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HIGHLIGHTS GRAPHICAL ABSTRACT

e An electrochemical biosensor for
Chlamydia trachomatis detection has
been proposed.

e The ordered loading of capture
probes by the BSA vector platform
improves the reproducibility.

e Duplex-specific nuclease-assisted
DNA hydrogels are used for signal
amplification and conversion.

e The biosensor has a low detection
limit of 5.8 fM.

e The biosensor has been successfully ‘§§§§~ > ?E;’

applied to clinical sample analysis. N N N i @y s € e e s
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can be detected. The current signal was proportional to the concentration of CT 16S rRNA from 10 fM to
25 pM with a detection limit of 5.8 fM (S/N = 3). The signal conversion function of the DNA hydrogel
avoids the instability of nonhomogeneous nucleic acid hybridization on the gold electrode surface, and

combined with optimization by BSA for capture probe modification, this electrochemical biosensor is
highly reproducible with a relative standard deviation of 4.3% for the detection of 10 samples of the same
concentration. The proposed strategy provides a highly reproducible and sensitive detection method for

the extensive screening of CT.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Chlamydia trachomatis (CT) is one of the most common patho-
gens of sexually transmitted diseases [1—4]. A significant feature of
CT infection is asymptomatic, especially in infected women [5,6].
This circumstance frequently leads to a missed diagnosis, which
eventually causes severe diseases such as pelvic inflammatory
disease and tubal infertility [7—9]. Therefore, extensive screening is
needed to facilitate the identification of asymptomatic infections.
Classical microscopic examination is not suitable for screening
because it is inefficient and insensitive, and has been gradually
replaced by more sensitive nucleic acid detection [10]. Nucleic acid
detection is a highly specific detection method using deoxy-
ribonucleic acid (DNA) or ribonucleic acid (RNA) as pathogenic
markers. The commonly used methods are based on polymerase
chain reaction (PCR), and much effort is still required to develop
robust methods for CT-related nucleic acid detection.

Electrochemical detection techniques are widely used in path-
ogenic nucleic acid detection because their high sensitivity, simple
equipment, ease of miniaturization and low cost [11,12]. For
example, Songyi Baek reported an electrochemical DNA biosensor
based on a metal ion-mediated molecular beacon (MB) probe for CT
sensitive detection [13]. Sang Mo Lee's group developed an elec-
trochemical strategy to sensitively detect CT related DNA based on
peroxidase mimicking DNAzyme [14]. These studies indicated that
high sensitivity can be reached for CT related nucleic acid detection
based on electrochemical detection. However, a large proportion of
reported electrochemical nucleic acid sensors are based on thiol-
derivatized single-stranded DNA probes self-assembling on a gold
surface via Au-S chemistry and then passivated with alkanethiol to
fill the empty space, thereby capturing the target nucleic acid
[15,16]. The reproducibility of the detection signal is affected
because of the random nature of probe self-assembly on gold
electrodes and the instability of the subsequent nonhomogeneous
nucleic acid hybridization process on gold electrodes [17—19].
Many groups have devoted great efforts to improving reproduc-
ibility [20,21]. For instance, Ye et al. developed three-dimensional
(3D) DNA tetrahedron-structured probes that could provide me-
chanical rigidity and structural stability to achieve stable electro-
chemical detection of microRNA-21 [21]. However, they are
complex in construction and remains randomly assembled on the
surface of gold electrodes. To avoid electrode modification steps
and nonhomogeneous nucleic acid hybridization processes, He
et al. proposed a homogeneous electrochemical detection strategy
based on the electrostatic repulsion between DNA and the surface
of an indium tin oxide electrode [22]. Although this strategy can
achieve good results, the possible matrix interference limits the
specificity and wide application in bioassays.

DNA hydrogels, as a stable aqueous soft material, can provide a
homogeneous environment that stably responds to the stimulus of
the target by releasing the encapsulated signal molecules [23]. The
ability of DNA hydrogels to convert target quantities into more

readily detectable signal molecular quantities has driven the
development of many efficient and stable biosensors [24—29]. For
instance, Liu et al. reported an electrochemical biosensing platform
based on hybrid DNA hydrogels [30]. DNA hydrogels can respond to
microRNA-21, leading to the release of electrochemical signalling
indicators, which realize the rapid detection of microRNA-21.

