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Highly sensitive detection of DNA is of great importance for the detection of genetic damage and errors for
the diagnosis of many diseases. Traditional highly sensitive organic electrochemical transistor (OECT)-
based methods mainly rely on good conductivity materials, which may be limited by complex synthesis

and modification steps. In this work, DNA biosensor based on OECT and hybridization chain reaction

(HCR) signal amplification was demonstrated for the first time. Au nanoparticles were electrochemically
deposited on the Au gate electrode to increase the surface area. Then, the HCR products, long
negatively charged double-stranded DNA, were connected to the target by hybridization, which can
increase the effective gate voltage offset of OECT. This sensor exhibited high sensitivity and even 0.1 pM
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target DNA could be directly detected with a significant voltage shift. In addition, it could discriminate

target DNA from the mismatched DNA with good selectivity. This proposed method based on HCR in

DOI: 10.1039/d1ra07375¢c

rsc.li/rsc-advances

1. Introduction

Highly sensitive and accurate DNA detection methods are
essential for medical diagnosis, food analysis and environ-
mental monitoring.'”® Traditional laboratory methods, such as
fluorescent labels,* scanning Kelvin probe microscopy (SKPM),’
colorimetric assays,® exhibit great sensitivity and accuracy.
However, these methods are expensive and complicated, as they
require either fluorescent label for signal detection, or complex
procedures for sample preparation. Therefore, there is an
urgent need to develop novel nucleic acid detection technolo-
gies that are highly sensitive, inexpensive and convenient, as
these characteristics will promote rapid and efficient diagnosis
of diseases in resource-limited environments.

Organic electrochemical transistors (OECTs) is ideally-suited
for DNA detection due to its inherent amplification capability,
low cost and easy fabrication.”® A typical OECT device consists
of drain, source and gate electrodes. The channel between the
drain and the source is connected by an active layer of organic
semiconductor such as poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS).
Due to the electrochemical doping/dedoping effects of the
active layer by the electrolyte, the channel current of the OECT
can be modulated by the gate voltage.’ Therefore, by monitoring
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DNA detection exhibited an efficient amplification performance on OECT, which provided new
opportunities for highly sensitive and selective detection of DNA.

the changes in channel current, any charge transfer reaction
that changes the surface potential of the gate electrode can be
measured.'®** Moreover, OECTs can work stably in aqueous
environments with a low operating voltage (<1 V), which is
essential for DNA analysis. Thus, various OECT-based DNA
sensors have been developed.**™® However, the concentration of
target DNA is often very low. In order to further improve the
sensitivity, most reported methods either use bulk platinum as
gate electrode or need to introduce excellent conductive nano-
materials such as carbon nanotubes,'” graphene'® and poly-
electrolyte multilayers.'® The synthesis and modification steps
of conductive nanomaterials are cumbersome and complicated,
which limited their applications.

DNA amplification can provide an alternative way to resolve
the above issue.’*?* So far, a variety of signal amplification
strategies have been established, such as rolling circle ampli-
fication (RCA),** loop-mediated amplification** and hybridiza-
tion chain reaction (HCR).>*?* Among these methods, HCR-
based nucleic acid self-assembly signal amplification, a type
of toehold mediated strand displacement reaction, has attrac-
ted enormous attention due to its simple operation and excel-
lent amplification efficiency.” In a typical HCR, an initiator
can trigger a cascade of hybridization events between two
auxiliary probes of H1 and H2, and produce a nicked double-
stranded DNA (dsDNA) with tens to hundreds of repeated
units, which is similar to alternate copolymers.** Therefore,
with the introduction of HCR-based nucleic acid self-assembly
into OECT, a small amount of the target can produce long
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dsDNA, making more negative charges accumulate on the gate
electrode and cause a significant change in the gate potential.

Herein, we reported a novel biosensor for DNA detection
based on HCR signal amplification and OECT device for the first
time. The human papillomavirus 18 L1 gene oligonucleotide
sequence was selected as the target DNA. In the presence of the
target, the attached negatively charged HCR products in OECT
could increase the effective gate voltage offset. Thus, by moni-
toring the potential of gate electrode, the concentration of
target DNA can be determined. This sensing platform only
needs to incubate the nucleic acids to achieve signal amplifi-
cation, which is very simple and convenient.

