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Circulating tumor cells (CTCs), as a type of tumor, have attracted wide attention because of their characteristics
of shedding from the primary tumor and spreading to other tissues and organs through peripheral blood. The
circulating tumor DNA (ctDNA), the DNA released by CTCs and other tumor cells into the peripheral blood, was
considered as a promising detection substance for clinical application. By utilizing the biocompatibility of red
blood cells to realize the attachment of tetrahedral DNA (TDN), as well as the specific target recognition ability of

TDN to enable efficient recognition of targets, a biocompatible electrochemical biosensor for effective and rapid
detection of ctDNA was developed using methylene blue (MB) as the signal probe. The current signal and the
logarithm of ctDNA concentration were linearly correlated in the range from 1 fM to 100 pM with the detection
limit of 0.66 fM. With high specificity, the TDN-based biosensor can detect ctDNA efficiently in the real bio-
logical environment such as serum, which provided a potential opportunity for the early clinical diagnosis.

1. Introduction

According to the report of the World Health Organization (WHO),
cancer, as one of the most malignant diseases, poses a great threat to
human beings. The mortality and incidence of cancer are rapidly rising
around the world every year, even causing millions of deaths [1]. 90% of
cancer-related deaths are mainly caused by cancer metastasis. Circu-
lating tumor DNA (ctDNA) is the DNA released by necrotic and apoptotic
tumor cells or circulating tumor cells into the peripheral blood. Relevant
studies have found that many genetic and epigenetic abnormalities
related to malignant tumors including heterozygosity deletion, gene
amplification and single nucleotide mutation have been detected in
ctDNA. Therefore, ctDNA has been used as a potential biomarker to
achieve early diagnosis, monitoring and evaluation of tumors in the
clinical field [2,3]. However, the size of ctDNA is extremely small and its
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content in the blood varies according to the severity of the tumor.
Especially in the early stage of the tumor, the content may even be lower
than 0.1%. In addition, the difference between ctDNA and normal DNA
fragments is very small, so ctDNA can be hidden in numerous normal
DNA fragments [4]. Due to the rarity and variability of ctDNA, it is
essential to establish a highly specific and sensitive approach for ctDNA
detection.

Traditional ctDNA detection methods include dPCR (digital poly-
merase chain reaction), BEAMing (bead, emulsion, amplification and
magnetic), ARMS-PCR (amplification refractory mutation system-
polymerase chain reaction), etc. The ddPCR (droplet digital PCR) can
be used to realize the measurement of the allele frequencies in small
fragments from four L858R mutation ctDNA samples [5]. However,
some shortcomings of ddPCR, such as the generated droplets must obey
the Poisson distribution, and only a limited number of mutations can be
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detected per assay, can be comprehensively discovered. The BEAMing
technology can be used to achieve the identification of mutated genes by
measuring the ctDNA and mutKRAS among 284 plasma samples from
the advanced PC patients [6]. Although the BEAMing can be used to
identify, screen and isolate rare mutation-specific ctDNA, it can be only
applied to detect known mutations, while the disadvantages such as high
cost and complicated operation should be considered. AS-PCR (Alle-
le-specific PCR), also known as ARMS-PCR (Mutation Amplification
Blockade System PCR), can be used to detect two or more allele muta-
tion sites in the same system simultaneously [7]. However, the false
positive rate is relatively high, while the reaction conditions in the early
stage should be intensively optimized.

Recently, the electrochemical detection has been widely developed
for diagnosing ctDNA [8]. Compared with the above ctDNA detection
methods, the electrochemical detection is simple, sensitive, timeliness
and cheap [9,10]. The electrochemical biosensor for DNA detection was
realized by converting the amount of DNA to electrochemical signal. For
an instance, the polyacrylamide/phytic acid/dopamine hydrogels were
modified on glassy carbon electrode (GCE) to achieve adsorption and
desorption of single-stranded DNA (ssDNA) by electric field driving, thus
a rapid and efficient recognition of ssDNA has been fabricated for the
electrochemical detection of ctDNA [11]. Gold nanoparticles (Au NPs)
were modified on GCE to capture the DNA probe through Au-S bond,
thus the ctDNA can be detected by using the methylene blue (MB) as
electroactive indicator [12]. Aiming at increasing the amount of signal
probe, a novel approach to detect ctDNA was designed by introducing
tetrahedral DNA nanostructure (TDN) as a signal marker. Comparing
with other nanoparticles used in biosensors, TDN can be synthesized by
four ssDNA through simple one-step self-assembly, which was simpler
and more controllable [13-15]. Therefore, TDN could be widely used in
biosensors from heterogeneous surfaces to uniform solutions and from
intracellular to extracellular settings for the sensitive detection of tar-
gets. In addition, comparing with ssDNA, TDN had higher rigid struc-
ture, anti-degradation stability and biocompatibility, which could
reduce the possibility of interference and make the results more credible
[16,17]. Thus, due to simple synthesis, controllable size, high yield, low
cytotoxicity, good biocompatibility and stable structure, TDN has been
found comprehensive application in the biosensors, drug delivery, bio-
logical imaging and medical separation and analysis [18,19].

