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a b s t r a c t

Point mutations can be used as biomarkers to perform diagnosis for diseases. In this study, a nanorobot

for low-abundance point mutation enrichment was constructed using DNA origami. The novel design

achieved limits of detection of 0.1% and 1% for synthesized DNA samples and clinical gene samples, re-

spectively. Resettability was a key property of this method, which also involved a simpler process, lower

cost and shorter detection duration than traditional enrichment methods. This novel DNA nanorobot may

enable the detection of tumor markers, potentially facilitating early cancer diagnosis.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Point mutations are random changes in the composition or se-

quence of DNA base pairs at the molecular level. Many accumu-

lated somatic point mutations can lead to diseases, including can-

cer [1–4]. Therefore, point mutations can be used as biomarkers

that provide critical information enabling early diagnosis, real-time

monitoring and treatment efficacy evaluations [5–7]. The sensitive

and rapid detection of point mutations has broad prospects for re-

search regarding the relationship between mutations and diseases

and for clinical applications. However, the abundance of point mu-

tations in the blood is too low for detection using common meth-

ods. Therefore, there is a high demand for methods that improve

the accuracy and convenience of DNA-based molecular diagnoses

by increasing the abundance of gene mutations in clinical samples

[5,8–12].

Researchers have developed a variety of methods for the enrich-

ment of low-abundance point mutations, such as selective poly-
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merase chain reaction (PCR) [13–17], magnetic bead-based enrich-

ment [18], CRISPR-Cap [19] and duplex-specific nuclease-based en-

richment [20], which are highly effective and widely used. The cur-

rent methods have the advantage of low detection limit, but there

are some drawbacks such as complicated operation process, com-

plex reaction components and non-specific adsorption of mutant

DNA [13–20]. Therefore, to overcome these shortcomings, novel

methods are needed for the enrichment of low-abundance point

mutations.

Recently, DNA nanotechnology has emerged in the field of tu-

mor recognition and treatment [21–24]. The following character-

istics of DNA materials enable many biomedical applications and

provide advantages over other nanomaterials: (1) the hybridization

between DNA molecules, which follows the Watson-Crick comple-

mentary base-pairing principle and enables designability; (2) the

size and shape of DNA nanostructures, which can be controlled

via the DNA origami technique invented in 2006; and (3) the sim-

plicity, efficiency and low cost of DNA synthesis and modification

[23,25]. DNA nanorobots enable precise tumor treatment by iden-

tifying specific tumor-related molecules [26]. DNA nanomaterials

also play an important role in tumor detection. Zhao et al. devel-

oped a platform by using the unique function of DNA nanoma-

terials to capture and isolate circulating tumor cell using three-
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Scheme 1. Design of DNA nano-hunter for low-abundance point mutations enrichment.

dimensional (3D) DNA networks comprising repeating adhesive ap-

tamer domains [27]. Cheng et al. designed an ultrasensitive sensing

platform for microRNA detection based on branched DNA struc-

tures, which has broad application prospects in early diagnosis of

primary cancer [28]. Therefore, we believe DNA nanotechnology is

an innovative approach to enrich of low-abundance point muta-

tions for early cancer diagnosis.

In this work, we design a DNA nanorobot capable of au-

tonomously capturing DNA, which is called DNA nano-hunters. As

shown in Scheme 1, a DNA tile of approximately 70 nm × 100

nm was created using DNA origami. It was then inserted with 180

“hands”, forming a nano-hunter. They capture large amounts of in-

terfering wild-type DNA (wtDNA) entirely by complementary base

pairing. There is a base mismatch between mutant DNA (mtDNA)

and nano-hunter, which leads to a decrease of their binding, so

that wtDNA can be removed by ultrafiltration and mtDNA is en-

riched. The novel nanorobot could enrich low-abundance point

mutations and thereby improve their relative abundance in clini-

cal blood samples.

We first constructed a two-dimensional nanostructure (the 1L-

sticky tile) using DNA origami (schematic shown in Fig. S1B in Sup-

porting information) [29–31]. The 1L-sticky tile was composed of a

scaffold strand and more than 200 staple strands attached via base

pairing. The staple strands were 20 bases (7 spacers and 13 sticky

ends) longer than those of the typical DNA tile structure (1L). This

design simplified and reduced the cost of the screening and re-

placement of hand strands. Atomic force microscopy (AFM) char-

acterization showed that the 1L-sticky tile (Fig. 1A, central panel)

was approximately 0.97 nm taller than the 1L tile (Fig. 1A, left

panel). We designed ten different types of hand strand (hands 10–

19) to capture the wtDNA of the breast cancer susceptibility gene

[BRCA1 L771L (2430T > C)]. These different hand strands com-

prised 10–19 bases complementary to those of the wtDNA, and

each contained one base mismatch with the mtDNA in the mid-

dle region of BRCA1.

We incubated the 1L-sticky tiles with each of the ten types

of hand strands and performed purification, yielding ten differ-

ent DNA nano-hunters. The nano-hunters were then incubated

with BRCA1 wtDNA and mtDNA, respectively. After ultrafiltration,

the filtrate was collected for real-time quantitative PCR (RT-qPCR).

