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A B S T R A C T   

Nucleic acids duplex formation via hybridization is a crucial reaction in many processes and application across 
different disciplines. In life sciences the detection of mutations is an important application for which hybridi-
zation is used, e.g. in diagnostics via single-nucleotide variants (SNVs). This paper deals with the physico- 
chemical aspects of hybridization-based detection of low-abundance mutations, which is challenging due to 
unavoidable competitive hybridization of high-abundant wild type sequence with the low-abundant variants. We 
apply two experimental methods based on theoretical hybridization models to show how sensing of DNA mu-
tation can be significantly improved. This is implemented on two SNV biomarkers for which we first select a 
reference capture probe. This is a probe designed to match neither the wild type nor the SNV sequence, but to 
have an equal affinity to the wild-type as the SNV-matching probe. This allows the mutation-specific signal to be 
expressed as a ratiometric quantity, leading to increased assay robustness. Secondly, we selectively deplete the 
wild-type species by introducing an excess of wild-type-specific capture probes, and account for these depletion 
effects in the theoretical model. We demonstrate the detection of 0.05% mutant species in a wild-type back-
ground, which is an improvement of an order of magnitude in the limit of detection in comparison with the no- 
depletion case. This sensitivity is comparable with digital PCR results, showing performance suitable for e.g. 
clinical applications in liquid biopsy context. The principles of this work apply to a wide range of hybridization- 
based DNA biosensing technologies, irrespective of the underlying transducer principle.   
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1. Introduction 

1.1. Biosensing of low-abundant mutations and its relevance for 
applications 

Hybridization of single-stranded nucleic acids to form a duplex is a 
reaction which is at the heart of many processes and applications in 
physics, chemistry, biology and medicine. In the latter two disciplines 
the detection of mutations is an important topic because of their func-
tional relevance in life, and hybridization is one of the techniques 
applied for this task next to variants of polymerase chain reaction and 
sequencing [1–8]. Each of the techniques has its own advantages: for 
hybridization, these are e.g. the possibility to be used in a multitude of 
miniaturized biosensor devices and the ability to operate in a wide va-
riety of conditions [9–13]. In our work we use microarrays for the 
technological implementation because of their maturity and highly 
parallelized fluorescent read-out system. The results are general since 
the principles apply to all hybridization-based devices, independent of 
the specific transducer principle such as fluorescent, thermal, impedi-
metric, surface plasmon resonance, mass-based etc. This paper deals 
with hybridization-based biosensing of mutations which are present in 
low abundance. This is at the same time highly relevant e.g. in di-
agnostics via single-nucleotide variants (SNVs) and challenging from 
technical-scientific point of view. The research focus of this paper is on a 
significant experimental progress in the chemical sensing of DNA mu-
tations, not on clinical diagnostics. However, we will start by briefly 
addressing both and end this subsection with a clear problem statement 
and specific goals. 

Hybridization-based low-abundance sensing is inevitably faced with 
competitive hybridization of various target sequences, i.e. the high- 
abundant wild type sequence and the low-abundant nucleotide vari-
ants [5,14]. A commonly applied method for the enhancement of SNVs 
detection is the enrichment of their respective share in the target sample, 
either by selective amplification of SNVs or by depletion of wild-type 
sequences [15,16]. Different strategies for selective amplification of 
the mutated sequence have been explored based on differences in 
melting temperature between a “blocker sequence” and the SNV in 
comparison to the wild-type sequence [17]. Examples include 3′-modi-
fied primers, locked-nucleic-acid or peptide-nucleic-acid clamps 
[18–20]; thermodynamically designed simulation-guided DNA probes 
with a very high affinity for SNVs [21] and selective exonuclease with 
different digestive affinity towards mismatched sequences [22]. In our 
work, we implement a different strategy where wild-type depletion is 
induced during the hybridization-based read-out. For this, we employ an 
excess of probe sequences to capture wild-type target sequences, in 
combination with reference probes for the selective detection of low 
abundant SNV sequences to enhance the hybridization-based detection 
limit. 