16S ribosomal-RNA (16S rRNA) has approximately 10,000-fold
the copy number of genomic DNA in CT and varies between spe-
cies, so it is used as a more sensitive nucleic acid target for CT
[31,32]. The bovine serum albumin (BSA) carrier platform can
effectively improve the reproducibility of electrochemical signals
by preferentially modifying BSA onto gold electrode surface to
facilitate the ordered assembly of subsequent probes. It enables
highly reproducible detection of Cryptococcus neoformans and hu-
man papillomavirus [33,34]. The procedures of this technique are
simple, but its use is still in the early stages.

In this work, a highly reproducible electrochemical biosensor
was designed for CT detection using the 16S rRNA fragment as an
ultrasensitive target. Duplex-specific nuclease (DSN) can highly
selectively cleave DNA strands in perfectly matched DNA double-
strands (dsDNA) and DNA-RNA hybrid duplexes [35—37]. In com-
bination with the cycle amplification of the DSN, target-responsive
DNA hydrogels are applied to identify the target, amplify the signal
and convert the amount of target into the amount of signal mole-
cule being released. The porous BSA layer improves the positional
distribution and spatial orientation of the capture probe modified
on the gold electrode, allowing it to stably capture the released
signal molecule. With the above strategy, the low efficiency and
instability of nonhomogeneous nucleic acid hybridization on gold
surfaces are avoided, as well as the randomness of electroactive
material capture and the influence of other substances on the
electrical signal, enabling highly reproducible and sensitive CT
electrochemical detection.

2. Experimental section
2.1. Materials

All oligonucleotides were obtained from Shanghai Sangon
Biotechnology Co., Ltd., (Shanghai, China). The sequences ware as
follows:

DNA strand 1 (S1): Acrydite-AAAAACTTAGGGGCCGACTAACCC.

DNA strand 2 (S2): Acrydite-AAAAGGGTTACTCGGCC.

Capture probe: SHC6-TTTTTTTTITITTTTTTITT-Biotion.

CT rRNA: GGGUUAGUCGGCCCCUAAGU.

MG rRNA: UAGGUCGCAAGCGUUAUCCG.

NG rRNA: CUAACUACGUGCCAGCAGCC.

UU rRNA: GCGUAAAACGAGCGCAGGCG.

Unless otherwise stated, all chemicals were purchased from
commercial suppliers and used without further purification. The
buffer 10 x NE Buffer 2 (1 x NE Buffer 2 containing 50 mM Nadl,
10 mM Tris-HCl, 10 mM MgCl,, pH 7.9) was obtained from New
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England BioLabs (Beijing, China). Duplex-specific nuclease was
supplied by Evrogen Co., Ltd., (Moscow, Russia). HySO4, K4Fe(CN)g,
K3Fe(CN)g, acrylamide, ammonium persulfate (APS), N, N, N/, N'-
tetramethylethylenediamine (TEMED), horseradish peroxidase-
labelled streptavidin (SA-HRP), phosphate buffered saline buffer
(PBS buffer containing NaCl 136.9 mM; KCl 2.7 mM; Na;HPO4
8.1 mM; KHyPO4 1.8 mM), bovine serum albumin (BSA) and
ribonuclease-free H,O were sourced from Shanghai Sangon
Biotechnology Co., Ltd., (Shanghai, China). The enhanced k-blue
3,3',5,5’-tetramethylbenzidine substrate (TMB containing H;0,)
was purchased from Neogen Co., Ltd., (Lansing, America). The CT
nucleic acid detection kit was obtained from Rendu Biotechnology
Co., Ltd., (Shanghai, China). All solutions were prepared with
ribonuclease-free H,0.

2.2. Equipment

Electrochemical measurements were carried out on a CHIG60E
electrochemical workstation (Shanghai Chenhua Instruments Co.,
Ltd.,, China) with a traditional three-electrode configuration
comprised of a gold working electrode (3 mm in diameter), an Ag/
AgCl reference electrode and a platinum wire auxiliary electrode.