2. Experimental
2.1 Materials

Dimethylsulfoxide (99.9%, DMSO), 3-mercaptopropyl trime-
thoxysilane (95%, MPTMS), tris(2-carboxyethyl)phosphine
(=98%, TCEP), hydrogen tetrachloroaurate(m) trihydrate
(=99.9%, HAuCl,;-3H,0) and tris(hydroxymethyl)amino-
methane hydrochloride (=99.8%, Tris) were purchased from
Sigma-Aldrich  (St. Louis, MO, USA). Poly(3,4-ethyl-
enedioxythiophene)-poly(styrene sulfonate) (1.2% PEDOT:PSS,
Clevios, PH1000) was purchased from Heraeus (Germany).
Acetone (=97.0%), isopropanol (=99.8%, IPA) and absolute
ethanol (95%) were purchased from Sinopharm Chemical
Reagent Co. Ltd (Shanghai, China). All DNA oligonucleotides
with different sequences were synthesized and high-
performance liquid chromatography purified by Sangon
Biotechnology Co. Ltd. (Shanghai, China) and were stored in
10 mM Tris-HCI buffer (1 mM EDTA, pH 8.00). The sequences
of the oligonucleotides are listed in Table 1.

All other chemicals not mentioned here were of analytical-
reagent grade or better. Ultrapure water was produced by
a Millipore-Q Academic Water Purification System (Bedford,
MA, USA).

2.2 OECT device fabrication

PEDOT:PSS based OECT were fabricated on glass substrates
according to our previous work.* Firstly, Cr/Au (10 nm/100 nm)
film was deposited on the glass substrates through magnetic
sputtering and then patterned through soft lithography. The
length and width of the channel between drain and source
electrodes were 0.2 mm and 8 mm, respectively. The width and
length of the gate electrode were 2 mm. In order to increase the
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electrochemistry deposited on the gate electrode in a 1 mg mL ™"
chloroauric acid electroplating solution under a 0.1 V constant
voltage for 2 hours at room temperature. After the substrates
with electrode were washed with ethanol, acetone and DI water
in sequence, PEDOT:PSS with 5 v/v% (MPTMS) and 5 v/v%
DMSO was spin-coated on the source and drain electrodes to
form an organic channel. Then, the device was annealed on
a hot plate (IKA HS7, Germany) at 150 °C for 1 hour in a glove
box (IT, USA) filled with high purity N,.

2.3 DNA immobilization, hybridization chain reaction and
detection

Thiolated oligonucleotides (10 pL, 20 uM) were incubated with
TCEP-HCI (10 pL, 20 mM) for 1 h to reduce the disulfide bond.
Then, 10 pL of the reduced SH-DNA was dropped on the surface
of Au gate electrode and allowed to react overnight at room
temperature. The Au gate electrode was washed three times with
PBS (10 mM Na,HPO,, 10 mM NaH,PO,, 150 mM NaCl, pH
7.40) to remove the unbound SH-DNA from the surface.
Different concentrations of the target DNA were dropped on SH-
DNA decorated Au gate and incubated for 1 h. After rinsing Au
gate three times with PBS bulffer, the linker DNA (10 pL, 10 uM)
hybridized with the target DNA for 1 h. Subsequently, the HCR
(10 pL, 1 uM) products were dropped on Au gate and hybridized
with linker DNA for 1 h.

The HCR was performed by mixing H1 (10 pL, 2 uM) and H2
(10 pL, 2 pM) in the Tris-HCI buffer (10 mM Tris, 500 mM Nacl,
pH 8.00), followed by incubating at 37 °C for 2 h with gentle
shaking.

2.4 Gel electrophoresis and SEM characterization

The HCR products (9 pL, 1 pM) were mixed with SYBR Green I (1
uL, 100x) for 10 min. The products were then loaded onto a 3%
agarose gel and electrophoresed in 1x Tris-acetate-EDTA (TAE)
buffer (40 mM TrisAcOH, 2.0 mM Na,EDTA, pH 8.50) at 100 V
for 40 min. The gel was scanned using the syngene G:BOX
Chemi XRQ (Cambridge, UK).

