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ARTICLE INFO ABSTRACT

Keywords: In a liquid biopsy approach, targeted mutation analysis of circulating tumor DNA (ctDNA) is a valuable tool
Hybridization-based biosensor for diagnosis, monitoring and personalization of therapy. The c¢tDNA usually makes up only a small fraction
Low-abundance mutant detection of the total circulating free DNA (cfDNA), and ctDNA often only differs from cfDNA at a single nucleotide.
Dynamic range extension This sets strong requirements on the analytical performance of hybridization-based biosensors, which is the
DNA thermodynamics . .. . . .
Liquid biopsy focus of this paper. We use clinical samples and apply the concept of wild-type target depletion. Along with

this, we develop an accurate thermodynamic theory for the competitive hybridization and use it for selecting
optimal experimental conditions and for data analysis. The result is a biosensor with improved quantification of
ctDNA mutations, both the sensitivity and dynamic range are improved by an order of magnitude. As reference
techniques, we used a clinically-validated real-time PCR assay and digital PCR for absolute quantification. Our
approach can be applied to a broad range of hybridization-based biosensors, providing a robust and effective
method to improve the performance of existing biosensors.

Clinical NSCLC samples

1. Introduction From a biosensor point-of-view, it is important to pinpoint the
analytical challenge associated with its application in oncogene mutant

The use of biosensors for clinical applications has increased greatly detection. Tumor-derived ctDNA (mutant), is present in an abundance

in recent years (Lino et al.,, 2022). Biosensors research is driven by of cfDNA from healthy cells (wild-type). Often, mutant and wild-type
clinical needs, and new research influences clinical practice. An im- sequences differ in only a single nucleotide and ctDNA represents only
portant example is the need to detect somatic gene variants for cancer a small fraction of the total cfDNA, less than 0.1% in early stages
diagnosis, prognosis, and treatment monitoring. While tissue biopsy is of tumor development (Alese et al., 2022). By its classical definition,
the standard for genetic profiling of tumors, analyzing circulating free a biosensor is an analytical device composed of a biological sensing
DNA (cfDNA) in liquid samples, such as blood, offers a less invasive element in intimate contact with a physical transducer, which together
alternative (Abbosh et al., 2017; Xie et al., 2023). Known as liquid relate the concentration of an analyte to a measurable signal. With
biopsy (LB), this approach enables frequent testing and at the same time the LB application in mind, however, it is not just the concentration
reduces discomfort, risk and cost. LB also overcomes the limitations of of the analyte, but the relative concentration of mutant over wild-type
tissue biopsy, which may miss tumor heterogeneity (Garcia-Pardo et al., that poses the new challenge. This increases the importance of the
2022; Udomruk et al., 2021). Studies highlight circulating tumor DNA biological sensing element of the biosensor, because it must be able
(ctDNA) as a valuable biomarker for survival, mutational burden, and to distinguish between two very similar molecules present in a very
treatment benefit for different tumor types (Lu et al., 2024; Sivapalan asymmetric abundance. In many sensitive detection techniques, the
et al., 2023; Zhou et al., 2023). biological sensing element is a DNA probe, hybridizing with the clinical
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target DNA sequence. This basic process is the focus of this work,
showing how the quantification of the relative mutant concentration
can be improved, both in its sensitivity and dynamic range.

In current clinical practice, detection of single nucleotide variants
(SNVs) is typically achieved with real-time polymerase chain reaction
(PCR), digital PCR (dPCR) for single gene analyses, and targeted next-
generation sequencing for multigene testing, but for cfDNA analysis,
sensitivity remains an issue irrespective of the used technique and body
fluid type (Alexandrou et al., 2023; Ferrara et al., 2022; Silveira et al.,
2021; Takahashi et al., 2023; Wang et al., 2021). The use of direct
hybridization-based biosensors has increased, both in the number of
applications and the diversity of its application conditions (Ferrara
et al, 2022; Li et al.,, 2019; Zhuang et al., 2022). Therefore, we
study direct hybridization-based biosensing for SNV quantification in
cfDNA samples. The approach starts from the basic biological sensing
element and does not depend on the specific readout technology of the
biosensor. Here, we have chosen a mature and reliable technology with
optical readout, namely microarrays, but the results of our work are
easily transferable to a wide variety of sensing technologies, including
multiplex and cost-effective biosensor devices (Alipour et al., 2020;
Dillen et al., 2021; Magar et al., 2021; Mueller et al.,, 2023; Van
Grinsven et al., 2011, 2012; Wei et al., 2023; Wood et al., 2019).