2.3. Preparation of DNA hydrogel

S1 or S2 was mixed with 4% acrylamide solution and dried under
vacuum for 15 min to remove oxygen. Then 0.14% of freshly pre-
pared APS and 0.14% of TEMED were added, and dried at 37 ©C for
60 min to form polymer strand 1 (P-S1) or polymer strand 2 (P-S2).
Then, P-S1, P-S2, NE Buffer 2 and SA-HRP were mixed at a ratio of
3 ul: 3 ul: 1 ul: 1 ulL, heated at 65 ©C for 10 min with good shaking
and slowly dropped to room temperature to form DNA hydrogel.
Next, 20 pL of target rRNA at various concentrations containing 1 uL
of 10 mU DSN was added to the DNA hydrogel. Then, the mixture
was incubated at 35 ©C for 60 min, and the supernatant was
removed and dropped onto the surface of the prepared gold
electrode.

2.4. Gold electrode modification and electrochemical detection

The gold electrode was first polished with alumina slurry, and
ultrasonically cleaned with ultrapure water. Then, the gold elec-
trode was scanned to activate in a 0.5 M H,SO4 solution. Eventually,
the gold electrode was flushed with ultrapure water and dried with
nitrogen. Afterwards, 10 uL of PBS buffer containing 5 mg/mL BSA
was dropped onto the newly cleaned surface of the gold electrode
and incubated at room temperature for 15 min. Then, 7 pL of 5 uM
thiol-modified and biotin-modified capture probe was dropped
onto the activated gold electrode and placed at 37 ©C for 2 h to bind
to the gold electrode by the Au-S bond.

After dropping the supernatant onto the surface of the prepared
gold electrode for 30 min, current versus time curves (i-t curves)
were obtained by amperometric detection using an electrochemical
workstation. Amperometric detection was carried out on the TMB
and H,0 substrates. The initial potential was 0 V; the sample in-
terval was 0.1 s; and the run time was 100 s. Three measurements
were taken for each result and averaged as shown in the error bars.

2.5. Polyacrylamide gel electrophoresis analysis, electrochemical
impedance spectroscopy and cyclic voltammetry curve analysis

A 20% polyacrylamide gel was used for electrophoresis to verify
the cross-linking of the DNA hydrogel, and explore the feasibility of
a specific response of the DNA hydrogel for the target rRNA. The
buffer solution was 0.5 x TBE, the working voltage was 80 V, and
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electrophoresis was performed at room temperature for 360 min.

Electrochemical impedance spectroscopy (EIS) was used to
characterize the modification process of the gold electrode. The
modified electrode was placed in a solution containing 0.1 M KCl
and 10 mM Ks[Fe(CN)g]/K4[Fe(CN)g] to observe the variations in
electron transfer resistance (Ret) after each modification step.

Cyclic voltammograms were used to characterize the adsorption
behaviour of proteins on the electrode surface. After dripping 10 puL
of PBS buffer containing 5 mg/mL BSA on the bare gold electrode,
let sit for different times, then rinse and detect it in a solution of
100 mM Ks3Fe(CN)g and 0.1 M KCl, in the potential range of —0.4
to —0.7 V with CV scan at a rate of 100 mV/s.

2.6. Clinical sample analysis

To verify the performance of this strategy in detecting CT 16S
rRNA in clinical samples, urine or cervical examination samples
from patients at the First Affiliated Hospital of Xiamen University
were collected, tested and analysed. First, these clinical samples
were tested by a CT nucleic acid detection kit and the results were
obtained. Furthermore, our strategy was used to test these samples.
Finally, different concentrations of CT 16S rRNA sequences were
added to the sample nucleic acid extracts and assayed as described
above. This research project complied with the “Declaration of
Helsinki”, and was approved by the local ethics committee of the
School of Medicine, Xiamen University. In addition, written
informed consent was obtained from all participants.

