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ARTICLE INFO ABSTRACT

Keywords: Ag is widely distributed in nature and it is used in almost all areas of human life. However, due to the widespread
Ag" use of Ag materials, Ag" pollution seriously threatens the human health and environment. The traditional
Hybridization chain reaction detection methods for Ag" suffer from disadvantages including high operational cost, complicated operating unit
Fluorescenc_e Slgm_d and instrument, and high requirements for professionals. Thus, in this study, a new type of Ag' detection
Water quality testing . e . . o . -
biosensor based on the hybridization signal amplification was designed to overcome these problems. Combining
cytosine-Ag"-cytosine mismatch structure with the hybridization chain reaction, this biosensor converted the
conventional detection signal into the nucleic acid amplification signal, which realized efficient, rapid, sensitive,
and specific detection of Ag". The limit-of-detection of this sensor reached 0.69 pM, which is much less than the
maximum concentration (0.1 mg L™}, 927 nM) suggested for drinking water by the World Health Organization,
and the maximum concentration (0.05 mg L™}, 464 nM) suggested by the United States Environmental Protec-
tion Agency. This method provides a promising new platform for detecting Ag" concentrations at ultralow levels.

1. Introduction

As one of the most common precious metal elements in the world,
silver (Ag) and its ionic form (Ag™) are widely used in industry and daily
life [1]. However, Ag' has been recognized as an ion with the highest
toxic level, thus attracting widespread research attention for remedia-
tion of the potential risks caused by its extensive use [2]. Ag™ is a type of
pollutants capable of causing extensive damages to the nerves and in-
ternal organs [3]. If a large amount of Ag™ gets released into the envi-
ronment, it can accumulate in the food chain [4-8]. When Ag™ enters
the human body, it can interact with several groups of metabolites,
leading to the inactivation of sulfhydryl enzymes [9,10]. According to
the U.S. Environmental Protection Agency (EPA), when the concentra-
tion of Ag™ is above 1.6 nM, there is possibility of poisoning of fish and
microorganisms in the water bodies. Moreover, the permitted concen-
tration of Ag' for safe drinking water should not exceed 930 nM
[11-14]. Therefore, there is an urgent requirement to determine trace
Ag" for environmental monitoring, biological conservation, and allevi-
ation of risks to human health.

Traditional methods of Ag™ detection include inductively coupled
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plasma-mass spectrometry (ICP-MS), inductively coupled plasma-
atomic emission spectroscopy (ICP-AES), atomic absorption spectrom-
etry, and fluorescence spectroscopy [15-25]. However, these methods
are time-consuming, expensive, and require large instruments and
skilled operations [26]. These disadvantages limit the application of
traditional detection methods in areas without abundant resources [27].
Moreover, fluorescence colorimetric approach is regarded as a simple
and useful detection technique, which can be used for quantitative
characterization of the concentration of target objects based on inex-
pensive spectrometers and simple operations [28-30]. However,
compared to the above-mentioned traditional detection methods, the
bottleneck for the colorimetric methods showed that the detection limit
was confined to the nM level, which is not sensitive enough [31-33].
Therefore, development of a simple, convenient, efficient, highly sen-
sitive, and selective Ag" sensing method is highly desirable.
Hybridization chain reaction (HCR) is an isothermal enzyme-free
nucleic acid amplification technology first discovered and reported by
Pierce and Dirks. HCR is widely applied for sensitive and specific
detection of substances, such as proteins and small molecules [34-36]. It
is driven by the free energy of base pair formation without the enzymatic
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catalysis; however, the occurrence of three cycles of deformation,
annealing, and extension of polymerase chain reaction (PCR) [37-39] is
not required. As a result of initiation, HCR can effectively reduce the
false positive signal and the background disturbance [40]. Moreover,
each initiator triggers HCR to form long-chain dsDNA, which links a
number of oligonucleotides to amplify the sensor signal [34,41,42].
Further, the HCR can be carried out under mild conditions and moni-
tored easily. Therefore, the HCR may be of great assistance to increase
the sensitivity of Ag" detection.

