
Analyst

PAPER

Cite this: Analyst, 2021, 146, 3034

Received 17th February 2021,
Accepted 18th March 2021

DOI: 10.1039/d1an00299f

rsc.li/analyst

A homogeneous digital biosensor for circulating
tumor DNA by the enumeration of a dual-color
quantum dot complex

Xiaojun Liu,†a Zhangjian Wu,†a Xinyi Lin,a Wei Bu,*b Lei Qinc and Hongwei Gai *a

Monitoring ctDNA in blood is important for cancer management. Here, a one-step single particle count-

ing approach was developed for directly quantifying ctDNA in plasma. Hairpin DNA containing a triple

helix stem was immobilized onto QD 585 as a probe. The hairpin was opened by the target, and therefore

hybridized with assistant DNA on QD 655, resulting in an aggregate of QD 585 and QD 655. The two-

color QD aggregate was regarded as the target. Observed under a single particle transmission grating-

based spectral microscope, the two-color QD aggregate was distinguished by a unique spectral pattern

of two first-order streaks, and it was counted. The difference in the responses of the probes to perfect-

match DNA, single-base mismatch DNA, and non-match DNA indicated that the probe had sufficient

single-base discrimination capabilities. The success in plasma recovery tests demonstrated the feasibility

of carrying out the direct detection of ctDNA in plasma.

Introduction

Circulating tumor DNA (ctDNA) that is released into blood by
tumor cells carries genetic and epigenetic mutations of the
tumor.1,2 The half-time of ctDNA is below 2.5 hours, whereas
that of the protein biomarker ranges from days to weeks.3

Therefore, the ctDNA level is more suitable for reflecting
tumor progress in real time. Monitoring ctDNA may revolutio-
nize each step of cancer management, such as early detection,
minimal residue assessment, treatment response, and tumor
development.3–5 For example, the ctDNA level indicates tumor
recurrence long before clinical imaging, with an average lead
time ranging from five months to 11.8 months.3,5

Rare ctDNA and rich wild-type DNA released by normal
cells exist in blood together, which makes it a challenge to
quantify ctDNA.6–10 The vast majority of the approaches for
quantifying ctDNA require target amplification by PCR, includ-
ing real-time PCR, digital PCR, BEAMing, droplet digital PCR,7

CAPP-Seq, Tam-Seq, and cSMART-Seq. Use of PCR adheres rig-
orously to complicated thermocycling: heat denaturation–rena-
turation–heat denaturation, which causes chemical damage to

DNA polymerases. The chemical damage and imperfect
copying of the DNA polymerases cause exponential amplifica-
tion of non-target DNA, resulting in significant false positive
results.11–13 These PCR-based methods require the extraction
of the DNA from the blood. The extraction introduces wide
variation in quantity and integrity of ctDNA.3,14 As an example,
the concentrations of cell free DNA extracted from the same
blood sample by 56 laboratories throughout Europe varied
from 2.87 to 224.02 pg μL−1.14 Therefore, a method that is
capable of directly quantifying ctDNA in blood without PCR
amplification and DNA extraction is required urgently.

In 2015, a pioneering work on directly quantifying ctDNA in
serum was reported by Kelley and co-workers.15 In their study,
the wild-type DNA and the non-target ctDNA were masked by a
series of clamp molecules, and the hybridization of the target
ctDNA with the capture probe immobilized on the surface of
an electrode which triggered an electrochemical signal. Multi-
branched, 3-D micro-electrodes were used to increase the
amount of the capture probe, therefore greatly enhancing the
hybridization efficiency between the target and the capture
probe. The same strategy was adapted in follow-up research.16

