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Abstract 

The authors describe a rapid method for the detection of the Escherichia coli O157:H7 

(E. coli O157:H7) bacterial gene. The DNA sandwich-hybridization impedimetric 

assay is based on the use of a nanoporous alumina membrane in combination with 

gold/silver core/shell nanoparticles (Ag@AuNPs) that act as tags for impedance signal 

amplification. The probe oligonucleotides were immobilized on the walls of the 

nanopores. This is followed by hybridization, first with target (analyte), then with 

reporter oligonucleotides labeled with Ag@AuNP tags. The impedimetric 

signal results from target oligo hybridization with probe oligos and co-hybridization 

with labeled reporter oligos, which increases the blocking degree of the nanopores. The 

assays were tested with membranes in nanopore sizes of 20 nm, 50 nm and 100 nm. 

The assay performs best in case of 100 nm nanopores where the limit of detection is as 

low as 11 pM, with a linear detection range that extends from 50 pM to 200 nM. This 

indicates its potential for rapid and ultrasensitive gene detection. 

Introduction 

One of the major foodborne and water-borne pathogens, Escherichia coli O157:H7 (E. 

coli O157:H7) can produce toxins with great virulence and pathogenicity that cause 

gastrointestinal discomfort and even kidney failure [1, 2]. The foodborne diseases 

caused by E. coli O157:H7 are increasingly to be a serious threat to people’s health and 

lead to million-dollar losses. Data from the Centers for Disease Control and Prevention 

Estimation showed that the harmful foodborne pathogens infected an estimated 

265,000 people in the U.S. each year. Therefore, efficient and fast recognition of E. 

coli O157:H7 is essential for prevention of foodborne disease outbreak. 

The most traditional microbiological methods, such as plate counting, multiple-tube 

fermentation and colony culture are used for sensitive foodborne pathogen detection 

[3, 4]. These methods are time-consuming and labor-intensive. They need complicated 

preparation procedures and 24 to 48 h incubation before suspected pathogens are 

detected. Enzyme-linked immunosorbent assay (ELISA) can overcome the 

shortcomings and has advantages of rapidness and reliability, but it is high-cost [5]. 

Polymerase chain reaction (PCR) for bacteria gene detection has rather good specificity 

and sensitivity. However, it bears limitation of expensive and sophisticated equipment 

and the need for skilled laboratory personnel with complicated experimental 

procedures [6, 7]. Thus, an inexpensive and convenient biosensor is needed for rapid 

detection of pathogenic E. coli O157:H7. 
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Biosensors have become promising means for detecting foodborne pathogens rapidly 

and sensitively [8,9,10]. Nucleic acid biosensors, which are based on DNA 

hybridization between probe oligonucleotides and target bacterial oligonucleotides, 

have been developed for foodborne pathogen identification. According to different 

detection mechanisms, there are quartz crystal microbalance (QCM) biosensors, 

surface plasmon resonance (SPR) biosensors, optical biosensors and electrochemical 

biosensors [11,12,13,14,15]. Nanomaterial-based DNA biosensors are good options for 

bacteria gene detection with the advantages of convenient reproduction, enhanced 

sensitivity, and selectivity [16, 17]. 

Nanoporous membranes, one kind of the various nanomaterials, have attracted much 

interest in biosensing. They are fabricated with a standard process and low-cost. Their 

high surface-to-volume ratio allows a large number of target molecules to be captured 

on the nanopore walls [18]. Nanoporous membrane based electrochemical biosensors 

are applied for detecting proteins, histamine and bacteria high sensitively [19,20,21,22]. 

Nanoporous membrane based impedance sensors have also been used for nucleic acid 

detection, analysis and sequencing [23, 24]. During the nucleic acid detection process, 

target oligos were captured by probe oligos covalently linked on nanopore walls and 

blocked part of the nanopores. The sensing mechanism is based on monitoring 

impedance increase due to the ion current blockage through the nanopores. Wang et al. 

developed a nanoporous membrane based impedance assay to detect E. coli O157:H7 

gene [25]. However, it was developed and used for double-strand probe oligo and target 

oligo hybridization on nanopore walls. It does not fully block the ion current through 

the nanopores. In order to increase the blocking effect and detection sensitivity, one 

possible way is to label target DNA with tags. The tags can add additional blocking 

effect inside the nanopores and enhance the impedance signals of DNA hybridization 

[26]. In the field detection, labeling target oligos with nanoparticle tags made this 

method not applicable for biosensing applications. 

