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Circulating tumor DNA (ctDNA) is an auspicious tumor biomarker released into the bloodstream by tumor
cells, offering abundant information concerning cancer genes. It plays a crucial role in the early diagnosis
of cancer. However, due to extremely low levels in body fluids, achieving a simple, sensitive, and highly
specific detection of ctDNA remains challenging. Here, we constructed a purification-free fluorescence
biosensor based on quadratic amplification of ctDNA by combining nicking enzyme mediated amplifica-
tion (NEMA) and catalytic hairpin assembly (CHA) reactions. After double isothermal amplification, this
biosensor achieved an impressive signal amplification of nearly 107-fold, enabling it to detect ctDNA with
ultra-sensitivity. And the detection limit of this biosensor is as low as 2 aM. In addition, we explored the
influence of human serum on the performance of the biosensor and found that it showed favorable sensi-
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tivity in the presence of serum. This biosensor eliminates the need for an intermediate purification step,
resulting in enhanced sensitivity and convenience. Thus, our purification-free fluorescent biosensor exhi-
bits ultra-high sensitivity when compared to other biosensors and has the potential to serve as an
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Introduction

According to the report of the International Agency for
Research on Cancer, cancer has become one of the main
causes of death of people all over the world." Most cancer
patients are currently diagnosed when the tumor has already
formed or at an even later stage, missing the best treatment
period. Therefore, early and accurate detection of cancer is
crucial for timely treatment and improvement of the survival
rate. Tissue biopsy is the gold standard for the diagnosis of
malignant tumors, but there are risks of tumor metastasis,
patient pain, bleeding, and infection. Compared with tissue
biopsy, liquid biopsy is a noninvasive test that monitors
various cancer-associated biomarkers in body fluids.?
Circulating tumor DNA (ctDNA) is a kind of promising bio-
marker for liquid biopsy. It is produced by apoptotic/necrotic
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effective diagnostic tool for early detection of cancer.

tumor cells and released into the blood circulation.? Detection
of ctDNA is challenging due to its extremely low abundance in
the circulatory system (<100 copies per mL) and its suscepti-
bility to interference by high concentrations of wild-type cell-
free DNA. Therefore, development of sensitive and selective
ctDNA detection methods is emergent for clinical diagnosis.
Traditional ctDNA detection techniques include the quanti-
tative polymerase chain reaction (qPCR), digital PCR, next-
generation sequencing, etc.*® Despite the high sensitivity of
these methods, complicated data analysis and expensive
equipment are their common drawbacks for ctDNA detection.
Therefore, it is necessary to develop a convenient and ultra-
sensitive ctDNA detection method. Biosensors are analytical
devices that are sensitive to biomolecules and can convert con-
centrations into physical or chemical signals. They have
attracted attention in biomedical applications due to many
advantages such as high stability and strong specificity.’
Meanwhile, the sensitivity of biosensors can be greatly
improved by signal amplification strategies. Bai et al. achieved
10'%fold amplification of the colorimetric signal by combi-
nation of the catalytic properties of zero-dimensional and two-
dimensional nanomaterials.'® Another strategy to amplify a
biosensor’s signal is DNA amplification technology, including
the polymerase chain reaction and isothermal amplification.
Isothermal amplification has gradually become an alternative
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to PCR, and enables exponential amplification of nucleic acids
at constant temperatures in a short time. Various isothermal
amplification strategies have been developed, such as loop-
mediated isothermal amplification (LAMP), rolling circle ampli-
fication (RCA), hybridization chain reaction (HCR), catalytic
hairpin assembly (CHA), etc."*™* Although isothermal amplifi-
cation can avoid the tedious thermal cycling process, it is still
insufficient for a biosensor to detect trace amounts of ctDNA
based on a single isothermal amplification cycle. Therefore,
multiple cycles of isothermal amplification were used to amplify
ctDNA."™"7 Wang et al. constructed a quadratic amplification
system using a DNAzyme-powered DNA walker and a HCR to
detect miRNA."® However, magnetic separation and other separ-
ation methods are still used in cascading signal amplification
processes.’®' It results in the depletion of intermediate pro-
ducts, subsequently affecting the detection efficiency.”* For
example, the recovery efficiency of DNA is only 46.7%-70.5%
using the magnetic bead purification method.*

