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The early detection of bacterium plays a significant role in addressing serious public health issues. In this paper,
a supersensitive multichannel series piezoelectric quartz crystal (MSPQC) sensor of bacterium based on 16S
rRNA and “DNA-RNA switch” was constructed. The fragment in specific region of 16S rRNA was used as the
biomarker of bacterium to ensure high specificity and to achieve the accurate judgment of microbial vitality.
“DNA-RNA switch” was designed to conduct two electrodes by switching insulated “gene-link” into conductive

“silver-link”, which achieved the super-sensitivity of MSPQC to bacteria. To demonstrate the feasibility of this
strategy, a proof-of-concept method for Escherichia coli (E. coli) assay was designed. The detection limit was
down to 2 cfu/mL. Staphylococcus aureus, Salmonella enteritidis, Listeria innocua and Pseudomonas aeruginosa did
not interfere with the detection results. Proposed method was highly sensitive, and specific for bacterium de-
tection, which might find widely use in early detection of bacterium in the field of public safety monitoring and

clinical diagnosis.

1. Introduction

Bacterium has a vital role in resolving global crisis such as en-
vironmental pollution, food security, and epidemic disease (Zhang
et al., 2018; Zhou et al., 2016). Therefore, efficient bacterium detection
techniques have attracted extensive attention in the world (Chen et al.,
2018). To date, the detection methods of bacterium can be classified
into culture and non-culture methods. The culture method is of low
cost, high accuracy and can achieve the detection of microbial viability
and validity. However, the lengthy time (Gayathri et al., 2016), la-
borious operation (Zhang et al., 2016), and most importantly, the
limitation in detecting viable but non-culturable (VBNC) microbes
which caused relapse in clinic diagnosis (Yu et al., 2017) have become
the driving force to the development of non-culture methods. Non-
culture methods are based on biomarkers (e.g. antibodies (Gayathri
et al., 2016), nucleic acids (Sun et al., 2016) etc.,) combined with signal
receptors including fluorescent (Etayash et al., 2016), electrochemical
(Adkins et al., 2017) and piezoelectric techniques (Han et al., 2018).
Among various biomarkers, 16S ribosomal RNA (16S rRNA) is ideal for
bacterium detection due to the high abundance (10°-10* per actively
growing cell) (Fu et al., 2016; Rogacs et al., 2012), ubiquity, evolu-
tionary properties (which differ from mRNA and tRNA), and strong co-
relationship with microbial activity (which unlike stable DNA, and
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solved false-negative detection problem caused by VBNC in culture
method) (Case et al., 2007). The most common used 16S rRNA-based
technique is 16S rRNA gene sequencing, it detect bacterium by se-
quencing full-length 16S rRNA and comparing with sequence data in
database. (HirawatiKatoch, Chauhan, Singh, Sharma, Singh, Kashyap,
Katoch) 16S rRNA gene sequencing method requires skilled personnel,
high cost and long period to sequencing the full-length 16S rRNA, re-
sulting to the fact that this technique could only performed in gene-
sequencing companies and laboratories. Consequently, bacterium de-
tection method with super-sensitivity, fast-response and capability to
judge the microbial activity is still lacking and remains a major unmet
need.

Among various signal receptors, electrochemical detection systems
have the potential to achieve rapid and low-cost detection (Chen et al.,
2016; Xiong et al., 2017; Lu et al., 2012). In order to obtain higher
detection sensitivity, multichannel series piezoelectric quartz crystal
(MSPQC) sensors which are based on the changes of electrical para-
meters are presented and widely used in clinical diagnosis (Guo et al.,
2012; Battal et al., 2018; Yang et al., 2015). Our team reported a series
of MSPQC sensors culture method-based strategy to achieve rapid de-
tection of viable cell (He et al., 2016; Lian et al., 2015; Tong et al.,
2014). The detection mechanisms of the previous works are based on
the electric parameter change of culture medium which caused by the
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metabolic products formed in cell growth. Although the detection time
of previous proposed MSPQC sensors was shortened compared with
other culture method-based strategy, the demand of early tests is still
unmet owing to the limitation of bacterium generation time. Therefore,
it is crucial to further shorten the time and improve the sensitivity in
the development of advanced MSPQC sensor.