Herein, a simple, efficient, and sensitive method was developed for
analysis and detection of Ag" by introducing nucleic acid hybridization
signals on the platform of silica (SiO2) microspheres. As a strong and
specific binding interaction of cytosine-Ag'-cytosine (C-Ag'-C)
mismatch structures, DNA probes designed with several cytosine bases
were used to identify Ag™, which could significantly improve the spec-
ificity of the sensor. Moreover, with the high enzyme-free isothermal
nucleic acid amplification of HCR, this sensor could achieve a high
sensitivity and large analytical range of Ag™ by detecting the fluores-
cence signal of Cy5 labeled on the probes. Finally, the specificity of the
sensor and the detection capability in the actual sample were also
examined, and the results were compared with those of standard Ag™"
detection methods. The designed sensor could realize cost effectiveness,
high specificity, and sensitivity for Ag" detection.

2. Material and methods
2.1. Materials

All HPLC-purified oligonucleotides sequences were provided by
Sangon Biotech Co., Ltd. (Shanghai, China). 1-(3-Dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC, cat. no. 39311) and
silver nitrate were obtained from Aladdin (Shanghai, China). Diethyl
pyrocarbonate (DEPC)-treated water used for preparing and diluting the
oligonucleotides solutions was provided by Sangon Biotech Co., Ltd.
(Shanghai, China). Deionized water (>18 MQ) was used in the prepa-
ration of all other chemicals which were of analytical grade and used as
received. All buffers and mixtures used in the experiment were prepared
with sterile water. Amine-functionalized SiO, nanoparticles (SiO2-NHy)
were purchased from NewMater™ Nanotechnology Co., Ltd. (China).
Affimag SLC magnetic microspheres were purchased from BaseLine
ChromTech Research Center (TianJin, China). Oligonucleotides se-
quences used in this study are listed in Table S1. Phosphate buffered
saline (PBS, DNAase free, RNAase free, 0.01 M, pH = 7.2-7.5), phos-
phate buffered solution, and saline sodium citrate (SSC) buffer were
purchased from SenBeiJia Biological Technology Co., Ltd. (Nanjing,
China). Agarose, SuperGel Red nucleic acid dye; and tris base, acetic
acid, and EDTA (TAE) buffer were all obtained from Biosharp (Hefei,
China). The bioluminescent 96-well white microplate was purchased
from Thermo Fisher Scientific (Pittsburgh, USA). The electrophoresis
equipment was obtained from Bio-Rad (USA). The bioluminescent signal
receptor used in this study was Azure®C600 (USA). Other reagents used
in this experiment were of analytical grade and used as received without
any further purification.

2.2. Electrophoresis experiment for feasibility verification

Electrophoresis was performed to verify the feasibility of the
experiment. Different primers in the reaction were analyzed by using 3
% agarose gel electrophoresis in 1 x TBE buffer at room temperature.
For each lane, the final concentration of each single strand was 1 u M,
and the total volume was 20 pL. P1, P2, the mixture of P1, P2 and Ag™,
H1, H2 were loaded in lanes 1-5, respectively. Lanes 6 and 7 were
parallel-controlled as two experimental groups. In the lane 6, Ag"
(10 pL, 1077 M) was added and in the lane 7, the equal amount of SSC
buffer was added instead of Ag'. They were allowed to complete the
entire conventional reaction, centrifuged to remove the supernatant,
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Scheme 1. The principle of the sensor for ultra-sensitive Ag* detection.

and the precipitate was washed repeatedly to avoid the interference of
the non-specific adsorption of Cy5 fluorescence in the control group.
Then the reaction system was heated to 95 °C, the nucleic acid probe
was separated from the SiO microspheres, samples were centrifuged
again, and the supernatant was taken for the agarose gel (3 %) elec-
trophoresis. The electrophoresis was carried out at a constant voltage of
110 V for 70 min. Then the agarose gel (3 %) was captured by fluores-
cence channels.

2.3. Preparation of DNA-SiO, conjugates

The designed DNA probes 1 and 2 (P1 and P2) were diluted to 100 or
10 pM as required. EDC (1 mg) was weighed and placed in a 1.5 mL
round bottomed centrifuge tube. Then, the aminated modified SiO,
microspheres (500 pL, 5 mg mL™) and P1 (50 pL, 10 pM) were added
and mixed thoroughly. The tube was wrapped with tin foil as a dark-
proof treatment, and incubated for 10 h. After the reaction was
completed, the reaction system was centrifuged at 10,000 rpm for
10 min, and resuspended with ddH,0 (200 pL) after the removal of the
supernatant. Finally, SiO2-DNA probe 1 conjugates (SiO2-P1) were ob-
tained and stored at 4 °C.