In this approach we use the thermodynamic analysis of the relative 
free energy penalties of various single-nucleotide sequence mismatches 
[23–25] to design a dedicated set of capture probe sequences with 
favorable thermodynamic properties both towards detection sensitivity 
and dynamic range of the measurement device. This approach has pre-
viously been applied to the analysis of human HIV samples [7], and 
strain typing of tuberculosis [26]. Moreover, the detection of 1% Kirsten 
rat sarcoma viral oncogene homolog (KRAS) oncogene SNVs in a 
wild-type background has been shown in formalin-fixed, paraffi-
n-embedded human tissue samples [2]. We recently extended this 
theoretical model to account for target depletion effects. Originally 
intended to account for possible non-idealities in the sensing readout, 
the analysis indicated that depletion may actually lead to significant 
improvements in assay sensitivity under certain conditions [27]. The 
extended theoretical model predicted that selective depletion of the 
wild-type target may lead to a significant improvement in detection 
sensitivity for low-abundant SNVs. In the current work, we present the 
results of an experimental realization of this depletion effect. The goal is 

to demonstrate the improvement of the sensing capability and to illus-
trate the validity, we chose a clinically relevant example in the imple-
mentation: SNVs for lung cancer in the rapidly emerging application of 
analysis in minimally-invasive liquid biopsy samples [28]. In liquid bi-
opsies, circulating tumor DNA (ctDNA) is profiled in blood, minimizing 
patient discomfort, risk and costs, and allowing for more frequent and 
less heterogeneous sampling. It is a technology of growing importance 
which, in early stages of tumor development, requires the detection of 
less than 0.1% of mutated tumor DNA in a background of wild-type DNA 
[29,30]. 

We set out to test the effect of wild-type target depletion on the 
detection performance of SNVs relevant to non-small cell lung cancer, 
which represents 85% of all diagnosed lung cancer cases [31]. Mutations 
in the epidermal growth factor receptor (EGFR) and KRAS genes are 
important biomarkers to determine the course of therapy [32]. We 
selected one SNV on each gene as example biomarkers relevant for the 
selection and follow-up of treatment in lung cancer, these targets are 
shown in Table 1, where the coordinates of the DNA mutation and the 
amino acid substitution of the resulting protein are indicated. 

1.2. Problem statement and objectives 

The microarrays used in this work are composed of spots, each 
functionalized with an equal amount of a specific ssDNA sequence, 
termed a probe, as shown in Fig. 1. In the sample being studied, fluo-
rescently labeled ssDNA is present either as a pure wild-type target or as 
a mixture of wild-type and mutant targets (Twt and Tmut), with Tmut 
typically at a low concentration relative to Twt, see Fig. 2. During hy-
bridization, a fraction of the target binds to the probes on the array, after 
which the total amount of target (i.e. the sum of Twt and Tmut) hy-
bridized to each individual spot is measured optically to produce a 
unitless intensity (I) value. The probability of target-probe hybridization 
is highest for a fully Watson-Crick complementary target-probe pair, and 
it is lower but often non-zero for partially-mismatched probes. For 
instance, Twt has the highest affinity towards its fully complementary 
probe (Pwt) and hence contributes most to the intensity of a Pwt array 
location. Quantitatively, each target-probe affinity is determined by the 
Gibbs free energy ΔG of the corresponding target-probe duplex: the ΔG 
value corresponds to the affinity and binding probability. 

Due to the high fractional concentration of Twt in the sample, the 
relative contribution from Twt binding to Pmut can be large, despite the 
sequence mismatch between them. This produces a large background 
signal and means variations in the concentration of Twt would interfere 
with determining the presence of Tmut from Pmut intensity alone. 

The first aim of this study is to experimentally show that this effect 
can be counteracted and sensitive, rubust SNV detection is enabled by 
selecting appropriate probe sets. To this end, we use the theoretically 
proposed design of Nomidis et al. [27], which is sketched in Fig. 2, 
where a reference probe Pref is used next to the classical probes Pwt and 
Pmut. A crucial point is that the sequence of Pref is chosen such that 
ΔGTwt+Pref = ΔGTwt+Pmut, i.e. the affinity of the reference and the mutant 
probes towards the wild-type target are equal under the experimental 
conditions. Hence, in the absence of mutant target, i.e. a pure wild-type 

Table 1 
Details of the target lung cancer biomarker SNVs and their identification number 
in the Catalogue Of Somatic Mutations In Cancer (COSMIC) and Locus Reference 
Genomic (LRG) databases [33,34].  