In this study, we constructed an ultrasensitive fluorescence
biosensor based on quadratic isothermal amplification
without any purification procedure. In the first amplification
cycle, a large number of cDNAs were amplified by a nicking
enzyme mediated amplification reaction, leading to 10°-fold
signal amplification. In the second cycle, the ¢cDNA activated
the CHA and further achieved 10*-fold signal amplification.
Thus, the sensitivity of this fluorescence biosensor is signifi-
cantly enhanced and reaches 2 aM ctDNA. Our research pro-
vides a new method for simple and quick detection of ctDNA.

Materials and methods
Materials

Sodium chloride (NaCl), potassium chloride (KCl), potassium
dihydrogen phosphate (KH,PO,), disodium hydrogen phosphate
(Na,HPO,4-12H,0), hydrogen tetrachloroaurate (HAuCl,), and
sodium citrate (C¢HsNazO,) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Beijing, China). Dithiothreitol (DTT)
was purchased from Shanghai Acmec Biochemical Co., Ltd. Tris
(2-carboxyethyl) phosphine hydrochloride (TCEP), NB.BbvCl,
Klenow fragment, dNTP, 4S red plus, 50x TAE buffer, DNA
Marker, and 30% acrylamide solution were purchased from
Sangon Biotechnology Co., Ltd (Shanghai, China).

All oligonucleotides with different sequences were syn-
thesized and HPLC purified by Sangon Biotechnology Co., Ltd
(Shanghai, China). The sequences of the oligonucleotide are
listed in Table S1.7

All experiments were performed in accordance with the
Guidelines “Constitution of Medical Ethics Committee of
Xiamen University School of Medicine”, and approved by the
ethics committee at Xiamen University. Informed consent was
obtained from human participants of this study.

Synthesis of AuNPs

First, 250 pL of 50 mM HAuCl, was mixed with 50 mL of H,O
and heated until boiling with stirring. Subsequently, 3.5 mL of
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sodium citrate (1 wt%) was added quickly, heated and stirred
for 10 minutes. The color of the solution changed from pale
yellow to wine red in several minutes. Finally, the product was
centrifuged at 12 000 rpm for 10 min, washed, and then redis-
persed in water to obtain AuNPs. The prepared AuNPs were
stored at 4 °C.

Formation of hairpin DNA and conjugation of H1 with AuNPs

H1 and H2 DNA solutions were heated to 95 °C for 5 min and
then cooled to room temperature at a cooling rate of 1 °C
min~" to form hairpin DNA structures. 1 uL of 50 mM TCEP
was added to 100 pL of 5’ thiolated H1 (100 nM) and incubated
at 37 °C for 1 hour to reduce disulfide bonds. Then the H1
solution was mixed with 200 pL of AuNP solution and stirred
overnight at room temperature. After centrifugation at 12 000
rpm for 10 min and repeated washing, H1-modified AuNPs
(H1-AuNPs) were obtained, resuspended in phosphate
buffered saline (PBS) (10 mM, pH 7.4), and stored at 4 °C.

Detection of ctDNA

First, 10 pL of ctDNA and 10 pL of 100 nM template DNA were
mixed and incubated at room temperature for 10 min. Then
2.5 pL of NEB 2.1 buffer (10x), 1 pL of 5 U L' Klenow frag-
ment, 0.5 pL of 10 U L™! NB.BbvClI, and 0.5 pL of 25 mM dNTP
were added. Finally, ultrapure water was added to supplement
the final volume to 50 pL. The reaction was carried out at
37 °C for 2 h to produce cDNA. Ultimately, the enzyme was
inactivated by heating the solution at 85 °C for 20 min.
Afterward, the cDNA solution was mixed with 100 pL of 400
nM H2 and 100 pL of H1-AuNPs. The mixture was incubated at
37 °C for 2 h for CHA amplification. Then AuNPs were col-
lected by centrifugation at 12 000 rpm for 10 min and washed
with 10 mM PBS buffer (pH 7.4) 3 times, which can remove
free H2 to significantly reduce background fluorescence. The
precipitate was dispersed in 1 mL water and the fluorescence
spectra were recorded at the excitation wavelength of 480 nm.
The fluorescence emission intensity was measured at 518 nm.

