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A B S T R A C T   

A pH-triggered colorimetric assay has been established by using aptamer anchored gold nanoparticles to detect 
Escherichia coli O157:H7 (E. coli O157:H7). Gold nanoparticles (AuNPs) functionalized by aptamer via thiol 
groups were used as probes (HS-Apt@AuNPs).Solvents of HCl (acid), NaOH (alkaline) and MgCl2 (nearly neutral) 
were used as triggers to initiate the movement of HS-Apt@AuNPs in the presence of E. coli O157:H7 bacteria 
respectively. Due to the pH effect of trigger on the surface charges of E. coli O157:H7 and the contribution of 
aptamer to capture E. coli O157:H7, the movement of HS-Apt@AuNPs with the presence of E. coli O157:H7 
exhibit dispersion and aggregation respectively, which leads the change of colorimetric signal to an opposite 
direction. Taking the solvent of NaCl frequently used as trigger for gold nanoparticle based colorimetric sensor 
into consideration, the utilization of pH dependent triggers provide an alternative for this kind of trigger-based 
sensor. Design of gold nanoparticle-based colorimetric biosensing assay suiting a wide range of trigger is more 
flexible for specific diagnosis. These results demonstrate a great potential to design bacterial sensor with high 
sensitivity to defend public health.   

1. Introduction 

Escherichia coli O157:H7 (E. coli O157:H7), a kind of highly infective 
pathogenic bacteria, is a leading threat to public health [1]. It is a 
widespread food-borne pathogen and the infective dose is as low as 
50–100 cells. Each year, more than 73,000 people are caused from slight 
to life-threatening diarrhea due to these bacteria in the United States. 
The infective source is ranging from contaminated food to water [2]. 
Although a number of methods, including SERS [3], immune chro
matographic test strips [2], electrochemical detection [4] and lateral 
flow immunoassay [5] have been developed to detect E. coli O157:H7, 
the requirement of time-consuming steps, expensive instruments and 
reagents of these methods limit their widely application. An accurate, 
rapid and simple analytical method is still required for public health 
control and prevention authority to screening of large quantity of sam
ples on field. 

Aptamers are single-stranded RNA or DNA oligonucleotides, which 
could specifically bind to targets with high specificity and affinity [6]. 

They are obtained by the SELEX method in vitro and have a high affinity 
for a wide range of target, from small molecules, metal ions, organic 
dyes, mycotoxin and to proteins, or even whole cells such as bacteria 
[7]. Due to the advantage of aptamer compared to antibodies, aptamers 
have gained a great deal of attention for the development of 
aptamer-based colorimetric sensor. Aptamer plays a significant role as a 
recognition element and a transducer to receive signal originated from 
biological and chemical specimen. Gold nanoparticles (AuNPs), espe
cially aptamer-modified AuNPs, have been widely used owing to their 
catalytic activity and localized surface plasmon resonance (LSPR) [8,9]. 
Owning to their unique optical properties, colloidal gold nanoparticles 
are commonly utilized to develop colorimetric assay. The colorimetric 
assays established by aptamer-modified AuNPs are mainly based on 
aggregation of AuNPs, which results in a red-to-blue color change [10]. 
Control of dispersion and aggregation behavior of colloidal gold nano
particles is a key factor to implement gold nanoparticles based colori
metric sensing platform [11]. 

In general, the colorimetric sensor is categorized by the 
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immobilization methods of aptamer on gold nanoparticle surface, which 
are dependent on whether the anchor group is utilized or not. In the 
presence of target, the aptamer immobilized on the surface of gold 
nanoparticles without the function of anchor group was separated from 
gold nanoparticle and bound to its target. This is ascribed to a 
competitively attractive force of gold nanoparticle and targets toward 
aptamer [12]. On the other hand, the aptamer immobilized on gold 
nanoparticle with anchor groups, such as thiol and polyadenine (polyA), 
can be constantly tethered on AuNPs due to strong bonds [13]. The 
AuNPs with anchored aptamer, denoted as a-ssDNA&AuNPs, have a 
higher degree of stabilization and its dispersion/aggregation behavior is 
more flexible to be controlled than the AuNPs immobilized with aptamer 
due to the electrostatic interaction, denoted as n-ssDNA&AuNPs [14]. 
Furthermore, the a-ssDNA&AuNPs can be used as programmable 
atom-like nanoparticles to design diversified structures made up of 
several single nanoparticle, which is the result of base complementary of 
ssDNA anchored on the surface of gold nanoparticle [13]. It has shown a 
great application potential in a number of chemicals, biological and 
environmental sensing fields. 

Crosslinking aggregation and non-crosslinking aggregation are two 
sensing mechanism of colorimetric sensor based on aptamer-modified 
AuNPs. The crosslinking aggregation is defined as the attraction of 
several single gold nanoparticles due to the base complementary of 
ssDNAs. The reason for non-crosslinking aggregation is that the intro
duction of targets undermines the stability of aptamer-modified AuNPs 
[15]. The aggregation of AuNPs is triggered by the presence of salt and 
its aggregative degree could be controlled by salt concentration [16]. 
Different from crosslinking aggregation, the approach of 
non-crosslinking aggregation does not require complicated usage of 
nanoprobes and strict temperature control [17]. Hence, the mechanism 
of non-crosslinking aggregation has been widely used to design colori
metric sensors. The non-crosslinking aggregation method of 
aptamer-modified AuNPs is a simple and effective way to build novel 
assays. Since Li et al. [18] firstly established the AuNPs-based colorim
etry by non-crosslinking aggregation, n-ssDNA&AuNPs typed sensor had 
been investigated in numerous cases for the development of detecting 
assays [19]. However, a-ssDNA&AuNPs typed sensor has less develop
ment compared to its counterpart. One of the main reasons is the lack of 
a mature theory system as a guideline to establish novel and efficient 
sensing strategies. The application of AuNPs colorimetric applications is 
significantly dependent on the stability degree of colloid system. The 
electrostatic stabilization has been determined as the single factor to 
maintain the stability of n-ssDNA&AuNPs typed colorimetric sensor 
[18]. The release of ssDNA absorbed on surface of AuNPs weakens the 
surface charge of AuNPs and disturbs the stability of colloid system. 
However, the factors used to maintain the stability of a-ssDNA&AuNPs 
typed colorimetric sensor has yet understood. Either electrostatic or 
steric stability may contribute to the aggregation/dispersion mechanism 
[20,21]. 

