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Enrichment of mutated DNA 
enables ultra-sensitive ctDNA 
detection in NSCLC using shallow 
targeted sequencing
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Liquid biopsy assays using next-generation sequencing have emerged as a promising tool in cancer 
diagnostics to aid detection of minimal residual disease (MRD) and treatment monitoring. A key 
concern is the trade-off between sensitivity and sequencing depth, with ultra-sensitive techniques 
suffering from high costs. To this end, we sought to evaluate the analytical performance of Enspyre, a 
novel ctDNA enrichment method with the potential to achieve ultra-high sensitivity at a significantly 
reduced sequencing depth. Tumour and, where available, matched normal tissue from 8 lung cancer 
patients underwent whole-genome sequencing to identify somatic variants. Custom capture panels 
designed against patient-specific variants were used to run the Enspyre assay on 72 samples (9 per 
subject) consisting of patient-derived plasma diluted into a background of healthy donor plasma. An 
additional 8 healthy donor samples were run as negative controls. Plasma samples were analysed 
using a proprietary algorithm to estimate ctDNA levels in each sample. Enspyre reached 100% (6/6) 
detection rate down to 10 parts per million (ppm) and was able to call MRD in samples as low as 5 ppm, 
while maintaining a false positive rate of zero. This was achieved despite very low DNA input (median: 
7.67 ng), without the use of molecular barcodes for error suppression and a median of only 9.6 million 
read pairs per sample. Given its low sequencing requirements, Enspyre could make liquid biopsy-based 
MRD and treatment monitoring more accessible by bringing down costs and allowing for use of smaller 
benchtop sequencing machines. While larger studies are needed to robustly establish the assay’s 
analytical performance, the results described here showcase Enspyre’s promise in cancer diagnostics.
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Circulating tumour DNA (ctDNA) liquid biopsies are a focal point for advancement in the diagnosis, treatment, 
and monitoring of cancer. There is particular interest in the use of ctDNA assays in post-treatment disease 
surveillance and detection of minimal residual disease (MRD).

The clinical standard for post-surgical surveillance is radiological imaging, however, this can only detect 
macroscopic recurrence in solid tumours. ctDNA liquid biopsies have the potential to detect MRD earlier, as 
ctDNA detection has been shown to precede clinical recurrence across multiple cancer types, including breast1,2, 
colon3, and lung cancer4–6. With longer lead times on recurrence and better risk predictions, there is potential 
for improved therapy management for patients, including treatment (de)escalation3,7, as well as ctDNA-based 
therapeutic response and resistance monitoring8. An ongoing challenge in improving the clinical application of 
liquid biopsy assays is the low amount of ctDNA present in a sample, which is often 100 parts per million (ppm) 
or lower in MRD4,9 due to low shedding from residual tumour cells and fast clearance rates of cell-free DNA 
(cfDNA) (Martin-Alonso 2024). There is a need for ultra-sensitive assays in order to reliably detect ctDNA at 
such levels.

In the past decade, advances in sequencing technologies have led to marked improvements in detection 
sensitivity. Whole-exome sequencing of primary tumour tissue becoming commercially viable allowed for the 
development of personalised tests that specifically track a patient’s somatic variants in plasma7,10. These early 
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tumour-informed assays significantly improved analytical sensitivity11,12, but still suffered from moderate (< 100 
variant) panel sizes which can hamper clinical detection in low-shedding tumours or sub-clonal recurrences. 
More recently, improved noise suppression methodologies, coupled with whole-genome sequencing based 
variant discovery, have enabled the interrogation of thousands of variants without sacrificing specificity13–15. 
While this increase in search space means assays can push detection sensitivities into the single-digit ppm range, 
it also requires much higher sequencing depth to achieve sufficient coverage across all target regions2. This 
significantly drives up per-sample costs and limits wide-spread implementation and clinical adoption due to the 
requirement for sample batching and use of high-throughput sequencing platforms.

Enspyre is a novel enrichment technology that expands upon traditional hybridisation capture methods16. 
While standard hybridisation capture provides enrichment of target regions, Enspyre enables enrichment 
of specific variant molecules, thus significantly reducing sequencing depth requirements without sacrificing 
sensitivity. By enabling higher sample throughput on larger sequencing platforms, and making ctDNA analysis 
viable on benchtop sequencers, Enspyre has the capability to increase accessibility of ctDNA assays through cost 
reduction and shorter turnaround times per sample.