Hybridization-based sensors use single-stranded oligonucleotide
probes to capture and bind DNA targets of interest. The detection of
SNVs relies fundamentally on the difference in binding thermodynam-
ics between perfectly complementary and partially mismatched DNA
sequences. Here, knowledge about competitive hybridization of non-
mutant target sequences to the probes is used to improve quantification
of low-abundant mutations (Karadeema et al., 2018; Knez et al., 2013).
The application of capture probes selected for their thermodynamic
properties leads to the intentional depletion of the corresponding
wild-type target. This methodology has previously been demonstrated
to increase the sensitivity of hybridization-based SNV detection to
a level comparable with current PCR-based benchmarking methods,
and is therefore suitable for clinical applications of LB-based gene
analysis (Hooyberghs et al., 2010; Nomidis et al., 2019; Van Hoof
et al., 2022; Willems et al., 2017). In the current work, we explore
the sensitivity and the applicability of the methodology for the first
time on LBs. We use clinical cfDNA samples from non-small cell lung
cancer (NSCLC) patients that were tested for the p.T790M mutation of
the epidermal growth factor receptor (EGFR). This biomarker is known
to be associated with resistance to first- and second-generation tyrosine
kinase inhibitor treatment (Wang et al., 2016). The detection of the
mutation is done on an assay subject to wild-type target depletion,
and compared to one without depletion capture probes. Both are
in turn compared to two reference techniques: a clinically-validated
real-time PCR and dPCR, which is considered the golden-standard
technique for low-abundant mutant detection (Silveira et al., 2021;
Zhang et al., 2015). A schematic overview of the workflow is presented
in Supplementary Information S1. In addition, we expand the thermo-
dynamic theory, enabling us to estimate mutant ratios from samples
with both low and high relative mutant ratios. The expansion leads to
important insights for future probe designs. This crucial step increases
the dynamic range of the biosensor and consequently the range of
applications (Cohen et al., 2023).

2. Materials and methods
2.1. Hybridization method: the reference probe and the concept of depletion

A hybridization-based sensor detects the presence of single-stranded
(ss) mutant DNA by ssDNA hybridization probes. The detection is based
on the formation of a stable double helix, where the two strands obey
the Watson-Crick pairing rule. The binding of mutant target Tmut to
the probe indicates the presence of mutant DNA. If the mutant DNA
is present in a background of wild-type target Twt, i.e. as a mix
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in the same sample, the sensor’s performance is impeded by cross-
hybridization with wild-type targets. This cross-hybridization is most
severe when Tmut is a SNV of Twt, where only a single nucleotide
differs between T'mut and Twr. While traditionally, cross-hybridization
leads to a reduced detection sensitivity, we will show in Section 2.1.1
how cross-hybridization allows one to define a robust mutant detec-
tion signal. More specifically, we focus on the situation where target
sequences Tmut and Twt are known, and we aim to detect a minority
of mutant targets in a majority of wild-type background.

An important aspect of sensor design is the selection of probe
sequences needed to detect mutant DNA in a sample. The mutant
probe (Pmut) is designed to physically cover the mutant sequence in
a region around the SNV with roughly a few dozens of nucleotides
(see Section 2.6). In Sections 2.1.1 and 2.1.2, we explain how the use
of additional probes improves performance of the hybridization-based
sensor. These probes will either match the wild-type sequence (probe
Puwt) or be used as a reference signal (probe Pref).

When the hybridization between the sample targets and the probes
has reached thermal equilibrium, the readout occurs. Many technolo-
gies and means are available for experimental readout, including fluo-
rescence emission, changes in heat transfer resistance, or microgravi-
metric sensors (Van Grinsven et al., 2012; Yoshimine et al., 2023).
We use microarray technology, which provides a mature sensing plat-
form and enables readout spanning up to five orders of magnitude.
In microarrays, probes are spatially organized into spots and targets
are fluorescently labeled. The optical readout of a spot provides a
fluorescent intensity I. For example, the intensity 7p,,, is proportional
to the fraction of Pmut bound to a target, whether it is Twt, Tmut or
a combination of the two targets. Notably, no distinction can be made
between Twt or Tmut being bound to Pmut. This emphasizes the need
for a reference probe, which is introduced in the next section.

2.1.1. Reference probes allow for a robust sensor design

To obtain a mutant-specific signal for sample mixtures, one can
introduce an additional probe Pref as a reference, which is designed
in such a way that Twt has an equal affinity toward the Pref as it
does toward the Pmut. An appropriate reference sequence can be found
by exploring, theoretically and experimentally (Van Hoof et al., 2022),
cross-hybridizations between different variants of the Pwt, containing
one or two mismatches to Twt (one or two nucleotide pairs that do not
obey the Watson-Crick pairing rule). The reference probe then allows
the mutant detection signal .S to be defined as a robust ratiometric
quantity, given by

S=I <ﬂ> . €h)
1 Pref

By design, if only Twr is present, cross-hybridizations 7wt + Pmut and

Twt+ Pref will occur equally often, i.e. Ip,,, = Ip,y, and the signal .S

will be zero. However, when some amount of mutant is present, 1p,,,

will increase, and the signal will be positive, indicating the presence of

mutant in the sample (Fig. 1A and B).

The mutant detection signal, given by Eq. (1), is described by
standard Langmuir theory, which relates the occupancy of probes
to target concentrations c,,,/c,, and affinities between probes and
targets (Harrison et al., 2013). At a low fractional abundance of the
mutant target, the signal is described by:

Signal without depletion:

AAG
Spodept =10 (1 + % exp <—R7’f'"”’ >> 2
wt

where R is the universal gas constant, 7T is the absolute temperature and
AAG p,,, represents the difference in hybridization free energy (AG)
between the mutant probe and its two targets, mutant and wild-type.
Notably, the sensor benefits from having a large AAGp,,,,, amplifying
the mutant ratio ¢, /c,, and increasing sensitivity. However, this free-
energy difference is determined by the target sequences and it is not a
design parameter. The following section will introduce a way to further
improve the sensor performance, using the concept of depletion.
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Fig. 1. Overview of the hybridization method-based mutant detection assay (Nomidis
et al., 2019; Van Hoof et al., 2022). (A) When the assay is subject to a pure wild-type
sample, the same amount of target will bind to Pmut and Pref, the intensity readout
is the same and the mutant ratio is predicted to be zero. (B) When mutant DNA is
present, the additional hybridization to Pmut will result in a higher intensity for Pmut
compared to Pref. This signals the presence of mutant DNA.