In this paper, thiol-modified E. coli O157:H7 aptamer was immobi
lized on the surface of gold nanoparticle, called HS-Apt@AuNPs, for 
analysis of E. coli O157:H7. This aptamer-based colorimetric assay is 
categorized as aforementioned a-ssDNA&AuNPs typed sensor. Both pH 
and ionic strength are crucial parameters to control the stabilization of 
colloid system. The change in pH of solvent has an influence to modify 
the surface charge of E. coli O157:H7, and then consequently the signal 
change of colorimetric sensor. The solvent of HCl (acid), NaOH (alka
line) and MgCl2 (nearly neutral) were chosen as triggers to initiate the 
signal change of colorimetric sensor by disturbing the stability of 
colloidal system. The incubation of E. coli O157:H7 and HS-Apt@AuNPs 
by using PBS buffer was implemented before the addition of three 
triggers respectively. Compared to the resonance wavelength of HS- 
Apt@AuNPs colloid only initiated by the presence of HCl, the addition 
of both HCl and E. coli O157:H7results in a greater aggregation of HS- 
Apt@AuNPs, and leads the resonance wavelength a further red-shift. 
In contrast, the addition of NaOH or MgCl2, with E. coli O157:H7 

induce dispersion of HS-Apt@AuNPs. This leads to a spectral blue-shift 
compared to its initial stage, where only NaOH or MgCl2 is present in 
HS-Apt@AuNPs colloid. No matter what trigger was used, the degree of 
change in color becomes more and more significant with an increase in 
the concentration of E. coli O157:H7 until the concentration of E. coli 
O157:H7 surpasses a certain level. The extinction ratio of this aptamer- 
anchored gold nanoparticle sensor exhibited a linear correlation with 
E. coli O157:H7 concentration. The detection limits of 40.46, 94.08 and 
147.6 CFU/mL were obtained by using HCl (acid), NaOH (alkaline) or 
MgCl2 (nearly neutral) respectively. Moreover, the mechanism for trig
gers with a wide range of pH to initiate the detection has been explored 
in detail. The utilization of aggregation/dispersion change of aptamer- 
anchored gold nanoparticle sensor by using trigger with different pH 
according to practical situation could significantly improve the detec
tion accuracy and efficiency. 

2. Materials and methods 

2.1. Materials 

Phosphate buffered saline tablet and hydrogen tetrachloroaurate 
(III) trihydrate (HAuCl4⋅3H2O) were obtained from Sigma. Trisodium 
citrateanhydrous was procured from Alfa Aesar. Sodium acetate trihy
drate was purchased from BBI Life Sciences. Tris(2-carboxyethyl) 
phosphine hydrochloride (TCEP), acetate and MgCl2 were purchased 
from Aladdin. HCl, NaOH and NaCl were purchased from Chongqing 
Chuandong Chemical (Group) Co., Ltd. The oligonucleotides were syn
thesized and HPLC-purified by Sangon Biotech Co., Ltd (Shanghai, 
China). The base sequences are listed in Table S1. All reagents were of at 
least analytical grade. The water used throughout the work had re
sistivity higher than 18 MΩ cm− 1. 

2.2. Culture of E. coli O157:H7 

E. coli O157:H7, staphylococcus aureus, pseudomonas aeruginosa 
and E. coli ATCC35218 were obtained from University–Town Hospital of 
Chongqing Medical University. Stock cultures in 25 % glycerol were 
maintained frozen at − 80 ℃. All bacteria was inoculated into nutrient 
broth (NB) and grown for 18− 24 h at 37 ℃ with constant agitation. The 
cultures containing bacteria were centrifuged at 4000 rpm for 5 min and 
then washed and resuspended with phosphate-buffered solution (PBS) 
(10 mM, pH 7.4). The prepared bacteria were inactivated by boiling at 
90 ℃ for 10 min and stored at 4 ℃ for further use. For bacterial 
enumeration, a scattered light turbid meter was used to determine the 
bacterial densities. The actual amount of bacteria was then determined 
according to the optical density measured at the wavelength of 600 nm. 
Finally, the suspension was immediately diluted to 1.0 × 102 to 
10.0 × 103 CFU/mL for measurement. 

2.3. Apparatus 

The UV–vis extinction spectra were monitored by a custom-made 
extinction spectroscopy shown in Fig. S1. In the spectroscopy system, 
a tungsten halogen lamp (HL-2000-HP, Ocean Optics) and a spectrom
eter (HR4000, Ocean Optics) were employed as light source and detector 
respectively. Then, the quartz cuvette with a path-length of 1 cm in dark 
was used as sample cell and the extinction from the samples was 
analyzed by programs written in C++ and Matlab. Scanning electron 
microscope (SEM) images were obtained by field emission scanning 
electron microscopy (JEOL JSM-7800 F). The zeta potential was ob
tained by Malvern Zetasizer Nano ZS. 

