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Detection of point mutations in driver genes is of great significance for the early diagnosis, treatment, and
prognostic evaluation of cancer. However, current detection methods do not offer versatility, specificity,
and rapid performance simultaneously. Thus, multiple mutation detection processes are necessary, which
results in long processing times and high costs. In this study, we developed a thermodynamics-guided
two-way interlocking DNA cascade system for universal multiplexed mutation detection (TTI-CS). This
strategy is based on the DNA probe, which changes the thermodynamic balance of the DNA cascade
by the designed bubble structure, thereby achieving a good distinction between mutant and wild-type
DNA. The designed method greatly shortens the detection time through two-way intrusion. In addition,
this method only changes two inexpensive trigger and bridge sequences, which replace the specific and
expensive nucleic acid probes used in analyses based on traditional DNA probe methods, thereby enabling
multiple detections. We performed the detection of synthetic single-stranded DNA for the five mutation
points and successfully detected in endometrial cancer specimens. The detection limit of this method is
0.1%, which better meets the needs of clinical low-abundance multiple mutation detection. Overall, TTI-CS

is currently one of the best methods for detecting multiple mutation detections.
© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the development of genomics, increasing clinical evidence
is showing that cancer and genetic diseases are closely related to
DNA point mutations [1,2]. Therefore, the detection of point mu-
tations in driver genes is of great significance for the early diag-
nosis, treatment, and prognosis evaluation of cancer [3-5]. How-
ever, the abundance of human mutant DNA is generally low [6,7].
Researchers have developed many methods for detecting low-
abundance point mutations. The principle of the traditional detec-
tion method is that there is a thermodynamic difference between
wild and mutant strands caused by a single mutant base, and
then polymerase chain reaction (PCR) technology is used to dis-
tinguish between the two types of strands [8], such as droplet dig-
ital PCR [9], allele-specific blocker PCR [10,11] and co-amplification
at lower denaturation temperature-PCR (COLD-PCR) [12,13]. How-
ever, the length of PCR amplicons is usually in the range of 100-
200 bp, and the thermodynamic difference caused by a single mu-
tant base is small; therefore, these methods are not highly sen-
sitive. Moreover, these traditional detection methods cannot dis-
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tinguish between target amplicons and non-specific products [14].
In recent years, researchers have developed next-generation se-
quencing (NGS)-based methods, such as Sanger sequencing, py-
rosequencing, and single-molecule real-time (SMRT) sequencing,
which have greatly reduced the sequencing detection limit to ap-
proximately 0.02% [15-18]. However, the equipment required by
these methods is very expensive, thus increasing the cost of de-
tection.

In view of the limitations of traditional detection and NGS
methods, an increasing number of researchers are turning to post-
PCR detection methods, such as DNA probes [19], molecular bea-
cons [20], and toehold exchange probes [21]. Among them, DNA
probes are widely used because of their strong specificity and high
sensitivity. The working principle of the preliminary DNA probe is
based on thermodynamic changes caused by a mismatch between
the DNA probe and wild-type DNA [22]. Moreover, the practical-
ity of enzymes provides additional tools for improving the identifi-
cation ability of DNA probe-based post-PCR detection methods. By
coupling the thermodynamic discrimination of the DNA probe with
enzymatic signal amplification technology, the detection limit is
greatly improved, and the method is simple, fast and cheap. Com-
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Fig. 1. Schematic illustration of the working principle of TTI-CS.

bination methods based on flap endonuclease [23], endonuclease
IV [24] and lambda exonuclease [25] have been established, and
the detection limit of such methods can reach 0.01%. The enzyme-
linked DNA probe method requires the design of specific probes
for each mutation site. This necessitates the synthesis of multiple
probes, thereby increasing the cost of detection. Moreover, the con-
stant adjustment of the probe sequence during the optimization
process greatly increases the difficulty and cost of optimization.

Most cancers are caused by multiple mutations [26]. Therefore,
the establishment of a multiplexed mutation detection method is
of great significance for the diagnosis of cancer. Although there
have been several methods for multiplexed mutation detection,
such as a double-stranded DNA catalyzed strand displacement
(dsCSD) system [27], High Resolution Melting (HRM) [28], and NGS
method [15-18], they all have some limitations: the dsCSD system
is low sensitivity and time-consuming; HRM is not robust; NGS
is complicated and time-consuming. Due to these shortcomings,
the above method has been greatly restricted in the application
of multiple mutation detection. Therefore, there is an urgent need
for the development of a universal, rapid, and low detection limit
method for application to clinical genetic testing.