In the study, nanoporous alumina membrane based DNA sandwich-hybridization 

structure impedance assays were developed for ultrasensitive E. coli O157:H7 gene 

detection with gold/silver core/shell on gold nanoparticle cores (Ag@AuNP) tags for 

impedimetric signal amplification. In this DNA sandwich-hybridization assay, probe 

oligos were firstly immobilized on nanopore walls. Target bacteria oligos hybridized 

with the probe oligos and reporter oligos which were labeled with Ag@AuNP tags. The 

hybridization of nanoparticles labeled reporter oligos with target bacteria oligos can 

increase the pore blocking degrees, leading to increased detection sensitivity. This 

nanoporous membrane combined with Ag@AuNP tags for DNA 

sandwich-hybridization structure assay of bacterium gene allowed sensitive target gene 

detection without target labeling. Nanoporous membranes with various nanopore sizes 

were investigated for this approach. The 100 nm nanopores achieved the lowest limit of 

detection (LOD) of 11 pM for E. coli O157:H7 bacterium gene detection. 
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Experimental 

Materials 

Sodium citrate, gold (III) chloride hydrate (HAuCl4‧3H2O), DL-Dithiothreitol (DTT), 

phosphate buffered saline (PBS), gold nanoparticles (AuNPs, 30 nm) and silver 

enhancer kit including solution A (silver salt), solution B (initiator), and sodium 

thiosulfate were purchased from Sigma Aldrich (St. Louis, Missouri, 

USA, www.sigmaaldrich.com). Desalting column (illustra MicroSpin G-25) was 

bought from GE Healthcare (Piscataway, NJ, USA, www.gelifesciences.com). Sylgard 

184 silicone elastomer was bought from Dow Corning (Midland, Michigan, 

USA, www.dowcorning.com). A gene fragment (50 bases) of E. coli O157:H7 intimin 

(eaeA) gene (GenBank: U32312.1) with the sequence of 

5′-TTTCAGGGAATAACATTGCTGCAGGATGGGCAACTCTTGAGCTTCTGTA

A-3′ was used as the target gene. Amino modified probe oligo 

(5′−/5AmMC6/TTACAGAAGCTCAAGAGTTGCCCAT-3′), six bases mismatch 

gene fragment 

(5′-TTTCAGCGAATAACAATGCTGCACGATGGGCATCTCTTGTGCTTCTGTT

A-3′), noncomplementary gene segment 

(5′-CCCAGAAAGGATGACGGATCAAGTATCATTACCTGTGGTCTTGGTGAC

CC-3′), and thiol modified reporter oligo (5′-CCTGCAGCAATGTTA 

TTCCCTGAAA/3ThioMC3-D/−3′) were synthesized and provided by Integrated 

DNA Technologies (IDT, Voralville, IA, USA, www.idtdna.com). 

Nanoporous membrane functionalization 

The surface modification scheme for nanoporous membrane is shown in Fig. S1. 

Nanoporous membranes were immersed in boiled hydrogen peroxide (H2O2) for 

30 min to form hydroxyl groups on membrane surfaces and nanopore walls. Then, the 

membranes were rinsed in DI water and dried. They were transferred into the mixture 

of toluene and GPMS (2%) at the temperature of 60 °C and stayed for about 20 h, 

followed by washing thoroughly using toluene and anhydrous ethanol successively. 

They were cured at 60 °C for 2 h to form epoxy groups on the membrane surfaces [27]. 

Probe oligos in PBS solution (pH 8.4) were then incubated with functionalized 

nanoporous alumina membranes for 2 h to be immobilized on membrane surfaces by 

covalent bonding. 

Preparation of AuNPs 

AuNPs were synthesized using a citrate synthesis approach with chloroauric acid 

(HAuCl4) as the starting material [28]. Briefly, a beaker was washed with aqua regia 

and pure water before synthesis. DI water (20 mL) was added into the beaker and 

heated to boiling on a stirring hot plate with a magnetic stir bar. HAuCl4 (1.0 mM, 6 μL) 

was quickly dropped to the boiling water with stirring. Sodium citrate solution (1%, 

2 mL) was then mixed with the above solution rapidly. When the solution color turned 
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deep red, heating was turned off while the stirring was not turned off until the 

temperature decreased to room temperature. 