2.1.2. Depletion probes enrich the mutant content in a sample

By introducing an abundance of wild-type matching probes Puwt, a
large number of wild-type targets will bind to Pwt and become unable
to contribute to the signal. The available amount of wild-type gets
depleted. Of course, the available amount of mutant is also lowered,
but by design there is a selective reduction of available target concen-
trations, such that the mutant ratio is enlarged to an effective ratio
c,enf,f, /cﬁff. Because available concentrations are lowered, this usually
requires an increase in total target concentration. Depletion by wild-
type probes enriches the mutant content in the sample, which increases
the ratio Ip,,,/Ip,, and the signal S (Fig. 2B). The enrichment is
determined by the difference in free energy between the wild-type
probe and its two targets Twr and Tmut, AAG p,,. When the affinity to
wild-type probes is high, a condition we call strong depletion (Nomidis
et al., 2019), the enrichment of the mutant ratio reaches the theoretical
maximum of a factor exp (AAGp,,/RT), and consequently the signal is
maximally enhanced and given by:

Signal with depletion:

<AAGPW, + AAGPW,»

3

¢
Sgep =1In (1 + ch exp T

wt
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Depletion of wild-type targets further increases sensitivity and pro-
duces a higher signal when mutant targets are present in the sample
compared to the no-depletion case (Eq. (2)). As in our previous work,
the limit of detection (LoD) is defined as the mutant fractional abun-
dance corresponding to a signal equal to three times the standard
deviation of a pure wild-type negative control sample (Van Hoof et al.,
2022). The higher signal in case of target depletion results in an
improved LoD.

2.1.3. Hybridization assay allows determination of mutant content

In the hybridization experiment, the intensities of the mutant and
reference probes are measured, and their ratio is used to determine
the signal via Eq. (1). Fig. 2C shows the theoretical signals of the
hybridization assays as a function of the mutant ratio ¢, /c,,, Egs. (2)
and (3). Conversely, one can invert the equation of signal S to allow
the determination of the mutant ratio c,,,/c,, in a sample after ex-
perimental measurement. The mutant ratio of the sample is calculated
using Egs. (4) and (5). In Section 3.3, we will show that these equations
are only valid for samples with low signals or mutant ratios, and that
accurate determination of the mutant ratio for high signals requires an
extension to the model concerning the interaction between T'mut+ Pref.

No-depletion:

Crut AAGPmut
= S -1 _ o Pmut 4
Cor (exp( na,depl) ) exp ( RT ( )
Depletion:
AAG + AAG
St _ (exp (Sgep) — 1) exp (— Pmu’RT Pw’) 5)
Cur

In this article, we use the same design as in our previous work
(Van Hoof et al.,, 2022), where we showed that adding depletion
probes improves the detection sensitivity of the EGFR T790M mutation
using synthetic DNA samples and surface-tethered probes. Synthetic
DNA samples of differing mutant ratios were used to perform a least-
square fit to Egs. (2) and (3), and free energies AAGp,,,/RT and
AAGp,,/RT were obtained. These values, determined to be 4.7 and
1.86 respectively, were in close agreement with values expected from
thermodynamic nearest-neighbor parameters (Hadiwikarta et al., 2012)
and are used throughout this article. The LoD was determined to be
Coat /€t = 0.0060 (¢, /¢1or = 0.60%) under the no-depletion condition
and improved to c,,,,/c,; = 0.00048 (c,,../¢;o; = 0.048%) in the depletion
case (Van Hoof et al., 2022). When ¢, /¢, is below the LoD, samples
are classified as negative. Details of the experimental implementation
are given in Section 2.6.

2.2. NSCLC patients’ cfDNA samples

Leftover cfDNA from 18 NSCLC patients were obtained from the
Jessa Hospital (Hasselt, Belgium) with ethical approval of the Ethics
Review Committee of the Jessa Hospital under code 2021/023. The QI-
Aamp circulating nucleic acid kit (Qiagen, Hilden, Germany, #55114)
was used for extraction of cfDNA and residual samples were stored for
up to 3 years at —20 °C in DNA LoBind tubes (Eppendorf). A volume
of 30 - 35 uL per sample was received together with information on
their EGFR ¢.2369C>T p.(T790M) mutational status based on real-time
PCR (using the EGFR Mutation analysis kit from EntroGen, Woodland
Hills, CA, #EGFR-RT52 and a Rotor-Gene X device from Qiagen) per-
formed on freshly extracted cfDNA by the Jessa Hospital as part of
their molecular diagnostic workflow. In the clinical assay, a threshold
cycle (Cr) value of the housekeeping gene beta-2-microglobulin (B2M)
reaction was subtracted from the Ct value for EGFR T790M in order to
determine a delta Cr (ACt) value.