For SEM characterization, the HCR products (1 puL, 1 pM)
were dropped on Au gate and hybridized with linker DNA for
1 h. Then, the samples were washed with DI water and dried
overnight. After gold sputtering of the samples, the morphology
and length of assembled HCR products were obtained directly

interaction area, Au nanoparticles (Au NPs) were from FE-SEM (SU8010, Hitachi, Japan).

Table 1 The sequences of the oligonucleotides

Primer Sequence (5'-3’)

SH-DNA SH-CCACGTCTAATGTTTCTGAGGA

Target DNA CTACAGACACATTGTCCCTAACGTCCTCAGAAACATTAGACGTGG
Linker DNA TTAGGGACAATGTGTCTGTAGACTAAAAGGGTCTGAGGG

H1 TACTCCCCCAGGTGCCCCTCAGACCCTTTTAGT

H2 GCACCTGGGGGAGTAACTAAAAGGGTCTGAGGG

Mismatched DNA

37918 | RSC Adv, 2021, 11, 37917-37922

AGATCCTCTCTCTGAAATCACTGAGCAGGAGAAAGATTTTCTATGGAGTCACAGA
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2.5 OECT detection

The OECT devices were characterized using a semiconductor
parameter analyzer (Keithley, 4200-SCS, USA). The devices were
immersed in PBS solutions during the detection. The channel
current Ipg between the drain and source electrodes was
measured as a function of Au gate voltage Vs while the channel
voltage was constant (Vps = 0.05 V).

3. Results and discussion
3.1 The detection principle of devices

In this work, PEDOT:PSS based organic electrochemical tran-
sistors were used to detection DNA. As shown in Fig. 1, cations
in the PBS solution, such as Na', can be injected into the
PEDOT:PSS film, which is regarded as an electrochemical
dedoping process of the film. The injected cations in the film
can reduce PEDOT, which is from the oxidized state to the
neutral state.’” In this way, the conductive of PEDOT:PSS film
was modulated by the injective cations. The concentration of
injected cations from the electrolyte was controlled by the gate
voltages and the electric double layer. When the voltage
between gate electrode and source electrode is positive, the
cations in the electrolyte were injected into the PEDOT:PSS film
and induced a decrease channel current. The transfer charac-
terization of PEDOT:PSS based OECT was shown in Fig. 1, where
Au was used as the gate electrode. Au nanoparticles were elec-
trodeposited on the Au gate electrodes to increase the surface
area, which can increase the modification efficiency of SH-DNA
probe. The SH-DNA can hybridize with 3’ end of target DNA,
which is utilized to detect DNA. The hybridization of DNA,
which is from single stranded DNA (ssDNA) to dsDNA, can
induce a voltage drop on the gate voltage. This voltage drop can
be detected by the transfer characterization of OECT.*®**3* This
means that the state change of DNA can induce a voltage drop.
Therefore, there will induce another voltage drop when the
length of the target DNA increased.

In order to increase the length of the target DNA, HCR was
utilized, as shown in Fig. 1. A 3’ end of linker DNA is need to
hybridize with the 5’ end of the target DNA and the 5’ end of
linker DNA is complementary to the 3’ end of H1. Then, the 5
exposed end of H1 can be hybridized with the 3’ end of H2,
making the 5 end of H2 exposed. The newly exposed 5’ end of
H2 can hybridize with another H1 and start a new cycle. In this
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Fig. 1 Schematic illustration of the PEDOT:PSS based OECT and the
gate modification for DNA detection.
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way, a single target can generate long-range H1-H2 complexes,
which enlarged the length of target DNA and increased the
voltage drop on the Au gate electrodes. On one hand, in the
absence of the target DNA, the linker DNA can be washed away.
On the other hand, without the linker DNA, the HCR products
can't be conjugated to the Au gate electrode and there is no
voltage drop on the gate. In this way, the sensitivity of DNA
detection can be increased through hybridization chain
reaction.

Fig. 2a shows the transfer characteristics of the OECT with
Au gate electrode measured in PBS solution (Vpg = 0.05 V). The
replication transfer tests indicated that OECT device had good
stability. The output characteristics was shown in Fig. 2b. From
the transfer characteristic, it indicated that the channel current
decreased when the gate voltage increased. Therefore, during
the DNA detection, compared to the control transfer line, if the
test transfer line was shift to high gate voltage, it means that
there is a negative offset voltage applied on the gate electrode.

