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ABSTRACT:  

Background: Circulating Tumor DNAs (ctDNAs) are a highly promising 

cancer biomarker, potentially applicable for non-invasive liquid biopsy, and 

disease monitoring. However, to date sequencing of ctDNAs has proven to be 

challenging primarily due to small sample size and high background of 

fragmented cell free DNAs (cfDNAs) in the circulation derived from normal 

cells, specifically in early stage cancer.  

Methods: Solid-state Nanopores (ssNPs) have recently emerged as a highly 

efficient tool for single-DNA sensing and analysis. Herein, we present a rapid 

nanopore genotyping strategy to enable an amplification-free identification 

and classification of ctDNA mutations. A biochemical ligation detection assay 

was used for the creation of specific fluorescently labelled short DNA reporter 

molecules. Color conjugation with multiple fluorophores enabled a unique 

multi-color signature for different mutations, offering multiplexing potency. 

Single-molecule readout of the fluorescent labels was carried out by electro-

optical sensing via solid-state nanopores drilled in titanium oxide membranes. 

Results: As proof of concept, we utilized our method to detect the presence 

of low-quantity ERBB2 F310S and PIK3Ca H1047R breast cancer mutations 

from both plasmids and xenograft mice blood samples. We demonstrated an 

ability to distinguish between a wild type and a mutated sample, and between 

the different mutations in the same sample. 

Conclusions: Our method can potentially enable rapid and low cost ctDNA 

analysis that completely circumvents PCR amplification and library 
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preparation. This approach will thus meet a currently unmet demand in terms 

of sensitivity, multiplexing and cost, opening new avenues for early diagnosis 

of cancer.  
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Introduction 

The ability to quickly and accurately identify and quantify genetic variations in 

clinical samples has raised intense interest due to its broad medical diagnostic 

applications. Examples include the classification of antibiotic resistant 

pathogens(1)(1), controlling the spreading of pandemics(2) and cancer 

diagnostics especially at the early stages of the disease(3). Circulating tumor 

DNAs (ctDNAs) are fragments of DNA shed by tumors into the bloodstream. 

These fragments harbor tumor-specific aberrations, reflecting genetic 

alterations of the tumors such as point mutations(4), and can be recovered 

from plasma, serum and other body fluids(5). Mutations identified from 

ctDNAs are established biomarkers for early detection of primary and 

recurrent cancer and their identification can affect treatment outcome. 

However, the fraction of tumor-originating cfDNA in early stage cancer can be 

as low as <0.1%, complicating their accurate identification and 

quantification(6,7). To become a widespread diagnostic tool cfDNA detection 

must overcome the inherent low signal to noise ratio (SNR) in the early stages 

of tumor development, thereby enabling the quantification of an extremely 

limited copy number of target DNA molecules(8). 

Quantification of current ctDNA mutations relies primarily on Next Generation 

Sequencing (NGS) involving a high degree of Polymerase Chain Reaction 

(PCR) amplification, but obstacles remain(9,10). While these technologies 

have substantially advanced precision medicine forward, they still struggle 

with providing both sufficient sensitivity and a multiplexing capability beyond a 

few alleles(11.12). Those methods involve lengthy sample preparation, 
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including extensive amplification steps which may introduce errors, and 

require expensive reagents and instrumentation which limit their broad use 

(13). 

Nanopores are portable single-molecule sensing devices that hold great 

potential for nucleic acid biomarker analysis(14-18). Specifically, solid-state 

nanopores (ssNPs) can be used to probe low concentrations of DNA 

molecules from a diluted solution; hence they can be potentially applied for 

ctDNA quantification(19,20). In nanopore sensing, a voltage is applied across 

a thin insulating membrane typically containing a sub 10 nm size pore, 

immersed in an electrolyte solution. The ionic current flowing through a single 

pore is measured using a high bandwidth electrometer. Upon introduction of 

charged biopolymers to the solution, the local electrical field focuses the 

sample, and threads individual molecules through the nanopore. Such 

translocations of biopolymers through the pore induce distinct ion current 

blockades, with amplitudes and dwell-times that directly correspond to their 

length, cross section and charge(21-23). 