AuNP-reporter oligo conjugation 

Thiol modified reporter oligonucleotides were firstly activated by DTT and purified by 

passing the desalting column. The activated monothiolated reporter oligos were then 

added to AuNPs solution immediately and vortexed. The mixture stayed for 12 h at 

room temperature and was aged with sodium solution. In 16 h, the mixture was 

centrifuged at 12,000 r/min for 40 min. The supernatant including unreacted 

oligonucleotides was removed and the left AuNP-reporter oligo conjugation was 

redispersed in PBS solution. By repeating the above processes for 3 times, the washed 

AuNP-reporter oligo conjugation was dispersed in PBS (pH 7.4) and characterized by 

UV-Vis absorption spectra. 

Ag@AuNP tags formation 

AuNP-reporter oligo conjugation hybridized with target oligos, which were captured 

by probe oligos on nanoporous membrane. Ag@AuNP tags were formed by the process 

of silver enhancement on AuNPs using silver enhancer kit. The reaction principle is 

shown in Eq. 1. AuNPs have catalytical properties and can catalyze silver metal 

deposition on their surfaces with silver ions and a reducing agent hydroquinone in 

solution. 

volume of solution A and solution B from silver enhancer kit was mixed and 

immediately added to AuNPs. In 5 min, a thin metal silver layer was formed on AuNPs 

surfaces to form Ag@AuNP tags via reduction from silver ions. Sodium thiosulfate 

(2.5%) was used to fix the silver on AuNPs for 2–3 min. 

Characterization 

The size and morphology of AuNPs and Ag@AuNP tags were observed by a 

transmission electron microscopy (TEM, JEOL-2100F, Japan). Nanoporous alumina 

membranes were characterized by scanning electron microscopy (SEM, JSM-6490, 

Japan). Zeta potential and hydrodynamic diameter were measured by a Zetasizer Zeta 

Potential Analyzer (Malvern Instruments Ltd., England). Fluorescence images were 

obtained from a fluorescence microscope (Nikon Eclipse 80i, Nikon, Japan). X-ray 

photoelectron spectroscopy (XPS) analysis was taken by the system of electron 

spectrometer (Sengyang SKL-12) equipped with a VG CLAM 4MCD electron energy 

analyzer. Al Kα source (1253.6 eV) operated with an accelerating voltage of 10 kV and 

emission current of 15 mA. 
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Electrochemical impedance spectroscopy measurement 

A testing PDMS chamber, which consisted of an upper section and a bottom section 

with different diameters, was made from Sylgard 184 silicone elastomer via thermal 

curing. The modified nanoporous membranes were anchored in the edge of PDMS 

chamber between the upper and the bottom sections. Electrochemical impedance 

spectroscopy was recorded via a two-electrode system with two platinum wire 

electrodes put in the bottom chamber and upper chamber. The impedance measurement 

was performed on an electrochemical analyzer VersaSTAT3 (METEK) with 50 mVpp 

voltage at room temperature. The impedance signal changes of probe oligo 

immobilization, target oligo hybridization, co-hybridization with reporter oligos with 

Ag@AuNP tags were recorded. 

Results and discussion 

Mechanism of sandwich-structure assay 

The detection mechanism for E. coli O157:H7 bacterium gene sensing by the platform 

of nanoporous membrane based DNA sandwich-hybridization structure assay is shown 

in Fig. 1. Two platinum wire electrodes were placed across the nanoporous alumina 

membrane (Fig. 1a). The performances of probe oligo immobilization, target oligo 

detection, and hybridization with reporter oligos with or without Ag@AuNP tags in the 

nanopores were investigated by impedance spectra. Nanoporous alumina membranes 

with various nanopore sizes were applied as core chips for constructing biosensors. The 

detailed processes of DNA detection in nanopores causing nanopore blockage are 

shown in Fig. 1b, c and d. Membranes with 20 nm nanopores were appropriate for oligo 

detection without Ag@AuNP tags because the nanopores were not large enough for 

AuNPs entering. For nanoporous membranes immobilized with probe oligos, 

electrolyte ions flow through nanopores freely and the current was relatively large 

(Fig. 1b1). The hybridization of target bacteria oligos with probe oligos brought the 

blocking effect in the nanopores and decreased the ion flow. It led to the decrease of 

electrolyte current and increase of impedance signals (Fig. 1b2). Membranes with 

50 nm and 100 nm nanopores were applicable for oligo detection with Ag@AuNP tags. 