2.4. Modification of the aptamer 

The aptamer of E. coli O157:H7 with length of 72 nucleotides has 
shown high affinity and specificity [22]. All mismatched nucleotides 
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were modified from the original 72-mer E. coli O157:H7 specific 
aptamer. The predicated secondary structures of all nucleotides were 
obtained from the Mfold web server (http://www.unafold.org/DNA_fo 
rm.php). 

2.5. Preparation of aptamer-anchored gold nanoparticle sensor 

AuNPs with ~12 nm in diameter were synthesized via previously 
described sodium citrate reduction methods [23]. Briefly, 1.5 mL of 1 % 
trisodium citrate solution was added to 10 mL 1 mM HAuCl4 boiling and 
vigorously stirred. The mixed solution was kept stirring and heating for 
20 min, cooled down to room temperature, filtered by a 0.22 mm PES 
Syringe Filters and stored at 4 ℃ before functionalization. Thiol-E. coli 
O157:H7 specific functionalized gold nanoparticles (HS-Apt@AuNPs) 
were prepared with a method reported in literature [23]. Firstly, 3 μL of 
1 mM 5’-thiol aptamer were activated by mixing with 0.5 μL of 10 mM 
freshly prepared TCEP and 0.5 μL of 500 mM acetate buffer (pH5.2) at 
room temperature for 1 h. Then this solvent was added to 3 mL prepared 
gold nanoparticles solution. The mixture was incubated in a drawer at 
room temperature for at least 16 h. Next, in order to maximize the 
amount of aptamer loading on the surface of gold nanoparticles, 30 μL of 
500 mM Tris acetate buffer (pH8.2) and 300 μL of 1 M NaCl were added 
dropwise and stored in a drawer at room temperature for at least 24 h. 
The concentration of HS-Apt@AuNPs was estimated by Lambert-Beer 
law, A=εcl (the molar extinction coefficient of AuNPs at 520 nm was 
2.7 × 108 M− 1 cm− 1) [24].The procedure to immobilize mismatched 
nucleotides on the surface of AuNPs is the same as that of E. coli O157: 
H7 specific aptamer. 

2.6. Detection of E. coli O157:H7 

The detection procedure of E. coli O157:H7 was carried out as fol
lows: 1.5 mL PBS buffer with different concentrations of E. coli O157:H7 
and 45 μL HS-Apt@AuNPs were added to a 2 mL micro centrifuge tube, 
shaken thoroughly and incubated 30 min at room temperature. Then, 
MgCl2 (0.717 M), HCl (1 M) or NaOH(12 M) was added to initiate 
detection respectively. The volume of MgCl2, HCl or NaOH was adjusted 
to optimize the sensitivity. After 30 min of trigger addition, the extinc
tion spectrum was recorded from 400 nm to 800 nm. The ratio of 
extinction reading at 620 nm to that at 520 nm (E620nm/E520nm) was 
used for quantitative analysis. All data was collected from at least three 
independent measurements. The specificity test was performed as 
above-mentioned procedure with E. coli O157:H7 changed by other 
bacteria. 

2.7. Detection of spiked water samples 

The tap water was spiked with E. coli O157:H7 of 2.0 × 102, 
8.0 × 102 and 3.0 × 103 CFU/mL respectively. The 4 mL spiked samples 
were centrifuged for 10 min at 10 000 g. The supernatants were dis
carded and then PBS (pH 7.4) was added to be 4 mL. The centrifugation 
repeated at least 3 times. 4 mL pretreated samples were added with 
120 μL HS-Apt@AuNPs to incubate. After 30 min, 1.5 mL mixed samples 
were detected with the addition of MgCl2 and HCl as trigger separately. 

In order to evaluate the interferences of mixed bacteria presenting in 
spiked water on this proposed method, 4 mL tape water with the mixture 
of E. coli O157:H7, staphylococcus aureus, E. coli ATCC35218, pseudo
monas aeruginosa were prepared at first. The concentration of each 
bacterium was prepared as 5.0 × 102 and 1.0 × 103 CFU/mL respec
tively. Then the testing procedure was carried out as the same as above- 
mentioned one. 

3. Results and discussion 

3.1. Characterization of HS-Apt@AuNPs 

Fig. 1 depicts the normalized extinction spectra of AuNPs and HS- 
Apt@AuNPs respectively. The extinction peak of AuNPs is at 520 nm. 
The immobilization of HS-Aptamer on AuNPs makes their extinction 
peak nearly 8 nm red-shift to 528 nm. The red-shift of extinction in
dicates that the aptamer of E. coli O157:H7 had successfully anchored on 
the surface of AuNPs, which results in the dielectric constant change of 
surrounding medium of gold nanoparticle [25]. 

To further confirm the function of E. coli O157:H7 aptamers- 
anchored AuNPs, gel electrophoresis route was utilized to explore the 
interaction between HS-Apt@AuNPs and E. coli O157:H7. In the pres
ence of low-concentration E. coli O157:H7 (1.8 × 104 CFU/mL), an 
obvious decrease in shift of red-color band location of HS-Apt@AuNPs in 
gel was observed in Fig. 2. Moreover, the running shift of HS- 
Apt@AuNPs was further reduced when the concentration of E. coli 
O157:H7 was increased to be 3.6 × 104 CFU/mL. The running shift of 
HS-Apt@AuNPs decreased with an increase of E. coli O157:H7 concen
tration could be ascribed to the enhanced loading amount of E. coli 
O157:H7 increasing the weight and size of HS-Apt@AuNPs clusters 
presenting at the surface of E. coli O157:H7 [26]. More time is required 
to separate HS-Apt@AuNPs clusters from these bacteria and move with 
electrical force. Then higher concentration of E. coli O157:H7 would 
result in slower move of larger HS-Apt@AuNPs clusters. The morpho
logical structure of aptamers-anchored AuNPs/E. coli O157:H7 complex 
was characterized by using SEM as shown in Fig. S2. Aptamers-anchored 
AuNPs conjugated with E. coli O157:H7 and they scattered randomly on 
the surface of E. coli O157:H7 bacteria. 