3. Results and discussion

3.1. The principle of the proposed biosensor for CT 16S rRNA
detection

As shown in Scheme 1, acrydite-DNA strand 1 (S1) and acrydite-
DNA strand 2 (S2) were copolymerized with acrylamide monomers
to obtain the corresponding DNA-polyacrylamide complexes,
polymer strands 1 (P-S1) and polymer strands 2 (P-S2), respec-
tively. After mixing, P-S1 and P-S2 hybridized to form a 16S rRNA-
responsive hydrogel, and a large amount of SA-HRP was encapsu-
lated in the hydrogel. In the DNA hydrogel, the S1-S2 double-
stranded (S1-S2 dsDNA) formed by the hybridization of S1 and S2
has a set of mismatched base pairs, so it cannot be cleaved by DSN
without the help of the target rRNA. When the target rRNA is
present, the target sequence displaces S1 from the S1-S2 dsDNA by
a strand displacement reaction, forming an S1-rRNA hybrid duplex.
The S1-rRNA hybrid duplex was then specifically recognized by
DSN, which mediated the digestion of S1 in the S1-rRNA hybrid
duplex. After digestion, the target rRNA was released and recovered
for another round of hybridization and digestion. Thus, in this
practical strategy, target rRNA was recycled by DSN, leading to the
collapse of the hydrogel and the release of a large amount of SA-
HRP, which achieved signal amplification and conversion. On the
other hand, a BSA carrier platform was designed to capture the
released SA-HRP by first modifying BSA on the surface of a gold
electrode to form a porous layer with regular interstices and then
fixing thiol-modified and biotin-modified capture probes in these
interstices. The assembled capture probes were evenly distributed
on the electrode surface, reducing the randomness of the probe
assembly and stabilizing the capture of SA-HRP by the affinity-
biotin system. Finally, the captured SA-HRP catalyzed the redox
reaction between H,0; and TMB, producing a significant electro-
chemical signal. The detected electrochemical signal was positively
correlated with the target concentration, thus allowing the devel-
opment of an electrochemical biosensor for the highly reproducible
quantitative detection of CT.
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Scheme 1. (A) The diagram of the construction of target-responsive DNA hydrogels. (B) The diagram of the modification process of the bovine serum albumin carrier platform. (C)
Schematic illustration of electrochemical biosensor for CT detection based on DSN-assisted target-responsive DNA hydrogels and bovine serum albumin carrier platform.

3.2. Feasibility test

A 20% polyacrylamide gel electrophoresis was used to analyse the
target-responsive DNA hydrogel, and the results are shown in Fig. 1A.
Lane 3 represents S1-S2 dsDNA, and Lane 4 represents S1-S2 dsDNA
with DSN. There was no obvious difference between Lanes 3 and 4,
demonstrating that S1-S2 dsDNA and DSN could coexist stably
without reaction. Lane 5 represents S1-S2 dsDNA with target rRNA,
and Lane 6 represents S1-S2 dsDNA with target rRNA and DSN.
Comparing Lanes 3 and 5 shows that the target rRNA would displace
S$1-S2 dsDNA to the S1-rRNA hybrid duplex by strand replacement
reaction. Similarly, comparing Lanes 5 and 6 shows that the bright-
ness of the S1-S2 dsDNA band became darker after adding DSN. These
phenomena indicate the following: (1) DSN has no hydrolysis activity
on S1-S2 dsDNA without target rRNA; (2) when the target rRNA is
present, it has a displacement effect on S1-S2 dsDNA and can cause
DSN recognition. (3) The coexistence of target rRNA and DSN can
change S1-S2 dsDNA and produce continuous digestion.

Electrochemical impedance spectroscopy was applied to char-
acterize the different modification stages of the working electrode.

As shown in Fig. 1B, the impedance of bare gold (curve a) with a
small semicircle diameter indicates that the electrons could
transfer rapidly on the gold surface. When BSA had been adsorbed
onto the electrode surface, the surface impedance (curve b)
increased significantly. This is because the protein molecular layer
was negatively charged in an electrolyte with a pH of 7.40, which
can hinder negatively charged [Fe(CN)s]*/* from reaching the
electrode surface for redox reactions. A further increase of imped-
ance was detected after modification with the capture probe (curve
c). As many uncovered pores remained between the BSA molecules,
the capture probe could be assembled onto the electrode surface
through these pores [38]. The capture probe has a negatively
charged DNA phosphate backbone that further prevented
[Fe(CN)g]>* from reaching the electrode surface for redox re-
actions. When SA-HRP reacted with the biotin-modified capture
probe, the spatial resistance and charge effect (curve d) increased
further.