Except for the signal probe, the capture probe that can specifically
recognize the target sequence is also significant. The common method of
detecting ctDNA by fusing TDN and electrochemical sensing, such as
immobilizing TDN on the electrode surface, realized the detection of the
target. Most of these methods required complex incubation and modi-
fication process, as well as the introduction of enzymes or other signal
molecules, which were undoubtedly complicate. At the same time, most
electrochemical biosensors introduced foreign substances to detect
ctDNA in blood, which may cause damage to substances in blood (such
as cells), resulting in deviations between the experimental and the actual
results. Therefore, the red blood cells were introduced. As we know that
the red blood cells widely existed in whole blood, their low cytotoxicity
and biocompatibility can make red blood cells as suitable candidate for
the part of an electrochemical biosensor [20,21], which can detect
ctDNA in blood without introducing foreign substances, and reduce the
occurrence of false positive results. Therefore, the combination of red
blood cells with TDN in electrochemical biosensors is suitable for
detecting ctDNA in blood.

Herein, a biocompatible electrochemical biosensor based on tetra-
hedral DNA nanostructure was developed to detect ctDNA, providing a
new and effective way to detect the DNA of circulating tumor cells. By
using red blood cells with low cytotoxicity and biocompatibility to
capture ctDNA, and shape-controllable and stable TDN to recognize
ctDNA, the target ctDNA could be sandwich recognized by comple-
mentary base pairing between DNA strands. After adding MB to the
supernatant of TDN, the interaction between MB and TDN can cause
different electrochemical signals to reflect the concentrations of ctDNA.
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The construction of the TDN-based biosensor may greatly expand the
application field of early clinical diagnosis and analysis of cancer cell
genetic material.

2. Experimental section
2.1. Reagents and apparatus

All DNA sequences, as shown in Table S1, were from Shanghai
Sangon Biotechnology (Shanghai, China). Tris-
ethylenediaminetetraacetic acid buffer (TE, pH 8.0) and phosphate
buffered saline (PBS, pH 7.4) were also bought from Shanghai Sangon
Biotechnology (Shanghai, China). MB was from Guangzhou Chemical
Reagent Factory (Guangzhou, China). Trimethylolaminomethane hy-
drochloride (Tris-HCI) was obtained from McLean Biochemical Tech-
nology Co., Ltd. (Shanghai, China). Indium tin oxide (ITO) glass was
from Shenzhen Nanbo Display Technology Co., Ltd. (Shenzhen, China).

2.2. Apparatus and instrumentation

Agarose gel electrophoresis and atomic force microscope (AFM,
Santa Barbara) were applied to investigate the formation of TDN.
Agarose gel (2%) electrophoresis analysis was performed in TBE buffer
(0.2 mM EDTA, 9 mM boric acid, 9 mM Tris-HCI, pH 7.9) at 110 V for 1
h. For the electrochemical analysis, the differential pulse voltommogram
(DPV) measurements were performed with an electrochemical work-
station (Chenhua, Shanghai). A standard three-electrode system was
employed including an ITO working electrode with an area of 0.125 cm?
(0.5 cm x 0.25 c¢m), a platinum wire counter electrode, and an Ag/AgCl
reference electrode. After sonicating in ethanol and ultrapure water for
30 min, respectively, the ITO electrode was immersed into 1 mM NaOH
for 5 h and sonicated in ultrapure water for another 10 min.