In recent work, Squires et al. detected insertions and deletions (indels) as well 

as single nucleotide variations (SNVs) by combining sequence specific 

digestions using restriction enzymes, and length classification using ssNPs 

(24). They showed that probing just a few tens of DNA copies is sufficient to 

distinguish between two SNVs with a confidence level >0.995. This detection 

method relies on the presence of a recognition site for a restriction enzyme at 

the mutation site; however, adjusting it to use with clinical samples and 

multiple targets would be difficult. Thus, a robust complimentary technique for 
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genomic variation detection, which can potentially offer higher multiplexing 

capabilities is desired(24,25). The vast majority of nanopore sensing 

publications to date have used non-clinical DNA molecules, specifically PCR 

amplicons from plasmids or synthetic DNA; hence the ability to efficiently 

target specific DNAs directly from clinical samples using nanopore sensor has 

remained largely unknown. 

Ligation based SNV detection was introduced by Landegren et al. as an 

assay for detecting the presence of a specific DNA sequence(26). In this 

technique, two ligation probes are hybridized to denatured DNA template such 

that the 5’ end of the first probe is adjacent to the 3’ end of the second probe. 

DNA ligase is then introduced, and will catalyze the formation of 

a phosphodiester bond between the two probes only if the nucleotides at the 

junction are correctly base paired to the template. Hence, by designing oligo 

pairs which meet at the mutation site, this method can distinguish between 

normal and mutated DNA, even if they differ by just a single nucleotide(27,28). 

This method was proven to be highly accurate and specific, and an effective 

tool for SNV detection mainly by Fluorescence Resonance Energy Transfer 

(FRET) measurements in which each of the two ligation probes is labeled with 

a fluorescence dye.  However, it lacks sufficient multiplexing ability to allow 

probing many genetic variations simultaneously(29. 

To enable multiplexed, specific and sensitive mutations detection using 

ssNPs, we have developed an assay in which unique genetic variations are 

converted to a molecular form via sequence specific ligation, that could be 

observed using orthogonal electro-optical sensing(29-32). In our technique, an 
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electrical voltage is used to focus the biomolecules to the ssNP, and to control 

their translocation speed. On the other hand, optical information is obtained 

from the fluorescence signals emitted by the molecules during their passage 

through the pore. Here, we present a proof-of-principle of our ability to use this 

molecular typing technique for direct, nanopore-based, cancer genotyping.  

 

Materials and Methods 

To demonstrate our assay’s capabilities towards the goal of cancer 

amplification-free genotyping, we created a breast cancer model.  A library of 

ligation detection probes was designed to recognize chosen breast cancer 

mutations. Each mutation detection 'set' was comprised of a biotinylated 

probe for separation using streptavidin coated beads and a 'tags' probe 

labelled with its own unique fluorescent color marker. Each of these probes 

had a different combination and number of fluorophores, that was read using 

the nanopore sensor, and uniquely identified the presence of a mutation in the 

sample. Notably, the coincident recording of the independent electrical and 

optical signals, reduced the chances of false positive results. 

Probe Design and Labelling 

Ligation primers were designed to match the sequence of the gene of interest 

and to meet at the mutation point (see online Supplemental Table S1). Each 

set of detection probes was comprised of two primers: First, a probe 

containing a phosphate on the 3’ end to allow the ligation reaction and a 5’ 

biotin for separation. Second, a probe labelled by a unique fluorescent 
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sequence. This primer had a poly-dT tail to which fluorophores were attached, 

spaced 20 bp from each other to minimize FRET(33). Polyacrylamide gel 

electrophoresis (PAGE) purified primers (IDT) included an amine chemical 

modification to the DNA backbone at the labelling sites. The amine group 

covalently binds to an NHS ester on the fluorophore in slightly alkaline 

conditions (pH 7.2 to 9) to yield stable amide bonds. Fluorophores used were 

DyLight 550-NHS ester or DyLight 650-NHS ester, and labelling was carried 

over night, followed by ethanol precipitation purification to remove the 

unconjugated dyes. Labelling efficiency was estimated by UV-VIS absorption 

(Agilent Technologies Cary60) as provided in the Supporting Information 

(online Supplemental Figure S5).  