Silver staining is the general technology in electrophoresis to detect
protein and gene by silver deposition on target (Zhang et al., 2007;
Merril, 1987). Some researchers demonstrated the use of silver staining
in EIS system to realize the highly sensitive DNA detection based on
forming gene-templated metal wires between a pair of electrodes
(Braun et al., 1998; Porath et al., 2000; Russell et al., 2014). Inspired by
these works, we consider to introduce silver staining technology into
MSPQC.

Herein, a supersensitive MSPQC sensor for bacterium detection was
constructed. To demonstrate the feasibility of this sensor, a proof-of-
concept method for Escherichia coli (E. coli) was designed and it ex-
hibited ultra-sensitivity (LOD down to 2 cfu/mL), high specificity and
rapid response in 2 h. More importantly, due to the use of 16S rRNA
fragment as biomarker, the constructed sensor demonstrated strong
correlation with bacterial activity. This potent MSPQC sensor can serve
as a universal detection platform for super-sensitive detection of active
bacterium, which might have great impact in the fields of public safety
and early diagnosis.

2. Experimental section
2.1. Materials and equipment

All oligonucleotides, buffers, Spin Column Bacteria Total RNA
Purification Kit and Total RNA Extractor (Trizol) are purchased from
Sangon (Shanghai, China). All enzymes, adenosine 5’-triphosphate so-
lution, dNTP mixture and tris-(2-carboxyethyl)-phosphine hydro-
chloride (TCEP) are purchased from BBI.

All used oligonucleotide sequences are listed in Table 1, and all thiol
modified oligonucleotides are reduced by incubating with 0.1 M TCEP
in 0.18 M phosphate buffer pH 8 for 1h.

Gold electrode pair was composed of two gold electrodes and SiO,
base as shown in Figure S-1. The electrodes are 2 mm long and 3 mm
wide, the gap between two electrodes was 20 pum. The SiO, base is
10 mm long and 6 mm wide. 100 nm thick gold electrodes were con-
tacted to SiO, base through 10 nm cadmium layer as shown in Figure S-
2.

2.2. Preparation of bacterium MSPQC sensor

AuNPs-detection probe and detection cell were prepared to con-
struct the presented sensor. Gold nanoparticles (14 nm) were prepared
according to a standard citrate method (FRENS, 1973). AuNPs-detec-
tion probe was prepared by following procedure: 15 pL of 100 uM re-
duced oligonucleotides was mixed with 500 uL. AuNPs solution and
incubated for 12hat 4°C 50 uL. 0.5M NaCl solution was added and
aged for 12h. Excess NaCl was removed by centrifugation at
12,000 rpm for 25min. The wine red precipitation represented the
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formation of AuNPs-oligonucleotides complex. Obtained complex was
washed 3 times with 0.01 M phosphate buffer solution (pH 7.4) by
centrifugation and then resuspended in 0.5 mL hybridization buffer for
future use. Au NPs (2 nm)-detection probe was prepared using tradi-
tional method (Lee et al., 2008), Au NPs (50 nm)-detection probe and
Au NPs (150 nm)-detection probe were synthesized according to Mir-
kin's method (Hurst et al., 2008).

Detection cell is composed of a pair of gold electrodes which
modified with capture probe and hook probe on separated electrode
surface. Gold electrode pair was treated with warm Piranha solution
(30% H»0, and 70% concentrated sulfuric acid) for 10 s, ultrasonically
cleaned with ethanol and acetone for 5min orderly, then rinsed with
double-distilled water and dried for use. 1 pM reduced capture probe
and hook probe were modified to electrode pair separately according to
Braun's method (Braun et al., 1998). Both probes were self-assembled
on the gold electrodes by incubated with 1 pM mercaptoethanol (MCH)
overnight at 4 °C in 10 mM phosphate buffer (pH 8). The electrode pair
was washed with 0.1 x SSC, dried and ready for use.