2.3. Preparation of tetrahedral DNA nanostructures

The four strands (100 pM) of ss-A, ss-B, ss-C and ss-D were diluted to
1 pM respectively, and then quantified by UV spectroscopy. The con-
centration of DNA strand was calculated according to the absorption at
about 260 nm and 340 nm based on the following Beer-Lambert Law:

C = [(A2600m —Asza0nm ) /Extinction coefficient] x Dilution multiple (€8]

where Agonm and As4onm refereed to the adsorption intensity of DNA
strand at 260 nm and 340 nm, respectively. The TM buffer solution (50
mM MgCl,, 20 mM Tris, pH 8.0) was used as the solvent. By mixing the
concentration of the four chains at the ratio of 1:1:1:1, a high-
temperature denaturation at 95 °C for 10 min and a further low-
temperature annealing at 4 °C for 10 min were employed. Thus, the
TDN was synthesized and the final concentration was tested as 2.63 pM.

2.4. Pretreatment of red blood cells

The blood taken from the mice was washed several times as follows:
20 pL blood was added to each centrifuge tube containing 1 mL PBS
buffer, and then centrifuged twice at 10 °C, 300 rcf and 3 min to remove
the supernatant. The washed red blood cells were collected for subse-
quent use.

After that, the above red blood cells were treated by incubating with
the cholesterol-modified DNA1 strands as follows: 9 pL red blood cells,
27 pL PBS and 9 pL cholesterol-modified DNA1 chain (100 pM) were
mixed in a centrifuge tube and incubated for 30 min. Then 1 mL PBS was
added and then centrifuged three times at 10 °C, 300 rcf and 3 min to
remove the supernatant. The DNAl-modified red blood cells were
collected for subsequent use.
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2.5. Construction of TDN-based biosensor for detecting ctDNA

Firstly, 40 pL. TDN (2.63 pM) and 10 pL DNA1-modified red blood
cells were added to 1 mL diluted ctDNA and incubated for 1 h. After
centrifugating at 10 °C, 300 rcf and 5 min, 1 mL of supernatant was
taken out for subsequent use. Then, 52.5 pL of 200 pM MB (dissolved
and diluted by Tris-HCI) was added into the above supernatant, mixed
evenly and incubated for 30 min. By using the working electrode (the
pretreated ITO), the counter electrode (Pt) and the reference electrode
(Ag/AgCl) for the electrochemical test, the DPV mode was scanned from
—0.4Vto 0.0 V.

3. Results and discussion
3.1. Mechanism of TDN-based biosensor for detecting ctDNA

An electrochemical biosensor based on TDN nanostructure with
recognition ability was designed for sensitive and selective detection of
ctDNA through complementary base pairing between DNA strands.
First, as in Scheme 1A, TDN was synthesized by treating four different
items of ssDNA (ss-A, ss-B, ss-C, and ss-D) with high-temperature
denaturation and low-temperature annealing procedures. At the same
time, a long chain combining ssDNA and DNA2 with recognition sites
was designed. Consequently, the functionalization of TDN can be real-
ized through the combination of different numbers of long chains. In
addition, by accurately controlling the number of DNA2 on TDN, TDN
with four different valence states were prepared, so as to investigate the
influence of number of DNA2 on the performance.

Second, as in Scheme 1B, red blood cells were modified with the
cholesterol-modified DNA1l. Since cholesterol could be tightly
embedded in the phospholipid bilayer of animal cell membrane [22,23],
it was easy to immobilize the cholesterol-modified DNA1 chain on the

Talanta 251 (2023) 123793

surface of red blood cell membrane. When the target ctDNA appeared,
the 5'-end of ctDNA could be connected with DNA1-modified red blood
cells, while the 3'-end of ctDNA could be connected with functionalized
TDN (TDN(I) as an example), according to the principle of comple-
mentary base pairing. After centrifugation, the red blood
cells-DNA1/ctDNA/TDN could be precipitated. Simultaneously, the
unreacted TDN(I) in the supernatant could react with MB since MB could
be intercalated into the stacked base pairs of DNA [24]. The more the
unreacted TDN(I), the fewer free MB in the solution.

Finally, the free MB in the solution could be detected by the ITO
electrode. The pretreated ITO electrode was negatively charged, so the
positively charged MB can be diffused to the ITO surface, causing a
current change. When there was little or no target ctDNA, the amount of
TDN(I) in the supernatant was higher, thus more MB can be interclated
into TDN(I) and little MB can be detected on ITO. Therefore, by
designing such a TDN-based electrochemical biosensor, a novel and
efficient method for the detection of ctDNA was provided.