Variant 
name 

COSMIC 
mutation ID 

Gene name 
(LRG record 
ID) 

DNA mutation, 
coding DNA 
coordinates 

Amino acid 
mutation, 
protein 
coordinates 

EGFR 
T790M 

COSM21943 EGFR 
(LRG_304) 

c 0.34 G>A p.T790M 

KRAS 
G12S 

COSM517 KRAS 
(LRG_344) 

c 0.2369 C>T p.G12S  
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sample, array spots containing Pref and Pmut will produce equal 
read-out intensity: IPmut = IPref . When mutant target is present in the 
sample it will have largest affinity towards Pmut resulting in IPmut > IPref . 
Consequently, the ratio IPmut/ IPref can be used as an indicator for the 
presence of Tmut. A more complete treatment of the hybridization 
thermodynamics is given in the results section. 

The second, and principal aim of the present study is to experimen-
tally verify the theoretical prediction of Nomidis et al. [27] that deple-
tion of the wild-type target will yield improvements in the limit of 

detection of SNVs. 

2. Materials and methods 

2.1. Target DNA preparation 

Sequence-verified, double-stranded DNA fragments were purchased 
from IDT (gBlocks Gene Fragments, Integrated DNA Technologies, 
Leuven, Belgium). The target templates for PCR were 500 bp fragments 
of the human EGFR gene containing the T790M mutation, or of the 
human KRAS gene containing the G12S mutation, as well as their wild- 
type equivalents (EGFR wt, KRAS wt). For each gene, mutant and wild- 
type gBlocks were mixed to produce a dilution series between 3.2% and 
0.0032% mutant DNA in a wild-type background, with a constant total 
DNA concentration of 67 pM. For details of sample preparation see 
Supporting Information S1.1. 

2.2. PCR amplicon generation 

Full details of the amplicon preparation and primer sequences used 
are given in Supporting Information S1.2. In brief, diluted mixtures of 
the mutant and wild-type gene fragments were amplified by PCR and 
purified. The amplicons were designed to be around 130 base pairs to 
match the typical length of ctDNA fragments [35]. Each reverse primer 
contained a common “barcode" sequence not present on the template, as 
well as a 5′ phosphate modification (see Supporting Information, 
Table S3). The 5′-phosphorylated strands of the purified amplicons were 
then selectively digested with lambda exonuclease to produce 
single-stranded DNA, and used without further purification. Exonu-
clease digestion was confirmed by gel electrophoresis see Supporting 
Information S2. 

2.3. Microarray probe selection and design 

For the experimental selection of reference capture probes, we used 
microarrays containing all possible single and dual mismatches against 

Fig. 1. Overview of the terms used throughout this work relating to microarray 
experiments. SNV: single-nucleotide variant, A: adenine, C: cytosine, G: gua-
nine, T: thymine. 

Fig. 2. Schematic representation of the design and the experimental readout of mutation detection with a reference probe.  
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the KRAS and EGFR wild-type sequences in the immediate vicinity of the 
mutations of interest. From this comprehensive set of probe options, the 
most suitable was chosen for each of the two genes (see Section 3.1 and  
Fig. 3). 

Next, the limit of detection for each SNV was experimentally deter-
mined using a microarray designed with an over-abundance of Pwt 
spots. Since only three different probe sequences are used for the 
detection of each SNV, we can allocate in our microarray design the 
majority of the 15.000 spots to Pwt, while keeping 20 technical repli-
cates of all other probes for statistical robustness. Further, the SNV probe 
sets for both EGFR and KRAS are included on two arrays, but with each 
designed to deplete only one of the two wild-type targets, leading to the 
scheme shown in Fig. 4. 

2.4. DNA microarray experiment 

Custom 8 × 15 K Agilent microarray slides (Agilent Technologies, 
Santa Clara, California, USA, #G2509F) were used. The array hybridi-
zation, washing and readout were carried out with the Gene Expression 
Microarrays Hybridization Kit (Agilent) according to manufacturer 
guidelines, and previously described by Willems et al. [2]. Digested 
KRAS and EGFR amplicons were present in the hybridization mixture at 
either 0.01 nM or 1 nM, depending on the condition tested. The hy-
bridization mixture additionally contained 0.05 µM Cy-3 labeled bar-
code oligonucleotides, to avoid direct labeling of the target, as in 
previous work. Each slide contained 8 identical designs of the 15.000 
spot array, and each array was exposed to a different sample mixture, 
allowing a range of eight different mutant concentrations to be 
measured on one slide simultaneously, see Supplementary Information 
S1.3. 