3.2. Colorimetric test for E. coli O157:H7 with MgCl2 trigger 

The strategy of a-ssDNA&AuNPs typed colorimetric sensor is that salt 
is used as a trigger to modify the aptamer-induced protection when 
aptamer hybridized with its target [18,27].Generally speaking, aptam
ers anchored on the surface of AuNPs provide electrostatic repulsion 
between individual gold nanoparticle to resist certain amount of 
salt-induced aggregation. Salts with multivalent ions would provide 
enhanced ionic strength compared to monovalent ion salt at the same 
concentration condition. Therefore, MgCl2 with bivalent cation is a 
better choice used as trigger compared to conventional NaCl, because 
less amount of salt is required, and the volume change of mixture 
induced by the addition of MgCl2 is negligible. 

Simple preparation, rapid and sensitive response of a sensor is an 

Fig. 1. Normalized extinction spectra of AuNPs (black dash line) and HS- 
Apt@AuNPs (red solid line) (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.). 
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advantage for low cost and real-time detection of E. coli O157:H7.45 μL 
HS-Apt@AuNPs solution was added to1.5 mL PBS buffer with E. coli 
O157:H7 of 3.6 × 103 CFU/mL and without E. coli O157:H7 respec
tively. After incubating for 5 min, 45 μL of MgCl2 (0.717 M) was intro
duced to the mixtures, followed by extinction characterization. The 
aggregation/dispersion kinetics of this proposed sensor were examined 
by measuring the extinction ratio of E620nm/E520nm at room temperature 
as shown in Fig. 3A.It can be seen that in the first 10 min, the extinction 
ratio increased rapidly along with the time passed by. Then, the growth 
of extinction ratio slowed down and approached plateau since about 
30 min. The magnitude of extinction ratio of HS-Apt@AuNPs induced by 
the presence of E. coli O157:H7 is much smaller than its counterpart. 
This could be revealed that the attachment of HS-Apt@AuNPs on the 
bacterial cell surface was promptly finished in the initial stage. The 
presence of E. coli O157:H7 could stabilize HS-Apt@AuNPs solution 
against aggregation or even disperse them. 

In addition, incubation time was also investigated to improve the 
measurement reproducibility. A series of incubation time ranging from 
0 to 50 min were selected and the extinction ratio of HS-Apt@AuNPs 
monitored at the 30th minute after the addition of 45 μL of MgCl2 
(0.717 M) are shown in Fig. 3B. The extinction ratio gradually decreases 
with an increase of incubation time and it tends to be stable after about 

30 min reaction. To compromise between repeatability, reproducibility 
and a highly efficient and sensitive assay, therefore, optimum time of 
30 min for incubation and 30 min for reaction was chosen in the sub
sequent work. 

The effect of MgCl2 volumes on the response of HS-Apt@AuNPs so
lution was implemented at the volume range of 40,45,47,50,52,55 μL of 
0.717 M MgCl2. Based on the spectra of HS-Apt@AuNPs solution with 
and without the addition of E. coli O157:H7 at each volume, the plot of 
E620nm/E520nm was sorted out(Fig. 4). From the plot, the measurable 
extinction ratio monotonously increases with an increase of MgCl2 
volumes, while the difference between the extinction ratios associated 
with and without E. coli O157:H7 approach the greatest value at 50 μL 
and then decrease slightly from 52 to 55 μL. This indicated that 50 μL of 
MgCl2 (0.717 M) is able to enhance the dispersion degree of HS- 
Apt@AuNPs in the presence of E. coli O157:H7 and assemble HS- 
Apt@AuNPs in the absence of E. coli O157:H7 more greatly compared 
to that of other volume of MgCl2. The different extinction ratio induced 
by the addition of E. coli O157:H7 is maximum when 50 μL of MgCl2 
(0.717 M) is used as trigger. Therefore, 50 μL of MgCl2 (0.717 M) is 
chosen in the following work since it could result in the maximum dif
ference of extinction ratio (E620nm/E520nm) induced by the presence of 
E. coli O157:H7. 

In order to quantitatively detect E. coli O157:H7 using this HS- 
Apt@AuNPs colorimetric sensor, a series of reactions containing 
various amounts of target bacteria were employed. As shown in Fig. 5A, 
along with the increase of the E. coli O157:H7 concentration, the 
extinction spectra show a blue-shift. The extinction at 520 nm gradually 
increased, while the broad extinction (600− 750 nm) gradually 

Fig. 2. Gel electrophoresis results of aptamer functionalized AuNPs with 
various concentration of E. coli O157:H7(from 0, 1.8 × 104 to 3.6 × 104 CFU/ 
mL) after 30 min incubation. The condition for gel electrophoresis: 3 % agarose, 
5 V/cm, 0.5 × PBS, 30min. 

Fig. 3. (A) Response of HS-Apt@AuNPs monitored after the addition of MgCl2 with and without E. coli O157:H7incubated for 5 min. (B) Extinction ratio of E620nm/ 
E520nm with various incubation times of HS-Apt@AuNPs with E. coli O157:H7 of 3.6 × 103CFU/mL. 

Fig. 4. The effect of volumes of MgCl2 (0.717 M) used as trigger on detecting 
E. coli O157:H7 of 3.6 × 103 CFU/mL. Black and pink color represent sample 
with and without E. coli O157:H7 bacteria respectively. 
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decreased. In order to characterize the influence of E. coli O157:H7 
bacteria on the spectra, a differential extinction ratio, Δ(E620nm/E520nm), 
is defined as  

Δ(E620nm/E520nm) =(E620nm/E520nm)p - (E620nm/E520nm)a                         (1) 

where (E620nm/E520nm)p and (E620nm/E520nm)a represent the extinction 
ratio of E620nm/E520nm monitored in the presence and absence of E. coli 
O157:H7 bacteria respectively. 