2.3. The detection procedure

2.3.1. Rolling circle amplification on electrodes

The hybridization and ligation of padlock probes were achieved by
incubating 100 nM of the padlock probe with modified gold electrode,
biomarker, 1 mM ATP, 0.2 ug/uL BSA and 0.05 U/uL T4 DNA ligase in
1 x ligation buffer for 1hat 37 °C, thereafter the electrode pair was
rinsed with 1 X TNT buffer and 0.1 X SSC. Rolling circle amplification
is performed for 1hat 37°C using RCA reagent kit containing
1 X phi29 buffer, 0.25 mM dNTP, 0.2 pg/uL BSA, and 0.2 U/uL phi29
polymerase. The electrode pair was then washed by 0.1 x TNT and
0.1% SDS in sequence, subsequently dried by airflow.

2.3.2. Formation of silver wires along RCPs

50 nM detection probes were added in detection cell and bound to
electrode pair by hybridization with RCPs at 37 °C for 1h in 2 x SSC
hybridization buffer. Uncombined probes were removed by washing
with 0.1 X TNT and 0.1% SDS. The electrode pair was dried by airflow.
Silver staining kit containing 0.2 M AgNO3 solution and 0.1 M hydro-
quinone solution (pH = 10.5, adjusted by ammonium hydroxide) were
added in detection cell, and stand for 10 min. Then 0.1 M AgNO3 and
0.05M hydroquinone (pH = 3.5, citrate buffer) were added orderly
under low light conditions to form silver wires along RCPs.

2.4. Detection of E. coli

Total RNA was extracted from 1.5mL, 1.0 X 10°cfu/mL E. coli
using Total RNA Extractor (Trizol) according to the manufacturer's
protocol. Extracted total RNA was then purified using the Spin Column
Bacteria Total RNA Purification Kit (Trizol) to remove residual dNTP,
NTP, and PPi. After column purification, RNA concentrations were
determined using UV spectrophotometry, and the total RNA extracts
were stored at —80 °C for future use. Total RNA were added into de-
tection cell to initiate RNA on electrodes as shown in 2.3.1, followed by
the formation of silver wires as described in 2.3.2.

Table 1

Oligonucleotide sequences used.
Function Sequence
Biomarker 5

GACCTTCGGGCCTCTTGCCATCGGATGTGCCCAGATGGGATTAGCTNGTNGGTGGGGTAACGGCTCACCTAGGCGACGATCCCTAGCTGGTCTGAGA

GGATGACCAGCCACACTGGAACTGAGACACG-3"
Capture probe
Padlock probe
Detection probe
Hook probe

’'~HS-tgcgtctatttagtggagee-3”

5’HS-tetetetetetetetetetc TCCGATGGCAAGAGGCCCGAAGGTC-37
5’GTGTGGCTGGTCAGAAGAGTGTACCGACCTCTCGTCGAAGTAGCCGTGACTATCGACTtgcgtctatttagtggagccCGTGTCTCAGTTCCA-3

5’HS-tetetetetetetetetctcCGTCGAAGTAGCCGTGACTATCGAC-37
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2.5. Detection of E. coli in authentic sample

The bacterial lysis and preconditioning of sample were finished by
adding Spin Column Bacteria Total RNA Purification Kit and Total RNA
Extractor (Trizol). By simply adding corresponding regent kit (de-
scribed in 2.3), RCA and silver staining were finished. The frequency
shift is measured using AF = 32.80 log;oC + 1430.537, R? = 0.989,
where C represents the concentration of E. coli.