2.4. Quantification detection of Ag"

SiO2-P1 (10 pL) ligated in step 2.3 and P2 (0.7 pL, 10 pM) were
added to sodium citrate-citrate buffer (25 pL). Then H1 (1.5 pL, 1 pM)
and 1 Cy5-H2 (1.5 pL, 1 uM) were added to the reaction system. Finally,
the appropriate concentration of target Ag" was added and mixed
thoroughly, and the reaction system was incubated at 37 °C for 60 min.
After the completion of the reaction, the supernatant was removed by
centrifugation at 11,000 rpm for 10 min using a centrifuge, and the
precipitate was resuspended in water (50 pL). Subsquently, the Cy5
fluorescence signal intensity was measured using Azure C600 for several
min.

2.5. Specificity investigation of the sensor

The specificity of this sensor was controlled by the nucleotide
sequence of P1. The specificity investigation experiments were carried
out by incubating Ag™ (10 pL, 1 x 10~/ M) and different kinds of metal
ion (negative control, Mg?*, Na*, K*, Ca%*, cd?*, cu®', Fe®*, zn?",
Mn?*, Ni2*, mixed group) at the same concentration of 1 x 10~/ M.
Then, the same procedures were carried out by step 2.4.

2.6. Ag" detection in real water samples

In order to evaluate the practicality of sensors for real water samples,
five different actual water samples were detected by ICP-MS and ICP-
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Fig. 1. (A) Visualization photograph and fluo-

rescence of preliminary feasibility study of
quantitative determination of Ag™: (1)
1x107 M Ag™, (2): 0M Ag™. (B) The flow
cytometry intensity result of SiO, microspheres,
control group (without Ag™) and positive group
(with Ag™). (C) The fluorescent microscopy
images of (a) control group and (b) positive
group in bright field and dark field, respec-
tively. (D) The illustration of reaction mixture
for the agarose gel (3 %) electrophoresis carried
out for the feasibility study of the sensors, were
captured by RGB channels. (1) P1, (2) P2, (3)
P1, P2, and Ag", (4) H1, (5) H2 were injected
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AES, respectively, and compared with the sensor. In addition, a series of
Ag" samples were added to pure water by a standard addition method
with the same concentration, the Ag" concentration of each sample was
measured by the sensor and compared with the actual concentration.
The lake water samples were collected from the Tianjin University.

3. Results and discussion
3.1. The principle of HCR fluorescent sensor

The working principle of the sensor for Ag™ detection is illustrated in
Scheme 1. The C-Ag™-C structure was introduced to realize the specific
detection of Ag™", and the HCR efficient amplification was employed to
obviously improve the detection sensitivity. SiO microspheres as the
signal carriers were decorated with P1. H2 was labeled with fluorescent
dye Cy5 (Ex:650 nm, Em:670 nm). In the presence of Ag", P1 and P2
combined to form C-Ag'-C structure. The SiO, microspheres with C-
Ag"'-C structure were separated by centrifugation to initiate HCR. The
HCR mechanism employed two hairpin species (H1 and H2). Further-
more, introduction of an initiator strand (P2) triggered a chain reaction
of alternating kinetic escapes by continuously opening the H1 and H2
stem-loop structure. Amplification of the initiator recognition event
continued until the supply of H1 or H2 was exhausted [34]. The fluo-
rescent signal of Cy5 could be detected on the surface of SiO5 micro-
spheres, which was proportional to the concentration of Ag™. In this
study, Azure C600 was introduced to quantify the fluorescent intensity.

3.2. Research on the feasibility of the HCR fluorescent sensor

In order to verify the feasibility of the HCR fluorescent sensor, ex-
periments were performed on two Ag" samples with different concen-
trations, and the corresponding results are shown in Fig. 1. The
experiment in presence of Ag" (10~7 M) and absence of Ag* (0 M) were

during the agarose gel (3 %) electrophoresis.
(6)-(7): In the absence (6) and presence (7) of
Ag™, P1, P2, H1, and H2, the entire reaction
was completed, the contents were heated to
95°C for 7 min, and the supernatant was
directly injected for the agarose gel (3 %)
electrophoresis after high speed centrifugation.