The immobilization of probe oligos and hybridization with target oligos blocked the 

nanopores and increased the impedance (Fig. 1c1, c2 and d1, d2). The target bacteria 

oligos co-hybridized with reporter oligos with Ag@AuNP tags. The blocking effect for 

ion flow was increased significantly and impedance signals were amplified (Fig. 1c3, 

d3). By recording impedance signals and calculating the signal changes across the 

nanoporous alumina membranes, the E. coli O157:H7 bacterium gene can be detected. 

Fig. 1 
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The sensing mechanism of the DNA sandwich-hybridization structure assay biosensor 

for E. coli O157:H7 bacterium gene detection 

Choice of materials 

Metal nanoparticles, such as AuNPs and silver nanoparticles (AgNPs), have 

extraordinary size-dependent optical properties and high surface area to volume ratio 

that have been extensively used as labels for various biomedical applications [29]. The 

sensing mechanism of this study is based on nanopore blocking induced impedance 

sensing. AuNPs and AgNPs are often used as tags for increasing blocking effect. 

However, when the nanoparticles have large matching size to nanopores, it is difficult 

to go inside due to the hydrodynamic interaction between nanopore wall and 

nanoparticles. When the size of nanoparticles is smaller than nanopore size, it is easy 

for nanoparticles to enter the nanopores but they cannot block the nanopores efficiently. 

So both AuNPs and AgNPs labeling cannot achieve easy entering the nanopore and 

large blocking effect at the same time. To solve this problem, we developed an 

approach to let seed AuNP with reporter oligos enter the nanopore and hybridize with 

oligos on the nanopore wall. AuNPs can catalyze silver ion to deposit silver shell on 

AuNPs surfaces to form larger size Ag@AuNP tags inside the nanopore wall, which 

can achieve both easy entering and large blocking of the nanopores with increased 

impedance signals. So in the study, we used Ag@AuNP tags for nanopore blocking 

induced impedance sensing. 

Characterization of nanoparticles and target DNA capture inside nanopores 

The AuNP-reporter oligo conjugation was characterized by TEM as shown in Fig. 2a. 

The AuNP-reporter oligo is well-distributed and had good stability in solution. The 

average diameter of the AuNPs is 15 nm. A thin oligo layer was observed around 

AuNPs surface with the thickness of 1 nm. The HRTEM image (Fig. 2b) shows the 

fringe spacing to be 2.35 Å, having good match with the d-spacing of (111) plane gold 

crystal structure. The selected area electron diffraction pattern (SAED) (Fig. 2b inset) 
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indicates the good crystallinity of an entire nanoparticle [30]. UV absorbance and zeta 

potential were further used to characterize the AuNPs and AuNP-reporter oligo 

conjugation. The main UV absorption peak of AuNPs was at 520 nm. Fig. S2a shows 

the UV absorbance of AuNPs and AuNP-reporter oligo conjugation. The absorption 

peak shifted from 520 nm to 524 nm after oligo conjugation. Zeta potential 

measurement results showed that the average potential of AuNPs shifted from 

−49.77 mV to −20.89 mV after AuNPs conjugated with oligos (Fig. S2b). The less 

negatively charged AuNP-reporter oligo conjugation was mainly due to the charges of 

conjugated oligonucleotides. The hydrodynamic diameters of AuNPs and AuNPs-oligo 

conjugation were 26.4 nm and 53.1 nm, respectively. Therefore, UV absorbance, zeta 

potential and hydrodynamic diameter results supported the TEM observation. Silver 

was deposited on AuNPs to form Ag@AuNPs that were characterized by TEM 

(Fig. S2c). The average diameter of Ag@AuNPs was about 30 nm. The volume was 

eight times that of 15 nm AuNPs. Energy spectrum analysis is shown in Fig. S2d. The 

presence of Au and Ag components demonstrated the successful deposition of Ag shell 

on AuNPs. 