Here, we demonstrate the performance of Enspyre-based MRD detection and quantification using matched 
tissue and plasma from lung cancer patients. These results illustrate the ability of Enspyre to consistently detect 
ctDNA down to 10 ppm from low input samples (median 7.67 ng), with just 9.6 million read pairs per sample, 
constituting a 98% reduction in sequencing depth compared to other commercially available assays2.

Methods
Patient sample collection
The samples used in this manuscript were commercially obtained from National Bioservice (NBS) in 2019. These 
samples were derived from non-US donors and were represented as having been collected under appropriate 
donor consent at the time of purchase.

Sample description
FFPE slides from eight patients were macrodissected to enrich for tumor tissue and provide normal samples to 
facilitate probe design and analysis. For each patient, both tumor and adjacent normal tissue were collected from 
multiple slides. Sufficient tumor tissue was recovered from all eight macrodissections, but only six out of eight 
subjects had sufficient normal tissue available. The combined tissue was extracted, and gDNA was quantified 
using Qubit and the Promega ProNex qPCR assay (Table 1).

Matched tumor and plasma samples were characterized to confirm shedding status and establish a mean 
variant allele frequency (mVAF). These plasma samples were sequenced using a proprietary 700-gene panel 
developed by AstraZeneca. Based on the mVAF, patient plasma was diluted to a target 1% variant allele frequency 
using large volumes of healthy donor plasma17. Once the 1% intermediate was confirmed by sequencing, a 
dilution series was prepared for testing.

In addition to the patient-derived dilution series, an additional 68 plasma samples from healthy donors were 
run through Enspyre to assess specificity of the assay. Of these, 8 (one for each patient panel) were included in 
the same Enspyre runs as the respective dilution series to serve as negative controls. The remaining 60 samples 
were run separately to test Enspyre’s specificity (see section “Assessment of assay specificity” below).

Whole genome sequencing and panel design
WGS was generated at AstraZeneca using the NovaSeq X instrument. WGS data was analysed with the Sarek 
somatic variant calling workflow18, using mutect219 and strelka20 variant callers. To be counted as a valid call, 
variants had to be identified by both callers. Called variants were filtered for sequencing depth, allelic depth, 
allele frequency in tumour tissue, presence in matched normal tissue (where available) and mappability. The 
set of filtered somatic variants was used as input into Biofidelity’s proprietary probe design tool16. Final panels 
were selected based on variant allele frequencies and predicted probe performance. A total of eight sample-
specific probe pools were ordered as oPools from Integrated DNA Technologies. In addition to the personalised 
probes, each pool also included 5 pre-set control probes, designed against the reference genome. These probes 

Subject ID

DNA input (ng) Median coverage
N. of somatic variants 
identified

N. of probes designedTumour Normal Tumour Normal Pre-filtering Post-filtering

Lung-1 8.0 N/A 72 N/A 62,730 42,190 1995

Lung-2 12.7 62.9 31 48 76,170 1960 1464

Lung-3 200.0 219.4 150 52 41,370 24,490 1995

Lung-4 200.0 37.2 120 47 45,740 26,530 1995

Lung-5 112.0 N/A 128 N/A 56,820 37,930 1995

Lung-6 200.0 216.6 116 48 68,620 42,820 1995

Lung-7 215.1 67.1 145 64 76,140 52,850 1995

Lung-8 13.0 23.6 72 35 39,380 1980 1359

Table 1.  Characteristics of whole-genome sequencing samples included in the study. Two subjects (Lung-1 
and Lung-5) did not have sufficient normal tissue recovered and only the tumour sample was sequenced.

 



Scientific Reports |        (2026) 16:27016 3| https://doi.org/10.1038/s41598-026-57421-5

are expected to return DNA molecules regardless of the presence of ctDNA and thus serve as in-sample controls 
of the Enspyre reaction.