2 3 4 § 6 7

performed in the Fig. 1A. As we can see, the sample with Ag™ had
stronger fluorescence signal compared with the sample without Ag™.
The ultraviolet (UV) absorbance values of SiOy microspheres, SiO,-P1-
P2-HCR conjugates, and P1 were measured by UV-vis spectrophotom-
eter, respectively. Fig. S1 illustrates the absence of the absorbance be-
tween 240 and 290 nm on SiOy microspheres. Owing to the HCR
efficient amplification, hundreds of double-stranded nucleotides (nt)
were formed on the SiO, microspheres in the presence of Ag"™ [34].
Therefore, the absorbance of SiO2-P1-P2-HCR conjugates between 240
and 290 nm increased significantly with a significant absorption at
260 nm, indicating that DNA probes and the HCR system were attached
to the surface of SiO5 microspheres successfully.

Furthermore, the flow cytometry and fluorescent microscopy were
employed to verify that the HCR system could be generated on SiO;
microspheres. In the presence of Ag™, the HCR system was connected to
the surface of SiO, microspheres by C-Ag'-C structure, and the Cy5
fluorescence signal was detected using the flow cytometer and micro-
scope (Fig. 1B and C). In control group, there were ignorable Cy5 fluo-
rescence signal detected in the absence of Ag™ (Fig. 1C). It indicated that
only in the presence of Ag", the Cy5 fluorescence signal could be
generated on SiO, microspheres correspondingly. The scatter diagram
results of each group are shown in Fig. S2, demonstrating that Ag* was
the vital initiator for connecting HCR system with SiO, microspheres.

The reaction mixture for the agarose gel (3 %) electrophoresis was
used for the feasibility study of the sensors. Fig. 1D demonstrates that
there was no band in the first lane, because the length of P1 was only
10 nt and the marker showed at least 25 nt. The brightness of band in
lane 3 was higher than that in lane 2, indicating that P1 connected P2
together in the presence of Ag'. Furthermore, after incubation, centri-
fugation, and separation, nucleic acid strands with Cy5 were detected in
lane 7, the length of strands ranged from tens to hundreds of nt, and
there was no fluorescence signal detected in lane 6. It was thus revealed
that the HCR system was attached to the SiO, microspheres by C-Ag*-C
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Fig. 2. (A)-(C) TEM images of SiO, microspheres with different diameters (200, 500, and 1000 nm); (D) Analysis of HCR fluorescent sensor detection with different
sizes of SiO, microspheres. n = 3 independent experiments. Error bars represent the standard deviation of triplicates.

mismatch structure.

3.3. Evaluation and Optimization of experimental conditions

Furthermore, the size of SiO5 microspheres, the sequences of P1 and
P2, the type of carrier and buffer solution, the incubation temperature,
and the time were optimized. SiO5 microspheres were used to build a
signal amplification carrier. More DNA probes could be loaded on the
surface of SiO, microspheres because of the spherical structure, thus it
was necessary to explore the optimal diameters of SiO5 microspheres for
higher sensitivity. Different sizes (200, 500, and 1000 nm) of SiOy mi-
crospheres were discussed. Fig. 2 exhibits that the value of AF (AF = F —
FO, FO and F stand for the fluorescence obtained in the absence and
presence of Ag™, respectively) enhanced with the increase of the
diameter. Thus, SiO2 microspheres with diameter of 1000 nm were used
in our sensor.

The incubation temperature and time were studied by employing the
variable control method. To achieve the most suitable reaction tem-
perature, a series of different temperatures was optimized, and the re-
sults are shown in Fig. 3. The stability of the reaction in the range of
4-37 °C increased gradually, and the fluorescence intensity was the
highest at 37 °C (Fig. 3A). The fluorescence intensity decreased at 45 °C
due to the disassembly of the C-Ag"-C structure at higher temperature.
Therefore, 37 °C was selected as the optimal temperature for subsequent
experiments. Then, a series of different time was optimized. The results
indicated that fluorescence intensity enhanced with the increase of re-
action time within an appropriate range, which is shown in Fig. 3B.
When the reaction time reached 60 min, the fluorescence intensity could
not change sharply. Considering the low-cost principle, 60 min was
selected as the optimal time. Moreover, Figs. S3-S5 demonstrate that
other experimental conditions were also determined. The sequences of
P1 and P2 were defined, the SiO, microspheres were selected as the

carrier, and the sodium citrate buffer was selected as the buffer solution.