The SA-HRP captured by the biotin-modified capture probe
triggers a typical HRP-based catalytic reaction with TMB and H,0,
as substrates, producing a significantly enhanced electrochemical
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Fig. 1. (A) 20% Polyacrylamide gel electrophoresis analysis of the products. The experimental conditions for lanes 1—6 are described as follows: lane 1) S1; 2) target rRNA; 3) S1-S2
dsDNA; 4) S1-S2 dsDNA + DSN; 5) S1-S2 dsDNA + target rRNA; 6) S1-S2 dsDNA + target rRNA + DSN. (B) The electrochemical impedance measurements of electrodes: a) bare gold;
b) BSA/bare gold; c) Probe/BSA/bare gold; d) SA-HRP/Probe/BSA/bare gold. (C) The current signal of the biosensor after hybridization with a) H,0; b) the supernatant without target
rRNA; c) the supernatant with 10 pM of target rRNA. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

signal. As shown in Fig. 1C, when the blank buffer was dropped on
the gold electrode modified with the capture probe, only a small
current signal was detected (curve a). When the DNA hydrogel
supernatant without the addition of target rRNA was dropped onto
the gold electrode modified with capture probes, a very slight in-
crease in the current signal was observed (curve b). This may be due
to the nonspecific leakage of SA-HRP, which had been modified on
the electrode surface. When the DNA hydrogel supernatant with
the target rRNA reaction was dropped onto the gold electrode
modified with the capture probe, a significantly enhanced signal
was detected (curve c). These phenomena show that (1) the target
rRNA can induce the cleavage of the DNA hydrogel and cause the
release of SA-HRP; (2) SA-HRP catalyzes the reaction of TMB and
H,0,, causing a change in the i-t curve.

3.3. Optimization of experimental conditions

Since the modification of the gold electrode surface has a vital
influence on the final result of the electrochemical biosensor, the
modification of BSA and the capture probe were first optimized.
Earlies confirmed that the adsorption time of BSA on the electrode
surface is the main factor affecting the subsequent modification, so
this time was optimized first [33,34]. Cyclic voltammograms can be
used to characterize the adsorption behaviour of proteins on the
electrode surface by monitoring the change in potential difference
(4E) and peak current (41Ip) between the anode and cathode peaks.
As shown in Fig. 2A, as the time for the gold electrode to adsorb BSA
increased, 4Ip gradually decreased and 4E gradually increased. The
reason lies in that with the enhanced adsorption time, more BSA
adsorbed on the electrode surface, which hindered the electron
transfer between ferricyanide and the gold surface. After 15 min,
Alp and 4E remained stable, which proved that the monolayer
adsorption of BSA on the surface of the gold electrode reached
saturation. Therefore, the best adsorption time for BSA was 15 min.

The density of the capture probe on the electrode surface
directly affects the adsorption of SA-HRP. As shown in Fig. 2B, the
more capture probe used to modify the electrode, a corresponding
increase in the current intensity was detected, which reached a
plateau after 5 uM. Therefore, 5 tM was chosen in the following
study.

S$1-S2 dsDNA acts as a cross-linking agent and plays an impor-
tant role in the formation of DNA hydrogels. The cross-linked
hydrogel with a low concentration of S1-S2 dsDNA has higher
sensitivity because the hydrogel with less cross-linking agent is
easier to disintegrate, but the background signal will be large
because of the leakage of SA-HRP. In contrast, too much S1-S2
dsDNA will need more reaction time to destroy the hydrogel.

Therefore, the concentration of S1-S2 dsDNA used to prepare the
hydrogel was optimized. As shown in Fig. 2C, the signal at present
of target (red band) and the background signal (black band) both
decreased as the S1-S2 dsDNA concentration increased from 10 pM
to 200 pM. The ratio of signal value to background signal (S/B) is
used to reconcile the performance requirements of a high target
signal with a low background signal. The S/B increased gradually
with increasing S1-S2 dsDNA concentrations from 10 pM to 100 plM,
but decreased after an inflection point at 100 pM. The largest dif-
ference in the current signal appeared at an S1-S2 concentration of
100 pM. Therefore, the optimal concentration of S1-S2 was set to
100 pM.

The SA-HRP enzyme activity unit embedded in the DNA
hydrogel was also optimized. The higher enzymatic activity unit of
SA-HRP, which is more readily released, results in higher sensitivity
of the hydrogel, but at the same time non-specific leakage is
increased, resulting in a larger background signal. The S/B value is
used to modulate the target and background signals. As shown in
Fig. 2D, when the enzymatic activity unit of SA-HRP was raised,
both the target and background signals increased. The maximum
value of S/B appeared at 0.1 U of the SA-HRP enzyme activity unit.
Therefore, the optimal condition of the SA-HRP enzyme activity
unit was set to 0.1 U.