WtDNA or mtDNA captured by nano-hunter was trapped in the up-

per layer of the ultrafiltration spin column via ultrafiltration pro-

cess, and the free wtDNA or mtDNA was in the filtrate at the

bottom. The hands of hunter-n compose n bases completely com-

plementary to the wtDNA of BRCA1 gene, while single-base mis-

matched with mtDNA in the middle. Therefore, the ratio of the

Fig. 1. AFM images (A) and height comparison (B) of 1L origami, 1L origami with

sticky strands and nano-hunter. Data are represented as mean ± standard deviation

(SD), n ≥ 10. P-values were calculated with student’s t test, ∗∗∗∗P < 0.0001, ####P <

0.0001.

mtDNA in the filtrate to the wtDNA in the filtrate (discrimination

efficiency) would reflect the discrimination efficiency of hunter-n.

Fig. 2A and Fig. S2 (Supporting information) illustrate that hunter-

15 had the highest capture efficiency for wtDNA and a low capture

efficiency for mtDNA, and the discrimination efficiency is the high-

est. Therefore, hunter-15 was identified as the optimal nano-hunter

for BRCA1 and used for subsequent experiments. From the data in

Fig. S2, we speculate that the short hand strands are not efficient

in capturing wtDNA. However, longer hand strands are not always

better, as the hand strands on the surface of nano-hunter are dense

and the longer hand strands may affect their binding to wtDNA.

The 15 bases might be the optimal length among the 10 hands.

Fig. 1A (right panel) illustrates that hunter-15 was 0.92 nm taller

than the 1L-sticky tile, indicating successful assembly. The differ-

ences of the three nanostructures are significant (Fig. 1B). Mean-

while, we also demonstrated that every nano-hunter consists of

about 173 hands via measuring the concentration of hand strands

before and after mixing with 1L-sticky (Table S3 and Fig. S8 in Sup-

porting information).

Next, we tested the capture ability of hunter-15. Synthetic

wtDNA and mtDNA of BRCA1 were mixed in ratios of 1:1, 9:1 and

99:1 to obtain samples with mtDNA abundances of 50%, 10% and
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Fig. 2. Nano-hunter for synthesized BRCA1 L771L (2430T > C). (A) The capture efficiency of different nano-hunter (the efficiency of distinguishing mtDNA from wtDNA). (B)

The sequencing peaks of mtDNA with different abundances before and after enrichment.

Fig. 3. Nano-hunter for synthesized PTEN R130Q (389G > A). (A) The sequencing peaks of mtDNA with different abundances before and after enrichment by nano-hunter.

(B) The ratio of the mutant peak before and after enrichment by nano-hunter. (C) Changes of mutation peak of 1% mtDNA with the increase of nano-hunter concentration.

1%, respectively, before the nano-hunter was added. After incuba-

tion at 32 °C, the mixture was ultrafiltered via an ultrafiltration

spin column with a molecular weight cut-off of 100 kD. The fil-

trate at the bottom of the column was analyzed via PCR. We then

sequenced the PCR products using Sanger sequencing to test for

any signal changes at the mutation sites before and after nano-

hunter capture. The sequencing results are shown in Fig. 2B. Com-

pared with that in the control group, which did not contain the

nano-hunter, significant incremental mtDNA enrichment (T > C)

was observed in the group containing the nano-hunter. Fig. 2C

shows the measurements and statistics of mtDNA signals, with “In-

put” representing the “Without nano-hunter” group and “Output”

representing the “With nano-hunter” group. The mtDNA signal

was detected after enrichment with the nano-hunter even when

the abundance of mtDNA was lower than the detection limit of

the Sanger sequencing method (∼10%). These results demonstrated

that the nano-hunter was successfully assembled and capable of

capturing wtDNA, thus improving the abundance of mtDNA. There-

fore, this nano-hunter may have significant advantages for the en-

richment of low-abundance point mutations.

Then we aimed to verify the universality of mtDNA enrich-

ment via nano-hunters. We selected the phosphatase and tensin

homolog deleted on chromosome ten [PTEN R130Q (389G > A)]

gene for further experiments. Similar to the results of the prior

experiment, the nano-hunter bound to PTEN wtDNA and enriched

mtDNA at abundances of 10% and 1% (Figs. 3A and B). Further-

more, even when the abundance of mtDNA was as low as 0.1%, the

sample still generated an mtDNA signal when analyzed by Sanger

sequencing after enrichment with the nano-hunter. Fig. 3C shows

that the mtDNA signal peak intensity increased with increasing

nano-hunter concentration, further demonstrating the functional

success of the nano-hunter.

In the methods for enriching low-abundance point mutations,

we believe that removal of wtDNA is performed more success-

fully than capture of mtDNA. The latter requires further separa-

tion of mtDNA from the capture tool after the capturing process,

which increases the number of experimental steps and may also

cause substantial mtDNA loss [16,18–20]. The enrichment mecha-

nism of our newly developed nano-hunter is removal of wtDNA.