Library preparation, Enspyre enrichment, and sequencing
Adapter-ligated libraries were prepared from 0.84 to 23.58 ng (median 7.67 ng) of cfDNA using the Watchmaker 
Genomics DNA Library Preparation kit (7K0103-096) and xGen™ CS Adapter (IDT, 1080799). Libraries 
were amplified with 8 cycles of PCR and uniquely indexed using xGen™ UDI 10nt Primer Plates 1–4 (IDT, 
10008052). Pre-capture libraries were quantified using the Qubit Flex Fluorometer (1x dsDNA High Sensitivity 
kit, Invitrogen, Q33230). Enspyre target enrichment was performed on 200–900 ng (median 623 ng) of adapter-
ligated libraries as described in Anton et al., 2025, using custom sample-specific probe panels. Final sequencing 
libraries were quantified with the Qubit Flex Fluorometer (1x dsDNA High Sensitivity kit, Invitrogen, 
Q33230) and the Kapa Library Quantification Kit (Roche, 796014000). Fragment sizes were measured with the 
Tapestation High Sensitivity D1000 assay (Agilent, 5067–5584 and 5067–5585). Between 12 and 14 libraries 
were pooled in an equimolar manner per sequencing run. Pooled libraries were loaded at 2 pM and sequenced 
on a NextSeq 550 instrument using a 2 × 150 cycle mid-output kit (Illumina) by the Cambridge Biochemistry 
DNA Sequencing Facility (University of Cambridge). A median of 9.6 million read pairs were generated per 
sample (Supplementary Fig. 1).

Bioinformatics analysis
Sequencing data were analysed with Biofidelity’s in-house analysis pipeline to derive mutant molecule counts for 
each variant in a panel as previously described16. Briefly, sequencing reads were aligned to a reference genome21 
and read bundles formed based on unique molecular identifier (UMI) tags (“with-UMI” analysis) or based on 
read information only (“no-UMI” analysis). Duplex and single-strand molecule counts were then derived from 
the read bundle consensus for a given variant.

Sample QC was performed using molecule counts for 5 fixed in-sample control probes included in every 
panel. These probes are designed to target non-mutated reference sequences, and therefore are expected to 
enrich molecules regardless of the presence of ctDNA in a sample. An absence or a low number of control 
molecules returned indicates issues during library preparation and/or Enspyre enrichment (e.g. low efficiency in 
adapter ligation; hybridisation failures; molecule loss during washing steps; etc.). Samples for which the average 
number of control probe molecules fell below a calibrated threshold were classified as dropouts.

To estimate ctDNA levels, the mutant molecule counts for the targeted variants were input into a Bayesian 
MRD estimation model, which uses the observed data together with priors on background error rates, probe 
performance and library preparation efficiency to derive a posterior distribution of sample-level VAF estimates 
through iterative sampling. The mean of this distribution is taken as the quantitative ctDNA readout. Binary 
(presence/absence) ctDNA calls are made based on the cumulative distribution of the posterior estimates. The 
MRD model software is available in binarised executable form for download from Zenodo at ​h​t​t​p​s​:​/​/​d​o​i​.​o​r​g​/​1​0​
.​5​2​8​1​/​z​e​n​o​d​o​.​1​4​3​9​2​9​0​6​​​​​. Analyses were performed blinded, meaning the dilution levels (ground truth VAF) of 
each sample were only made available after Enspyre results had been generated.

Assessment of assay specificity
To test assay specificity across operators, reagent batches and workflow runs, three of the designed panels were 
selected to be run against healthy donor samples. The selection was based on the availability of matched normal 
data for variant selection and a panel size of 1,995 targeted mutations. A total of 60 samples were processed 
through the Enspyre workflow as described above, except that xGen™ Stubby Adapters (IDT 10005924) were 
used during library preparation. DNA input into library preparation was 20 ng for all samples, and Enspyre 
enrichment was performed on 914–1951 ng (median 1472 ng) of adapter-ligated libraries. The samples were 
pooled and sequenced on a NovaSeq X 25B flow cell to a median of 27.5 million read pairs per sample using the 
partial lane sequencing service provided by Novogene. The resulting sequencing data were processed through 
the Enspyre bioinformatics workflow as described above using the non-UMI analysis path. One sample failed 
QC due to insufficient control molecules returned and was excluded from further analysis.