Afterwards, the temperature of the DNA hydrogel reaction was
optimized, as shown in Fig. 2E. The influence of temperature on the
current signal mainly has two aspects: (1) the optimal temperature
for DSN is 60 °C, and (2) the melting temperature of the S1-S2
dsDNA is 48 °C. The best temperature should let the enzyme ac-
tivity of DSN be as high as possible and avoid spontaneous melting
of the S1-S2 dsDNA. As shown in Fig. 2E, as the temperature
gradually increased from 25 °C to 45 °C, the target current signal
(red band) and the background signal (black band) increased. This
was because the enzymatic activity of DSN and the spontaneous
melting of the S1-S2 dsDNA increased with temperature. While S/B
increased between 25 °C and 35 °C, it reached its highest value at
35 °C and then decreased. This result indicated that 35 °C was the
optimal reaction temperature for this strategy. At this temperature,
the enzyme activity of DSN was still high, but the spontaneous
melting of the S1-S2 dsDNA was weak.

Sufficient DSN reaction time and SA-HRP adsorption time on the
gold electrode could ensure the release and recapture of large
amounts of SA-HRP. Therefore, optimization of the DSN reaction
time and SA-HRP adsorption time is important to improve the
performance of the biosensor. As shown in Fig. 2F (black part), the
current signal increases significantly with time as the DSN response
time increases from 30 min to 60 min. And after 60 min, the signal
change leveled off, indicating that 60 min was sufficient to
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determinations.

complete the reaction. As shown in Fig. 2F (red part), SA-HRP was
adsorbed on the gold electrode from 10 min to 30 min, and the
current signal increased rapidly with time. However, after 30 min,
the increase in signal value with time slowed down significantly,
and a plateau appeared, suggesting that 30 min is sufficient to allow
SA-HRP to bind stably to the capture probe. In a short period, the
rapid increase in signal value was mainly caused by the efficient
and specific binding of SA-HRP with the capture probe. Therefore,
60 min was chosen as the best time for the DSN reaction, and
30 min was chosen as the best time for SA-HRP to be adsorbed on
the gold electrode.

3.4. Performance for target rRNA determination

As shown in Fig. 3A, the current intensity increased with
increasing target concentration from 0 to 25 pM. A good linear
relationship existed between the Adcurrent (current variation with
and without the target) and the logarithm of the target rRNA
concentration from 10 fM~15 pM. The linear equation could be
expressed as follows:

Acurrent = 0.951 x LogCygna + 2.211-R% = 0.9970

where Acurrent (unit is pA) is the current intensity of the system
and Cirna (unit is pM) is the concentration of the target. The low
detection limit was 5.8 fM by calculating the average signal of the
blank plus three times the standard deviation. Because CT in-
fections can lead to many serious diseases and are easily missed,
the detection of CT requires a high level of sensitivity for the rele-
vant sensors. Some of the reported CT nucleic acid detection
methods (see Table 1) have successfully used sensitive electro-
chemical detection techniques, but the lack of signal amplification
strategies or the mere incorporation of traditional signal amplifi-
cation strategies such as PCR, results in the inability to further
improve sensitivity. Compared with the reported methods for CT
nucleic acid detection, the strategy proposed in this work possessed
a lower detection limit. The reason for the above phenomenon is
that there are two signal amplification processes in the strategy

Firstly, the target recovery of the DSN allows a small amount of
target rRNA to trigger repeated hydrolysis of the DNA hydrogel,
releasing a large amount of SA-HRP and creating the first signal
amplification. Secondly, the released SA-HRP catalyzes the redox
reaction between TMB and H;0, on the gold electrode surface,
which greatly amplifies the current signal and generates an enzy-
matic amplification. Moreover, the amount of 16S rRNA in CT is
much higher than that of DNA, and therefore 16S rRNA is more
sensitive as a target for CT detection compared to DNA. The above
results indicate that the strategy has a high sensitivity, which has
great potential for practical applications in the detection of CT-
infected individuals.