In this study, we developed a thermodynamics-guided inter-
locking two-way DNA cascade system for universal multiplexed
mutation detection (TTI-CS) based on thermodynamic offset. This
principle is illustrated in Fig. 1. The detection system has five DNA
strands, probes labeled with fluorophores (FAM) and quenchers
(BHQ), namely trigger, bridge, target, and blocker strands. Regions
a and c of a trigger strand combine with a bridge strand to form
a stable trigger/bridge complex. However, zone b in the middle
of the trigger strand does not match the bridge strand, so a spe-
cial bubble structure is formed in the trigger/bridge complex. Re-
gion b and parts of regions a and c of the trigger strand are also
matched with a probe to form a stable trigger/probe complex. The
stability of the trigger/bridge complex is greater than that of the
trigger/probe complex. This leads to numerous trigger/bridge com-
plexes and a very small amount of trigger/probe complexes at the
initial stage of the system reaction process (room temperature,
37 °C). However, when a target strand is added to the system, it
binds bidirectionally to a trigger/bridge complex through the toe-
hold zone (region d), to form a stable target/bridge/target com-
plex. Moreover, the dissociated trigger strand combines with a free
probe in the system, and numerous trigger/probe complexes are
also formed. The enzyme then recognizes and binds to the trig-
ger/probe complex to digest the probe. The two labeled fragments
dissociate from the trigger strand, tearing apart the fluorophore-
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quencher (FAM-BHQ1) pair and releasing the fluorescent signal. In
general, the reaction process of the system is divided into four re-
actions (reactions 1-4):

Trigger + bridge — trigger/bridge (1)

Trigger/bridge + two targets — trigger/target/bridge/target (2)

Trigger/target/bridge/target + probe

— target/bridge/target + trigger/probe (3)

Trigger/probe + enzyme — trigger

(4)

Reaction 4 is an enzymatic cyclic reaction. The trigger freed
from a trigger/probe complex continues to combine with a probe
strand in the system until all the free probes in the system are
cleaved. Therefore, the system can generate a strong fluorescent
signal. Reactions 2 and 3 are thermodynamically balanced and sta-
ble to achieve linkage, which is key to the working principle of the
system. If the influence of the bubble structure is not considered,
theoretically, the free energy change (AG) is greater than zero for
reactions 2 and 3. Therefore, reactions 2 and 3 process does not
occur under normal conditions. For linkage to occur in these reac-
tions, AG must be less than zero, which cannot be achieved by
adjusting the number of trigger/bridge base pairing. With these
facts in mind, we designed a bubble structure on the trigger/bridge
complex, which greatly reduces the thermodynamic stability of the
trigger/bridge complex. Thus, this bubble structure also greatly re-
duces the AG value of the entire reaction, enabling linkage in re-
actions 2 and 3. When target strands bind to a trigger/bridge com-
plex, the formed trigger/target/bridge/target complex is extremely
unstable, and the trigger dissociates. Owing to the existence of
single-base mutations in mutant and wild strands, there is a sig-
nificant difference in the thermodynamics. Thus, we designed the
bridge strand to completely match the mutant-type (MT) and mis-
match the wild-type (WT), so that the AG values of reactions 2
and 3 were much smaller for the former than for the latter strand.
For the MT, it is easier to combine the trigger/bridge complex to
achieve linkage in reactions 2 and 3; hence, it can be distinguished
from the WT. Notably, to increase the distinguishing effect of the
system on the two types of strands, we added a blocker strand
that exactly matched the WT. Thus, by adjusting the length of the
blocker sequence, we designed an MT process (reactions 2 and 3)
with a AG that was significantly less than zero, and a WT process
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where AG was slightly less or greater than zero. For the MT, the
linkage reaction process was as follows (reactions 5 and 6):

Trigger/bridge + two MT/blockers

— trigger/MT/bridge/MT + two blockers (5)
Trigger/MT/bridge/MT + probe
— MT/bridge/MT + trigger/probe (6)