In 2019, an approach based on SERS was developed for directly
determining ctDNA in serum.17 Two techniques were used to
enhance the signal. One was that the target was recycled
through the RNase HII enzyme to specifically separate the
complex of the recognition molecule and the target. Another
was that a silver nanoparticle film was used to increase the
loading amount of the SERS reporter. In 2020, a new enhance-
ment strategy for the electrochemical signal was established.18†These authors contributed equally.
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The double strand complex of the target ctDNA and the reco-
gnition molecule was extended, which created more binding
sites for the capture probe and thus greatly increased the sen-
sitivity. In short, sophisticated signal enhancement is essential
for the direct interrogation of ctDNA in blood. This required
either complicated, time-consuming preparation of the sensor
or restricting the control of the reaction conditions. The pre-
viously described sensing process required multi-cycles of sep-
aration and washing to remove the reactants unbound to the
sensor. Each cycle increased determination time and cumulat-
ive errors.

Single particle detection can count the number of mole-
cules without any chemical amplification or enrichment
steps,19,20 and may be an alternative way to directly quantify
ctDNA in blood. Single particle detection can reveal particle
heterogeneity that is not detectable in an ensemble detection
system, which makes it possible to quantify the target without
separation.21,22 For example, using a fluorescent single particle
spectral imaging microscope it was possible of judging
whether quantum dots (QDs) of the same color were dispersed
or aggregated by their spectral blue-shift pattern.23,24 In these
assays, the spectral blue-shift usually took more than
10 minutes. To address this, an approach for judging the dis-
persion state of two-color QDs was developed, and was used to
directly quantify ctDNA in serum. The DNA hairpin with a
triple helix stem was immobilized onto a QD 585 and the
assembly was used as a recognition probe. The hairpin was
opened by the target, and therefore hybridized with the assist-
ant DNA (asDNA) immobilized onto a QD 655. Put simply, a
target ctDNA induced a two-color QD aggregate (QD 585 and
QD 655), and in turn, a two-color QD aggregate could be
regarded as a target ctDNA. Under a single particle trans-
mission grating-based spectral microscope, the two-color QD
aggregate was distinguished by the unique spectral pattern of
the two first-order streaks and counted. The responses of the
probes to the perfect-match DNA, the single-base mismatch
DNA, and the non-match DNA were quite different, indicating
that the probes had a single-base discrimination capability.
The success in a plasma recovery test indicated the feasibility
of the direct detection of ctDNA in plasma. A single judgement
on the two-color QD aggregate was finished within two
minutes, which was an improvement when compared with
that of the same-color QD aggregate.

Experimental section
Materials

Chemicals and materials. The DNA oligonucleotides of the
KARS gene related to lung carcinoma were synthesized by the
Shanghai Sangon Bioengineering Limited Company
(Shanghai, China). The base sequences were: t1DNA:
NH2TTCCTCTCTCTCTGGAGCTGATGGCG TATCTCTCTCTC (5′
to 3′), t2DNA: AGAGAGAGAG (5′ to 3′), asDNA:
NH2TTCGAGAGAGA (5′ to 3′) (5′ to 3′), ctDNA:
TACGCCATCAGCTCC (5′ to 3′), the single-base mismatched

DNA: TACGCCACCAGCTCC (5′ to 3′), and the non-match DNA:
CCTGTGCCGTGT (5′ to 3′). Carboxylic QD 655 (cat. no.
Q21321MP), carboxylic QD 585 (cat. no. Q21311MP), blocking
reagent (cat. no. 37580), and coverslips were obtained from
ThermoFisher Scientific (Waltham, MA, USA). Glass slides
were purchased from Citotest Labware Manufacturing Co., Ltd
(Haimen, Jiangsu, China). Bovine serum albumin, chicken egg
albumin, trypsin inhibitor, human serum albumin, phytohe-
magglutinin, transferrin, fibrinogen, poly(diallyldimethyl-
ammonium chloride), and N-(3-(dimethylamino)propyl)-N-
ethylcarbodiimide hydrochloride (EDC) were purchased from
Sigma-Aldrich (St Louis, MO, USA). A transmission grating
with 70 lines per mm was obtained from Edmund Scientific
(Barrington, NJ, USA).