The array images were processed using Agilent Feature Extraction 
Software (GE1 v5 95 Feb07). Spot fluorescence intensities were back-
ground corrected via subtraction of the global intensity minimum. The 
median value of replicate spot intensities was used in calculations of 
Signal values. 

2.5. Digital polymerase chain reaction 

A QX200 Droplet Digital PCR System (Bio-Rad Laboratories, 
Hercules, California, USA, #1864001) was used with validated assays 
for the EGFR T790M and KRAS G12S mutations (Bio-Rad) according to 
the manufacturer’s instructions to measure the same DNA mixtures as 
for the microarray experiment. Details of the digital PCR protocol are 
given in Supplementary Information S1.4. 

3. Results and discussion 

Using the design presented in Section 2.3, we determined the 
sensitivity of SNV detection in standard situations, i.e. in the absence of 
wild-type target depletion, and in situations where strong wild-type 
target depletion was intentionally induced. We quantitatively show 
the depletion-induced improvement that can be expected from theory, 
this is inherently limited by the physico-chemical reality of hybridiza-
tion, and compared it with the experimental results. Finally, a clinically 
applied method for the analysis of liquid biopsy samples, digital PCR 
(dPCR), was used as a benchmarking technology, see Section 2.5 above. 

3.1. Reference capture probe selection and data analysis for SNV 
detection 

We initially carried out a set of microarray experiments using probe 
sets containing all possible mismatches against the EGFR wt and KRAS 
wt gene fragments. In Fig. 3 the intensity of each spot on such an array 
when exposed to a sample containing only wild-type targets is plotted, 
versus a sample containing a mixture of a mutant and wild-type targets. 
The range of free energy penalties associated with specific sequence 
mismatches translates to a broad range of signal intensities for the 

Fig. 3. Distribution of probe fluorescent intensities in a sample of wild-type 
only target (x-axis) and for a mixture of mutant and wild-type target (y-axis) 
for the EGFR T790M mutant. The collection of probes contains single- and 
double-point mismatches with respect to the wild-type target sequence. The 
probes of the deviation branch have a higher relative affinity towards the EGFR 
T790M mutant. The green and red cross represent the wild-type specific probe 
and the mutant-specific probe, respectively. The intersection between the di-
agonal and the red vertical line indicates reference probe candidates. 

Fig. 4. Microarray probe sets used in the experiment containing the wild-type 
(Pwt), mutant (Pmut) and reference (Pref ) probe sequence for each mutant of 
interest. Mismatches against the wild-type target are highlighted in the Pmut 
and Pref sequences. The two microarray designs contain the same probe sets, 
but each array contains an excess of Pwt probes for one of the two SNVs 
of interest. 

R. Van Hoof et al.                                                                                                                                                                                                                              



Sensors and Actuators: B. Chemical 368 (2022) 132175

5

various probes. Intensities corresponding to probes that are “neutral” to 
the binding of the mutant species are located on the identity diagonal of 
the plot, while those with a stronger binding affinity for the mutant are 
located above this line. This “branch structure” forms the basis of the 
analysis used here for determining the presence of mutant species. 

In Nomidis et al. [27] we theoretically described how, based on such 
a dataset, a reduced probe set can be designed which enables the 
detection of SNVs using only three probe sequences per mutation of 
interest. The probes that are perfectly complementary to the wild-type 
target (Pwt) and to the mutant (Pmut) are known. Here we experimen-
tally selected the third “reference” probe (Pref), designed such that 
ΔGTwt+Pref ≈ ΔGTwt+Pmut. The probe sequence yielding a fluorescence 
intensity closest to those of Pmut when hybridized with Twt was chosen 
as the Pref probe (one representative is shown in Fig. 3, red vertical 
line). All probe sequences used throughout this work are shown in 
Fig. 4. 

Having selected appropriate reference probes, we define the mutant 
detection signal (S) as in previous work [27]. 