Results
WGS and probe design
Eight tumour samples underwent WGS to an overall median sequencing coverage of 118x (Table 1). Out of 
these, six had matched normal tissue sequenced to a median of 48x, while for two normal samples data was 
not available due to the absence of normal tissue present in the margins (Lung-5) or depletion of normal tissue 
with insufficient DNA extracted for sequencing (Lung-1). Three tumour samples (Lung-1, Lung-2 and Lung-
8) achieved less than 100x coverage, likely due to the low DNA amounts extracted. After variant calling and 
filtering, a median of 32,230 variants per sample were available for probe design, resulting in successful design 
of probe panels targeting 1995 variants (plus 5 control probes). For Lung-2 and Lung-8, fewer than 2000 variants 
passed filtering and panel sizes were thus only 1960 and 1980 variants, respectively.

Sample QC
Seventy-two patient ctDNA samples, as well as 8 in-house plasma controls, were processed through the Enspyre 
workflow. Due to the limited availability of patient sample material, most samples had less than half of the 
recommended 20 ng DNA input into library preparation for Enspyre (Supplementary Table 1). Out of the 72 
patient and 8 control samples included in this study, 1 failed library pooling after Enspyre enrichment due to 
insufficient material being recovered at the end of the workflow. A further 5 (Lung-6, s4; Lung-4, s4; Lung-4, 
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s3; Lung-7, blank and Lung-8, blank) were marked as drop-outs post-sequencing through the use of in-sample 
QC probes (Supplementary Fig. 2; Supplementary Table 1). These samples were excluded from further analyses.

The lack of matched normal WGS data in Lung-1 and Lung-5 led to the inclusion of likely germline variants 
in these panels. This resulted in marked over-estimation of ctDNA levels in these samples and false positive 
ctDNA calls in plasma control samples (Supplementary Fig. 3; Supplementary Table 1). To avoid skewing of 
ctDNA results, samples from these patients were excluded from the main sensitivity and specificity estimates, 
however, results including samples from these two subjects are presented in the supplement (Supplementary 
Figs. 3, 4, and 5). Mitigation strategies to avoid this pitfall are discussed below (Fig. 1).

ctDNA detection and quantification
From a median DNA input mass of 7.67 ng (range: 0.84−23.58 ng), Enspyre successfully detected 100% (6/6) 
of the samples at 10 ppm and 20% (1/5) of samples at 5ppm in the no-UMI analysis (Fig. 2). In comparison, 
one 10ppm sample (Lung-8, s5) resulted in a false negative in the with-UMI analysis (Supplementary Table 1). 
This sample only had 0.84 ng DNA input into the assay. At such low molecule numbers, any difference in read 
bundle assignments between the no-UMI and with-UMI analyses (e.g. due to a PCR or sequencing error in a 
UMI barcode), and a consequent discrepancy in consensus call, could impact the resulting sample ctDNA status.

In both the with-UMI and no-UMI analyses, 100% (6/6) of blank samples were correctly called as ctDNA-
negative. This specificity was maintained when including the 4 QC-passing blank samples run through Enspyre 
in addition to the patient-derived dilution series as well as the additional 59 QC-passing healthy donor plasma 
samples that were processed separately, with no false positives observed in any of these samples (Supplementary 
Table 2).

In addition to binary (presence/absence) ctDNA calls, Enspyre also provides quantitative estimates of ctDNA 
levels in a sample. Comparing estimated ctDNA levels of the with-UMI and no-UMI analyses showed near-
perfect correlation (Pearson’s r = 99.97%) (Supplementary Fig.  6). Further analyses of ctDNA quantification 
therefore focused on the no-UMI results. Linear regression of Enspyre’s ctDNA level estimates on ground 
truth target dilution values yielded a significant fit (p-value < 2.2*10-16, correlation coefficient r = 0.90). For 
samples called ctDNA-positive, Enspyre’s ctDNA estimates were on average 1.22-fold higher than target values 
(min = 0.21, max = 2.06) (Fig. 3).