2.6. Characterization of RCA in solution

Padlock probe and primer were denatured in 95 °C for 5min and
placed in 4 °C before ligation. The reaction system for ligation is listed
below: 100 nM padlock, target, 0.5 U//uL T4 DNA ligase in 1 x ligation
buffer for 1 h at 22 °C, after that, solution was heated to 65 °C for 10 min
to inactivate the enzyme. In order to degrade excess component (in-
cluding linear padlock probe, unhybridized target and probe), the di-
gestion was proceed before polymerization. Ligation products were
added into digestion mixture solution (10 U/uL Exonuclease I, 5 U/uL
Exonuclease III, 1 x Exonuelease I buffer, 1 x Exonuelease III buffer) in
37 °Cfor 2.5h, and 95 °C for 20 min to inactivate enzyme. Rolling circle
amplification was performed for 1 hat 30 °C using 1 X phi29 buffer,
0.2mM dNTP, and 0.2 U/uL phi29 polymerase, and then heated to
65 °C for 10 min to inactivate enzyme.

3. Results and discussion
3.1. The constructive strategy of E. coli MSPQC sensor

The strategy of proposed method was shown in Scheme 1. A re-
presentative 16S rRNA fragment of specific region was used as bio-
marker of bacterium. The sequence of Capture probe is complementary
to biomarker, and the sequence of hook probe is consistent of the stem
part of padlock probe, both probes were immobilized on two separated
gold electrodes respectively. 2-Mercaptoethanol (MCH) was used as
blocker to prevent non-specific binding of nucleic acids (Liu et al.,
2011). With the hybridization with capture probe, biomarker was
bound on the electrode surface to initiate rolling circle amplification
(RCA). In the presence of T4 ligase, padlock probe was ligated to the
biomarker in a head-to-tail fashion, owing to the hybridization of bio-
marker and padlock probe (padlock probe consisted of “recognition
region” and “signaling region”, the sequence of “recognition region” is
complementary to biomarker). In the presence of phi29 polymerase,
RCAwas performed, leading to the formation of long single-strand RNA-
DNA products containing repeated DNA-sequence units. Washed by
anionic surfactant SDS in TNT buffer, the amplified products (RCPs)
were ranged from one electrode surface to another, and bound to the

Silver wire formation
(AgNO;, hydroquinone)

I : Capture probe

-~

: Hook probe

: Padlock probe

@ : AuNPs-detection probe
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opposite electrode surface by hybridizing with hook probe, resulting in
the formation of linkage between two electrodes. Such linkage was
called “gene link”, it was non-conductive due to the electrical proper-
ties of long strand nucleic acids. In order to facilitate the formation of
conductive metallic link between two electrodes, 14 nm oligonucleo-
tides (detection probe)-functionalized AuNPs were assembled along
RCPs. AuNPs were used as nucleation sites in further metallization.
With the aid of AuNPs-DNA conjugates, the conductive “silver link”
between two electrodes was formed. The switch from insulated “gene
link” to conductive “silver link” led to the significant electrical para-
meter change of electrodes, resulting in sensitive response of MSPQC. In
the absence of target, the electrodes remained non-conductive, while in
the presence of target, the electrodes became conductive, the target
acted as switch in proposed mechanism, so this strategy was called
“DNA-RNA switch”.

3.2. The selection and design of MSPQC system

The selection and design of MSPQC system is also the key design of
the proposed sensor. Piezoelectric sensor, due to its high sensitivity,
rapid processing, easy operation and low cost, has attracted more and
more interest of the researchers (Han et al., 2018; El Kacimi et al., 2018;
Zhao et al., 2018). Based on the contact mode between electrode and
quartz crystal, piezoelectric sensor was classified into three types in-
cluding normal piezoelectric quartz crystal (PQC), of which two elec-
trodes were coated on quartz crystal; electrode-separated piezoelectric
quartz crystal (ESPQC), of which quartz crystal was in the middle of
two electrodes; and SPQC, where quartz crystal was connected in series
with two electrodes. PQC and ESPQC could response to the mass change
of quartz crystal surface, electric parameter, density and viscosity
changes between two electrodes (Shen et al., 1993; Nomura et al.,
1993). SPQC could only response to electric parameter change on
electrode surface and medium between electrodes. As quartz crystal
was sealed in metal box, the quality factor of crystal remained constant
and the steady oscillation of quartz crystal could achieved (Yao et al.,
1994). Multichannel was designed to realize the simultaneous detection
of multiple samples using SPQC. MSPQC was selected as single detector
and high-throughput detection was achieved.