Fig. 2 
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a TEM image of AuNP-oligo conjugation dispersed in DI water; (b) HRTEM image of 

a single AuNP and SAED pattern (inset). c SEM image of cross-sectional view of 

nanoporous alumina membrane without surface modification; (d) fluorescence images 

of functionalized nanoporous membrane after capturing fluorescein-labeled target E. 

coli O157:H7 gene oligos; dark image of the probe oligos immobilized nanoporous 

alumina membrane (inset); (e) SEM image of oligo hybridization with Ag@AuNP tags 

on nanoporous alumina membrane; (f) XPS wide scan of nanoporous alumina 

membranes after oligo hybridization with Ag@AuNP tags 

The cross-sectional view of nanoporous membrane without surface modification was 

observed by SEM image with the result shown in Fig. 2c. It was found that there was 

nothing blocking in the nanopores. Fluorescein-labeled target oligonucleotides 

captured by probe oligos immobilized on the nanoporous membrane displayed green 

https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig2


emission (Fig. 2d). In comparison with the dark image of the probe oligos immobilized 

nanoporous alumina membrane (inset image in Fig. 2d) under fluorescence microscopy, 

the fluorescence signals demonstrated the successful detection of target bacteria E. 

coli O157:H7 gene oligos. SEM was used to characterize the hybridization of target 

oligos with probe oligos and reporter oligos with tags in the nanopores (Fig. 2e). It is 

observed that clusters of Ag@AuNP tags were attached on nanopore walls. It showed 

that target E. coli O157:H7 bacterium gene oligos were specifically detected by 

hybridization with probe oligos. Figure 2f presents the XPS wide scan of nanoporous 

membrane with complementary oligo hybridization with Ag@AuNP tags. The 

principle elements, including Au, Ag, Al and N, were present in the spectrum. This 

demonstrated the hybrid combination of complementary oligo hybridization on 

nanoporous alumina membrane and successful attachment of nanoparticle tags. 

Impedance spectroscopy detection 

The nanoporous membrane based DNA sandwich-hybridization structure biosensor 

with Ag@AuNP tags was used to investigate target oligo detection of E. coli O157:H7 

bacterium gene via electrochemical impedance spectroscopy. Probe oligos with 

different concentrations were immobilized on nanoporous alumina membranes with 

20 nm, 50 nm and 100 nm nanopores. Impedance increased with increasing probe oligo 

concentrations. The impedance amplitude reached maximum at the concentrations of 

0.5 μM, 0.4 μM, 0.2 μM for 20 nm nanopores (Fig. S3), 50 nm nanopores (Fig. S4) and 

100 nm nanopores (Fig. S5), respectively. Therefore, nanoporous membranes with 

20 nm nanopores capture the largest amount of oligos, which is explained by the 

nanoporous membrane area factor α described in Eq. 2. 

Where d and l are the diameter and the length of nanopore, respectively. Small 

diameters and long nanopores make large surface areas. Membranes with 20 nm 

nanopores have the largest surface area for probe oligos immobilization. With the same 

nanopore length, surface area decreases for 50 nm nanopores and 100 nm nanopores. 

Therefore, the amount of captured oligos decreased. 

Figure 3a shows impedance spectra of probe oligo immobilization and hybridization 

with target oligos in the 20 nm nanopores. Impedance increased with 0.5 μM probe 

oligos immobilization and hybridization with 0.5 μM target oligos on nanoporous 

membrane. Figure 3b shows impedance amplitude changes with various target oligo 

concentrations. The impedance amplitude increased linearly. The linear equation was 

y = 16.216×-0.6332 with R2 = 0.99 and the LOD was calculated about 95 nM. 

Fig. 3 

https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig2
https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig2
https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig2
https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig2
https://link.springer.com/article/10.1007/s00604-017-2530-7#MOESM1
https://link.springer.com/article/10.1007/s00604-017-2530-7#MOESM1
https://link.springer.com/article/10.1007/s00604-017-2530-7#MOESM1
https://link.springer.com/article/10.1007/s00604-017-2530-7#Equ2
https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig3
https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig3


  

a Impedance spectra of probe oligo immobilization and target oligo detection on 

nanoporous alumina membrane with 20 nm nanopores; (b) impedance amplitude 

changes of different target oligo concentrations 

Nanoporous membranes with 50 nm nanopores were applied for constructing 

electrochemical biosensors with Ag@AuNP tags for DNA sandwich-hybridization 

structure assay of E. coli O157:H7 bacterium gene. Probe oligos were immobilized in 

nanopores, and target oligos were detected and hybridized with probe oligos. The 

reporter oligos with Ag@AuNP tags were hybridized with target oligos. These four 

processes were analyzed by impedance spectra in Fig. 4a. Impedance increased with 

probe oligo immobilization, target oligo hybridization, and co-hybridization with 