Native polyacrylamide gel electrophoresis

15% polyacrylamide gel electrophoresis was performed in 1x
TAE buffer solution (40 mM Tris-acetate, 1 mM EDTA, pH
8.0-8.6) at 110 V for 60 min. Then, the polyacrylamide gel was
dyed with 4S Red Plus solution, and was further imaged under
UV light using a ChemiDoc XRD system (Bio-Rad).

Results and discussion
Detection principle

The epidermal growth factor receptor (EGFR) gene plays a sig-
nificant role in the diagnosis and management of non-small-
cell lung cancer (NSCLC), which is responsible for approxi-
mately 85% to 90% of all lung malignancies."”**** In this
study, we assessed ctDNA containing the EGFR exon 19 del-
etion mutation (Del 2235-2249, Table S17).
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Fig. 1 The detection principle of the biosensor based on double signal amplification.

As shown in Fig. 1, in the first cycle of signal amplification, a
ctDNA strand bound to the template DNA by complementary
base pairing and was prolonged by E. coli. DNA polymerase I
(Klenow fragment) to produce the recognition site of the nicking
endonuclease NB.BbvCI. Next, the prolonged DNA strand was cut
by the nicking enzyme to produce cDNA. The residual DNA frag-
ment was prolonged by the Klenow fragment and cut by NB.
BbvClI again. This process was continuously repeated to produce
abundant cDNA to realize the primary signal amplification.
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In the secondary signal amplification, the cDNA opened a
H1 hairpin on the AuNP surface. The FAM-labeled H2 hairpin
was opened by H1 DNA, and the ¢cDNA was dissociated from
H1. Then, the free cDNA opened another H1 hairpin and
repeated the above process. As a result, more and more FAM-
labeled H2 strands were attached to AuNPs, producing strong
fluorescence. Therefore, as long as the free H2 was removed to
reduce background fluorescence, the fluorescence intensity at
518 nm was then measured to achieve quantitative analysis.
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Fig. 2 Characterization of NEMA and CHA products. (a) Native PAGE of NEMA. M: Marker, lane 1: 2 uM ctDNA, lane 2: 2 uM template DNA, lane 3:
2 pM cDNA, lane 4: 1 pM ctDNA + 1 uM template DNA, lane 5: 1 uM ctDNA + 1 pM template DNA + 5 U Klenow fragment, lane 6: 1 pM ctDNA + 1 pM
template DNA + 5 U Klenow fragment + 10 U NB.BbvCl. (b) Scheme of NEMA and scheme of CHA. The numbers indicate the corresponding lanes in
(a) and (c). (c) Native PAGE of CHA. Lane 1: 1 pM cDNA, lane 2: 1 pM H1 + 1 pM H2, lane 3: 1 pM cDNA + 1 pM H1, lane 4: 0.25 pM cDNA + 1 pM H1 +

1pM H2.
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Between the primary and secondary amplification cycles, there
was no purification step, which can not only simplify the
experimental operation but also reduce the loss of ctDNA and
enhance the sensitivity of the biosensor.

Characterization of DNA amplification by NEMA and CHA

Our biosensor depended on the signal amplification by iso-
thermal amplification of DNA (NEMA and CHA). Native poly-
acrylamide gel electrophoresis was performed to verify these
two processes. The results of NEMA are shown in Fig. 2a. Lane
1-3 represent the ctDNA, template DNA, and ¢DNA band,
respectively (Fig. 2b). After the ctDNA hybridized with the
complementary template DNA, a new product with larger
molecular weight was formed (lane 4). Then the Klenow frag-
ment bound to the DNA duplex and triggered the polymeriz-
ation reaction, forming a higher band in lane 5. Afterward, the
newly formed complex was cut by NB.BbvCI and c¢DNA was
formed (the lower band in lane 6).