The MSPQC system designed and made in our laboratory consisted
of three sections: (I) data processing system, (II) detection cell system,
and (III) oscillation circuit detection system, as shown in Fig. 1. The
detection cell system included a pair of gold electrodes which con-
nected in series with 9.0-MHz AT-cut quartz crystal. The detection cell
was designed as detachable element, and the detection electrode was
disposable in order to ensure the detection accuracy, which met the
standard of medical test. By simply changing the detection electrode
where loaded in different probes, the multiple bacteria detection could

( I e T4Iigase< 3:I
I ——y,

e >
-
/ phi29
——= Poly- |dNTP

merase

Biomarker RNA ~ “ % %4444 #} :RCP

! : Metallic silver | : MCH

Scheme 1. The strategy of the supersensitive MSPQC sensor of bacterium based on 16S rRNA and “DNA-RNA switch”.
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Fig. 1. Schematic of MSPQC sensor: (I) data acquisition device, (II) detection cell, (III) single oscillation circuit system.

be realized.
The response mechanism of MSPQC sensor to the electrical para-
meters changes can be expressed in Equation (1) (Shen et al., 1993):
_ 7Fy Cq(4mF§ C2Y + 4nF, C;G — YG?) .
[472F2 C(Cy + Cy) — 27Fy Cy YG + G2 @

where:

AF is the frequency shift (AF = F, — F,, and F, is the resonant fre-
quency of the piezoelectric crystal).

C, and C, are motional capacitance and static capacitance of the
crystal, respectively;

G and C; are the conductance and capacitance of solution, respec-
tively:

G =xy, C; = xe + Cp, (xis the cell constant, x is the specific con-
ductivity, ¢ is the solution permittivity and C, is the parasitic capaci-
tance between the leading wires of the electrodes);

Yis a parameter related to phase shift of the oscillator.

For the MSPQC used in this study, the frequency shift and the
conductance change had a simple linear relationship in the range of
200-700 pS:

AF = —kAG

k is considered to be a constant, the value is different according to
the shape of electrode, normally k > 2 (Mi et al., 2012; Tong et al.,
2014).

3.3. The selection of the biomarker and designs of probes

Another key part of the proposed strategy is the selection of the
biomarker and designs of probes. Using NCBI database, the sequence
information of 16S rRNA was analysed, and the fragment of specific
region was selected. The design principles and results of biomarker and
probes were listed below:

Selection of biomarker: Since the specific regions of 16S rRNA re-
flect the differences among species, by choosing appropriate sequence
in variable region as biomarker, the detection results could be con-
sistent with that of using the entire 16S rRNA as biomarker (Welch and
Huse, 2006). As a proof-of-concept, our strategy enabled the fast de-
tection of E. coli. Fragment of region V1 was considered as biomarker of
E. coli owing to the low intergenomic heterogeneity and high species
specificity (Sundquist et al., 2007). The oligonucleotide sequences used
are listed in Table 1.

The sequences of selected 16S rRNA fragment contain three parts:
®The red letters correspond to the sequences complementary to that of
capture probe, which ensure the stable hybridization of biomarker and
capture probe, the correctness of base-pairing and the specificity of
proposed method; @ the blue letters correspond to the sequences
complementary to that of “signaling region” of padlock probe, which
ensure the specificity and efficiency of amplification; ® the black letters
are used to separate the binding regions of two probes, which reduce
the tension and topological resistance, therefore insure the efficiency of
RCA. Both terminal sequences of biomarker should be highly conserved

in order to ensure effective hybridization.