Besides, the preparation of the nano-hunter was simple and effi-

cient, and it was composed entirely of DNA, enabling better target-

ing and specificity for DNA sequences than other materials. Most

importantly, the nano-hunter was also resettable, meaning that the

nano-hunter used to enrich the mtDNA of gene A could be con-

verted into another nano-hunter capable of enriching the mtDNA

of gene B. Since there are many kinds of point mutations, methods

that can be reset and reused for treating different targeting muta-

tions would be highly preferred. The nano-hunter only consists of

DNA strands, therefore it can easily realize resetting and reusing.

Fig. 4A illustrates the principle of resettability. The nano-hunter

used for BRCA1 mtDNA enrichment was reset for PTEN mtDNA en-

richment via only three simple processes: addition of the com-

plementary strands of hands for BRCA1, addition of the hands for

PTEN and purification. Fig. 4B illustrates that the wtDNA of BRCA1

was successfully captured before the nano-hunter was reset (af-

ter incubation of the wtDNA with the nano-hunter, ultrafiltration,

and qPCR analysis of the filtrate, a significant reduction in the

amount of BRCA1 wtDNA in the filtrate was observed (red col-

umn). After resetting the nano-hunter, the filtrate from the nano-

hunter treatment group exhibited only a slight decrease in the
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Fig. 4. Verification of nano-hunter resettability. The verification for the resettability

of nano-hunter. (A) Schematic diagram of resettability verification of nano-hunter.

(B) The capture efficiency of nano-hunter for BRCA1 wtDNA and PTEN wtDNA be-

fore and after the resetting nano-hunter. Red column: the amount of BRCA1 wtDNA

remaining in the filtrate after incubation and ultrafiltration with nano-hunter be-

fore resetting nano-hunter; Blue column: the amount of BRCA1 wtDNA remaining

in the filtrate after incubation and ultrafiltration with nano-hunter after resetting

nano-hunter; Purple column: the amount of PTEN wtDNA remaining in the filtrate

after incubation and ultrafiltration with nano-hunter after resetting nano-hunter.

Data are represented as mean ± SD, n = 3.

Fig. 5. Enrichment of clinical sample with PTEN R130Q (389G > A) gene by nano-

hunter. (A) Schematic diagram of clinical sample preparation. (B) The sequencing

peaks of mtDNA with different abundances from clinical samples before and after

enrichment by nano-hunter.

amount of BRCA1 wtDNA (blue column) and a significant decrease

in the amount of PTEN wtDNA (purple column). Therefore, via a

few simple processes, we were able to “format” the nano-hunter

and “reload” it as a new nano-hunter, analogous to the formatting

of a compact disc. This property may be unique to our enrichment

materials and methods.

All the above experiments were performed using synthetic

single-stranded DNA (ssDNA). However, clinical detection involves

a double-stranded genomic DNA analyte. Therefore, we combined

our method with PCR to enrich the mtDNA in clinical samples.

PTEN mtDNA and wtDNA were extracted from formalin-soaked

samples of endometrial carcinoma and normal tissues, respectively

[9]. Next, we amplified the target fragment by PCR and used ge-

nomic wtDNA to dilute the genomic mtDNA [PTEN R130Q (389G

> A) in endometrial carcinoma tissue], yielding samples with dif-

ferent abundances of mtDNA (50%, 10%, 1%, 0.1% and 0%). The ex-

tracted DNA samples were amplified by asymmetric PCR to gen-

erate ssDNA (Fig. 5A). The abundance of mtDNA in the 50%, 10%

and 1% groups was significantly increased after treatment with the

nano-hunter, suggesting that this method was also applicable to

clinical samples (Fig. 5B and Table S2 in Supporting information).

In this work, DNA origami was applied to enrichment of cancer-

related low-abundance point mutations. A nano-hunter was con-

structed using DNA origami, and hundreds of “hands” were in-

stalled on the surface of nano-hunter through DNA self-assembly.

This novel enrichment method based on DNA nano-hunters elimi-

nated DNA interference by using sample pretreatment before PCR

amplification, and improve the abundance of the detection target—

mtDNA. In addition, the nano-hunter was wholly composed of DNA

strands, thus minimizing non-specific removal of the target DNA.

This method was also advantageous due to its simplicity, short ex-

perimental period, and resettability. Compared with the fluorescent

probe and PCR method, this strategy enriches the mutant target in

a lower wild-type background. The system is resettable and uni-

versal as well, and its optimization process is economical.

In the future, optimizing the system parameters and choos-

ing the more sensitive method to detect the target after en-

richment will further improve the property of this method. The

applications of toehold-mediated strand displacement reaction

and temperature-dependent chain hybridization will allow nano-

hunters to be more easily recycled than other enrichment ma-

terials [32,33]. More importantly, the structure of DNA origami

is highly flexible and modifiable. Multiple modifications to the

DNA origami substrate can greatly enhance the function of DNA

nanorobots. For example, assembling multiple hands that can cap-

ture different target genes would allow a single nano-hunter to

simultaneously enrich different point mutations, significantly im-

proving the experimental efficiency. The novel DNA nano-hunter

designed in our study may serve as a valuable tool for the enrich-

ment and detection of tumor markers, potentially enabling early

cancer diagnosis.
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