reporter oligos with Ag@AuNP tags. The amplitude increased linearly with the 

equation for target oligo detection without tags y = 12.048× + 2.6051 with R2 = 0.98, 

with Ag@AuNP tags y = 79.517× + 7.3922 with R2 = 0.98, respectively (Fig. 4b). The 

gradient of linear curve increased with Ag@AuNP tags showing the rise of detection 

sensitivity. Figure 4c shows impedance amplitude changes for target oligo detection 

without tags and Ag@AuNP tags for low target oligo concentrations ranging from 

1 nM to 200 nM. Impedance amplitude increased much more with Ag@AuNP tags 

than that without tags. The LOD was calculated about 7 nM. 
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Fig. 4 

 

a Impedance spectra of probe oligo immobilization, target oligo detection with and 

without Ag@AuNP tags on nanoporous alumina membrane with 50 nm nanopores; (b) 

impedance amplitude change of different target oligo concentrations with and without 

Ag@AuNP tags. c impedance amplitude change of low target oligo concentrations 

with and without Ag@AuNP tags 

https://link.springer.com/article/10.1007/s00604-017-2530-7/figures/4
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E. coli O157:H7 bacterium gene detection by nanoporous alumina membranes with 

100 nm nanopores was studied. Figure 5a shows impedance spectra across nanoporous 

alumina membrane for target oligo detection without and with Ag@AuNP tags. 

Impedance amplitude increased after immobilization of probe oligos, hybridization 

with target oligos, co-hybridization with reporter oligos with Ag@AuNP tags. 

Ag@AuNP tags amplified the impedance amplitude increase, which became large 

obviously. The impedance amplitude and the logarithm of target oligo concentrations 

https://link.springer.com/article/10.1007/s00604-017-2530-7#Fig5


had linear correlation (Fig. 5b). The correlation for target oligo of E. coli O157:H7 

gene detection without tags is presented by equation y = 1.2219ln(x) + 4.3541, with 

R2 = 0.96. The equation for target gene oligo detection with Ag@AuNP tags is 

y = 2.9976ln(x) + 15.317 with R2 = 0.98. The slope increase of correlation curves 

demonstrated the improvement of detection sensitivity with Ag@AuNP tags. In order 

to compare the impedance enhancement of Ag@AuNP tags and AuNPs with the 

identical size, AuNPs with the diameter of 30 nm were used as tags for 20 nM target 

oligo detection. The impedance increased about 7.9% with AuNPs. The calculated 

impedance amplitude increase with Ag@AuNP tags was about 24%. The impedance 

amplitude increase with AuNPs was much less than that with Ag@AuNP tags because 

large AuNPs cannot enter nanopores efficiently. Figure 5c shows the relative 

impedance amplitude change for assays based on nanoporous membrane with and 

without Ag@AuNP tags to investigate amplification effect at low concentrations for 

target oligo detection. It indicated that impedance amplitude enhancement with 

Ag@AuNP tags became obvious as the concentrations of target oligos increased in the 

range of low concentrations. The LOD was calculated as low as 11 pM. This 

nanoporous alumina membrane based sandwich structure assay for E. coli O157:H7 

bacterium gene detection had high sensitivity and low LOD, which showed the 

potential for on-site bacteria gene detection. 

Fig. 5 
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a Impedance spectra of probe oligo immobilization, target oligo detection with and 

without Ag@AuNP tags on nanoporous alumina membrane with 100 nm nanopores; (b) 

impedance amplitude change of different target oligo concentrations with and without 

Ag@AuNP tags. c impedance amplitude change of low target oligo concentrations 

with and without Ag@AuNP tags 



With the through nanopores and large surface areas, nanoporous alumina membranes 

were good choices for constructing impedance biosensors. Compared to 20 nm 

nanopores, membranes with 50 nm and 100 nm nanopores facilitated nanoparticle tags 

for impedance signal amplification, resulting in increased detection sensitivity and low 

LOD. Although membranes with 50 nm nanopores had higher surface area than 

membranes with 100 nm nanopores, membranes with 100 nm nanopores obtained 

higher detection sensitivity and lower LOD. It may be due to the good efficiency of 

nanoparticles entering 100 nm nanopores. Nanoporous membranes with 100 nm 

nanopores presented the potential application in sandwich structure assay of bacteria 

gene. 