For the WT, the above-mentioned linkage reaction process is
difficult to occur. Therefore, when designing the trigger, bridge, and
blocker sequences, we needed to determine whether the designed
sequence was appropriate, according to the predicted AG values
of the MT and WT reaction processes. In general, the system flexi-
bly adjusts the thermodynamic balance of the reaction through the
bubble structure, and a clear distinction between the MT and WT
is achieved. It is also important to note that this system uses a
strand migration reaction comprising two-way invasion of the tar-
get strand, which greatly accelerates the reaction speed and re-
duces detection time. In addition to adjusting the AG value of the
reaction, the bubble structure also retains part of the sequence,
creating a sequence that is unrelated to the target strand. Fig. 1 il-
lustrates that the bubble sequence on the trigger strand and the
bases on both sides of the bubble is completely unrelated to the
target sequence. Therefore, when the sequence of the target strand
changes, only the trigger and bridge sequences need to be changed
accordingly. This can be achieved at a low cost and short process
time.

We proceeded to verify the feasibility of the designed detec-
tion system. Thus, taking the PTEN R130Q (G > A) mutation as
the modeling target, we designed and synthesized mutant strand
(MT-1); wild strand (WT-1); double-labeled (5'FAM and 3’BHQ1)
fluorescent probes containing a purine/pyrimidine (AP) position in
the middle of the strand (AP probe); and a series of a bridge,
trigger, and blocker sequences (Table S1 in Supporting informa-
tion). First, based on the ratio rates of MT-1 and WT-1 reaction
determined by different trigger/bridge combinations, we chose the
bridge-2/trigger-2 combination with the best effect, indicating that
the sequence length of the bubble structure is 4 nt (Fig. 2a). We
then further optimized the reaction conditions, including bridge,
blocker sequences and concentration (Fig. S2 in the Supporting
information). Subsequently, we used this method under the op-
timized conditions to measure the fluorescence curves of PTEN
R130Q. As shown in Fig. 2b, the ratio of the rate of MT-1 and
WT-1 was approximately 45. As mentioned earlier, TTI-CS adopts
a two-way intrusion strand migration rapid reaction process, so
that MT-1 and WT-1 can be distinguished within 60 min. An-
other highlight is that it is applicable to other enzyme-linked sig-
nal amplification strategies. Thus, we next used lambda exonucle-
ase instead of endonuclease IV, while maintaining the other con-
ditions constant (Fig. S3 in Supporting information). The gel elec-
trophoresis experiment proved the occurrence of the above reac-
tion process (Fig. S4 in Supporting information). Subsequently, we
built a theoretical calculation model, to predict the best bridge,
trigger, and blocker sequences by calculating AG during the en-
tire reaction process of WT and MT, respectively (Supporting
information).

As mentioned above, the most prominent advantage of this sys-
tem is that for all the DNA point mutations, the probe can re-
main unchanged, which greatly facilitates multiplexed mutation
detection and reduces the cost of detection. We also verified the
unique versatility of the system through numerous experimental
data. First, we chose BRCA1/c.2082C>T, EGFR L858R as modeling
mutation sites and synthesized the corresponding MT, WT, bridge,
trigger and blocker strands. Next, through theoretical calculation
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model and optimization of reaction conditions, we selected the
best response sequence (Fig. S5 in Supporting information). Finally,
under optimized conditions, we used endonuclease IV to measure
the fluorescence curves of BRCA1/c.2082C>T and EGFR L858R. The
ratio of the rise rates of the fluorescence signals of MT-2 and WT-
2 for BRCA1/c.2082C>T was 9.2 (Fig. 2¢), while that of MT-3 and
WT-3 for EGFR L858R was approximately 8.5 (Fig. 2d). We also
used lambda exonuclease to measure the fluorescence curves of
BRCA1/c.2082C>T and EGFR L858R. The ratio of the rise rates of
BRCA1/c.2082C>T was approximately 6.5, while that of EGFRL858R
was 7 (Figs. S6a and b in Supporting information). The above ex-
perimental data fully prove that in multiple detections, compared
to other detection methods, TTI-CS has the advantages of simplic-
ity, speed, and efficiency.