ACt = Ctpyggyr — Clpoy (6)

EGFR T790M samples were classified as positive when the ACt <
7.4. According to this criterion, six samples were classified as positive
and twelve as negative in the real-time PCR clinical assay. Clinical
diagnostic information is provided in Supplementary Information S2.
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Fig. 2. The concept of depletion in the hybridization method (Nomidis et al., 2019; Van Hoof et al., 2022). (A) and (B) When a large amount of wild-type target depletion
probes Pwt are present, the difference between the Pmur and Pref intensities becomes larger. (C) Theoretical predicted signal of the hybridization assay under depletion condition
(S4ep> EQ. (3)) and no-depletion condition (S,, 4> EqQ. (2)) in terms of mutant ratio c,,,/c,,. Vertical lines demonstrate how the same mutant ratio results in a larger signal in
the depletion case. Horizontal lines show how an experimental measurement of the signal can be used to obtain the mutant ratio. (D) Target and probe sequences used in the
hybridization experiments. Only the 23 bp probe binding region is shown for the clinical NSCLC targets. Differences between the wild-type target sequence or the wild-type probe

sequence are highlighted in red.

2.3. dPCR

A QX200 Droplet Digital PCR System (ddPCR, Bio-Rad Laborato-
ries, Hercules, CA) was used to perform dPCR-based mutation de-
tection of the EGFR 790M mutation. The reaction mixture contained
11 pL 2 x ddPCR supermix for probes (No dUTP, Bio-Rad Laboratories,
#1863023), 1.1 pL 20 x primers and probes (Bio-Rad Laboratories,
assay ID: dHsaMDV2010019), 2.4 uL nuclease-free water and 7.5 pL of
cfDNA sample or no-template control (NTC). Droplets were generated
using the QX200™ Droplet Generator and transferred to a 96-well plate
before sealing the plate using the PX1 PCR Plate Sealer according to
the manufacturer’s instructions. For PCR, the following amplification
conditions were used: 95 °C for 10 min; 40 cycles of 94 °C for 30 s,
55 °C for 1 min and 98 °C for 10 min at a temperature ramp rate
of 2 °C/second and a C1000 Touch™ Thermal Cycler with 96-deep
well reaction module were used. After the amplification, the plate
was kept at 4 °C for 30 min. A QX200™ Droplet Reader was used
for the fluorescence intensity readout and results were analyzed using
QuantaSoft™ Analysis Pro 1.0.596 Software (Bio-Rad Laboratories). For
analysis, the inclusion criterion was > 10,000 droplets/well and fluo-
rescence thresholds for the EGFR assay were set at 2275.10 for channel
1 (mutant) and 2051.14 for channel 2 (wild-type). Droplet counts and
mutant ratios of the clinical samples with corresponding confidence
intervals calculated by the software are presented in Supplementary
Information S3.

2.4. PCR amplicon generation
For DNA hybridization experiments, amplicons of the NSCLC cfDNA

samples of 107 bp comprising the region of the EGFR T790M mu-
tation were generated. The PCR reaction mixture contained 25 pl

2 x Platinum™ II Hot-Start PCR Master Mix (Invitrogen, ThermoFisher
Scientific, Merelbeke, Belgium, #14000013), 2.5 pL forward primer
(10 pM): 5 ATC TGC CTC ACC TCC AC 3’, 2.5 pL reverse primer
(10 pM) with 5-end phosphate modification: 5° /Phos/ CTG GCG
TCA TAG CTG TTT CCT GTG TGA TTG TGT TCC CGG ACA TAG TC
3’, 12.5 pL nuclease-free water and 7.5 pL cfDNA sample. A 1.0%
mixture of EGFR T790M mutation in a wild-type background of 500
bp gBlocks™ Gene Fragments (IDT, Leuven, Belgium) and nuclease-
free water as NTC were taken along as positive and negative control,
respectively. The sequence is available in Supplementary Information
S4. Purification of the amplicons was done using the Zymo DNA Clean
& Concentrator™-5 Kit (Zymo Research, Irvine, CA, #7Y-D4013). Gel
electrophoresis was performed on a FlashGel™ System (Lonza Group
AG, Basel, Switzerland #57067) to check the binding of the primers
and verify the amplicon length (see Supplementary Information S4).

2.5. Lambda exonuclease digestion

After PCR amplicon generation, the DNA concentration of the puri-
fied PCR product was determined using a NanoDrop™ 1000 Spectropho-
tometer (Thermo Fisher Scientific), and the amplicons diluted to 10
ng/pL in a total reaction volume of 50 pL containing 2 pL of 1.25 U/puL
Lambda exonuclease (Thermo Fisher Scientific, #EN0561) and 5 pl of
10 x supplied reaction buffer. The reaction mixture was heated to 37 °C
for 30 min followed by 85 °C for 10 min on a Veriti™ 96-Well Thermal
Cycler for the selective digestion of the 5’-phosphorylated strands to
generate 107 bp long single-stranded DNA. The exonuclease digestion
efficiency was previously confirmed by Van Hoof et al. (2022). Samples
were stored at —20 °C and used without further purification.
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2.6. DNA hybridization experiment