3.2. Characterization of TDN

TDN was synthesized from four different items of ssDNA (ss-A, ss-B,
ss-C, and ss-D) through a procedure of high temperature denaturation
and low temperature annealing. At the same time, the long chain was
designed which can combine the ssDNA with the DNA2 strand with
recognition function. In Fig. 1A, the AFM image of TDN showed that
TDN could be dispersed in solution without aggregation. From the
enlarged view of single TDN (the inset), it could be seen that its three-
dimensional structure was about tetrahedron [25]. The unilateral side
lengths of TDN were about 13-14 nm (as shown in Fig. 1B), which was
consistent with previous reports [26].

Since TDN has four vertexes and every vertex could carry an DNA2,
four TDNs with different numbers of DNA2, defined as TDN(I), TDN(II),
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Scheme 1. (A) Synthesis of TDN nanostructures (I, II, III, IV) with 1-4 side chains of DNA2, (B) Principle of electrochemical biosensor for detecting ctDNA based on

TDN-anchored red blood cell.
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Fig. 1. (A) AFM image of TDN, (B) Particle size distribution of TDN, Agarose gel electrophoresis of different DNA structures, (C) Lane 1: ss-A; Lane 2: a mixture of ss-
A and ss-B; Lane 3: a mixture of ss-A, ss-B and ss-D; Lane 4: TDN; (D) Lane 1: TDN; Lane 2: TDN(I); Lane 3: TDN(II); Lane 4: TDN(III); Lane 5: TDN(IV).

TDN(III), and TDN(IV), were prepared by precisely adjusting the num-
ber of DNA2 on TDN. In Fig. 1C, the agarose gel electrophoresis showed
that the addition of strands from ss-A to ss-D resulted in a gradually
decrease in electrophoretic mobility, which was consistent with previ-
ous reports [27]. Since the agarose gel electrophoresis was based on the
charge effect and molecular sieve effect of DNA molecules in electro-
phoretic separation, in which molecular sieve effect affects the migra-
tion rate of DNA molecules through the size and structure of molecules.
As shown in Lane 2, when ss-B was added to ss-A, some bases of ss-A and
ss-B were paired to form different structures, which increased the overall
relative molecular weight and reduced the mobility of the band. In Lane
3, when ss-D was added, the mixing of three single chains would make
more bases complement each other and form a structure with larger
molecular weight. Especially, in Lane 4, when four single chains were
mixed and incubated, a tetrahedral structure with larger molecular
weight was formed, which greatly reduced the migration rate of mole-
cules, implying the TDN was successfully assembled.

Apparently, in Fig. 1D, when the number of DNA2 increased, the
motility of the TDN with different valence states decreased significantly.
As more DNA2 were carried by TDN, its relative molecular weight
increased and the mobility of the band decreased gradually, indicating
the successful synthesis of TDN, TDN(I), TDN(II), TDN(III) and TDN(IV)
[28]. Hence, the successful self-assembly of the TDN nanostructures was
strongly verified. In addition, the stability of TDNs in different solutions
(Fig. S1) were investigated. From O h to 24 h, the structure of TDNs did
not change either in Tris-HCI solution or in PBS solution, indicating the
TDNs were stable in both solutions.

3.3. Characterization of red blood cells-DNA1/ctDNA/TDN binding

Circular dichroism spectrometer (CD) was applied to study the
connection between DNA strand and red blood cell. CD was the most
widely used method for the determination of secondary structure, so the
conformation could be preliminarily judged through the different peak
positions. According to previous reports [29], the bases of DNA had no