Fig. 1.  CtDNA detection results across samples. Samples are sorted along the x-axis by expected (ground-
truth) ctDNA levels. Dots represent estimated ctDNA levels, with error bars showing the standard deviation of 
the posterior mean estimate. DNA input levels for each sample in nanograms are shown along the top of each 
panel. Dropout samples are excluded from the plot.
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Discussion
Technologies to detect ctDNA from liquid biopsies have continuously evolved over the past decade, and their 
analytical and clinical validity (i.e. correlation with clinical outcomes) has by now been well-established22. While 
evidence of clinical utility from interventional trials is still scarce, an increasing body of evidence supports 
the use of ctDNA to inform patient care3,4,9,23,24. Key factors in facilitating wider use of ctDNA assays both 
in community care and clinical trial settings are detection sensitivity and ease of implementation. The results 
presented here show that Enspyre maintains detection sensitivity while reducing sequencing requirements by 
over 90%, simplifying assay setup.

Using just under 2000 probes and a median input of 7.67 ng cfDNA, Enspyre achieved 100% detection rate at 
10 ppm from patient plasma samples without the use of UMIs. While the results presented here will need to be 
confirmed in larger studies, they suggest Enspyre’s capability of detecting ctDNA in the “ultra-sensitive” range 
(< 80 ppm) deemed necessary to confidently identify patients with MRD post-surgery4. Less sensitive assays may 
miss patients at risk of clinical relapse, leading to delay in administration of adjuvant therapy and potentially 
worse patient outcomes.

At the same time, excellent assay specificity is required to avoid false positive calls, which could result in 
patients experiencing needless stress and worry while awaiting confirmatory testing; in the case of intervention 
based solely on ctDNA results, patients may also receive unnecessary treatment causing physical adverse 
effects in addition to the psychological anguish. Enspyre maintained 100% specificity in ctDNA-free samples, 
underpinning its potential use in clinical MRD testing.

Enspyre achieved accurate ctDNA quantification that scaled linearly with ground-truth sample VAFs. In 
contrast to MRD detection, ctDNA burden monitoring is of particular interest in late-stage and metastatic 
disease25, where immunotherapies have emerged as an effective and non-cytotoxic alternative to chemotherapy. 
However, timely assessment of response to treatment using standard radiographic measures remains a challenge26. 
ctDNA has been evaluated as a candidate biomarker to identify non-responders early on by monitoring ctDNA 
levels across treatment timepoints11. Similar to a robust characterisation of sensitivity and specificity, limit of 
quantification and linear range of the assay will need to be formally established through analytical validation 
studies to assess Enspyre’s applicability to ctDNA-based therapy response monitoring.

Fig. 2.  Enspyre ctDNA detection rate across different dilution types without the use of UMIs. The numbers 
of ctDNA-positive out of all QC-passing samples are annotated for each dilution level. Dropout samples and 
samples from subjects Lung-1 and Lung-5 are excluded. Due to the exclusion of 5 QC fails (dropouts), the total 
samples available for the 5, 100 and 200 ppm dilutions are 5, 4 and 5, respectively, instead of 6.
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Enspyre achieved 100% (6/6) detection down to 10 ppm despite the low DNA input amounts available. 
Detection sensitivity is expected to increase with cfDNA input amounts14 as well as with the number of variants 
queried12. Given the number of variants available for probe design was more than ten times the target panel size 
of 2000 probes, it is conceivable that improvements in Enspyre’s sensitivity could be achieved with larger panels 
and higher inputs. While other tumour-informed hybrid capture assays have been able to push sensitivity to 
below 1 ppm, this was achieved using more than 60 ng of cfDNA14, almost tenfold the input used in this study. In 
the clinic, harvesting such large amounts of cfDNA can be prohibitive both due to the volume of blood required 
and the low rate of ctDNA shedding from small or early-stage tumours27. Enspyre’s strong performance in low 
input samples (< 10 ng) is therefore promising for its applicability in clinical MRD settings.