Fig. 2c shows the electrophoresis results of CHA. Lane 1
represents the cDNA band. The two bands close to each other
in lane 2 are H1 (upper band, 61 bp) and H2 (lower band, 52
bp) hairpins, respectively. In the presence of cDNA, the
H1 hairpin opened and hybridized with ¢cDNA to form a cDNA/
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H1 complex, resulting in a new band in lane 3. Then
H2 hybridized with H1 to form a H1/H2 complex (upper band
in lane 4). The lower band was the product of unreacted excess
H2. These results demonstrated that cDNA can be produced by
nicking enzyme mediated amplification which triggered the
hybridization of H1 and H2.

Performance of the biosensor

We optimized the reaction time and hairpin DNA concen-
tration to achieve the best performance of the biosensor
(Fig. S31). 100 nM H1, 200 nM H2 and 2 h of reaction time
were used for subsequent experiments. The fluorescence inten-
sity gradually decreased with the decrease of ctDNA concen-
tration. The limit of detection (LOD) reached as low as 2 aM
(Fig. 3a) with a wide linear range of 100 aM-10 pM (correlation
coefficient R* = 0.996, Fig. 3b). Compared with other fluo-
rescent biosensors for nucleic acids using the isothermal
amplification strategy or nanomaterials (Table S37), this bio-
sensor achieved a significantly lower detection limit (2 x 107*®
mol L),

In order to evaluate the selectivity of this biosensor, we
measured ctDNA, non-complementary (Random), one-base
mismatch (Mismatch 1), two-base mismatch (Mismatch 2),

R* = 0.996
F = 29.148log(C) + 582.232
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Fig. 3 The performance of the biosensor. (a) Fluorescence spectra of the present biosensor for different concentrations of ctDNA. (b) The linear
relationship of the fluorescence intensity at 518 nm versus ctDNA concentration. (c) Fluorescence spectra of the biosensor for 10 nM ctDNA,
Mismatch 1, Random, Wildtype, and Blank samples. Blank: Sample containing no ctDNA. (d) Selectivity test for the present biosensor for 10 nM non-
complementary (Random), one-base mismatch (Mismatch 1), two-base mismatch (Mismatch 2), three-base mismatch (Mismatch 3), and unmutated
(Wildtype) sequences. Control: Sample containing no ctDNA (n = 3). All experiments were conducted at 37 °C.
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three-base mismatch (Mismatch 3), and unmutated (Wildtype)
sequences, respectively (Table S1f). The sample containing
ctDNA exhibited the highest fluorescence signal, while the
fluorescence generated by Mismatch 1 and Mismatch 2 with
two-base mismatch was reduced by 59% and 80%, respectively
(Fig. 3c and d). The fluorescence signals of Mismatch 3,
Random, and Wildtype sequences were nearly the same as that
of the blank sample. M1 differs from ctDNA by only one base,
thus Mismatch 1 can still bind to part of the template DNA,
triggering subsequent amplification. However, compared with
that of the completely complementary ctDNA, the amplifica-
tion efficiency of Mismatch 1 was greatly weakened. These
results demonstrated that our biosensor could differentiate
one-base mutation of ctDNA.

The influence of intermediate products on the performance of
the biosensor

The intermediate products between the NEMA and HCA ampli-
fication cycles include cDNA, ctDNA, template DNA, Klenow
fragment, NB.BbvClI, and non-specific amplification products
from NEMA, which might disturb CHA amplification
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(Table S27). Therefore, we explored the effects of these pro-
ducts on downstream reactions. As shown in Fig. 4a, cDNA,
template DNA, and their mixtures have little effect on the sub-
sequent reaction.

In order to reduce the influence of enzymes on the sub-
sequent CHA reaction, we heated the samples to inactivate the
Klenow fragment and NB.BbvCI. As we know, the Klenow frag-
ment resembles a half-open right hand and consists of four
subdomains: the 3’-to-5' exonuclease, the thumb, the palm,
and the fingers subdomain. The DNA template-primer duplex
is bound in a shallow cleft between the thumb and 3’ exo
domains, and the new strand is synthesized in the fingers sub-
domain®® (Fig. S6at). Nb.BbvCI is composed of two non-identi-
cal subunits and resembles a windmill*” (Fig. S6bf). It can
recognize CCTNAGC (N = any base) and cut only the bottom
strand of the target site®” (Fig. S6¢t). Heating will cause irre-
versible damage to the structures of the Klenow fragment and
Nb.BbvCl, resulting in enzyme inactivation and disruption of
DNA replication and sequence recognition.>%>°