The differential extinction ratio shown in Fig. 5B decreases linearly 
with an increasing concentration of E. coli O157:H7 was observed in the 
concentration range from 1.2 × 102 to 9.0 × 103 CFU/mL and a detec
tion limit of 94.08 CFU/mL, with a slope of -0.00649 and a linear 
response of R2 = 0.9889. These results clearly show that the optical 
extinction of HS-Apt@AuNPs colorimetric sensor is sensitive to E. coli 
O157:H7. 

3.3. Colorimetric test for E. coli O157:H7 with NaOH/HCl as trigger 

Since this detection principle was based on either electrostatic or 
steric stability with regard to a-ssDNA&AuNPs typed colorimetric 
sensor, the value of pH would be a crucial factor in the formation of 
hydrogen bonds and the determination of surface charge polarity. 
AuNPs colloid is generally stable in an environment with high value of 
pH [28]. However, extremely high ionic strength would reduce the 
electrical double layer around HS-Apt@AuNPs and destabilize 
HS-Apt@AuNPs colloid. Thus, solvent of NaOH with concentration as 
high as 12 M and HCl with concentration of 1 M was then selected as 
triggers to investigate the pH effect on the response of HS-Apt@AuNPs 

solution to E. coli O157:H7 respectively, since they are able to disturb 
the stability of HS-Apt@AuNPs colloid. The volume optimizing pro
cedure of these triggers to maximize optical response of HS-Apt@AuNPs 
colorimetric sensor to E. coli O157:H7 is as similar as above-mentioned 
that of MgCl2. 

The addition of NaOH immediately increased the pH of HS- 
Apt@AuNPs colloid. Increasing volume of NaOH from 15 to 50 μL led 
the pH of reacted solvent jump to the range of 13.01− 13.48. This pH 
value was higher than the isoelectric point of E. coli O157:H7 [29]. At 
this value, negative charged HS-Apt@AuNPs could be dispersed from 
negative charged E. coli O157:H7. As shown in Fig. 6A, the differential 
extinction ratio of this sensor Δ(E620nm/E520nm) increases firstly and 
then decreases with an increasing NaOH volume when the concentration 
of E. coli O157:H7 was constantly set at 3.6 × 103 CFU/mL. Larger vol
ume of NaOH resulted in a significant decrease in response. Therefore, 
20 μL NaOH was selected as the volume of trigger. The working response 
and performance characteristics of HS-Apt@AuNPs colorimetric sensor 
were evaluated by colorimetry. Fig. 6B shows a linear response of sensor 
when different concentrations of bacteria, from 1.2 × 102 CFU/mL to 
9.0 × 103 CFU/mL, were set to react. This yielded a sensitivity of 0.507 
CFU/mL and a detection limit of 147.6 CFU/mL for measurement of 
E. coli O157:H7. 

On the contrary, the addition of both HCl and E. coli O157:H7 would 
aggregate HS-Apt@AuNPs colloid and lead a spectral red-shift. Red-shift 
spectra led to an increase in extinction reading at 620 nm region along 
with the concomitant decrease in the intensity of extinction reading at 
520 nm. Then, the sign of Δ(E620nm/E520nm) turned to be positive 
compared to that of MgCl2 and NaOH used as trigger. The effect of HCl 

Fig. 5. Performance of HS-Apt@AuNPs based colorimetric sensor for the detection of E. coli O157:H7 with 50 μL 0.717 M MgCl2 used as trigger. (A) Extinction 
spectra of HS-Apt@AuNPs with various concentrations of E. coli O157:H7. (B) Corresponding differential extinction ratio, Δ(E620nm/E520nm), as a function of E. coli 
O157:H7concentrations. The straight line is a linear regression between 1.2 × 102 to 9.0 × 103 CFU/mL of E. coli O157:H7. 

Fig. 6. (A) The effect of volumes of NaOH(12 M) used as trigger on detecting E. coli O157:H7of 3.6 × 103 CFU/mL (B) Differential extinction ratio, Δ(E620nm/E520nm), 
as a function of E. coli O157:H7concentrations when 20 μL NaOH was selected as trigger. The straight line is a linear regression between 1.2 × 102 CFU/mL to 
9.0 × 103 CFU/mL of E. coli O157:H7. 
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volume on the performance of sensor was carried out at the condition of 
E. coli O157:H7 3.6 × 103 CFU/mL. The pH of reacted solvent was 
decreased from 2.23 to 1.67 by increasing the HCl volume from 18 to 
27 μL. The plot of Δ(E620nm/E520nm) as a function of HCl volume shown 
in Fig. 7A indicated that 25 μL HCl (1 M) is an optimum parameter. To 
quantitatively analyse E. coli O157:H7, a typical plot of differential 
extinction ratio Δ(E620nm/E520nm) versus E. coli O157:H7 concentration 
ranging from 1.2 × 102 to 18 × 103 CFU/mL is shown in Fig. 7B. It is 
found that the extinction spectrum of HS-Apt@AuNPs exhibited a red 
shift with an increase in concentration of E. coli O157:H7 up to 6.0 × 103 

CFU/mL and then shifted to short wavelength region at higher con
centration of E. coli O157:H7. A linear response in the colorimetric 
detection for the concentration of E. coli O157:H7 was found between 
1.2 × 102 and 3.6 × 103 CFU/mL, with a slope of 0.942 and a correlation 
coefficient of R2 = 0.9765. This HS-Apt@AuNPs colorimetric sensor 
triggered by HCl could detect the target E. coli O157:H7 with a detection 
limit of 40.46 CFU/mL. 