Ligation Detection Assay 

Taq ligase, a highly thermostable enzyme, was used to catalyze the formation 

of a phosphodiester bond between juxtaposed 5´ phosphate and 3´ hydroxyl 

termini of two adjacent oligonucleotides when they are hybridized to a 

complementary target DNA. Its thermo-stability is important for the ligation 

assay since it involves denaturation of the DNA by heating it to 94°C. For the 

ligation process, the template DNA (100 ng of 632 bp long template DNA WT 

or mutated in each reaction) being analyzed for the presence of mutations 

was mixed with the probes (template to probes ratio was 100:1), ligase and 

the Ligation buffer (20 mmol/L Tris-HCl, 100 mmol/L Potassium Acetate, 

1mmol/L Magnesium Acetate, 1 mmol/L NAD1, 10 mmol/L DTT, 0.1% Triton 

X-100, pH 7.6). These conditions were selected after an optimization step 

(see online Supporting information section 4). Next, the mixture was heated 
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to 94 °C to denature the DNA and then the temperature was lowered to 52°C 

to allow the ligation reaction. The temperature was cycled thirty times between 

these two temperatures until terminated by cooling.  

Electro-Optical Sensing 

For the synchronous optical and electrical measurements, a nanopore chip 

was glued to a plastic cell and mounted on a closed-loop XYZ piezo 

nanopositioner (Physik Instrumente, P-561.3), with the backside facing the 

high-NA objective (Olympus Plan Apochromat 63x/1.15). Two lasers with 

center wavelengths at 561 nm and 640 nm (iFlex-Viper, QIOptiq) were 

combined and coupled to the system via a single-mode, polarization 

preserving, optical fiber. The laser emission beams were cleaned using the 

proper bandpass filters (Chroma), and their intensities were controlled using a 

variable natural density filter wheel (Thorlabs). A custom-made telescope was 

used to expand the laser beam to fully cover the back aperture of the 

objective, hence creating a diffraction-limited excitation spot. The emitted light 

was collected by the same objective followed by the appropriate long pass 

and notch filters (Chroma) and focused using a single 20 cm focal length lens. 

The emitted light was focused to either a charge coupled device (CCD) 

camera used for initial alignment of the chip window, or a 50 µm pinhole 

(Thorlabs) in confocal mode. Light passing through the pinhole was collimated 

by a 10 cm lens and split using a dichroic mirror (Semrock) with center 

wavelengths of λ=650 nm. The split light was focused onto two avalanche 

photodiodes (APD)s (Perkin Elmer SPCM- AQR-14) using 2.5 cm focal length 

achromatic doublet lenses. All lenses were obtained from Thorlabs. The ion 
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current through the nanopore was synchronously measured by two Ag/AgCl 

electrodes connected to an Axon Axopatch 200B patch-clamp filtered at 10 

KHz. The sample cell was placed in a darkened Faraday cage to prevent 

external electromagnetic noise. We used National Instruments NI-6602 for 

photon counting (sampled at 500 KHz) and a NI-6154 DAQ for the electrical 

signal acquisition (filtered sampled at 125 KHz). The two cards were 

synchronized via a common hardware connection. A custom LabVIEW 

(National Instrument) program was developed to fully control the system. See 

the online Supporting Information for detailed description of the signal 

acquisition and analysis steps.  
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Results  