3.2 Feasibility of the HCR-based OECT sensor

To demonstrate the practicable of the hybridization chain
reaction, the hybridization results were confirmed by agarose
gel electrophoresis. As shown in Fig. 3a, there was no band of 1
UM H1 or 1 pM H2 and a new smear band appeared when 1 uM
H1 was mixed with and 1 uM H2, indicating that the HCR had
taken place and long-nicked dsDNA was formed. The results of
agarose gel electrophoresis were consistent with previous
report.®*® After the hybridization chain reaction of DNA on Au
electrode, the substrate was characterized by SEM. Fig. 3b
showed the SEM characterization of the electrochemical
deposited Au nanoparticles on Au electrode. Compared to the
unmodified Au nanoparticles, long-range double helices on Au
nanoparticles could be found, as indicated by the red arrow in
Fig. 3c.

In order to demonstrate the viability of HCR induced OECT
signal amplification in DNA detection, the transfer character-
ization was test under different conditions according to the
strategy in Fig. 1. After the modification of SH-DNA on Au gate
electrode, target DNA with a concentration of 1 pM was added.
As shown in Fig. 4, compared to the transfer characterization of
SH-DNA (curve a), there is no obvious gate voltage offset in
target DNA (curve b). When the linker DNA was added, the
transfer curve (curve c) shifts to higher positive gate voltage,
which is about 7 mV. When the HCR (H1 and H2) products were
added to enlarge the DNA strands, the transfer curve (curve d)
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Fig. 2 (a) The transfer and (b) output characterization of the OECT.
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C) H1

H2 H1+H2 M

Fig. 3 (a) Agarose gel electrophoresis of hybridization chain reaction.
(b) SEM characterization of the electrochemical deposited Au nano-
particles on Au electrode. (c) SEM characterization of the DNA after
hybridization chain reaction. The red arrow indicated a hybridized
DNA. Scale bars in (b) and (c) are 100 nm.
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Fig. 4 Signal amplification of HCR in the OECT biosensor. (a) Transfer
characterization of the OECT when the SH-DNA (curve a), target DNA
(curve b), linker DNA (curve c) and HCR (curve d) were step by step
added and reacted. (b) The effect gate voltage offsets corresponding
to (a).

shifts to much higher positive gate voltage. As shown in Fig. 4,
the effective gate voltage offset is about 35 mV. These results
indicated that HCR can be used as a signal amplifier in the
OECT biosensor to increase the sensitivity.

3.3 Selectivity of the HCR-based OECT sensor

The specificity of the PEDOT:PSS based OECT for DNA detection
was examined by measuring the transfer characterizations (Ips—
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Fig. 5 Selectivity of the PEDOT:PSS based OECT. (a) Transfer char-

acteristics of OECT in target DNA and mismatched DNA. (b) The

effective gate offset voltage of the OECT in target DNA and mis-
matched DNA.
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Vs, Vps = 0.05 V) using target DNA and mismatched DNA under
the same condition. As shown in Fig. 5a, in the presence of
target DNA, it could hybridize with SH-DNA and conjugate to
the Au gate electrode. Subsequently, linker DNA initiated HCR
amplification and generated long-range H1-H2 complexes,
which enlarged the length of target DNA and increased the
voltage drop. In the presence of mismatched DNA, the mis-
matched DNA couldn't hybridize with SH-DNA, so that the
mismatched DNA and linker DNA were washed away. Without
the linker DNA, the HCR products couldn't conjugate to the Au
gate electrode. Therefore, there was no voltage drop on the gate.
These results indicated that the SH-DNA probe has a good
specific selectivity towards the target DNA and that the effect of
nonspecific adsorption of the mismatched DNA on the OECT is
very weak. As shown in Fig. 5b, the relative shift of the gate
voltage after the target DNA were captured by the SH-DNA was
about 45 mV.