Positively charged glass slide

The glass slide was immersed into chromic acid solution for
12 h and then ultrasonically washed three times with distilled
water. Each wash lasted 15 min. The clean slide was
placed into 1.0% (v/v) poly(diallyldimethylammonium chlor-
ide) (v/v) for 12 h, and then dried at 85 °C. The negatively
charged QDs were able to deposit more easily and quickly on
the positively charged slide than on the normal, negatively
charged slide.

Probe preparation

The DNA hairpin with a triple helix stem and asDNA were
immobilized onto QD 585 (TR-QD 585) and QD 655
(asDNA-QD 655), respectively. The TR-QD 585 was prepared in
two steps: the t1DNA linking to carboxylic QD 585 (t1DNA-QD
585) and the immobilized t1DNA was hybridized with t2DNA.
The t1DNA-QD 585 was prepared according to the manufac-
turer’s procedure. A portion (20.0 μL) of 0.8 μM carboxylic QD
585 was activated with freshly prepared EDC, and then
immediately mixed with 5.2 μL of 12.2 μM t1DNA. The mixture
was shaken in darkness for 4.0 h. The t1DNA-QD 585 was puri-
fied by passing it through a filter tube of 100 kDa nominal
molecular weight, and was blocked with 10% (v/v) blocking
reagent for 0.5 h. Then, t1DNA-QD 585 was mixed with t2DNA
at a ratio of 1 to 6. The hairpin DNA with a triple helix stem
formed after shaking the mixture at 50 °C for 5 min and then
cooling the mixture to room temperature. The TR-QD 585 was
purified twice with centrifugation. The concentration of
TR-QD 585 was determined by measuring the fluorescence
intensity of QD 585 according to the working curve, y =
79.415x + 335.35 (R2 = 0.9964). The asDNA-QD 655 was pre-
pared following the previous procedure. The working curve of
QD 655 was found to be y = 93.434x + 286.3 (R2 = 0.9953).

ctDNA determination in PBS buffer

The TR-QD 585, the asDNA-QD 655, NaCl solution, the PBS
buffer, and the model ctDNA in the PBS buffer were mixed.
The mixture was defined as the reaction solution. The reaction
solution was placed at 50 °C for 5 min and slowly cooled to
room temperature. The reaction solution was left overnight at
4 °C in a refrigerator, the total concentration of QDs was
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diluted to 0.05 nM before preparing the specimen. This
diluted reaction solution was referred as the test solution. A
portion (1.9 μL) of the test solution was dropped onto a posi-
tively charged glass slide, and immediately covered with a cov-
erslip and sealed with nail polishing oil. The specimen was
then ready for the single particle transmission grating-based
spectral imaging. All the experiments were repeated at least
three times. For each specimen, 10 domains were randomly
imaged. For each domain, 50 frames were automatically taken
placed in groups at a 300 ms intervals.

ctDNA determination in plasma

The amount of ctDNA in the plasma was determined following
the previous procedure, except that the model ctDNA was
replaced with a plasma sample or a plasma sample spiked
with model ctDNA.

Single particle transmission grating-based spectral imaging

To take single particle image, the total concentration of QDs in
the test solution was below 1.0 nM. An inverted Olympus IX71
fluorescent microscope with an EMCCD camera was used to
take the transmission grating-based spectral images. The prin-
ciple of transmission grating-based spectral microscope is
illustrated in Scheme 1. A transmission grating was inserted
between the optical outlet and the EMCCD camera, and
divided a beam from an emitter into two beams. One beam in
the shape of a dot was in the original propagation direction
and referred to as the zeroth-order dot. Another beam in the
shape of a streak was from the original propagation direction
and referred as the first-order streak. The wavelength of the
emitter complied with the equation, λ = d1 × d2/s (d2 is the dis-
tance between the grating and the EMCCD chip, s is the
grating constant, d1 is the distance between the zeroth-order
dot and the first-order streak). For a given microscope, λ was
positively proportional to d1. Fig. 1A and B show the typical
single particle spectral images of TR-QD 585 and asDNA-QD
655, respectively. The d1 of TR-QD 585 was obviously smaller
than that of asDNA-QD 655. The d1 distribution of randomly

selected QDs was plotted in Fig. 1C. The d1 distribution of
TR-QD 585 did not overlap with that of asDNA-QD 655 at all.