Electro-optical sensing of single nucleotide mutations in nanopores 

The general workflow of our method for rapid, amplification-free, nanopore 

screening of circulating tumor biomarkers is illustrated in Figure 1a. DNA 

samples, harboring or lacking specific DNA target sequences were used as a 

template for sequence-specific ligation biochemistry resulting in ssDNA 

reporter fragments that were detected in the nanopore sensor. This was 

achieved by a library containing multiple pairs of ssDNA ligation probes, 

named the “tags probe” and “separation probe”, designed to target each 

genomic variation. The tags probes contained three fluorescent moieties to 

permit single-molecule counting using the nanopore biosensor. Each 

fluorophore combination represented a specific mutation which could be 

uniquely identified. The selection probes were biotinylated to facilitate the 

downstream separation process. The two probes were ligated only when they 

were correctly based paired to the template(27,28). Thus, the ligation 

occurred only in the presence of the target SNV. Following ligation, 

streptavidin-coated magnetic beads were used for separation of our reporter 

fragments. Finally, the reporter fragments were read by the electro-optical 

nanopore device(30) providing direct counting of each of the mutation in each 

sample (see Methods and online Supporting Information). 

Here we used nanopores in the range of 2−3 nm diameter drilled by dielectric 

breakdown (see the online Supporting Information section 8) in ultra-thin 

membranes of titanium dioxide (TiO2) that we deposited in house using 
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Atomic Layer Deposition (ALD) process (see online Supporting Information 

section 7). These freely standing membranes were 20 nm thick and previously 

found to exhibit an extremely low optical background, which was critical for 

single-molecule optical sensing(31). Figure 1b shows a typical sensing 

process using our system. The current trace (gray line) and the optical signals 

in the two detection channels (blue and red lines) were recorded before any 

sample was added, after the WT sample was introduced, and finally after it 

was replaced with the mutated sample. First, we could assess the systems 

noise for both acquired signals prior to adding any analyte. Next, after adding 

the product from the ligation reaction with WT template into the cis chamber, 

electrical current drops were observed, indicating translocation events of the 

unlabeled single stranded separation probe. No changes were detected in the 

optical signal. Nonetheless, when replacing the sample with a ligation product 

from a mutated sample, drops in electrical current, as well as spikes in photon 

counts were clearly observed. Thus, these data indicated that both unlabeled 

(separation probes) and labelled (ligation products) strands were entering 

both the pore and the confocal illumination spot of our system (see online 

Supporting Information section 9).  

Validation of the ligation detection scheme 

We evaluated our method by synthesizing plasmids containing the sequences 

of the well characterized breast cancer mutations ERBBS S310F and PIK3Ca 

H1047R. These were model genes in which specific mutations are considered 

actionable and their identification may be used to affect patient's 

treatment(36,37). First, we synthesized and linked multiple 15 bp DNA 
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segments harboring the unmutated or mutated sequences and inserted them 

into an RFP-selectable retrovirus (Figure 2a). These plasmids provided a 

target for assay development and lacked the irrelevant biological activity.  

We designed two sets of probes that can identify the presence of both 

mutations (see online Supporting Information section 3). Sequence specific 

ligation detection assay was performed both using the unmutated and 

mutated sequences, exercising the library containing our fluorescently labelled 

detection probes: three DyLigt650 dyes or three Dylight550 dyes indicating 

the presence of either ERBB2 S310F mutation or PIK3Ca H1047R mutation, 

respectively (see online Supporting Information section 5). The ligation 

reaction yield was found to be 72.2% for ERBB2 S310F and 55% for PIK3Ca 

H1047R, which means that 15.8 and 20.7 reporting molecules were 

retrospectively created for each template molecule in the reaction mix (see 

online Supporting Information section 4.3). Following ligation, streptavidin 

coated bead separation was used to wash un-ligated labelled oligos to avoid 

false positive results (see online Supporting Information section 6).  