3.4 Sensitivity of HCR-based OECT sensor

Based on the selectivity and HCR signal amplification, the
sensitivity of OECT biosensors was investigated. Therefore,
different concentrations of target DNA were detected by the
HCR based OECT biosensor. After the SH-DNA was modified on
the Au gate electrodes, the transfer characteristic was test in PBS
solution as a baseline. Then, different concentration of target
DNA was added. After the target DNA reacted with linker DNA
and HCR products, the transfer characteristics were test in PBS
solution. As shown in Fig. 6a, the transfer curve shifted to
higher positive gate voltage when the concentration of target
DNA increased. This meant that there was an effective negative
gate voltage applied on the gate electrodes. As shown in Fig. 6b,
when the concentration of target DNA was 0.1 pM, the effective
shift gate voltage was about 19 mV. When the concentration of
target DNA increased to 1 nM, the effective shift gate voltage
increased to about 150 mV. A good linear relationship was

—<—1000 pM

00 0z 04 06 08 10
(c), bl

Y =560 + 42.3X - .
R'=0.973

o Electrolyte EDL
ER ED ET 10 9
Log € () Channel

Fig. 6 (a) Transfer characteristics of OECT based DNA biosensors in
different concentration of target DNA and processed by HCR. The
concentration of target DNA was ranged from 0.1 pM to 1 nM. (b and c)
The gate voltage shifts and offsets of the transfer curve corresponding
to (a). (d) Schematic diagram of the voltage drops in the electric double
layers on Au gate electrodes after the target DNA and HCR process.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra07375c

Open Access Article. Published on 24 November 2021. Downloaded on 11/19/2025 11:55:42 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

obtained between the effective gate voltage offsets and the
target DNA concentration in a range of 1 x 10" to1 x 107'°M
(Fig. 6¢). The limit of detection was calculated to be 5.75 x
10~ * M (307/k). Besides, the slope is about 42 mV per decade. In
graphene-based transistor for label-free DNA detection, the
effective gate voltage shift is about 30 mV in the presence of 1
pM target,'® which is smaller than that of using the HCR based
OECT device. In Lin's method,** 10 pM target can be detected by
using electric pulse to enhance the hybridization of DNA. In our
work, the detectable concentration was about 0.1 pM, which is
more sensitive than that of the electric pulse method (10 pM).
Therefore, the HCR based signal amplification can improve the
sensitivity of DNA detection in OECT biosensor.

For the principle of OECT based biosensor, the shift of
transfer characteristic was mainly due to the potential drops
between the double electrical layers on the gate electrode and
organic film. As shown in the Fig. 6d, there are two double
electrical layer (EDL). The gate voltage can be applied on the
PEDOT:PSS film through the EDLs. When the SH-DNA was
hybridized by the target DNA, there was a potential drop occurs
in the EDL on Au gate electrode. When the target DNA was
modified by linker DNA and reacted by HCR, there was a larger
potential drop on the Au gate electrode. This is because the
ssDNA is negatively charged. When ssDNA hybridizes to form
dsDNA, the charges of DNA are increased, resulting in an
increase in the electronegativity of the gate electrode, which is
equivalent to applying a negative voltage on the gate electrode,
causing the transfer curve to shift positively. This potential
change after the hybridization or HCR can be expressed as
follow:®

Ay = nQLNA[DN A 1)
Eréo

where 7 is the density of DNA molecules on the gate electrode,
Qpna is the charge of one DNA molecule, ¢, is the relative
dielectric constant of DNA layer, ¢pna is the thickness of DNA
layer. Form the eqn (1), it can also be found that the surface
potential is decreased due to the negative charge of DNA. In this
work, the charges of dsDNA increase as the length of the dsDNA
strand increase, especially in the progress of HCR. In this way,
the potential change can be amplified utilizing the HCR. In the
OECT biosensor, this potential change on the gate electrode can
modulate the channel current between the source and drain.
Conversely, the corresponding potential change can be calcu-
lated from the shift of transfer characterization.

4. Conclusions

In conclusion, a simple, selective, and sensitive DNA biosensor
was developed, which integrated HCR signal amplification with
OECT device. With the introduction of HCR on the Au gate
electrode, the signal in the presence of the target is amplified,
which in turn increases the effective voltage drop on the double
electric layer of the gate electrode, resulting a large shift in
OECT transmission characteristics. A good linear relationship
was obtained in the range from 0.1 pM to 1 nM, with a slope of
approximately 42 mV per decade. Besides, this method can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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distinguish 1 pM target DNA from mismatched DNA, which
exhibits good selectivity. This approach could provide a new
insight for improving the sensitivity of OECT-based method,
showing great potential in biochemical applications.
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