Capture probe: The capture probe serves to immobilize the bio-
marker on one electrode of electrode pair. The lower—case letters were
designed to reduce the non-specific adsorption of biomarker on elec-
trode surface. The upper-case letters were the sequence complementary
to that of biomarker.

Padlock probe: The padlock probe that consisted of “recognition
region” (blue) and “signaling region” (green) was designed. Only when
biomarker existed, a loop probe can be formed by hybridization be-
tween biomarker and the “recognition region” of padlock probe, then
RCA can be performed.

Detection probes: 20 nt oligonucleotide which modified with gold
nanoparticles was designed as detection probe, the oligonucleotide se-
quence was complementary to amplified products. A large number of
AuNPs were assembled in the electrode gap by hybridization of detec-
tion probes with amplified products. The spacing between adjacent gold
nanoparticles is affected by the length of detection probe. 20 nt se-
quences were designed in order to generate continuous silver wires.

Hook probe: Hook probe was modified to the opposite gold elec-
trode by Au-S bonds in order to facilitate RCPs to span the gap of two
electrodes. Lower-case letters represented sequences used to reduce
non-specific binding on electrode surface, green upper-case letters re-
presented sequences consistent with padlock probe.

3.4. Characterizations of detection process

The key factors of proposed sensor are the formation of RCA pro-
ducts (RCPs), the combination of RCPs and AuNPs, and silver staining.
The formation of RCPs was further confirmed by the measurement of
gel electrophoresis (Fig. 2 a.) and fluorescent spectra (figure S-3 in
Supporting Information). As shown in Fig. 1, careful analysis of gel-
electrophoresis figure reveals that the length of RCPs is far beyond
10000 nt (according to the comparison with marker), which ensure the
feasibility of RCPs to bridge the gap between electrodes. Also, we ac-
cessed the efficiency of RCA by fluorescence spectra, the result is shown
in Figure S-3. In order to realize the silver staining on RCPs, oligonu-
cleotides functionalized AuNPs are prepared and hybridized with RCPs
to guide the formation of silver wires. Transmission electron micro-
scopy (TEM) figures of naked AuNPs (Fig. 2 b.) and AuNPs -DNA con-
jugates (Fig. 2 c.) reveal that in comparison of naked AuNPs, AuNPs-
DNA complexes distribute more dispersed, and the outer layer of AuNPs
are wrapped with a translucent and uniform layer (Fig. 2 d.), which
indicates the formation of AuNPs-DNA complexes. The formation was
further confirmed by the measurement of UV spectra and TEM, the
results were shown in Figure S-4 (in Supporting Information). The hy-
bridization reaction between RCPs and AuNPs-DNA was confirmed by
TEM (Fig. 2 e.) and UV spectra (Figure S-5 in Supporting Information).
TEM image reveals AuNPs-DNA complexes are arranged in line pattern,
which resulting from the hybridization of RCPs and AuNPs-DNA com-
plexes. The formation of silver nanowires which using amplified pro-
ducts as templates was characterized by AFM (Fig. 2 f.). By silver
staining, the insulated gene link switched into conductive gene-
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Fig. 2. (a.) Gel-electrophoresis figures of RCPs. Lanes 1-3 represent DNA ladder marker (200 bp), negative sample and positive sample, respectively. (b.) TEM image
of naked AuNPs. (c.) TEM image of AuNPs-DNA conjugates. (d.) High resolution TEM image of single AuNPs-DNA conjugates. (e.) TEM image of AuNPs-DNA
conjugates hybridized with RCPs. (f.) AFM phase image of the positive sample after silver staining. The silver nanowire formed based on RCPs as templates. The silver
wire width was about 500 nm. (g.) AFM phase image of the negative sample after silver staining. The formation of silver is randomly distributed due to the lack of the
guidance of gold nanoparticles. (h.) AFM phase image of naked electrode surface. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)

templated silver nanowire. Owing to the electric parameter change of
detection electrode, the super-sensitive detection of bacterium can be
achieved.