Image analysis

Images were opened with ImageJ software. The zeroth-order
dot and the first-order streak from the same fluorescent
emitter were paired by position. The zeroth-order dots and the
first-order streaks that could not be paired were excluded from
the subsequent data analysis. The QDs and the QDs with two
first-order streaks were counted. For each specimen, six
domains were randomly selected and processed.

Results and discussion
Sensing mechanism

As shown in Scheme 2, the hairpin DNA containing a triple
helix stem was immobilized onto a QD 585 (TR-QD 585). The
hybridization between the target and the loop opened the
stem. Consequently, asDNA immobilized onto a QD 655
(asDNA-QD 655) could hybridize with the opened DNA, yield-
ing a two-color QD aggregate (QD 655 and QD 585). A two-
color QD aggregate could be regarded as a target ctDNA. In
theory, the maximum distance between the aggregated QDs
was the sum of the lengths of the dsDNA a, dsDNA b, and
dsDNA c (Scheme 2), and this was calculated to be 10.2 nm
according to the distance of 0.34 nm between two neighboring
base pairs. Because this distance was below the optical micro-
scope resolution of 200 nm, the aggregated QDs could not be
identified as individual objects but as one. When observed by
transmission grating-based spectral microscopy, the distance
between the zeroth-order dot and the first-order streak was in
direct proportion to the emission wavelength. Therefore, it was
deduced that: (1) the two-color QD aggregate showed a one
zeroth-order dot because their dots overlapped, and (2) the
two-color QD aggregate exhibited two first-order streaks

Scheme 1 The setup for single particle transmission grating-based
spectral imaging.

Fig. 1 Typical single particle spectral images of TR-QD 585 (A) and
asDNA-QD 655 (B), and the distribution of the distance between the
zeroth-order dot and the first-order streak (C).
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because the streaks of TR-QD 585 and asDNA-QD 655 did not
overlap. Conversely, the dispersed QDs presented one zeroth-
order dot and one first-order streak. Therefore, the target
ctDNA can be identified by the unique spectral pattern of the
two-color QD aggregate: two first-order streaks.

The DNA sequence of the KARS gene which is related to
lung cancer was used as the model ctDNA. The principle was
tested by comparing the spectra of TR-QD 585 and asDNA-QD
655 in the presence of the target to that in the absence of the
target. Typical spectral images are shown in Fig. 2A and B. The
spectral patterns without the target were same, being one
zeroth-order dot and one first-order streak. Conversely, when
the target was present, the spectral patterns with one dot and
two streaks appeared, which indicating that the target induced
the two-color QD aggregates.

Optimization of the experimental conditions

The ratio of TR-QD 585 to asDNA-QD 655, NaCl concentration,
and the total concentration of QDs in the reaction solution
were optimized. The percentage of the two-color QD aggregates

in the total QDs was used to weight the results, and is defined
as the aggregate rate. Each value of the aggregate was deter-
mined from over 200 QDs. Fig. 3A–C show the relationship
between the previously described parameters and the aggre-
gate rate. The best results were obtained under the following
conditions: a TR-QD 585 to asDNA-QD 655 ratio of 2 to 3,
300 mM NaCl, and 2.0 nM QDs in the reaction solution.

The detection of ctDNA in PBS buffer

Under the optimized conditions, aggregate rates induced by
the target at various concentrations were measured. Fig. 4
shows the relationship between the aggregation rate and the
target concentration. The aggregation rate linearly increased
with the target concentration in the range from 10.0 pM to

Fig. 2 Typical single particle spectral images of TR-QD 585 and
asDNA-QD 655 with the target (A) and without the target (B). The
zeroth-order dots and first-order streaks marked with triangles of the
same color were paired.