In order to increase the detection sensitivity, the amounts of SiO2-P1,
P2, H1, and H2 were also investigated. The reaction was carried using
SiO5 microspheres, and the amount of SiO,-P1 played an important role
in the detection of Ag™. Fig. 3C exhibits that the AF value enhances with
the increase of the amount of SiO2-P1 until 15 pL. Other parameters for
detecting Ag™ were also investigated by employing the experimental
plan presented in Fig. 3C. The concentration of P1, H1, and H2 was
closely related to the amplification of the detection signal. Fig. 3D-F
exhibit that P2 (350 nM), H1 (150 nM), and H2 (150 nM) were selected
to obtain the best sensitivity.

3.4. Detection performance of the HCR fluorescent sensor

The detection performance of the sensor mainly included the
detection sensitivity and specificity. Under the optimal conditions, Ag™*
standards with different concentrations (10"2-10~8 M) were monitored
(Fig. 4). Fig. 4A exhibits that a linear relationship between the AF and
the logarithm of Ag" level correlates to the data points
(AF = 19,045.99 + 1318.951gC, R? = 0.9948). The limit-of-detection
(LOD) of Ag"™ was 0.69 pM (LOD = 3S/N, where S is standard devia-
tion value of blank samples, and N is the slope of the standard curve for
low concentration), which fell far below the threshold value for drinking
water, specified by EPA.

Anti-interference ability is an important standard to measure the
excellence of a sensor. The specific binding of Ag™ to C-C base pairs was
used for our sensor, which indicates that it should not respond to other
common metal ions. As expected, compared to Ag™ (1077 M), none of the
following metal ions including Mg?*, Na*t, K*, Ca2t, cd**, cu?t, Fe?¥,
Zn?*, Mn?", and Ni?" at a concentration of 10~ M, respectively, showed
a significant response to the sensor. Moreover, the sample containing
mixed Ag" and Mg2+, Na®, K¥, Ca2+, cd*t Cu2+, Fe?’+, Zn2+, Mn2+, or



H. Li et al. Colloids and Surfaces B: Biointerfaces 202 (2021) 111686
A 6000 B 8000
x103 — x103 ;
=° .
& * = o000} —\I
= ~~
5 P
g 3]
3 4000f S 4000}
* 2
5] -5
= =
S S 2000
= =
2000 | o
4 25 37 45 10 30 45 60 90
Temperature for reaction/°C Time for reaction/min
C X103 ] D 10000 _X103 —
4000 | +’“{ 5 L
Z = 7500}
~ 5]
5] )
o =
5 2000} 8 s000}
9 (72}
3 g
s S 2500}
= =
= o
1 1 1 1 1 1 0 1 1 1 1 1 1
2 5 7 10 13 20 0 100 200 300 400 500
E Amount of SiO,-P1/puL F Amount of P2/nM
10000 — 6000 .
x103 x10
: + . ]
& 75001 S
S S 4000}
= ()
5 =
O 5000 - 3
3 @
— 5]
S 5 2000 -
= 2500 | B
= =
0 1 1 1 ; 1 1 0 1 1 1 _I‘ 1
0 50 100 150 200 250 0 50 100 150 200

Amount of H1/nM Amount of H2/nM

Fig. 3. Optimization experiments of (A) reaction temperature; (B) reaction time; (C) amount of SiO»-P1; (D) concentration of P2; (E) concentration of H1; and (F)
concentration of H1. n = 3 independent experiments. Error bars represent the standard deviation of triplicates.