To perform the hybridization experiment for EGFR T790M detec-
tion, we used two custom 8 x 15K Agilent microarray slides (Agilent
Technologies, Santa Clara, CA, USA, #G2509F) with the same design
as described in Van Hoof et al. (2022). Briefly, one slide contained 8
EGFR depletion arrays and the other contained 8 no-depletion arrays.
Depletion was induced by introducing a large number of spots contain-
ing Pwt (14900 spots) on one of the arrays compared to Pmut (20 spots)
and Pref (20 spots). The no-depletion array contained equal numbers
of Pwt, Pmut and Pref (20 each). The 20 replicates determine the 95%
confidence interval. The readout of the slides is presented in Supple-
mentary Information S5. Oligonucleotide sequences are presented in
Fig. 2D. The Gene Expression Microarrays Hybridization Kit (Agilent
Technologies, #5188-5242) was used and the hybridization mixture
contained: 25.0 pL of 2 x GEx hybridization buffer, 5.0 pL 10 x blocking
agent, 3.5 pL of Lambda exonuclease-digested EGFR amplicons (1 nM
for the depletion array and 0.01 nM for the no-depletion array), 2.0 pL
5’ Cy-3 labeled barcode oligonucleotides (1250 nM, 5~ /5Cy3/AAA
AAC TGG CGT CAT AGC TGT TTC CTG TGT GA -3’) and 14.5 pL
nuclease-free water in a total volume of 50 pL. Hybridization and wash-
ing were done according to the manufacturer’s instructions. Briefly,
40 pL of hybridization mixture was placed on an 8-well gasket slide
(Agilent Technologies, #G2534-60016) that was placed inside a hy-
bridization chamber (Agilent Technologies, #G2534A). The microarray
slide was placed on top (with the active side down), the hybridization
chamber was closed with the chamber cover and the assembly was
clamped in place. It was checked that there were no stationary bubbles
present in the assembly. The hybridization chamber was placed inside
a hybridization oven (Agilent Technologies, #G2545A) and rotated
at 10 rpm at 65 °C for 17 h. Array scanning was performed on an
Agilent G2565CA (G2505C) Series Microarray Scanner System and
Scan Control Software A8.4.1 (Agilent Technologies) with settings for
scan region: Agilent HD (61 x 21.5 mm), resolution: 5 pm, TIFF
image: 20-bit, photomultiplier tube: 100% and no eXtended Dynamic
Range feature. Agilent Feature Extraction Software 10.7.3.1 (Agilent
Technologies) was used to analyze the array images with automatic
gridding, intensity measurement, background subtraction and quality
checks.

The 18 cfDNA samples were analyzed in three runs, each performed
on the same slides after regeneration. Each run contained a negative
control which was used for baseline subtraction, as was done by Van
Hoof et al. (2022). Between each run, the two slides were regenerated
by washing them for 44 min in a 1:1 mix of wash buffer 2 from the
Gene Expression Microarrays Hybridization Kit with Milli-Q water at
65 °C and drying before storage at room temperature.

3. Results and discussion
3.1. Application to clinical samples

The sample set of this work consisted of 18 c¢fDNA samples from
NSCLC patients. In general, these samples contained wild-type cfDNA
and possibly a small fraction of tumor-originating EGFR T790M mutant
cfDNA. All samples were tested for the presence of this point mutation
in a clinically-validated real-time PCR assay. This assay relies on a
ACt value: the difference in PCR amplification cycles before it reaches
a detection threshold between the mutation, EGFR T790M, and a
housekeeping gene (see Section 2.2). A higher ACt value corresponds to
a lower mutant ratio. Both panels of Fig. 3 show the ACt values on the
(reversed) x-axis. Samples that did not reach the detection threshold
for EGFR T790M after 40 PCR cycles were classified as negative and
are indicated as NaN (Not a Number) since no ACt value could be
calculated. Samples with ACt > 7.4 were above the clinical threshold
and classified as negative (12 samples), and samples with ACt < 74
were classified as positive (6 samples).
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Next, the set of 18 samples was evaluated using the hybridization
assay of Section 2.1. This assay is thermodynamics-based, it uses DNA
probes to capture specific target sequences in the sample and the re-
sulting readout is determined by hybridization free-energy parameters
of the sequences at hand, and by the ratio ¢,,,/c,,, i-e. the mutant
over the wild-type cfDNA concentration in the sample. The assay signal
provides a quantitative measurement of the mutant ratio c,,,/c,, (see
Fig. 2C and Egs. (4) and (5)). The hybridization assay was developed in
a no-depletion and a depletion version. The latter depletes the wild-type
cfDNA in the sample leading to an improved LoD for the mutant ratio
(see Section 2.1.3 for details and numerical values). When a mutant
ratio is below LoD, it is classified as negative and represented by zero
on Fig. 3. The resulting values are presented on the y-axis of Fig. 3.

We observed a correlation between ACt values and mutant ratios
Cout/ €y Of Doth hybridization assay variants for the clinically positive
samples. For samples that were clinically assigned as negative, the
majority was also negative (i.e. below LoD) in both hybridization
assays. Hence, there was a general concordance between the clinical
PCR and the hybridization assays. However, there were some inter-
esting exceptions. Both hybridization assays detected the mutation in
sample 18 (further discussed in Section 3.2) whereas no mutation was
detected using real-time PCR. Samples 12 and 15 have a ACt > 74,
hence clinically classified negative, but received a non-zero mutant
ratio c,,,/c,, above the LoD in the depletion hybridization assay. This
suggested that these samples could contain a low number of mutant
targets. Further, the real-time PCR assay was not able to measure a ACt
value for samples 8 and 16 (assigned NaN), but again, the depletion
hybridization assay detected a non-zero mutant concentration.