We investigated the impacts of both the inactive enzyme
and the active enzyme on the subsequent reaction. The final
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Fig. 4 Influence of NEMA products on the fluorescence intensity of the biosensor (n = 3). (a) The influence of DNA on the fluorescence intensity
(0.1 nM cDNA, 1 nM target, 100 nM template DNA). (b) The influence of the Klenow fragment on the fluorescence intensity. The Klenow fragment
was inactivated by heating at 95 °C for 20 min (0.1 nM cDNA, 1 mM dNTP, 5 U Klenow fragment). (c) The influence of NB.BbvCl on the fluorescence
intensity. NB.BbvCl was inactivated by heating at 95 °C for 20 min (0.1 nM cDNA, 10 U NB.BbvCl). (d) Effect of NEMA products on the fluorescence

intensity before and after heating at 95 °C for 20 min.
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fluorescence intensity of the biosensor was reduced if the
Klenow fragment was not deactivated by heating (Fig. 4b). But
the effect can be eliminated by deactivation of the Klenow frag-
ment. As previously reported, in the presence of dNTP, the
Klenow fragment demonstrated the ability to elongate the
second strand of hairpin DNA by utilizing the sticky ends as a
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template.®® As a result, blunt-end stem-loop DNA was gener-
ated, which lacks functionality and prevents secondary
amplification.

Meanwhile, as shown in Fig. 4c, the fluorescence intensity
remained largely unaltered regardless of the state of NB.BbvCI.
Thus, NB.BbvCI did not affect the secondary signal amplifica-
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Fig. 5 Mechanism of the signal amplification. (a) Fluorescence spectra of the biosensor without any signal amplification for different concentrations
of ctDNA. (b) The detection principle of the biosensor without any signal amplification. (c) Fluorescence spectra of the biosensor with signal amplifi-
cation by enzyme reactions for different concentrations of ctDNA. (d) The detection principle of the biosensor with signal amplification by enzyme
reactions. (e) Fluorescence spectra of the biosensor with signal amplification by CHA reactions for different concentrations of ctDNA. (f) The detec-
tion principle of the biosensor with signal amplification by CHA reactions. (g) Double signal amplification of the fluorescence biosensor.
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tion. We also compared the effects of heated and unheated
NEMA products and found that the heated product did not
influence the fluorescence intensity of the biosensor, while the
unheated NEMA product-participating HCA showed signifi-
cantly reduced fluorescence intensity compared with the
effects of pure cDNA (Fig. 4d).

In conclusion, all products of the primary signal amplifica-
tion (NEMA) had little impact on the secondary signal amplifi-
cation (CHA) under heating conditions, indicating that the
intermediate purification step was unnecessary for our bio-
sensor. This purification-free fluorescent biosensor based on
quadratic isothermal amplification could provide a fast and
convenient tool for ctDNA detection.

Signal amplification mechanism

Our fluorescence biosensor is based on a two-step signal
amplification strategy. First, the NEMA reaction produced a
large amount of cDNA. Then the CHA reaction further ampli-
fied the signal of the biosensor by generating a lot of H1/H2
duplexes. To explore the signal amplification efficiency of each
step, we separately studied these two steps and compared the
results with that of the fluorescent biosensor without signal
amplification (Fig. 5a). H3 hairpin DNA complementary to
ctDNA was designed to detect ctDNA. The detection limit of
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this biosensor without any signal amplification is only 10™"* M
(10 pM, Fig. 5b).

Next, H4 hairpin DNA complementary to cDNA was
designed to investigate the signal amplification of the NEMA reac-
tion (Fig. 5d). As shown in Fig. 5¢c, NEMA improved the detection
limit of the biosensor to 10™** M (10 fM), which was 10° times
that of the biosensor without isothermal amplification (Fig. 5a
and b). The CHA reaction further reduced the detection limit to
107 M (1 fM, Fig. 5e and f), resulting in 10*-fold signal amplifi-
cation, similar to previous reports by Li et al*" The combination
of NEMA and CHA reactions achieved nearly 10”-fold signal
amplification, which is consistent with our results in Fig. 3 (LOD
2 aM). We also calculated the amplification efficiency of NEMA
and CHA according to the activity of the enzymes and the rate of
CHA (ESI 2.47). We found that the signal could be amplified 5.2 x
10’ fold by NEMA and 9.6 x 10° fold by CHA, respectively. This
result is close to our experimental results (10°fold for NEMA and
10*fold for CHA amplification).