A major challenge of implementing NGS-based ctDNA tests in the clinic is their high cost and technological 
complexity. PCR-based methods offer a more cost-effective alternative to NGS assays: droplet digital PCR 
(ddPCR) was successfully used to identify post-operative melanoma patients at high risk of recurrence28 and 
have achieved sensitive detection down to 10 ppm29. The drawback of these methods is that they typically target 
less than ten variants, limiting their scope for sensitivity improvement. Assays querying large numbers (> 1000) 
of variants achieve the best sensitivity2,14, but require ultra-deep sequencing, which drives up costs and limits 
sample throughput on smaller sequencing machines (Table  2). With Enspyre we were able to detect ctDNA 

Sample throughput across instruments

Enspyre Standard hybrid capture ctDNA assay

Per run Per run

MiSeq i100 5 M 5 0

MiSeq i100 100 M 10 0

NextSeq 550 high output 40 1

NovaSeq 6000 S4 1000 40

NovaSeqX 25B 2600 104

Table 2.  Theoretical sample throughput achievable on different Illumina sequencing platforms for Enspyre 
versus a standard hybrid capture assay without target variant enrichment. Representative numbers for a 
standard hybrid capture assay are based on 500 million reads per sample.

 

Fig. 3.  Enspyre ctDNA level estimates versus expected (ground-truth) ctDNA levels. Solid grey line represents 
perfect correlation, dashed green lines shows a 2-fold and dotted red line a 10-fold deviation from expected 
levels. QC fails (dropouts) and samples from Lung-1 and Lung-5 are excluded.
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down to 10 ppm using only 9.6 million read pairs per sample. Compared to non-selective hybridisation capture 
methods, this constitutes a 98% reduction in required sequencing output2. Enspyre’s ability to maintain analytical 
performance in the absence of molecular barcodes further simplifies assay setup and costs, and circumvents the 
need to navigate associated intellectual property30. Considering these strengths, Enspyre poses a cost-effective 
option for smaller laboratories using benchtop sequencers and running samples at a lower throughput rate. 
Enspyre could thus help make NGS-based ctDNA assays more accessible for use in clinical trials and community 
oncology.

One limitation of Enspyre is its reliance on upfront sequencing of matched tumour and normal tissue for 
variant discovery. This is a standard approach for tumour-informed ctDNA assays12,14,15, but restricts testing 
in cases where access to primary tumour tissue is not possible. There is also a risk of erroneous inclusion of 
germline variants during panel design in cases where no matched normal tissue is available, or of poor quality. 
Here we relied on adjacent normal tissue harvested from tumour FFPE slides, but plasma or saliva samples could 
be utilised instead, providing better sample quality. In silico filters could also be improved to better guard against 
the inclusion of germline variants based on VAF and publicly available variant databases. Another known risk 
with plasma-based ctDNA assays is the potential for false positives due to the presence of clonal hematopoiesis 
of indeterminate potential (CHIP) variants, which can mimic the VAF profile of ctDNA31. This risk could 
be mitigated by running Enspyre on a buffy coat sample to identify CHIP mutations and exclude them from 
analyses in the matched plasma samples, although this approach would increase assay costs.

Since personalised NGS assays such as Enspyre select a new panel of targeted mutations for each patient, 
iterative optimisation of assay conditions and panel content is not possible. Instead, reproducibility and 
precision need to be established via a combination of repeat testing on contrived samples, ideally using multiple 
panels, and confirmation of analytical performance in clinical cohorts15,32–34. The size of clinical contrived 
specimen collections required for such validation efforts is constrained by the resource-intensive process of 
sourcing cfDNA: large amounts of healthy donor plasma are necessary to generate the background matrix, and 
costly, time-intensive screening of multiple patient plasma samples needs to be conducted in order to identify 
candidates with a high enough ctDNA burden to create a dilution series. The findings presented here are based 
on a small number of contrived samples run as single replicates and will need to be confirmed in larger studies. 
An initial assessment of Enspyre’s specificity in a follow-up experiment comprising 59 ctDNA-free samples 
showed promising results with zero false positives. Further validations will need to include additional panels 
and testing in replicates to fully characterise Enspyre’s analytical performance.

Here, we have demonstrated Enspyre’s capability to accurately detect ctDNA down to 10 ppm from low 
DNA inputs and only 2% of the sequencing output of comparable assays2. While further studies are required to 
robustly establish the assay’s analytical validity, the results presented here offer compelling proof-of-concept data 
and showcase Enspyre’s potential to make ctDNA testing more accessible.

Data availability
All clinical data available to the authors are contained within the manuscript. The data that support the findings 
of the sequencing output of this study are not openly available due to reasons of commercial sensitivity but are 
available from the corresponding author upon reasonable request.
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