S ≡ ln
IPmut

IPref
= ln

θPmut

θPref
(1)  

where the measured intensity of each probe IP is proportional to the 
fraction θP of targets bound by a probe. For a sample containing only 
Twt, we expect by design θPref = θPmut leading to S0 = 0; a baseline signal 
of zero. In the case of a sample containing both Twt and Tmut, high- 
affinity binding of Tmut to Pmut leads to an increase in θPmut while 
θPref remains effectively constant, yielding an increase in the signal S. Eq. 
2 describes how the detection signal depends on the relative concen-
tration of the target species and on the free energy penalty associated 
with the mismatched residue in the sequence, ΔΔGPmut. This is the dif-
ference (Δ) in hybridization free energy ΔG between the mutant probe 
and its two targets: (Pmut +Tmut) versus (Pmut + Twt). 

Case1, no depletion : S1 = ln
{

1+
cTmut

cTwt
exp

(
ΔΔGPmut

RT

)}

(2) 

where cTwt and cTmut are the concentrations of the wild-type and 
mutant targets, R is the gas constant and T the absolute temperature. In 
the case of a large excess of Pwt, leading to wild-type target depletion, 
the same derivation yields Eq. (3), with the additional term ΔΔGPwt 

being the difference in hybridization free energy ΔG between the wild- 
type probe and the two targets, i.e. (Pwt+Twt) and (Pwt + Tmut). 

Case2, depletion : S2 = ln
{

1+
cTmut

cTwt
exp

(
ΔΔGPmut + ΔΔGPwt

RT

)}

(3) 

This predicts an increase in S when mutant target is present, which 
should translate into an improvement of sensitivity towards mutation 
detection. Quantitatively, this is determined by ΔΔGPwt which also sets a 
physico-chemical boundary on the depletion-induced improvement 
[27]. 

3.2. Effect of depletion on the SNV detection sensitivity 

We experimentally determined the effect of wild-type target deple-
tion on the sensitivity of detection of low-abundant SNVs using the 
reduced probe sets selected in Section 2.3. To achieve this, two micro-
arrays were designed to allow the simultaneous detection of the EGFR 
and KRAS gene fragments, with one array designed to induce depletion 
of the KRAS wt sequence and not of EGFR wt, and vice versa for the 
second array (Fig. 4). 

For each of the two genes of interest we prepared a dilution series of 
the mutant sequence in a background of wild-type fragments. The con-
centration of target sequences optimal for microarray detection was 
found to be different between the depletion and the non-depletion case 
(see Supporting Information S3), which reflects the large difference in 

the respective Pwt concentration on the arrays. To enable a comparison 
of the two conditions while avoiding artefacts due to either weak or 
saturated signals on the array, the analysis was carried out at a total 
target concentration of 0.01 nM for the non-depletion case and 1 nM for 
the depletion case. 

In Fig. 5, the detection signal S − S0 is plotted, derived from the ratios 
of array spot intensities for the tested concentrations. S was defined in 
Eq. 1 to yield a baseline value S0 ≈ 0 in the absence of mutant DNA. In 
the present experiment, however, the observed S0 differed between the 
depletion and non-depletion conditions (Supporting Information S4, 
Fig. S4). It is possible that the large difference in target concentration 
between the non-depletion and depletion conditions reveals second- 
order concentration-dependent effects in the behavior of Pref , see Sup-
porting Information S5. This non-zero baseline is easily accounted for in 
the interpretation of the depletion-related sensitivity improvement by 
including S0 as an offset term in Eqs. (2) and (3): 

Case1, no depletion : S1 = S0 + ln
{

1+
cTmut

cTwt
exp

(
ΔΔGPmut

RT

)}

(4)  

Case2, depletion : S2

= S0 + ln
{

1+
cTmut

cTwt
exp

(
ΔΔGPmut + ΔΔGPwt

RT

)}

(5) 

For fitting of our experimental results, we rearranged these expres-
sions as: 

S = S0 + ln (1+ ex + Δx) (6)  

where x = ln
(

cTmut
cTwt

)
is the logarithmic mutant ratio, which is a control 

parameter in our experiments and Δx = ΔΔG/RT. A change in Δx 
corresponds to a horizontal shift in the signal curve and will directly 
impact the detection limit. Since we expect Δxnon dep = ΔΔGPmut/RT in 
the non-depletion case and Δxdep = (ΔΔGPmut +ΔΔGPwt)/RT in the 
depletion case, the detection limit will differ between these two cases. 
Fitting the measured microarray data to this model, we obtained esti-
mates for S0 and Δx shown in Fig. 5A and B. The expected Δx value can 
also be independently calculated from free energy parameters of our 
probe sequence. Using previously published ΔΔG values for probe- 
target pairs containing mismatches, we find good agreement between 
these predicted Δx values and those derived from fitting our data, as 
shown in Table 2 [24]. 