To validate our biochemical assay in bulk we ran the ligation products on a 

15%  PAGE. The gels were scanned using two color laser scanner (Bio-Rad, 

Pharos FX) and subsequently stained with SYBR Gold in order to highlight the 

unlabeled DNA bands. The overlay of these images is shown in Figure 2b 

and 2c. We noted that ligation products were specific as band appeared only 

for the mutated samples for both mutations (lanes #3 in both gels), whereas 

they were not formed with the unmutated templates (lanes #4 - #6). Moreover, 

lanes #2 in both gels showed that the probe oligos could effectively capture 
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the target ligated products as the flow-through did not contain visible traces of 

the ligated product. These results confirmed that our ligation assay, with the 

labelled probes and bead separation steps, could be used to specifically 

identify the presence of SNVs in a DNA sample. For both samples the short 

biotinylated separation probe was released in large quantity from the magnetic 

beads. However, since they were unlabeled, they were not expected to 

interfere with downstream nanopore analysis. 

After validating our ligation assay in bulk, we analyzed the two ligation 

products using our ssNPs. Moving to the sensitive single molecule counting 

approach required dilution of samples by >2000 fold, underlying its potential 

for detecting SNVs in dilute clinical samples. In Figure 2d our ability to 

discriminate between two mutations is shown. Analysis of the synchronized 

recording of the electrical and optical traces (concatenated to preserve space) 

in two colors, distinct events representing the identity of their source can be 

observed (See online Supporting Information section 10). Each electrical 

DNA translocation event (grey curve) is accompanied by a unique burst of 

photons in either the “green” (DyLight550) or “red” (DyLight650) detectors. 

This concept can be expanded for multiplexed detection of more mutations by 

using additional colors, longer sequences, different color compositions or 

even by using other labelling methods(32). 

Nanopore mutation detection from blood samples 

We further evaluated the applicability of our method for the detection of 

mutations directly from blood. When blood sample volumes are restricted, this 
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has been proven extremely challenging using conventional methods involving 

amplification. To this end, xenograft breast cancer mouse models were 

created using two types of mouse tumor populations corresponding to the 

unmutated or mutant gene sequences, differing from each other only by the 

presence of the single nucleotide mutation sequence (Figure 3a). 

The synthesized plasmids, used for assay validation, were propagated, and 

used to transform the DNA sequences into the highly malignant breast cancer 

cell line MDA-MB-231 breast cancer cells at low copy number (Figure 3b, 

online Supporting Information section 1). MDA-MB-The cells were transduced 

with vectors containing either the unmutated or mutant sequences (left and 

right columns in Figure 4, respectively), which were stably transformed and 

identified by Red Fluorescent Protein (RFP) as shown in Figure 4c. RFP 

expressing cells were isolated by FACS and shown to be stably transformed 

to similar extents. The advantage of this strategy, as opposed to comparing 

tumor growing mouse blood with healthy mouse, was that in our strategy the 

two mice models were identically treated providing more reliable physiological 

baseline. Approximately 5·106 cells (parental or engineered) were then 

injected into the flank of NOD/SCID/g mice immune-deficient mice (8 mice per 

group). Tumors developed within two weeks and began to metastasize within 

4 weeks. Notably, both the control mice (left hand column), harboring the 

unmutated plasmid and the mice harboring the mutated plasmid (right hand 

column) reacted similarly to the injection of the MDA-MB-231 cells and 

developed visually indistinguishable phenotypes (Figure 3d). Therefore, 

statistically identical releases of cfDNA molecules were expected to be shed 
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into the mice bloodstreams, enabling a clear comparison between the two 

(36). 

At 5-6 weeks mice were anesthetized with isoflurane, and exsanguinated by 

aortic cardiac puncture, collecting on average 1.5 ml of blood. cfDNA was 

isolated from the blood using the Invitrogen MagMax cfDNA isolation kit 

(online Supporting Information section 2). The extracted cfDNA was then 

subjected to our ligation detection assay with the library probe designed to 

detect the ERBB2 S310F and PIK3Ca mutations, as explained in Figure 1. 