3.4. Comparison of colorimetric test for E. coli O157:H7 

The performance of this proposed method and other sensors for the 
detection of E. coli O157:H7 are summarized in Table S2. The working 
range and theoretical LOD, calculated as three times the signal-to-noise 
ratio are comparable, and even better than some counterparts. This 
proposed method had proved that acidic, alkaline and neutral triggers 
are able to be utilized to implement colormetric E. coli O157:H7detec
tion with the support of gold nanoparticle. It provides a flexible and cost- 
effective way to detect E. coli O157:H7 by either shifting the spectrum of 
gold nanoparticle to red or blue region according to the practical envi
ronment and satisfy users’ special requirement. 

3.5. Specificity analysis 

To examine the specificity of this proposed HS-Apt@AuNPs colori
metric sensor for assay of E. coli O157:H7, the interferences of common 
bacteria were investigated on a series of other bacteria such as staphy
lococcus aureus, pseudomonas aeruginosa and E. coliATCC35218 under 
the same concentration condition (1000 CFU/mL). MgCl2 and HCl were 
used as triggers since they could produce the spectral shift of HS- 
Apt@AuNPs colloid to opposite direction for comparison. As shown in 
Fig. 8, the differential extinction ratio induced by the presence of E. coli 
O157:H7 was much larger than those of other bacteria. Although dif
ferential extinction ratio of pseudomonas aeruginosa detected byMgCl2 
used as trigger is a little higher than that of its counterpart, its magnitude 
is still below 20 % compared to that of E. coli O157:H7. This result in
dicates the proposed HS-Apt@AuNPs colorimetric sensor could deter
mine target bacteria with high specificity. 

3.6. Binding analysis of aptamers 

Mismatched nucleotides functionalized gold nanoparticles were used 
to compare the specificity of aptamer to E. coli O157:H7 under the same 
procedures as described above. There are two stem-loop structures and 
some flanking sequences existing in the original 72-mer aptamer. Some 
studies have shown that the region of stem-loop structure, G-quartet 
loops, bulges and /or pseudo knots with specific secondary structures 
have a great contribution to the direct binding with the target molecules 
[30]. Therefore, mismatched base pairs were designed at these two 
stem-loop structures to provide three different kinds of control nucleo
tides, including 5-based mismatched strand (H1), 10-based mismatched 
strand (H2) and 20-based mismatched strand (H3). Their predicated 
secondary structures obtained from Mfold web server were shown in 
Fig. S3. As shown in Fig. 9, the differential extinction ratio 
Δ(E620nm/E520nm) produced by the original 72-mer aptamer function
alized gold nanoparticles is much higher than its three counterparts, 
which revealed the specificity to E. coli O157:H7 of 72–mer nucleotides 
with mismatched base pairs was significantly reduced. 

3.7. Detection of E. coli O157:H7 in the spiked water samples 

To further evaluate the applicability of this proposed biosensor for 
detection of E. coli O157:H7 in water samples, tap water spiked with 
different concentrations of E. coli O157:H7 were prepared. The detection 
of E. coli O157:H7 using this proposed HS-Apt@AuNPs colorimetric 
sensor was carried out by using MgCl2 and HCl as triggers under the 
optimal conditions respectively. As show in Table 1, the recoveries for 

Fig. 7. (A) The effect of volumes of HCl (1.0 M) used as trigger on detecting E. coli O157:H7of 3.6 × 103 CFU/mL. (B) Differential extinction ratio, Δ(E620nm/E520nm), 
as a function of E. coli O157:H7concentrations when 25 μL HCl was selected as trigger. The straight line is a linear regression between 1.2 × 102 CFU/mL and 
3.6 × 103 CFU/mL of E. coli O157:H7. 

Fig. 8. Specificity of HS-Apt@AuNPs based colorimetric assay with different 
bacteria of 1000 CFU/mL. 

Y. Xie et al.                                                                                                                                                                                                                                      



Sensors and Actuators: B. Chemical 339 (2021) 129865

7

different concentrations (2.0 × 102–3.2 × 103CFU/mL) of E. coli O157: 
H7 in tap water sample ranged from 90.2 %–115 %, and the RSD was in 
the range of 4.02 %–8.45 %. This indicates that this proposed biosensor 
was applicable for detection of E. coli O157:H7 in water sample. 

In addition, the detection result of mixed bacteria in spiked water is 
shown in Table 2. The average recoveries for 5.0 × 102 CFU/mL and 
1.0 × 103 CFU/mL of E. coli O157:H7 in tap water sample were 5.1 × 102 

CFU/mL and 1.075 × 103 CFU/mL respectively. The RSD was in the 
range of 6.43 %–9.52 %. The detected concentration of E. coli O157:H7 
in mixture is acceptable, which indicates this method is able to distin
guish E. coli O157:H7 from other bacteria. 

3.8. Influence on the assays 

It is interesting to noted that in the case of HCl used as trigger for HS- 
Apt@AuNPs colorimetric sensor, the differential extinction ratio 
Δ(E620nm/E520nm) as a function of E. coli O157:H7 concentrations shown 
in Fig. 7B exhibited a critical point at E. coli O157:H7 of 6.0 × 103 CFU/ 
mL. Further addition of E. coli O157:H7 provoked the movement of HS- 
Apt@AuNPs colloid to change from aggregation to dispersion and 
consequently an decrease in the magnitude of Δ(E620nm/E520nm). This 
response is different from these cases as shown in Figs. 5B and 6 B. When 
HS-Apt@AuNPs colorimetric sensor used for E. coli O157:H7 is initiated 
by using MgCl2 and NaOH as trigger, HS-Apt@AuNPs colloid disperse 
and the differential extinction ratio Δ(E620nm/E520nm) monotonically 
change with an increase in E. coli O157:H7 concentration. 