The specificity of the electrochemical biosensor was evaluated
in response experiments against different rRNA sequences. 16S
rRNA fragments included Neisseria gonorrhoeae (NG), Ureaplasma
urealyticum (UU), and Mycoplasma genitalium (MG), whose con-
centrations were much higher (100-fold) than the target rRNA (10
pM) of CT. As shown in Fig. 3B, after adding NG 16S rRNA, UU 16S
rRNA, and MG 16S rRNA, the current signal was not changed
significantly, while adding CT 16S rRNA caused a strong signal in-
crease. These results indicate the high specificity of the strategy,
which may be due to (1) The specificity of DSN plays a powerful role
in distinguishing between mismatched sequences. DSN can highly
selectively cleave DNA strands in perfectly paired DNA-RNA hy-
brids, but has no effect on mismatched nucleic acid duplexes
[35—37]. (2) The high specificity of base complementary pairing
dictates that incompletely matched sequence fragments are diffi-
cult to elicit a substitution reaction against the S1-S2 dsDNA strand.

As shown in Fig. 3C, the highly reproducibility of the biosensor
was demonstrated by comparison to a method without BSA
modification (placing the capture probe directly on the surface of
the gold electrode, followed by closure with alkanethiol). The BSA
carrier platform decreased the relative standard deviation (RSD) of
detecting 10 samples of the same concentration from 8.5% to 4.3%
compared to the method without BSA modification. The RSD and
the detection limit of the proposed strategy are lower than that of
the previously reported microorganism 16S rRNA electrochemical
biosensors (as shown in Table 2). The reason for the above
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Fig. 3. (A) The relationship between I-T current signal and target rRNA sequence concentration. Insert: Calibration curve between the ACurrent and the logarithm of the target rRNA
sequence concentration. (B) The selectivity of the electrochemical biosensor. [CT] = 10 pM, [MG] = [NG] = [UU] = 1 nM. (C) Measurement of 10 samples of the same concentration
with different electrodes. [CT] = 100 fM. (D) The effect of DNA hydrogel storage time. [CT] = 10 pM. The error bars show the standard deviation of three replicate determinations.

Table 1
Comparison of different methods for CT nucleic acid detection.

Target molecule Detection limit Time Detection technology Reference
DNA 5.9 pM 240 min Electrochemistry [40]
DNA 69.5 pM 315 min Electrochemistry [13]
DNA 100 nM 180 min Electrochemistry [14]
DNA 1.0 nM The time for PCR + 10 min PCR + Electrochemistry [41]
DNA 79.4 fM 280 min PCR [42]
DNA 5.0 pM The time for PCR + 60 min PCR + DNA microarrays [43]
DNA 6.7 pM 60 min Fluorescence [44]
16S rRNA 5.8 fM 90 min Electrochemistry This work

phenomenon is that, when the gold electrode is directly modified
by the capture probe, its spatial distribution is relatively random
and tends to lie flat on the electrode surface [33,34,39]. In addition,
under the nonhomogeneous conditions of the gold electrode sur-
face, the hybridization efficiency of the capture probe to directly
capture the target rRNA is unstable [18]. In this work, the BSA-
modified electrodes have a porous layer structure with regular
gaps to evenly distribute the capture probes, significantly
improving the spatial location range and accessibility of the capture
probes [38]. At the same time, the DNA hydrogel provides a ho-
mogeneous environment for stable recognition of the target
sequence and conversion it to easily captured and detected SA-HRP.
This results in obtaining a low limit of detection and improving the
reproducibility of the biosensor. On the other hand, the storage
stability was evaluated by placing the prepared DNA hydrogel in a
vacuum box at 4 °C for one month. DNA hydrogel was removed on
Days 1, 7,14, 21 and 28 for the detection of target rRNA (10 pM). The
results showed that the DNA hydrogel retained 98.0%, 97.9%, 95.7%,
and 95.2% of the initial electrochemical detection signal after
storage for 7,14, 21 and 28 days, respectively, showing the required

storage stability of the hydrogel biosensor (Fig. 3D). The reason for
the above phenomenon is that DNA hydrogels consist of poly-
acrylamide and DNA, both of which are structurally simple and
stable materials [17], making DNA hydrogels less prone to dena-
turation and having better storage stability. Based on the above
results, the high detection reproducibility and high storage stability
of this strategy can provide a stable and reliable result for practical
applications of CT detection.