After bead separation, samples from both the unmutated and mutated blood 

samples were analyzed by our ssNPs system. Even though our samples were 

extracted from just 1.5 ml of total blood, after subjecting it to the ligation and 

bead purification steps, the optical signals originating from the unmutated 

sample produced only background level of fluorescence (Figure 4a) whereas 

the mutated sample exhibited clearly distinguishable optical spikes both in the 

red and green channels corresponding to passages of the target DNA 

molecules through the nanopore (Figure 4b). Both samples produced 

electrical translocation events (online Supporting Information section 11), 

confirming that DNA molecules were equally present. 

The left panels in Figure 4 present about 50 seconds of continuous recording 

of the samples. In principle, these data are sufficient to distinguish among the 

unmutated and mutated samples with reasonable confidence. To further 

solidify the results we collected the signals for an extended period of time 

sufficient to obtain hundreds of optical events and clearly count the number of 

mutated DNA copies, as shown in the events heat map (Figure 4, right-hand 
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panels). These data show the ability to resolve the two mutations in the 

sample solely according to the rise in photon count during their translocation 

events. The signal threshold level used to define the optical bursts on the WT 

data, was used to evaluate the false positive ratio (see online Supporting 

Information section 12) and the specificity of our assay, determined to be 

~96.6%.  

 

Discussion 

We present a new method for rapid detection and quantification of therapy-

resistant and actionable genetic alterations from clinical samples (blood). 

SsNPs are considered to be highly-sensitive single-molecule biosensors due 

to fact that charged molecules, such as DNA are actively funneled to the 

nanopore by long-range electrical forces(19). To date, however, ssNPs have 

primarily been applied for sensing synthetic, purified or highly-amplified 

biomolecule products. To adapts these biosensors for complex nucleic-acids 

bio-marker quantification, such as circulating tumor DNAs, present at very low 

abundancy, we developed and demonstrated a ligation based biochemical 

assay. Taking advantage of the high-sensitivity and multiplexing capability of 

the parallel electro-optical sensing in nanopores, we performed direct 

nanopore analysis of circulating DNAs from blood samples.  

To validate the assay, we developed xenotransplant mouse tumor models for 

human breast cancers expressing either unmutated control or specific 

mutated forms of driver-mutated genes as a source for sera. Importantly, both 
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the control mice and the mutated genes mice were equally treated and 

developed similar physiological state of breast cancer.  The extracted DNA 

was processed using our ligation biochemical assay, and the results were 

analyzed by our electro-optical nanopore sensors, thereby demonstrating the 

method’s ability to specifically genotype ERBB2 S310F and PIK3CA H1047R 

mutations in blood from a mouse model. The TiO2 based nanopore devices 

exhibited negligible photoluminescence and improved SNR(31), resulting in 

high specificity in classifying a mutated molecule. Future work will be focused 

on exploring metallic coatings(37) to further suppress optical fluorescence 

background to improve the detection accuracy. Here, we measured total 

fluorescence rising from each molecule, which can be used to quantify the 

number of fluorophores labelling composition(38), uniquely identifying each 

mutation. This approach can be further expanded to increase multiplexing 

capabilities by using plasmonic nanopores and molecular beacons(31, 33), 

paving the way for novel early phase cancer screening.  
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Figures 

 

 

Figure 1: A schematic description of the ligation-nanopore detection method for single molecule DNA 

mutation classification. a) Sequence specific ligation is carried out for mutation identification, creating 

single stranded DNA reporting fragments only if the variations are present in the DNA sequence. Each of 

the reporting fragment is labelled with a unique identifier fluorescent tag. The fragments are then 

captured on Streptavidin-coated magnetic beads for purification, separating only the products of the 

ligation reaction. The reporting fragments are then released from the beads using heat, and finally, 

analyzed one by one using electro-optical nanopore biosensors indicating whether specific mutations 

are present in the sample. b) Electro-optical traces for mutation identification. The nanopore ion current 

and the fluorescence emissions are interrogated simultaneously. From left to right: before adding any 

sample, after addition of unmutated sample, and after addition of the mutated sample. The sample 

chamber was washed in between samples. As the unmutated sample is analyzed, electrical spikes are 

observed due to the presence of separation probes in the sample. But when the mutated sample is 

introduced simultaneous downward spike in the ion current and upward photon bursts are apparent. 