3.2. Evaluation of the quantitative agreement with dPCR

Since real-time PCR does not provide an absolute quantitative de-
scription of the mutant fraction in a sample, we performed also dPCR
measurements on the clinical samples. Digital PCR is a sensitive tech-
nique for absolute quantification and regarded as the gold-standard
for low-abundant mutant detection (Silveira et al., 2021; Zhang et al.,
2015). All 18 clinical samples were run in a dPCR assay as described in
Section 2.3. The assay has a technical control criterion, stating that the
droplet count has to be > 10,000 droplets/well. This inclusion criterion
resulted in the rejection for further analysis of samples 3, 7 and 8. For
all other samples a mutant ratio c,,,/c,, was determined by dPCR, and
compared with those of the two hybridization assays (Fig. 4).

Firstly, the samples which are classified as positive by the clinical
assay (real-time PCR, Fig. 3) all show a strong quantitative correlation
between the dPCR and hybridization assays with Pearson correlation
coefficient of 0.89 and 0.84 for the no-depletion and depletion assays,
respectively. Despite this correlation, it was found that the depletion
assay underestimated the mutant ratio, which is further examined in
the next section. Also, samples 2, 4, 5 and 6 were in full agreement,
i.e. no mutant detected. Next, samples 12 and 16 were negatively
classified by the clinical assay but showed the presence of the mutation
in the depletion hybridization assay which was confirmed by the dPCR.
These results showed the increased sensitivity of the depletion assay
over the no-depletion assay, and confirmed that the outcome of the
hybridization assays, developed on synthetic DNA, can be translated to
clinical samples and lead to improved diagnostics of SNV mutations.

Furthermore, the samples in subset 9, 15, 17 and 18 (each indicated
by a triangle in Fig. 4) were around the detection limit of the dPCR:
these samples had only one or two mutant-positive droplets, which
is below the three positive droplets generally adopted as a cut-off
for positivity in good practice according to the manufacturer (Bio-
Rad Laboratories Inc., 2015). Of this subset, samples 9 and 17 were
negative across all other analysis methods, indicating that either dPCR
detected a very low abundance of mutants, or the mutant-positive
droplets were false positives. A single mutant-positive droplet was
detected in sample 18, but the measured mutant ratio by dPCR was



Y. Stulens et al.

No-depletion hybridization
vs real-time PCR

10° 0
A ' )
3 |
Y
L
L 101 Illl33
2 18 | ==
© ¥ i 14
£ i
- 10—2- .
g L do .. leD
S !
¢~
g )
T 10734 2l
s 31
> 8,16 8l
4,5,6,7,9,17 =l
K
€l
0do .12 .2.15 G
NaN 12 10 8 6 4 2

real-time PCR (ACt value)

Fig. 3. Scatter plot of mutant ratios c,,,/c,,

(%))

Biosensors and Bioelectronics 281 (2025) 117342

Depletion hybridization
vs real-time PCR

10° i
; |B i
3 ; 10
k ! .
o 1071 4 | .
=] +.133
© 111.3
- l18 . ¥
c | 14
g i
>
€ 1072 :
12
< . 315 !
= !
N ba |
o 16 :
5107 2l
+ ¢ El LoD
H (0]
X104 4| — _?—d_ _____________ —|
.L_"l
4,567,917, £
040 . u!
NaN 12 10 8 6 4 2

real-time PCR (ACt value)

obtained by the hybridization assay under no-depletion condition (A) and depletion condition (B) versus ACt values obtained by

real-time PCR for 18 cfDNA samples from NSCLC patients. Errorbars show the 95% confidence interval. Horizontal dashed lines represent the respective LoD for each hybridization
assay condition. Vertical dashed lines represent the clinical threshold between positive and negative samples for the real-time PCR assay. Samples that were both below the LoD

and had no ACr value (NaN) are depicted with an open circle symbol.

No-depletion hybridization

vs digital PCR
10° 10

A 4
= ,/
3
g w1
o104 13,7
o 1}-‘}’
S 18 ’
© A ’
= w14
b
c I/
G ne
51071 , LoD
E T —— P ———
s
) 7/
© 4
N ’
T 1073 s
a e
> 4
T e

4
’/
‘ ) 9151712,16
0402,4,5,6 A Aawesd
T T T T
0 1073 1072 107! 10°

digital PCR mutant ratio (Cmut/Cwt)

w

Depletion hybridization

vs digital PCR

10° -
- 7/
; |B /
= s 10
5 S

7/
51071 e
S 4
£ 18 thef1s
‘E 7
s A4
£102 "
< 15,12
S L
2
= s
S Vit 16
51073 s
> /I
T ’ LoD
X104 A —
4
,/
9 17
046%,4,56 o
0 1073 1072 107! 10°

digital PCR mutant ratio (Cmut/Cwt)

Fig. 4. Scatter plot of mutant ratios c,,,/c,, obtained by the hybridization assay under no-depletion condition (A) and depletion condition (B) versus dPCR for 18 cfDNA samples
from NSCLC patients (1-18). Errorbars show the 95% confidence interval. A dashed diagonal is shown as a visual guide. Horizontal dashed lines represent the respective LoD for
each hybridization assay condition. Samples are shown as dots, except when the number of mutant positive droplets < 3, in which case they are denoted with a triangle. Samples
3, 7 and 8 did not meet the technical control criterion for dPCR and are not shown. The open circle symbol represents cases for which no mutant was detected in both the
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lower than the expected ratio from the hybridization assay. Since in
both hybridization assays the mutant ratios in sample 18 were equally
high and well above the LoD, we suspected that the observed ratio in
the hybridization assay was the result of sample contamination. Sample
15 was negative in the no-depletion hybridization assay, positive in the
depletion hybridization assay, and received a ACt value in the real-time
PCR, which suggested a positive but very low mutant content.