Fig. 3 Results of the optimization of the reaction solution: (A) NaCl
concentration, (B) the total concentrations of the QDs, and (C) the ratio
of TR-QD 585 to DNAr-QD 655.

Scheme 2 The principle of the two-color QD aggregate formation.
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100.0 pM. The LOD was estimated to be 5.4 pM at a signal-to-
noise ratio of 3σ, and the limit of quantification (LOQ) was cal-
culated to be 34.5 pM at a signal-to-noise ratio of 10σ. A single
judgement on the two-color QD aggregate was done within
2 min, which was an improvement when compared with that
(more than 10 min) of the same-color QD aggregate.23,24

Reproducibility

Assay reproducibility was assessed by the response of the
probes from different batches to the same sample. The aggre-
gate rate of the four batches of probes remained constant as
shown in Fig. 5, indicating the good reproducibility of the
assay.

Selectivity and specificity

Good selectivity is required to accurately quantify ctDNA in a
complex sample. To evaluate the selectivity, the aggregate rates
induced by some species existing in blood were measured. The
details are given in the caption of Fig. 6. The aggregate rates of
these species were almost the same as that of the PBS buffer
and far smaller than that of the target. This difference in the
aggregate rates demonstrated that the probe had good selecti-
vity. To further evaluate specificity, the effect of the DNA
sequences on aggregate rate were investigated (Fig. 6). The
aggregate rates of the non-matched DNA and the single-base
mismatch DNA were close to that of the PBS buffer, and far

smaller than that of the perfect-match DNA. The discrimi-
nation factor (DF) is defined as:

DF ¼ ARpm � ARpbs

ARssm � ARpbs

where ARpm, ARpbs, and ARssm represent the aggregate rates
caused by the prefer-match DNA, the PBS buffer, and the
single-base mismatch DNA, respectively. The DF was calcu-
lated to be 4.6. This value was better than the one given in a
previously reported study,25 implying that the probe had
sufficient single-base discrimination capability.

Detection of ctDNA in plasma

To validate the practicability of directly quantifying ctDNA in
blood, the recoveries of the plasma samples spiked with the
target were measured. The spiked concentrations and the
recoveries are summarized in Table 1. The recoveries ranged

Fig. 4 The ctDNAworking curve.

Fig. 5 Reproducibility data.

Fig. 6 Selectivity and specificity studies. Six cations, Mg2+, Na+, Cu2+,
Fe2+, K+, and Ca2+; three anions, SO4

2−, Cl−, and CO3
2−; 20 amino acids,

proline, glycine, valine, glutamine, threonine, isoleucine, leucine,
phenylalanine, tryptophan, alanine, methionine, tyrosine, histidine,
cysteine, asparagine, aspartic acid, glutamic acid, lysine, arginine, and
serine; and eight proteins, oval albumin, transferrin, human serum
albumin, trypsin inhibitor, concanavalin A, lectin, epidermal growth
factor, and fibrinogen, were tested for their selectivity and specificity.
The concentration of each species was 10-fold higher than that of
perfect-match DNA (ctDNA). Both the concentrations of non-match
DNA and single-base mismatch DNA are the same as that of perfect-
match DNA.

Table 1 Plasma ctDNA recovery data

Sample
Added concentration
(pM)

Found mean
(pM)

Recovery
(%)

1 30 27.6 ± 1.7 92 ± 5
50 54.2 ± 1.5 108 ± 3

2 30 28.2 ± 1.4 94 ± 5
50 49.6 ± 1.9 99 ± 4
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from 92% to 108%, indicating the possibility of directly deter-
mining ctDNA in plasma.

Conclusions

The one-step quantification of ctDNA was achieved via identify-
ing and counting target induced two-color QD aggregates. This
approach showed the considerable ability to discriminate
single-base mismatch DNA, and it has the potential for being
used in the direct interrogation of ctDNA in plasma.
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