Specificity of sandwich-structure assay 

To investigate the detection specificity of DNA sandwich-hybridization structure assay 

based on nanoporous membranes, 6 bases mismatch and non-complementary 

oligonucleotides with the concentration of 200 nM were detected. In nanoporous 

alumina membranes with 50 nm nanopores, impedance increased significantly for 

target oligo detection compared to impedance spectrum of probe oligo immobilization. 

But it showed no significant increase with 6 bases mismatch oligos and 

noncomplementary oligos (Fig. 6a). Figure 6b shows impedance amplitude change of 

target oligo, 6 bases mismatch oligo and noncomplementary oligo detection in 

comparison with probe oligo immobilization. Impedance amplitude increased about 

23.5% for target oligo detection of E. coliO157:H7 bacterium gene. However, it 

increased only about 3.8% and 3% for 6 bases mismatch and non-complementary oligo 

detection, which showed the good specificity of the sensing platform. 

Fig. 6 
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a Impedance spectra and (b) impedance amplitude change of probe oligo 

immobilization, target oligo hybridization detection, 6 bases mismatch oligo and 

noncomplementary oligo detection on nanoporous alumina membranes with 50 nm 

nanopores 

The specificity of DNA sandwich-hybridization structure assay for oligo detection 

based on nanoporous alumina membranes with 100 nm nanopores was investigated as 

well. Impedance spectrum for 100 nM target oligo detection had great differentiation 

from the spectra of probe oligo. The impedance spectrum for the same concentration of 

6 bases mismatch oligo and noncomplementary oligo detection had little differentiation 

(Fig. 7a). The impedance amplitude increased about 26.4%, 3.6% and 1.7% for target 

oligos of E. coli O157:H7 bacterium gene hybridization assay, 6 bases mismatch and 

non-complementary oligo detection (Fig. 7b). This nanoporous alumina membrane 

with 100 nm nanopores based sensing platform showed good specificity for specific E. 

coliO157:H7 gene sequence detection. 

Fig. 7 
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a Impedance spectra and (b) impedance amplitude change of target oligo capture and 

hybridization, 6 bases mismatch oligo and noncomplementary oligo detection on 

nanoporous membranes with nanopore diameter of 100 nm 

DNA sandwich-hybridization structure assay based on membranes with both 50 nm 

nanopores and 100 nm nanopores with Ag@AuNP tags had excellent specificity for E. 

coli O157:H7 bacterium gene detection. Nanoporous alumina membranes with 20 nm 

nanopores were used for constructing impedance biosensors for E. coli O157:H7 

bacterium gene detection without nanoparticle tags. The 50 nm nanopores and 100 nm 

nanopores showed the potential for establishing DNA sandwich-hybridization structure 

assay for E. coli O157:H7 bacterium gene detection with great sensitivity. Membranes 

with 100 nm nanopores allowed nanoparticles to enter the nanopores efficiently, which 

made them achieve the best detection sensitivity and lowest LOD for bacteria gene 

detection. The analytical performance of the DNA sandwich-hybridization structure 

assay based on membranes with Ag@AuNP tags is compared with that of some 

reported methods in Table 1. It shows a comparative study on E. coli detection by 

various methods and materials applied. Compared with these reported methods, such as 

immunoassay, ELISA and QCM for E. coli bacteria detection, our method presented 

https://link.springer.com/article/10.1007/s00604-017-2530-7#Tab1
https://link.springer.com/article/10.1007/s00604-017-2530-7/figures/7
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here detects bacteria gene with the advantages in its low cost, excellent sensitivity, 

specificity and low LOD. 

Table 1 An overview on the reported nanomaterial-based methods for 

determination of E. coli 

 

Conclusions 

In this work, a DNA sandwich-hybridization impedance assay based on nanoporous 

alumina membrane has been developed for E. coli O157:H7 bacterium gene detection 

with Ag@AuNP tags. Ag@AuNP tags were used for labeling at the end of reporter 

oligos without the need of labeling target oligos. It is applicable in-field detection of E. 

coli O157:H7 bacterium gene. This assay was capable of detecting target oligos with 

high sensitivity and discriminating mismatched and noncomplementary oligos with 

excellent specificity on the nanoporous membrane platform. The detection sensitivity 

was affected by the nanopore sizes. With the advantages of multiple nanopore sizes, the 

nanoporous alumina membrane based DNA sandwich-structure impedance assay can 

be developed as a versatile tool for rapid foodborne pathogen analysis in bioanalytical 

and clinical diagnostic applications. 
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