3.3. Extension of the model to accurately determine high mutant concen-
trations

In the previous section, we compared the difference between the
two hybridization assays for positively classified samples. While both
correlated well with the dPCR (Fig. 4), the depletion assay underesti-
mates the mutant ratio. This issue is due to an interaction not taken
into account in the theory of Section 2.1. This interaction will be
discussed below and lead to an extension of the theory of Section 2.1.

The extension to the model will results in a more accurate description of
the signal for high mutant ratios, and consequently, high mutant ratios
are more accurately quantified.

The mutant ratios from the depletion and no-depletion assays are
plotted in Fig. 5A. Again, this figure shows the concordance between
the two assays for the majority of the samples and the improved LoD
for the depletion assay, visible for samples 8, 12, 15, and 16. A clear
correlation is visible in the upper-right quadrant. However, depletion-
derived values are lower than no-depletion, and an apparent deviation
from the diagonal is visible at the highest mutant ratios.

To address this issue, we re-evaluate the data analysis which leads to
the mutant ratio c,,,,/c,,. Fig. 2C illustrates how, for both the depletion
and no-depletion method, a measurement leads to the determination of
the mutant ratio in a sample. When theory and experiment match, the
two assays agree on the amount of mutants in the sample.

Using Egs. (4) and (5), the same was done for the clinical samples
on Fig. 5C. The experimental signal is plotted on the y-axis versus
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the derived mutant ratio on the x-axis for both depletion and no-
depletion. Corresponding samples for depletion and no-depletion assays
are connected by dashed lines, which should be vertical when theory
and experiment match. The discrepancy between the two assays is
apparent for samples with a high mutant fraction. This observation
points to the solution of the issue: the physical model used in Fig.
5C (see Section 2.1) was developed to accurately describe samples
with low mutant fractions. In this limit, it is correct to neglect the
interaction between Tmut and the reference probe Pref. Since the
mutant ratio in some of the current samples is higher than those used
in the work of Van Hoof et al. (2022), the interaction of the mutant
target with the reference probe cannot be neglected for these samples.
Intuitively, while for low mutant ratios, the reference probe intensity
can be considered approximately constant and only dependent on the
amount of T'wt, the intensity of the reference probe at high c,,,;/c,, is

dependent on both the amount of Twt and Tmut in the sample. The
observed discrepancy between the depletion and no-depletion assay is
then understood by the fact that the effect occurs at lower ¢, /c,,
values for the depletion assay, because this assay actively changes the
ratio of Tmut over Twt in the sample.

For a quantitative description we extended the applicability range
of the physical hybridization model by incorporating all target inter-
actions with Pref. A detailed derivation of the extended theory is
provided in the Supplementary Information S6. The extension adds an
additional term to Egs. (2) and (3), leading to:

< AAGPmut

No-depletion:
)

A AGPre f
RT

c
Sna,depl =In <1 4 exp

wt

—1n<1+ﬂ exp (2]

wt

)
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Overview of free-energy parameters relevant in the hybridization assay. Van Hoof et al. (2022) determined the thermodynamic parameters from
synthetic samples at low mutant ratios. Adding AAG,,, to AAGp,., — AAGp,, results in an estimation of the reference probe interaction

AAGp,s, as presented in the last column.

Fit to clinical data

Van Hoof et al. (2022) Reference probe interaction

AAGpy ALGpry — AAGppy
Free-energy parameter " —
Value 1.80 + 0.06 =515 = 0.17

Yo 20Gpp, 28Gp,,
RT RT RT
1.86 + 0.15 47 + 0.1 045 + 027

Depletion:
Crmut AAGPmul + AAGPLM
Sqepr =1In (1 + C_m exp < RT
1+ Cm_ut ex AAGPref + AAGPwt 8)
cw P RT

where the extra parameter AAGp,,, represents the target interactions
with Pref. Specifically, AAGp,,, is the difference in hybridization free
energy between the reference probe and the two targets, AG(Pref +
Twt) - AG(Pref + Tmut). Since Pref + Tmut contains an additional
mismatch (see Fig. 5), AAGp,, is negative.

The additional terms in Egs. (7) and (8) are not identical, which
explains quantitatively the discrepancy between the two assays. More
specifically, for the depletion assay, the depletion interaction AAGp,,,
is present in the additional term, which is why the new interaction
has a larger influence in the case of depletion. When all free-energy
differences are known, similar to Section 2.1.3, the mutant ratio of
a sample is obtained by inverting Egs. (7) and (8). The resulting
equations are provided in Supplementary Information S7.

