSMB is linear to the
logarithmic value of the E. coli O157:H7 concentrations ranging
from 103 to 107 CFU/mL. The linear equation can be represented
by AR/R=0.005710gCg co1; + 0.0054, with an R? value of 0.9849.
Due to the specific binding between E.coli and anti-E.coli, the
surface stress generates and plays a vital role in resistance increase
of D-AuNS-SSMBs. Moreover, the experimental error in the
process of E. coli O157:H7 detection is within the controllable
range, which indicates that our D-AuNS-SSMB exhibits good
repeatability. In addition, a statistical analysis was operated by the
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Fig. 6 Response of the anti-E.coli-modified and anti-E.coli-free D-AuNS-SSMBs to E. coli O157:H7
(a) The dynamic response process, (b) The resistance change of anti-E. coli-modified and anti-E.coli-free D-AuNS-SSMBs under the absence of buffer
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Fig. 7 Response curve corresponding to resistance change of D-AuNS-SSMB within ten minutes versus the E. coli O157:H7 concentrations ranging from 103

to 107 CFU/mL

Table 1 Comparison of the different methods for bacterium detection

Methods LOD Detection range Time References
PDMS surface stress biosensor 103 CFU/uL 103-8 x 103 CFU/uL 30 min [24]
microcantilever biosensor based on surface stress 106 CFU/mL 106-2x108 CFU/mL 2h [28]
PEG-SH-coated cantilever 106 CFU/mL 106-108 CFU/mL 16 min [29]
surface plasmon resonance (SPR) 104 CFU/mL 104-108 CFU/mL <1 min [30]
field-effect transistor device 103 CFU/mL 103-105 CFU/mL NR [31]
label-free SERS detection 10% CFU/mL 109-107 CFU/mL 3 hincubation [32]
d-AuNS-SSMB 43 CFU/mL 1032107 CFU/mL 30 min this work

NR, not recorded.

t-test method for five concentrations at a 95% confidence interval.
The calculation results show p<0.05, which reveals that the
resistance change has a statistical difference for different E.coli
concentrations. The limit of detection (LOD) of D-AuNS-SSMB
reaches 43 CFU/mL with 1039S calculation, where ¢ is the
response standard deviation of 1logCg .o; of the baseline, and S is
the slope of the linear curve [27]. Moreover, the biosensor has
shown excellent stability (Fig. S1). These results prove that D-
AuNS-SSMB is a reliable method for high-performance FE.coli
detection.

We compared the performance of the D-AuNS-SSMB with the
latest reports on the detection of the bacterium [24, 28, 29]
(Table 1). PDMS surface stress biosensor was prepared stable and
non-exfoliating gold electrodes on the chromium layer; however,
the chromium layer increased the thickness of the film, leading to
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the poor bacterial sensitivity and the LOD [24]. Our D-AuNS-
SSMB enjoys stable gold layer through the double-layer structure
to avoid the shortcoming of thickness change and exhibits LOD of
two orders of magnitude lower. Compared with D-AuNS-SSMB
surface stress biosensors based on micro cantilever suffer from a
narrower range of bacterial detection due to unstable gold layer
[28, 29]. The LOD of D-AuNS-SSMB demonstrates a great
advantage over cantilever surface stress biosensors as well. In
addition, the performance of the D-AuNS-SSMB was compared
with the existing methods [30-32], as shown in Table 1. Surface
plasmon resonance and field-effect transistor device for E. coli
detection exhibit poor detection range, LOD and sensitivity except
requiring expensive and non-portable instrument [30, 31]. Label-
free SERS method shows the same problems as well and requires
the incubation time of over 3 h [32]. In comparison, the newly
developed D-AuNS-SSMB in this work was prepared simply and
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has a convenient detection process. The sensor has shown a reliable
sensitivity, and importantly, the performance achieved a LOD as
low as 43 CFU/mL.

3.4 Study on the effect of E. coli O157:H7 activity on D-
AuNS-SSMB

The activity of the E. coli has a significant effect on the D-AuNS-
SSMB sensitivity due to inactivation of a specific protein of E. coli
after high temperature sterilisation. Here, dead E. coli O157:H7
(107 CFU/mL) was obtained by heat inactivating the bacterial
suspension with a different concentration in boiling water for 40
min. Comparing the alive E. coli O157:H7, the dynamic response
of D-AuNS-SSMB to died E. coli O157:H7 is similar to that of
normal saline (baseline), and the resistance of biosensor remains
the same due to no generation of surface stress, as shown in
Fig. 8a. Hence, the D-AuNS-SSMB exhibits non-specificity to
dead E. coli O157:H7. After the alive and died E.coli O157:H7
were kept for 30 min, the buffer was washed out with saline and
resistance changes of D-AuNS-SSMBs were measured and
compared (Fig. 8b). It is clear that active E. coli causes more
significant resistance changes than dead E. coli O157:H7 (Fig. 8b),
indicating the insensitivity of D-AuNS-SSMB to dead E. coli
O157:H7.

3.5 Specificity and selectivity of the D-AuNS-SSMB

The specificity of D-AuNS-SSMB was demonstrated by
monitoring the responses of D-AuNS-SSMB to E. coli O157:H7,
C. botulinum, S. enteritidis, and S. aureus, each at a concentration
of 10 CFU/mL. Four bacteria were incubated on the D-AuNS-
SSMB for 30 min and then washed to remove the buffer. The
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resistance changes of D-AuNS-SSMB are shown in Fig. 9. The D-
AuNS-SSMB has a resistance change of 0.026 caused by E. coli
0157:H7 and exhibits a sensitive response to the E. coli O157:H7;
however, they have an indistinctive response to other bacteria due
to their only non-specific adsorption. Hence, D-AuNS-SSMBs
have a satisfactory specificity to E. coli O157:H7. In addition, the
selectivity of D-AuNS-SSMB was demonstrated with pre-mixed
suspensions of E. coli O157:H7, C. botulinum, S. enteritidis, and S.
aureus. The D-AuNS-SSMB exhibits a resistance change of 0.023
and 0.024 against pre-mixed suspensions of all bacterium, which is
almost identical to that against only E. coli, indicating a high-
performance selectivity of the biosensor. In addition, when the
concentration ratio of E.coli O157:H7 to C. botulinum varies
between 10:1 and 101, the C. botulinum can not interfere with
E.coli O157:H7 detections (Fig. S2). Therefore, the D-AuNS-
SSMB can effectively detect E. coli O157:H7 in complex samples.

4 Conclusion

In this study, a D-AuNS-SSMB was fabricated for sensitive
detection of E. coli O157:H7, with a stable sensitive element. The
captured signals of D-AuNS-SSMB were proven to come from
surface stress generated by antigen—antibody binding, further
demonstrating the stability of the biosensor. The D-AuNS-SSMB
demonstrates a linear response to the logarithmic value of the E.
coli O157:H7 concentrations ranging from 10° to 107 CFU/mL
with a LOD of 43 CFU/mL, and exhibits high-performance
repeatability and specificity. The study not only provides a new
detection method for E coli, but also indicates its potential
application in water quality monitoring. In addition, the application
of the D-AuNS-SSMBs in complex samples or real water samples
will be further studied as our future work.
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