B
10000 — 2000 55
N . Ag*+mixed ions
JF'/
AF=19045.99+1318.951gC 1500
7500 - R2=0.9948 5
= H
& < 1000
< 5000 - < Cu?** Zn** Ni**
500 Na* Ca™
WWWWWW
0

-12 -11 -10 -9 -8 Mn**

IgC(Ag*)/(mol-LY)

Ag* Mg:“ K+ ca Fe3*
Metal ions

Fig. 4. (A) The linear response between AA and the logarithm of Ag" concentration ranging from 1072 to 1078 M. (B) Specificity assay for the sensor to several
common metal ions (Ag*, Mg?*, Na*t, K™, Ca®*, Cd**, Cu*, Fe®*, zn?*, Mn®*, Ni**, and mixed ions). n = 3 independent experiments. Error bars represent the
standard deviation of triplicates.



H. Li et al.

A s
o
= 10}
=]
£
=
< 54 :
o i : !
<
O o
5 1 1 L 1 L
1 2 3 4 5
Samples

Colloids and Surfaces B: Biointerfaces 202 (2021) 111686

B
. [ 11cpMs
20T 7 [
2
£
& o
2
o0
2 st
Q ;
o | 1 [
1 2 3 4 5
Samples

Fig. 5. (A) Use of standard addition method for the determination of Ag™. Ag" was added as standard into ddH,0 with a concentration of 5 x 10~ M. Five samples
were detected in parallel by the sensor. (B) Detection of Ag™ from several different real water samples by ICP-MS and the sensor: (1) Drinking water, (2) Tap water,
and (3)-(5) Water from three different lakes. n = 3 independent experiments. Error bars represent the standard deviation of triplicates.

Ni2* at a concentration of 10~/ M showed the fluorescence similar to the
sample containing only Ag". Obviously, these results shown in Fig. 4B
indicated that the interference of the metal ions (frequently appearing in
the environment) to the sensor was negligible; thus, the sensor showed
an excellent selectivity.

Furthermore, the stability and reproducibility of the sensor for
detection was assessed via standard addition method (the same certain
amount of Ag" standard was added into five different diluted salivary
samples with the final concentration of 5 x 107> M). The calibration
curve of fluorescence value versus concentration of Ag™ obtained using
our sensor is shown in Fig. S6, and a good agreement between spiked
and detected concentration was obtained for quantification of Ag"
(Fig. 5). Table S2 summarizes that the specific percent recovery was
calculated to be in the range from 80.2 to 108.4 %. Moreover, the sta-
tistical analysis was carried out by the Welch’s unpaired t-test for this
recovery experiment (Table S3). The P-value for the detection of Ag+
was 0.238973 (P > 0.05), and these results indicated that the detection
results of Ag" with our sensor were not statistically different from the
theoretical values (red dotted lines in Fig. 5A) and showed an excellent
stability and reproducibility for Ag" detection.

3.5. Application of the HCR fluorescent sensor for detecting Ag* in real
samples

Encouraged by the high sensitivity and selectivity of the sensor to-
ward Ag', we further extended the investigation of determination
ability in real water samples. The real water samples were collected from
drinking water, tap water, and three different lakes in Tianjin Univer-
sity. The water samples were filtered through 0.22 pM nitrocellulose
membranes to dispose of physical impurities prior to measurement.
Noteworthy, no signal in the actual samples was detected by ICP-AES
(Agilent 7500ce); however, the concentration of Ag™ in the real water
samples was detected by our sensor and ICP-MS (Agilent 7700X). Fig. 5B
exhibits that the concentrations of Ag" in these five actual samples were
separately obtained. Considering the influence of numerous minerals
and organics existing in actual samples, there was no significant dif-
ference between our sensor and ICP-MS. Moreover, the results showed
that the sensitivity of our sensor was superior to that of some traditional
Ag" detection methods such as ICP-AES. Taken together, these results
suggested that the Ag™ biosensor proposed herein shows potential
applicability in real samples.

4. Conclusions

Herein, an ultra-sensitive Agt detection method was demonstrated
that achieved picomolar level detection via HCR amplification strategy.
The high selectivity and sensitivity of this method were based on C-Ag™-
C specific structure and HCR amplification strategy, respectively. The

LOD of our sensor reached 0.69 pM ultimately, which is far below the
threshold of the Ag standard in drinking water (930 nM) permitted by
the EPA. Moreover, it was further proved that the sensor was effective
for detection of actual samples by detecting Ag™ in lake water and tap
water samples, and the results were further compared with those of the
ICP-MS. The Ag™ biosensor shows application prospect in environmental
monitoring with ultralow levels.
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