intrinsic CD signal, since they were planar. Under the influence of the
chiral sugar backbone, the CD signal of the base absorption band can be
attributed to the spatial organization of the bases in a chiral structure,
such as a helix. Firstly, in Fig. 2A, a positive peak at 275 nm and a
negative peak at 245 nm of the ss-A, ss-B, ss-C and ss-D in the CD dia-
gram were discovered, which were -characteristic of DNA in
right-handed B form in the ultraviolet region [30]. A positive peak at
278 nm and a negative peak at 245 nm of the ctDNA were also discov-
ered in the CD diagram. When the TDN or the TDN(I) was formed, the
position of the positive peak didn’t change, while a red shift from 245
nm to 248 nm of the negative peak could be found, suggesting that the
structure of DNA formed a secondary structure with strong bonding
ability from ssDNA [31]. Secondly, in Fig. 2B, negative peaks at 209 nm
and 230 nm were discovered for the individual red blood cells. Since the
surface of red blood cells were rich in glycoproteins, when the DNA1
strand was inserted into the surface of the cell membrane, the confor-
mation of the cell membrane surface could be changed, causing a blue
shift from 230 nm to 222 nm [32,33]. Correspondingly, it could be
proved that the DNA1 chain was successfully connected with red blood
cells due to the association of cholesterol on the DNA1 chain with the
phospholipid bilayer of the cell membrane. Similarly, when the
DNA1-modified red blood cells were connected with ctDNA, the peak
moved from 222 nm to 228 nm, which was a certain red shift. ctDNA was
partially complemented and connected with DNA1, which induced the
ssDNA on the surface of cell membrane to form a helical double stranded
DNA structure. Then, when the TDN(I) was connected with red blood
cell and ctDNA, the peak position moved from 228 nm to 224 nm, which
was conversely a little blue shift. The bases did not stack effectively due
to the increased distance between the nucleoside bases of TDN(I), which
resulted in the shift of the peak position to the short-wave direction.
Thus, it was preliminarily proved that the DNA1-modified red blood
cells could be combined with ctDNA and TDN(I) as a whole.

After that, laser confocal microscopy was used to further study
whether the cholesterol-modified DNA1 chain was successfully con-
nected to red blood cell and whether TDN was connected with red blood
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Fig. 2. (A) CD of individual DNA strands, ctDNA, TDN and TDN(I), (B) CD of individual red blood cells and their connection with different DNA strands. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

cell and ctDNA as a whole. First, the 3’-end of the cholesterol-modified
DNA1 chain was decorated with the fluorescent group Cy3 (Ex = 546
nm, E;, = 570 nm, red), while the 3’-ends of ss-A, ss-B and ss-D chains
were decorated with the fluorescent group FAM (Ex = 485 nm, E;;, = 528
nm, green). Second, ss-C-DNA2 strand (supporting information) and ss-
A, ss-B, ss-D modified with fluorophore FAM were used to synthesize
TDN(ID). Third, the red blood cells were mixed with the fluorophore Cy3-
modified DNA1 and incubated for 30 min, followed by incubating with a
mixture of ctDNA and TDN(I). Finally, the cells in the bright field were
observed (Fig. 3A). In Fig. 3B, obvious red fluorescence was observed
around the cells at Ey = 552 nm, which proved the successful connection
between the red blood cells and Cy3-DNA1 chain. In Fig. 3C, at Ex = 488
nm, obvious green fluorescence was observed around the cells. Since the
cells photographed in different fields were selected from the same

A

B ——

5um

position, it could be clearly concluded that the Cy3-DNA1 strand and
FAM-TDN(I) were successfully modified at the same position. Fig. 3D
was the overlap mapping of bright field and two fluorescence fields.
Consequently, according to the spectra of CD spectroscopy and confocal
laser microscopy, the modification of DNA on the surface of red blood
cells could be successfully carried out. In addition, it was proved that the
cholesterol-modified DNA1 chain could be successfully connected to the
surface of red blood cells, while TDN(I) could be connected to red blood
cells to form a whole composite, in the presence of ctDNA.

3.4. Performance of TDN-based biosensor for detecting ctDNA

First, the DNA ligation ability of MB was verified by using the DPV
signal. As shown in Fig. 4, a very strong DPV signal (curve a) could be

B

Fig. 3. (A) Laser confocal microscopy images of red blood cells-DNA1/ctDNA/TDN(I) in bright field diagram, (B) in fluorescence field at E, = 552 nm, (C) in
fluorescence field at Ey = 488 nm, and (D) overlay mapping. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 4. DPV signals of (a) MB, (b) a simple mixture of MB, ss-A, ss-B, ss-C and
ss-D, (c) a simple mixture of MB, ss-A, ss-B, ss-C-DNA2 and ss-D, (d) a mixture of
MB and TDN, (e) a mixture of MB and TDN(I).