Electrical signals from free separation probes are still seen as well as some optical spikes from molecules 

entering the confocal spot but not the pore. These are rejected later in the signal analysis process. 
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Figure 2: Design and in vitro validation of DNA vectors containing target oncogenes sequences. a) 

Target DNA sequences for the ERBB2 S310F and PIK3Ca H1047R mutations (shown in the table) 

inserted into a pTRIPZ vector. The plasmid was used for validation of ligation-based mutation 

identification scheme performed in bulk. b) PAGE analysis is shown for ERBB2 S310F mutation, and 

c) for PIK3Ca H1047R mutation. Green bands are of DNA stained with SYBR gold, while red bands 

are of fluorescently labelled DNA. Lane 1 is the ligation mix composed of the template DNA 

containing the mutation, the two detection probes and the ligation product created in the process. 

Lane 2 is the beads flow-through; any nucleic acids that did not bind to the streptavidin coated 

beads, i.e. the template and biotinylated probe. Lane 3 is the released purified product after bead 

separation, i.e. the reporting DNA fragment and unlabeled separation probe. Lanes 4-6 represent 

the same for the control sample (unmutated template). Notably, no ligation reporting fragment 

was created in this case. d) Synchronous electrical (grey) and optical signals (green and red) 

obtained from ssDNA ligation reporting fragments during translocation through a ~2 nm solid-state 

nanopore. Detection of the ligation product labelled with 3 DyLight550 dyes indicates that the 

analyzed samples harbors the PIK3Ca H1047R mutation, while obtaining a signal from the red 

channel, meaning a ligation product labelled with 3 DyLight650 dyes, indicated that the analyzed 

sample harbors the ERBB2 S310F mutation. 
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Figure 3: Construction of a xenograft mouse model for assay validation. a) DNA plasmids containing 

the unmutated or mutated sequences were introduced into MB-231 breast cancer cell line (b), and 

cells were allowed to proliferate. Puromycin positive selection was performed as shown by using 

Doxycycline (c), and the newly engineered cells were injected into nude mice and left to grow, 

metastasize and release DNA into the bloodstream (d). Ill mice were physically identical, differing 

only in the presence of the mutated target sequence in the injected breast cancer cells. After 3-5 

weeks, mice were bled, and DNA was collected and purified from their plasma. The collected cfDNA 

was isolated from the blood using the Invitrogen MagMax cfDNA isolation kit. 
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Figure 4: Analysis of the single molecule ctDNA mutation identification from the xenograft mice 

blood. Two samples are compared: a) blood samples from the mice treated with MB-231 breast 

cancer harboring the WT plasmid. b) blood samples from the mice treated with MB-231 breast 

cancer harboring the mutated plasmid. In both cases the blood samples are subjected to the 

ligation assay (Figure 1) and analyzed optically with solid-state nanopores using two colors 

simultaneously. Representative 50 second time traces are shown. The unmutated sample (a) 

does not exhibit photon pulses beyond the background noise, but the mutated sample (b) shows 

clear red and green photons spikes, corresponding to the two mutations ERBB2 S310F and PIK3Ca 

H1047R, respectively.  Electrical spikes are present in both cases (not shown). The optical scatter 

plot of green channel versus red channel (right panels) shows no distinct signal for the unmutated 

sample as expected, but presents two distinct populations, allowing quantitative differentiation 

between the two DNA mutations: ERBB2 S310F and PIK3Ca H1047R directly from the mouse 

blood sample.  

 