When the reaction was conducted in the absence of 16S rRNA
fragment, there is no continuous silver nanowire observed (Fig. 2 g),
and the distribution of silver is irregular and random owing to the lack
of RCPs.

In order to ensure the morphology captured by the AFM is caused by
silver deposition, the effect of the roughness of the electrode surface
itself should be excluded. AFM phase image of electrode surface is re-
latively flat (see Fig. 2 h., average height: 0.5 nm), while the height of
silver deposition is much larger than that of the electrode surface itself
(Fig. 2 g., average height: 5 nm; Fig. 1. 2., average height: 10 nm). Thus,
the roughness of the electrode surface does not affect the character-
ization of deposited silver.

3.5. Optimization of detection conditions

3.5.1. Effects of MCH

MCH has two functions: First, to block the active sites of un-
conjugated capture probes and hook probes on the surface of electrode
pair, reduce the non-specific binding on the electrode (Chen et al.,
2018). Second, owing to the electrostatic repulsion between the nega-
tive charge of relatively rigid MCH and DNA skeleton, the capture
probes tend to keep upright and extend into solution, which facilitate
the identification and hybridization of the biomarker. Therefore, the
concentration of MCH could affect the detection performance of pro-
posed sensor. The experimental results were shown in Table 2. With the
increasing of the concentration of MCH from 1uM to 50 uM, the fre-
quency change AF (AF = F - F,, where F, and F are the frequency in the
absence and presence of E. coli with concentration at 10° cfu/mL) de-
creased. 1 uM MCH was chosen for optimal concentration.

3.5.2. Optimization of silver staining conditions
The effect of the concentration of the developer solution (in terms of
AgNOs) is also discussed and shown in Fig. 3. With the increasing of the

Table 2
The effect of MCH concentration on frequency response.

Concentration (uM) Frequency change ( x 10° Hz) RSD (%, n = 3)

0.5 1.51 4.0

1 1.59 2.9

2 1.58 1.8
1.55 5.4

10 1.43 4.5

50 1.04 3.8
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Fig. 3. The effect of AgNO; concentration on frequency response.
concentration of AgNO3 from 0.01M to 0.3M, AF keeps increased.

When it reached 0.2 M, AF reached a plateau. Thus, 0.2 M AgNO; was
chosen for metallization of RCPs.
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Table 3
The effect of AuNPs particle size on frequency response.

Diameter (nm) Frequency change ( x 10° Hz) RSD (%, n = 3)

2 1.27 5.5
14 1.51 29
50 1.51 5.1
150 1.50 3.6

3.5.3. Optimization of particle size of Au NPs

The change of Au NPs particle size was also investigated (Table 3).
To investigate the influence of the particle size of Au NPs, a diameter of
2nm, 14 nm, 50 nm and 150 nm Au NPs were used, the TEM images of
different size of Au NPs was shown in Figure S-6. As shown in Table 3,
as the particle size of AuNPs increased, the frequency change increased
gradually until 14 nm AuNPs was used. Though the radius of Au NPs
was changed from 14nm to 150 nm, there was little change in the
frequency change. In order to obtain optimal detection sensitivity and
easy operation, 14 nm Au NPs was selected.

3.6. Detection of E. coli

3.6.1. Quantitative detection of E. coli

Upon optimum conditions, the quantitative detection of E. coli based
on the MSPQC sensor was tested. 1 uM MCH and 0.2 M AgNO3; were
chosen for optimal concentration. The frequency-time response curves
for varying concentration of E. coli (0107 cfu/mL) were shown in
Fig. 4A, and based on the data of the frequency-time response curves,
the frequency-concentration calibration curve was analysed and shown
in Fig. 4B, where Frequency change = F — F, Fo and F are the frequency
in the absence and presence of E. coli. It can be seen that AF showed
linear relationship with the logarithm of E. coli from concentration in
range of 10 to 107 cfu/mL, i.e. AF = 32.80 log10C + 1430.537,
R? = 0.989, where C represents the concentration of E. coli. The de-
tection limit (LOD) is 2 cfu/mlL, it was determined by the equation
LOD = 3 x (SD/k), where SD is the standard deviation of the mea-
surement signal for the blank sample, and k is the slope of the analytical
curve in the linear region.