Kim et al. [29] reported that the isoelectric point of E. coli O157:H7 is 
approximately in the range of 3.0–4.2.Under the condition of HCl used 
as trigger, this pH value of solvent was slightly lower than the isoelectric 
point of E. coliO157:H7 [20,31]. Negative charged HS-Apt@AuNPs 
could be attracted to tightly immobilized on the positive charged 
E. coli O157:H7 bacterial surface. In contrast, under the condition of 
MgCl2 and NaOH used as trigger, significant blue-shifted spectra of 
negative charged HS-Apt@AuNPs stimulated by negative charged E. coli 
O157:H7 had been observed as well, which is different from Su’s report 
that no obvious color changes was observed from the mixing of 
citrate-capped gold nanoparticles and E. coli O157:H7 [32].Thus, a hy
pothesis is proposed to explain this detection strategy as shown in 
Scheme 1. The aggregation/dispersion of HS-Apt@AuNPs is compre
hensively caused by the pH-dependent electrostatic interaction and the 
contribution of aptamer. pH is an important factor to determine the 
spectral shift of HS-Apt@AuNPs colloids. The resonance wavelength of 
HS-Apt@AuNPs suspension with the presence of E. coli O157:H7 could 
be tuned in the range from 520 to 580 nm by adjusting the volume of pH 
dependent trigger. Then, why does the critical point only exhibit in the 
case of HCl used as trigger for HS-Apt@AuNPs colorimetric sensor? In 
order to investigate the reason for the appearance of this critical point in 
the case of HCl-trigger typed HS-Apt@AuNPs colorimetric sensor, 30, 
45, 70 μL HS-Apt@AuNPs and 18, 25, 30 μLHCl were utilized to evaluate 
the response of HS-Apt@AuNPs colorimetric sensor to different con
centrations of E. coli O157:H7ranging from 1.8 × 103 to 1.8 × 104 

CFU/mL respectively. As shown in Fig. 10A, it is found that 
70 μL HS-Apt@AuNPs lead to a stronger optical response and shift of 
critical point from lower E. coli O157:H7 concentration to higher con
centration region compared to the effect of smaller volume of 
HS-Apt@AuNPs. Moreover, higher volume of HCl resulted in the exhi
bition of critical point at lower E. coli O157:H7 concentration region as 
shown in Fig. 10B. The pH of mixture shown in Fig. 10A was in the range 
of 1.67–2.23 due to the addition of HCl. To further investigate the 
performance of differential extinction ratio Δ(E620nm/E520nm) in the pH 
range of 3.0–7.0, and avoid the limitation due to the selection of HCl and 
MgCl2, 0.05 M acetate buffer was utilized to adjust pH and 0.1 M NaCl 
was used as trigger to initiate detection. By comparing the differential 
extinction ratio Δ(E620nm/E520nm) resulted from the deionized water 
with addition of E. coli O157:H7 ranging from 1.5 × 103to 6.0 × 103 

CFU/mL as show in Fig. 10C, only the mixture with pH 3 could provide 
aggregation of HS-Apt@AuNPs colloids. These results reveal that pH 
imparts the color changing direction of a-ssDNA&AuNPs typed sensor. 

Under the condition of pH less than 3, E. coli O157:H7 bacteria 
exhibit positive charged. The volume of HS-Apt@AuNPs determines its 
quantity in solvent. At a certain volume of HS-Apt@AuNPs, the presence 
of E. coli O157:H7 bacteria initiate the attachment of HS-Apt@AuNPs to 

Fig. 9. Differential extinction ratio, Δ(E620 nm/E520 nm), respond to 1000 
CFU/mL E. coli O157:H7 of gold nanoparticle functionalized by original 72-mer 
aptamer (a), 5-based mismatched strand (b), 10-based mismatched strand (c) 
and 20-based mismatched strand (d). 

Table 1 
Detection of E. coli O157:H7 in spiked tap water using the proposed biosensor.  

Samples 
Spiked 
concentration 

MgCl2-trigger detection HCl-trigger detection 

Detected concentration (CFU/ 
mL) 

Recovery 
(%) 

RSD 
(%) 

Detected concentration (CFU/ 
mL) 

Recovery 
(%) 

RSD 
(%) 

Spiked tap water 
samples 

2.0 × 102 1.8 × 102 90.2 8.45 2.3 × 102 115 8.12 
8.0 × 102 7.5 × 102 93.8 7.74 8.1 × 102 101 5.74 
3.0 × 103 2.9 × 103 96.7 4.02 3.2 × 103 107 3.30  

Table 2 
Detection of E. coli O157:H7 in mixed bacteria tap water using this proposed biosensor.  