discovered in 10 pM MB solution (pH 7.4, Tris-HCI solution). After a
certain amount of a mixture containing ss-A, ss-B, ss-C and ss-D were
added, the DPV signal was significantly reduced (curve b), which mainly
contributed to the decrease of electrical signal by electrostatic adsorp-
tion between MB and ssDNA [34]. When a certain amount of ss-A, ss-B,
ss-C-DNA2 and ss-D were added, the DPV signal (curve c) decreased
slightly due to the additional DNA2 segment. However, when a certain
amount of TDN was added, the DPV signal decreased more significantly
(curve d). MB could be intercalated into the stacked base pairs of dSDNA
[35], thus TDN could bind with a larger amount of MB, while a lower
amount of the unreacted MB can be detected by negatively charged ITO
electrode, resulting in a significant decrease in the DPV signal. Similarly,
when a certain amount of TDN(I) was added, the DPV signal decreased
slightly (curve e). Thus, comparing with ssDNA, MB could be better
inserted into TDN(I), which could significantly change the electro-
chemical signal of MB.

Next, the experimental conditions for the detection of ctDNA
including the MB concentration, the valence numbers of DNA2 to the
TDN, the co-incubation time of ctDNA with red blood cells and TDN, and
the cholesterol-modified DNA1 chain concentration were optimized.
First, Fig. S2 showed the effect of different concentrations of MB on the
DPV signal. When the concentration of MB was 10 pM, a higher DPV
peak change (Ai, = ip-iy0, ipo and i, refer to the DPV signals in the
absence and presence of ctDNA) was obtained, so the optimal MB con-
centration for experiment was 10 pM. Second, the effect of different TDN
on the DPV signal was investigated. Four different TDNs were designed
to detect the DPV signal of ctDNA at the same concentration. In Fig. S3, a
higher DPV signal can be discovered when only one DNA2 was attached
to TDN, while the DPV signals of TDN(II), TDN(III) or TDN(IV) were a
little lower. First, with the same concentration of DNA1 chain on the
surface of red blood cells, they could be connected with more TDN(I),
comparing with TDN(II), TDN(III) and TDN(IV). Secondly, since only
one strand of TDN(I) was connected to ctDNA and red blood cells, the
possibility of spatial effect masking the recognition sites on the surface
of red blood cells was reduced. Thus, TDN(I) was selected for the
detection of ctDNA. In Fig. S4, when the co-incubation time of ctDNA
with red blood cells and TDN was 60 min, a better DPV signal was ob-
tained, so the optimal incubation time was selected as 60 min. Finally, in
Fig. S5, at 20 pM of cholesterol-modified DNA1 chain, a best DPV signal
was obtained. When the concentration of cholesterol-modified DNA1
chain was too low, red blood cells couldn’t bind enough TDN(I); when
the concentration of cholesterol-modified DNA1 chains was too high,
the binding sites on the surface of red blood cells reached a saturation,
thus the optimal concentration of cholesterol-modified DNA1 chain was
20 pM.
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Under optimal experimental conditions, the performance of the TDN-
based biosensor for ctDNA detection was investigated. When the con-
centration of the target ctDNA gradually increased, the concentration of
TDN in the supernatant decreased, so the free MB in the solution
increased, which resulted in a gradual increase in the DPV signal. In
Fig. 5A, when the ctDNA concentration increased, the DPV signal of the
TDN-based biosensor was gradually enhanced. When the ctDNA con-
centration range was from 1 fM to 100 pM, the DPV signal and the
logarithm of ctDNA concentration were linearly correlated as I = 13.68
+ 75.68¢ (R2 = 0.981), where I was the DPV signal and ¢ was the log-
arithm of the ctDNA concentration. The limit of detection (LOD) was
estimated as 0.66 fM (S/N = 3) (Fig. 5B). Compared with ssDNA and
dsDNA, MB could be more effectively inserted into the base pairs of TDN
due to its unique structure, forming effective signal amplification. Thus,
the analytical performance of the electrochemical biosensor can be
compared to or better than the previous work (Table S3).