3.6.2. Selectivity study of proposed sensor

The selectivity of our proposed method to E. coli was studied by
detecting other pathogens like Salmonella enteritidis, Staphylococcus
aureus, Listeria innocua, and Pseudomonas aeruginosa. The concentra-
tions of four pathogens were 1.0 X 10° cfu/mL. The mixture sample
(1.0 x 10°cfu/mL E. coli + 1.0 x 10°cfu/mL other four pathogens)
was also detected by proposed method. The results were shown in

A.
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Fig. 5. Selectivity study for E. coli.

Fig. 5. The degree of interference (DI) of these four pathogens to E. coli
can be evaluated using following equation:

DI = AF; / AFg X 100%

Where A.F; and /\.Fg were corresponding to the frequency resulted by
four interfering pathogens and E. coli. DI values for Staphylococcus
aureus, Salmonella enteritidis, Listeria innocua and Pseudomonas aerugi-
nosa were calculated as 0.942%, 1.30%, 0.98% and 1.03%, respec-
tively. These mean that the interference of these four pathogens could
be negligible. The frequency of mixture showed only a slight change of
0.40% compared to the sample containing only E. coli, indicating that
there was no cross-reactivity with four interfering pathogens in con-
structed sensor. The above results revealed the ultra-high sensitivity
and high specificity of the proposed method.

3.6.3. Detection of E. coli in authentic sample

In order to access the applicability of proposed method for E. coli
detection in real samples, simulated human serum and milk sample was
prepared by incorporating E. coli at different target concentrations from
10 cfu/mL to 107 cfu/mL. The results in Table 4 show that the re-
coveries varied from 99.00% to 107.00%,which indicate the applic-
ability of proposed method for detection of E. coli in simulated samples.
Besides, the limit of detections in the human serum and milk sample for
E. coli are both 10 cfu/mL. Moreover, the detection only takes 2h to
detect E. coli, which typically takes 48h or even more by culture
method, indicating that the proposed method could be used to detect E.

B.
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Fig. 4. A. Frequency-time response curves for different concentrations of E. coli (curves ag correspond to 0, 10, 10% 10°, 104, 10°, 10° and 107 cfu/mL, respectively).
B. Calibration curve for the frequency change of E. coli in different concentration (logarithmic scale). Error bars indicate standard deviation (n = 3).
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Table 4

Recovery efficiency of E.coli detected in real samples based on the proposed sensor.

Biosensors and Bioelectronics 138 (2019) 111302

Measured (logyo N cfu/mL)

Recovery (%) RSD (%, n = 3)

Samples Added (log;o N cfu/mL)

Human serum 1 1 1.01
Human serum 2 3 2.98
Human serum 3 5 5.11
Human serum 4 7 6.98
Milk 1 1 1.02
Milk 2 3 3.21
Milk 3 5 4.96
Milk 4 7 7.10

101.00 7.48
99.33 5.04
102.20 2.37
99.71 3.88
102.00 5.98
107.00 4.30
99.20 2.81
101.43 1.37

coli rapidly and sensitively in real sample.
4. Conclusion

Our detection method is compared with the recently published work
on bacterium detection, as shown in Tables S-1. Compared with culture
method, our proposed detection method is rapid, capable of detecting
VBNC bacteria. Compared with DNA-based and mRNA-based strategy,
proposed method is sensitive, specific and could achieve microbial ac-
tivity testing. In comparison to previous MSPQC sensor, proposed
sensor exhibits super-sensitive owing to the introduction of “DNA-RNA
switch”. Besides, due to the structural characteristic of 16S rRNA (wide
distribution and relative variability), our proposed method might con-
struct a sensitive and universal bacterium detection platform.
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