Samples Spiked 
concentration 

MgCl2-trigger detection HCl-trigger detection 

Detected concentration (CFU/ 
mL) 

Recovery 
(%) 

RSD 
(%) 

Detected concentration (CFU/ 
mL) 

Recovery 
(%) 

RSD 
(%) 

Spiked tap water 
samples 

5.0 × 102 4.7 × 102 94.0 6.43 5.5 × 102 110 9.52 
1.0 × 103 9.5 × 102 95.0 8.15 1.2 × 103 120 6.92  
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E. coli O157:H7 cells. Due to the fact that the size of E. coli O157:H7 
bacteria are at least 40 times larger than that of HS-Apt@AuNPs, mil
lions of HS-Apt@AuNPs conjugate with one E. coli O157:H7 bacterium, 
and the aggregation of HS-Apt@AuNPs is thereby produced [32,33]. 
More and more HS-Apt@AuNPs are mobilized to attach on E. coli O157: 
H7 bacteria until the concentration of E. coli O157:H7 approaches one 
certain level. Once the quantity of E. coli O157:H7 bacteria pass this 

critical concentration, no more HS-Apt@AuNPs are available to conju
gate with E. coli O157:H7.The function of additional injection of E. coli 
O157:H7 bacteria is to dilute the mixture and electrostatically repulse 
each HS-Apt@AuNPs/E. coli O157:H7 complex, which results in 
blue-shift of HS-Apt@AuNPs colloids. Moreover, more addition of HCl 
volume would further decrease the pH of mixture, then E. coli O157:H7 
bacteria is made to be more positive charged. The accelerated 

Scheme 1. Schematic representation of HS-Apt@AuNPs based colorimetric sensor for the detection of E. coli O157:H7 with various triggers.  

Fig. 10. The volume effects of HS-Apt@AuNPs (A) and HCl (B) on the performance of HS-Apt@AuNPs based colorimetric sensor for the detection of E. coli O157: 
H7with HCl used as trigger. (C)Relative Δ(E620nm/E520nm)as a function of pH adjusted by 0.05 M acetate buffer and 0.1 M NaCl. (D) The zeta potential of HS- 
Apt@AuNPs mixed with different concentrations of E. coli O157:H7under pH 3.0 and pH 7.0. 
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conjugation rate of HS-Apt@AuNPs on E. coli O157:H7 bacteria lead the 
critical point to be present at a lower E. coli O157:H7 concentration 
region. 

On the contrary, the utilization of MgCl2, NaOH and acetate buffer as 
trigger results in higher pH and negative charged E. coli O157:H7 bac
teria. Electrostatic repulsion between HS-Apt@AuNPs and E. coli O157: 
H7 cause more steric hindrance on the surface of E. coli O157:H7 bac
teria and less HS-Apt@AuNPs to participate in the formation of HS- 
Apt@AuNPs/E. coli O157:H7 complex even if the aptamer is prefer to 
bridge them. The presence of negative charged HS-Apt@AuNPs/E. coli 
O157:H7 complex accelerates their dispersion and shifts the spectrum of 
HS-Apt@AuNPs colloids to shorter wavelength region until all available 
HS-Apt@AuNPs are mobilized. As a consequence, differential extinction 
ratio Δ(E620nm/E520nm) is increased corresponding to the concentration 
of E. coli O157:H7, and then reaches an saturation when the concen
tration of E. coli O157:H7 is more than 6.0 × 103 CFU/mL. 

To further explore the electrostatic interactions between HS- 
Apt@AuNPs and E. coli O157:H7 bacteria perturbed by pH, the zeta 
potential for HS-Apt@AuNPs/E. coli O157:H7 complex in various E. coli 
O157:H7 concentration was measured at pH 3 and 7 respectively, and 
the results are shown in Fig. 10D. At pH 3, the zeta potential, a measure 
of surface net charge of HS-Apt@AuNPs/E. coli O157:H7 complex, was 
about − 14 mV when the E. coli O157:H7 concentration is 1.8 × 103 

CFU/mL. Then, increasing E. coli O157:H7 bacteria gradually neutral
izes the overall surface charge and finally gives the complex a positive 
zeta potential at E. coli O157:H7 concentration of 9 × 103 CFU/mL. 
When the pH of solvent was adjusted to be 7, the negative zeta potential 
become lower and lower with E. coli O157:H7 concentration increasing 
from 1.8 × 103 to 9 × 103 CFU/mL. This result coincides with the above- 
mentioned mechanism that surface charge of HS-Apt@AuNPs and E. coli 
O157:H7 bacteria under different pH environments are adjustable in 
terms of the quantity of HS-Apt@AuNPs and E. coli O157:H7 bacteria. 

According to the above optical analysis, the following conclusions 
can be reached. Aptamer and electrostatic interaction comprehensively 
contribute to the formation of HS-Apt@AuNPs/E. coli O157:H7 com
plex. Aptamer anchored on gold nanoparticle provides high affinity to 
E. coli O157:H7 bacteria whereas pH-dependent charge of HS- 
Apt@AuNPs and E. coli O157:H7 bacteria determine their electrostatic 
attractive or repulsive interaction. The movement direction of HS- 
Apt@AuNPs is determined by the quantity of both charged HS- 
Apt@AuNPs and E. coli O157:H7 bacteria. The charge-reversible prop
erty of HS-Apt@AuNPs/E. coli O157:H7 complex could be designed and 
utilized for the detection of E. coli O157:H7 bacteria under a flexible 
condition. 

4. Conclusion 

In summary, a colorimetric biosensor based on aptamer functional
ized gold nanoparticles has been developed for the sensitive and selec
tive detection of E. coli O157:H7. pH-dependent interaction of gold 
nanoparticle and E. coli O157:H7 has been investigated by using 
different triggers with pH ranging from acid to alkaline. The triggers 
with a wide pH range provide an opportunity to modulate the surface 
net charge of complex consist of aptamer-functionalized gold nano
particle and E. coli O157:H7 bacteria. The quantitative competition 
between both charged gold nanoparticle and charged E. coli O157:H7 
bacteria lead the aggregation or dispersion processes of gold nano
particle. This present study provides a new avenue for a rapid, conve
nient and cost-effective detection of E. coli O157:H7 in practical 
application. The advantage of this assay is that both the properties of 
aggregation and dispersion process of gold nanoparticle have been 
explored for quantitative detection of E. coli O157:H7. It enables 
researcher to design colorimetric biosensor for detection of variety of 
foodborne pathogen or biomarkers at a more flexible way for specific 
diagnostics. 
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