3.5. Application in clinical sample determination

In order to study the practical application of the proposed
method, CT 16S rRNA in clinical samples of healthy people and
some infected patients had been tested by the developed strategy.
As shown in Table 3, electrochemical signals can be detected in
clinical samples from the infected patients. And three different
concentrations of CT 16S rRNA sequences were added to the clinical
samples by standard addition methods. The recovery rate was be-
tween 95.1% and 107.7%, and the RSD was between 2.3% and 5.5%. In
addition, as shown in Table 4 and 40 clinical samples were collected
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Table 2
Comparison of Different Electrochemical Biosensors for Detecting microorganism 16S rRNA®.
RSD Detection limit Linear range Electrode and modification method Detection technology Reference
9.2% (n=6) 250 pM 250 pM-25 uM Gold electrode + capture probe + alkanethiol Cyclic voltammetry [45]
8.9% (n = 3) 50 CFU/ml (about 50 CFU/ml-1.0 Gold electrode + capture probe + alkanethiol MSPQC method [15]
6.3 fM) x 107 CFU/ml (about 6.3 fM-12.6 nM)
6.4% (n=3) 2.0 pM 2.0 pM—10 pM Gold electrode + capture probe + alkanethiol Cyclic voltammetry [16]
7.4%(n=6) 2.5 nM 5.0 nM—700 nM Gold electrode + Mesoporous silica film + capture Cyclic voltammetry [46]
probe
5.58% - 0—-130 uM Magnetite on silica + capture probe Differential pulse [47]
(n=15) voltammetry
6.8% (n=3) 0.012 pg/uL (about 1.9 0.3 pg/ml-600 pg/ml (about 46.5 pM Gold electrode + capture probe Amperometric detection  [48]
pM) —92.9 nM)
_ 10 fM 10 fM-1.0 nM Gold electrode + capture probe + alkanethiol Cyclic voltammetry [49]
_ 500 nM 1.9 uM—238 uM Indium tin oxide electrode Cyclic voltammetry [50]
_ 10 pM 10 pM-1.0 pM Indium tin oxide electrode Cyclic voltammetry [51]
4.3% 5.8 fM 10 fM-25 pM Gold electrode + BSA + capture probe Amperometric detection  This work
(n=10)
@ Multichannel Series Piezoelectric Quartz Crystal (MSPQC).
Table 3
Detection of targets in clinical samples®.
Sample Detected (fM) Target DNA added (fM) Total found (fM) Recovery (%) RSD (%)
1# - 10 104 97.4 3.5
100 106.4 106.4 44
1000 1020.8 102.1 3.0
2# - 10 10.6 106.4 52
100 97.2 97.2 3.5
1000 1077.3 107.7 4.5
3# — 10 9.5 95.1 5.5
100 98.9 98.9 3.8
1000 1040.7 104.1 2.6
4# 19.0 10 29.0 100.3 23
100 128.1 109.1 49
1000 1070.4 105.1 4.5
5# 193.2 10 202.9 97.1 2.8
100 290.4 97.3 4.1
1000 1257.2 106.4 2.5

4 Sample 1,2 and 3 were from healthy people; sample 4 and 5 were from infected persons.

Table 4
Comparison of test results?.
The CT nucleic acid detection This Electrochemical Total
Biosensor
Positive Negative
Positive 19 1 20
Negative 3 17 20
Total 22 18 40

4 Kappa value = 0.8.

and tested. The Kappa test was used to test the degree of consis-
tency between the results of this method and the results of the CT
nucleic acid detection kit, and Kappa value was 0.8. This shows that
consistency is excellent. (Kappa value < 0.4 means poor consis-
tency, 0.4 < Kappa value < 0.75 means general consistency, Kappa
value > 0.75 means excellent consistency.) These results indicated
that the proposed biosensor could be used for CT detection in
clinical samples and has a great potential in biological and clinical
analyses.

4. Conclusions
A highly reproducible and sensitive electrochemical biosensor

has been developed for CT detection, which has several advantages.
Firstly, the ordered loading of capture probes by the BSA vector

platform combined with the stable signal conversion function of
DNA hydrogels, effectively improves the reproducibility of elec-
trochemical assays. Secondly, with abundant CT 16S rRNA frag-
ments as the target and target-responsive DNA hydrogel assisted by
DSN as the signal amplification method, incorporating the sensi-
tivity of the electrochemical detection technique, this strategy can
achieve ultrasensitive and specific detection of CT. Finally, the
method was applied to detect targets in clinical samples with
satisfactory results and a good agreement between the proposed
method and the classical qualitative method had been reached. This
detection strategy has great potential in the clinical pathogen
detection and is expected to provide a new method for the exten-
sive screening of genital tract pathogens.
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