The effect of the extended model is visible in Fig. 5B, where (as
opposed to Fig. 5A) the depletion and no-depletion assays now agree on
the amount of mutants in the samples. The dynamic range is enlarged
~10-fold by including the Pref + Tmut interaction. The extension of
the model is also illustrated by the solid curves of Fig. 5D: for high
mutant ratios the signal curves flatten out, i.e. they become sigmoidal.
For small mutant ratios the curves of Fig. 5C and 5D remain identical.
The additional subtraction in Egs. (7) and (8) becomes important for
high mutant ratios, where the signal was overestimated and therefore
the predicted mutant ratio was underestimated. Hence, the extension
allows for a more accurate determination of the amount of mutant in
a sample, relevant at high mutant ratios, by introducing a single extra
free-energy parameter AAGp,,, with a clear physical meaning.

The parameter AAGp,,, can be extracted from the data. Any sample
that is measured in both the depletion and no-depletion conditions
contains the same amount of mutant for both conditions. Eliminating
Cout/ Cu from Egs. (7) and (8) provides a mapping of the depletion
signal onto the no-depletion signal for the same sample. This curve can
be fitted for the values of AAGp,, and AAGp,,, — AAGp,,. Since
AAG p,,, is known from previous work by Van Hoof et al. (2022), this
allows the value of AAGp,,, to be determined. The derivation, along
with the fitting procedure can be found in Supplementary Information
S8. The free-energy values are summarized in Table 1. The fit provides
a way to determine AAGp,,,. By adding the value of AAGp,,,/RT =
4.7, we obtain AAGp,,,/RT = —0.45 as presented in the last column.
Note that the fitted value of the wild-type probe parameter AAGp,,
provides an independent determination of this free-energy difference.
The agreement with the value reported by Van Hoof et al. (2022) shows
the consistency of the hybridization method and the fitting procedure.

It is instructive to compare the value of AAGp,,, with the theo-
retical value of a simple nearest-neighbor model for hybridization free
energy (Hadiwikarta et al., 2012). The nearest-neighbor calculation
predicts a value of —2.3 for AAGp,,;/RT. The measured value (Table
1) is noticeably smaller. This can be understood by identifying the
locations of the mismatches present in the Tmut + Pref binding (Fig.
5). Three mismatches are present in close proximity of each other,
only being separated by two nucleotide pairs that obey the Watson-
Crick pairing rule. It is known that, when the distance between two
mismatches is closer than five nucleotides, the additivity principle,

which is the basis of the nearest-neighbor model, breaks down, and the
model overestimates the free-energy penalty (Hadiwikarta et al., 2012).
This effect becomes even more pronounced when three mismatches are
near each other, as is the case for the mutant-reference probe interac-
tion. The overestimation (more negative) of AG(Pref + Tmut) implies
AAGp,.;/RT > -2.3, which explains the observed value presented
in Table 1. The Tmut + Pref binding is therefore more stable than
predicted using the nearest-neighbor model because the mismatches
are in close proximity of each other. As a result, the Tmut + Pref
interaction, which can be seen as a flattening of the curve due to
a lower increase in the signal, occurs at a lower mutant ratio than
expected without accounting for the proximity of the mismatches. This
thermodynamic insight leads to an important design concept for future
reference probes, namely that the additional mismatch of the reference
probe to Tmut compared to Twt is ideally separated more than five
nucleotides from the mismatches already present in Pref+T wt in order
to maximize the free energy penalty.

The determined value of the physical parameter AAGp,,, can now
be used in our extended model to accurately determine the mutant ratio
in the hybridization assay. The signal as a function of ¢,,,/c,, for the
extended model is shown in Fig. 5D. The extension resolves the dis-
agreement between depletion and no-depletion results, and agreement
is observed in Fig. 5B. We finally note that the theoretical extension and
the addition of parameter AAGp,,, are important only at high mutant
ratios, where it allows a more accurate determination of the mutant
ratio, and the extension has a negligible effect on samples with a low
mutant ratio and the analysis of the previous sections is retained.

4. Conclusions

We have successfully applied the thermodynamics-based concept
of wild-type target depletion to clinical circulating free DNA samples
using a hybridization assay for single nucleotide variation detection,
demonstrating a 10-fold increase in sensitivity. We found an agreement
between our data and the qualitative results of a clinically-validated as-
say, as well as a quantitative agreement on mutant ratios present in the
samples compared to digital PCR. By incorporating all relevant molecu-
lar interactions in the thermodynamic model, we enlarged the dynamic
range within which a quantitative determination of the mutant ratio
can be obtained by a factor 10. The assay therefore becomes suitable for
both sensitive detection of low mutant levels in early diagnosis as well
as the accurate determination of high mutant abundances which are
clinically relevant e.g. in the follow-up of advanced cancer. In addition,
the thermodynamic analysis gave insight into future reference probe
designs. The possibility for parallel detection of multiple nucleotide
variants needs to be further explored since parallelization is a strength
of the hybridization technology.

Our thermodynamic approach starts from physicochemical prop-
erties of DNA and is independent of the readout system of the used
sensor. It can therefore be applied to a wide range of hybridization-
based biosensing technologies and platforms, including cost-effective
sensors operable at room temperature. This method can be utilized as
a multiplex platform for the simultaneous detection of various single
nucleotide variations (SNVs) using the same depletion mechanism and
reference probe. Supplementary Information S9 outlines the steps re-
quired to transfer the hybridization method to alternative platforms or
to modify the design for detecting different target sequences. It is a
robust and effective method to improve the performance of existing
biosensors which currently lack the sensitivity required for the analysis
of single nucleotide variations.
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