3.5. Specificity, reproducibility and application in real sample detection

In order to study the specificity of TDN-based biosensors, seven
different mutant genes were selected as the experimental group. The
RAS gene is the most common oncogene in human tumors. The genes
related to human tumors in the RAS gene family are mainly composed of
KRAS, NRAS and HRAS. According to the clinical investigation of the
relationship between gene mutations and pathological characteristics,
the KRAS gene mutation rate is about 32.1%, the PIK3CA gene mutation
rate is about 11.3%, the BRAF gene mutation rate is about 6.8%, and the
NRAS gene mutation rate is about 5.7% [36]. Therefore, seven nucleo-
tide sequences were selected, including wild-type KRAS gene (wild
KRAS), mutant KRAS genes (134C and 135A) and other mutant genes
(BRAF, NRAS, EGFR, PIK3CA). In Fig. 5C, the DPV signals of the
wild-type gene and the single-base mutant gene significantly decreased
compared with the control group, while the current signals of other
mutant genes were much weaker, proving that the TDN-based biosensor
was suitable for the ctDNA detection. Meanwhile, laser confocal mi-
croscope was further used to verify the connection effect of single-base
mismatch chain (wild KRAS) and nonspecific chain (BRAF) on red blood
cells and TDN(D) (Fig. 6). From Fig. 6B and F, it was clearly observed that
Cy3-DNAL1 was able to associate with the red blood cell successfully. In
Fig. 6C, since there was only one base difference between the wild-type
KRAS gene and the target ctDNA, the wild KRAS chain could still be
partially connected with red blood cells and TDN(I), and very faint green
fluorescence could be discovered. However, in Fig. 6G, the bright green
fluorescence could not be discovered, implying that the BRAF mutant
gene could not be effectively connected to red blood cells and TDN(I).
Comparing the overlay mapping in Fig. 6D and H with Fig. 3D, the
electrochemical detection could be further verified. Therefore, the
TDN-based biosensor exhibited a certain specificity for the detection of
ctDNA.

The reproducibility was analyzed by investigating different experi-
mental groups under the same conditions. As shown in Fig. S6, five
groups of independent biosensors were used to detect the same con-
centration of ctDNA. The differences between different experimental
groups were basically negligible, which implied that the TDN-based
biosensor showed good reproducibility in the detection of ctDNA.

After that, the TDN-based biosensor was expected to realize the
detection of ctDNA in complex biological environment. Different con-
centrations of ctDNA were added to the diluted serum samples. Table S2
showed that the results of the detection in the serum were the same with
those in Tris-HCI, while the recovery rates were ranged from 98.9 to
99.4%, which was attributed to the good biocompatibility and strong
anti-enzymatic hydrolysis ability of TDN structure, resulting in less
interference of the real environment during the detection process,
making the detection results more reliable. Therefore, the TDN-based
biosensing method had a great potential for the detection of ctDNA in
actual samples.
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Fig. 5. (A) DPV detection profiles of ctDNA at different concentrations, (a-k)1 fM, 10 fM, 100 M, 1 pM, 2 pM, 5 pM, 8 pM, 10 pM, 20 pM, 50 pM, 100 pM. (B) The
diagram of DPV currents with ctDNA concentrations (Inset: Plot of linear relationship between DPV currents with logarithm of ctDNA concentrations). (C) Specific
detection of the TDN-based biosensors (The concentration of each detected DNA strand was 10 pM.).
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Fig. 6. Laser confocal microscopy images of two different DNA strands including single-base mismatch chain (wild KRAS) and nonspecific chain (BRAF) in bright
field (A and E), in fluorescence field at Ex = 552 nm (B and F), in fluorescence field at Ex = 488 nm (C and G), and overlay mapping (D and H).

4. Conclusion

In conclusion, by utilizing the stability and biocompatibility of red
blood cells, as well as the high loading rate and specific target recog-
nition ability of TDN, a biocompatible electrochemical biosensor for
effective and rapid detection of ctDNA was developed. Since red blood
cells exist in large quantities in blood, it was not only more suitable for
detection in biological environments such as blood, but also it was not
easy to be interfered by other substances in the blood. At the same time,
the TDN structure with controllable structure, high load efficiency and
specific targeting recognition ability was introduced, which not only
avoided the defects of the long-time modification process required by
the traditional signal probe, but also could amplify the output of the
signal. Benefiting from the effectiveness and convenience, the novel
TDN-based biosensing platform realized the detection of ctDNA with
high specificity, which exhibited significant analytical application value
for clinical diagnosis of target gene.
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