Overall, we demonstrated the universality and discrimination
ability of TTI-CS. We next evaluated the performance of this
method in the detection of low-abundance mutations. Thus, taking
PTEN R130Q, BRCA1/c.2082C>T, EGFR L858R, PTEN rs1473918395
and PTEN rs943020113 as the target mutations, we used the syn-
thetic WT of each mutation point to dilute the MT, and prepared a
series of mixed samples with a mutation abundance in the range
of 100%-0.1%. We then used this system to measure the fluores-
cence curves of all the mixed samples at three mutation points.
With the aid of endonuclease IV (Figs. 3a-c and Figs. S7a-b in Sup-
porting information), the detection limit of these three mutation
points all reached 0.1%, and all of them were completed in less
than 1.5 h. With the assistance of lambda exonuclease (Figs. 3d-
f), the detection limit of these three mutation points also reached
0.1%. This shows that TTI-CS method displays good low-abundance
mutation detection performance, fast and stable. Moreover, com-
pared with time-consuming NGS and dsCSD system methods, the
detection time of TTI-CS is greatly shortened to 1.5 h in Fig. 3, and
the most important thing is that the universality is well reflected
by 5 mutation sites detected (Fig. 3 and Fig. S7 in Supporting in-
formation). Notably, TTI-CS based on bidirectional replacement re-
quires the combination of two target strands on a bridge to form
a trigger/target/bridge/target complex structure. Therefore, the de-
tection limit of the TTI-CS is affected to a certain extent. In addi-
tion, in the detection of low-abundance mutations, the probabil-
ity of two target strands binding to one bridge is greatly reduced,
thereby affecting the detection limit of this method. However, this
problem can be eliminated by increasing the concentration of the
test target strand by various methods including PCR amplification
technology, target strand enrichment technology, to improve the
TTI-CS detection limit.

Notably, it was necessary to explore the feasibility of the TTI-
CS in clinical samples. The workflow is illustrated in Fig. 4a: First,
we chose PTEN R130Q as the targeting mutation and removed the
frozen cancer and normal endometrial tissue from liquid nitrogen.
We then designed and synthesized the primers (FP and RP). Next,
we extracted genomic DNA from the above-mentioned tissue and
amplified the target DNA (WT-1-L and MT-1-L) by PCR. We then
detected the PCR products by Sanger sequencing. The results re-
vealed (Fig. S8 in Supporting information) that the mutation abun-
dance of PTEN R130Q in a normal sample was 0%, while in a cancer
sample was 50%. We proceeded by diluting the mutant DNA with
genomic wild-type DNA to prepare a series of mixed DNA sam-
ples with a mutation abundance in the range of 50%-0.1%. We then
used two-step (conventional and asymmetric) PCR and further pro-
cessed the PCR product to obtain the target single strand. Finally,
we detected the target single strand using TTI-CS. With the assis-
tance of endonuclease 1V, the TTI-CS detection limit was 0.1%, and
was completed within 1.5 h (Fig. 4b), while with the aid of lambda
exonuclease, the TTI-CS detection limit was 0.1% (Fig. 4c). In ad-
dition, to verify the accuracy of our test results, we used Sanger
sequencing to detect the test target single strands (Fig. S9 in Sup-
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Fig. 2. (a) Optimization of the bubble length of bridge/trigger complex. (b-d) With the help of endonuclease 1V, the fluorescence curves of PTEN R130Q, BRCA1/c.2082C>T,

and EGFR L858R mutation points.
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Fig. 3. (a-c) With the help of endonuclease 1V, the fluorescence curves for low abundance detection of PTEN R130Q, BRCA1/c.2082C>T, and EGFR L858R mutation points.
(d-f) With the help of lambda exonuclease, the fluorescence curves for low abundance detection of PTEN R130Q, BRCA1/c.2082C>T, and EGFR L858R.

porting information). The detection results of TTI-CS are clearly
consistent with the sanger sequencing results.

In summary, we changed the thermodynamic balance and char-
acteristics of the containment sequence by employing a bubble
structure and used the principle of two-way invasion strand mi-
gration reaction to increase the reaction rate and constructed TTI-
CS for low-abundance mutation detection. Using TTI-CS, we per-
formed five-plex detection on three DNA point mutations of PTEN
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R130Q, BRCA1/c.2082C>T, EGFR L858R, PTEN rs1473918395 and
PTEN rs943020113. The probe remained unchanged during the en-
tire detection process and only the bridge and trigger sequences
were replaced. This demonstrates the universality and low cost
of the designed TTI-CS method. Our system displayed a detection
limit of 0.1% in synthetic samples. TTI-CS was also successfully ap-
plied to the detection of endometrial cancer tissue samples, and
the obtained PTEN R130Q detection limit was 0.1%. This proves the
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clinical applicability of the method. Overall, TTI-CS has the advan-
tages of good versatility, high sensitivity, good stability and rapid-
ity, and low cost.
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