Effect of serum on the performance of the biosensor

Given that the majority of proteins present in human serum
are predominantly albumin (Table S4%), we employed bovine
serum albumin (BSA) to further investigate the impact of
serum on our biosensor.>” As depicted in Fig. 6a, the fluo-
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Fig. 6 The performance of the biosensor in PBS containing human serum. (a) Fluorescence intensity of the present biosensor for ctDNA in PBS
containing different concentrations of BSA (n = 3). (b) Fluorescence intensity of the present biosensor for ctDNA in PBS containing different contents
of human serum (n = 3). (c) Fluorescence spectra of the present biosensor for different concentrations of ctDNA in PBS containing 1% (v/v) human
serum. (d) The linear relationship of the fluorescence intensity at 518 nm versus the negative logarithm of ctDNA concentration (n = 3). All experi-

ments were conducted at 37 °C.
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Table 1 Determination of the recovery rate in the detection of ctDNA

ctDNA sample Detection
Serial concentration concentration RSD Recovery
number  (pM) (pM) (n=3) (%)
1 10 9.96 +1.03 0.103 99.6
2 1 1.02 £ 0.19 0.186 102
3 0.1 0.0931 = 0.0083 0.089 93.1

All experiments were conducted in 1% human serum.

rescence intensity decreased with the increase of BSA concen-
tration. BSA can be adsorbed onto AuNPs by electrostatic
attraction and covalent binding via cysteine residues, resulting
in a BSA corona around the AuNP surface.**** At low BSA con-
centrations (<0.1 mg ml™"), a tiny amount of adsorbed BSA
resulted in a minor BSA corona on the surface of AuNPs,
which has no impact on DNA hybridization. But at high BSA
concentrations, a large BSA corona is formed on the AuNP
surface, inhibiting the hybridization of DNA and thereby com-
promising the CHA process.*

To monitor clinical serum samples, we added ctDNA in PBS
containing different contents of human serum. As shown in
Fig. 6b, the fluorescence intensity exhibited a gradual decline
as the concentration of human serum increased. But at 1%
human serum, there was little influence on the fluorescence.
Consequently, we used PBS containing 1% human serum to
further study the performance of our biosensor. As shown in
Fig. 6¢, the detection limit reached 100 aM. There was still a
good linear relationship between the negative logarithm of
ctDNA concentration and the corresponding fluorescence
intensity in the range of 1 fM to 10 pM (R*> = 0.996). These
results confirmed that our biosensor has high sensitivity and
selectivity in serum. Compared with the detection in serum-
free PBS (Fig. 3a), the sensitivity of this biosensor decreased 10
times. This phenomenon might be attributed to the un-
avoidable interference caused by the non-specific adsorption
of proteins present in serum samples, which adversely affects
the performance of the biosensor.>¢

We conducted a sample addition recovery experiment to
assess the accuracy of our biosensor. Under optimal experi-
mental conditions, we detected three different concentrations
of ctDNA (0.1, 1, and 10 pM) in PBS containing 1% human
serum. As shown in Table 1, the recovery rate of ctDNA ranged
from 93.1% to 102%, with the relative standard deviation
(RSD) ranging between 8.9% and 18.6%. These results demon-
strated the high accuracy of our biosensor.

Conclusions

In our work, based on double signal amplification, a purifi-
cation-free fluorescent biosensor was constructed to detect
ctDNA. The signal of the biosensor is amplified by quadratic
NEMA and CHA isothermal amplification and it achieves ultra-
sensitive detection of ctDNA (2 aM). Besides, our biosensor

This journal is © The Royal Society of Chemistry 2024
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can discriminate single-nucleotide mutation with high selecti-
vity. Our study provided theoretical and technical foundations
for practical applications of this biosensor. In the future, we
will collect blood samples from lung cancer patients carrying
the EGFR exon 19del mutation to assess the practical applica-
bility and diagnostic accuracy of this biosensor.
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