We define the limit of detection (LoD) as the mutant fractional 
abundance corresponding to a signal of S0 + 3× StdDev(S0). Calculating 
this value and applying it to the fitted dose-response functions, we 
obtain for KRAS G12S a limit of 0.38% in the non-depletion case and 
0.054% in the depletion case (7-fold improvement), while for EGFR 
T790M the limits are 0.60% and 0.048%, respectively (12.5-fold 
improvement). Indeed, in both cases a ~10-fold increase in sensitivity is 
expected if the thermodynamically predicted values for ΔΔGPmut and Δ 
ΔGPwt from Table 2 are applied to Eqs. (4) and (5). 

3.3. Benchmarking SNV detection using dPCR 

Digital PCR is considered a gold standard technique for low- 
abundant mutation detection. For comparison, we carried out dPCR 
measurements of the same sample dilution series, yielding an estimated 
LoD of 0.01% for KRAS G12S and 0.032% for EGFR T790M (Fig. 5C and 
D). Clinically validated methods for lung cancer mutation detection 
from liquid biopsy include next generation sequencing (NGS) (with a 
sensitivity of 99.48% for variant allele fractions of 0.25%) [36] and 
dPCR (for variant allele fractions of 0.5%) [37]. Highly specialized PCR 
methods such as BEAMing have shown to reach LoDs down to 0.01% but 
are complicated and time consuming; and therefore not easily imple-
mented in clinical settings [38,39]. Thus, the depletion-driven 
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sensitivity improvement demonstrated here elevates performance to a 
level comparable with currently used clinical methods and suitable for 
liquid biopsy applications. 

This approach can be further multiplexed. While in the present 
design depletion probes occupy most of the array area, these probes 
could instead be incorporated on the surface of micro-beads included in 
the hybridization volume, or the lid and walls of the hybridization 
vessel. Combining this with the fact that only three different probes are 
required for relative quantification of one SNV, the array area can be 
functionalized with multiple probe sets (one per SNV) which enables 
highly multiplexed detection. Further, the treatment presented here is 
not technology-dependent, and could be used to achieve sensitivity 
improvements across a wide range of hybridization-based sensing 
technologies regardless of readout modality, such as fiber-optic [40], 
electrochemical [41] or piezoelectric DNA biosensors [42]. 

4. Conclusion 

Liquid biopsies, which require only a minimally-invasive blood draw 
for analysis are an attractive sample format for diagnosis and monitoring 
of multiple diseases. Due to the often very low concentrations of target 
biomarkers in such samples, it is still a challenge to develop methods 
with sufficient sensitivity for this application. 

This work builds on theoretical predictions of the effect of wild-type 
analyte depletion on DNA mutation sensing sensitivity. We demonstrate 
experimentally that, by promoting depletion of wild-type target 

sequences, the limit of detection for an SNV of interest can be lowered by 
approximately an order of magnitude. Combining this depletion effect 
with a theoretical treatment based on physicochemical principles of 
DNA hybridization thermodynamics, we detect SNVs down to 0.05% 
fractional abundance in a wild-type background. This sensitivity is 
comparable with current benchmark methods, and suitable for clinical 
applications such as liquid biopsy-based gene analysis. 

While we employ microarray technology in this study, the general 
approach being demonstrated is not dependent on a particular detection 
method and should be applicable to other hybridization-based DNA 
biosensing technologies. Therefore, this method has the potential to 
become a useful tool for enhancing the performance of various bio-
sensing techniques and play a role in their implementation in emerging 
analytical fields such as liquid biopsy analysis. 
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Fig. 5. Top: Detection signal (S − S0, unitless) 
over a range of mutant ratios (unitless) for the 
KRAS G12S (A) and EGFR T790M (B) SNVs, 
with and without depletion. Lines represent a 
least squares fit to Eqs. (2) and (3) where S0 

represents the baseline signal and Δx corre-
sponds to a horizontal shift in the signal curve. 
Error bars represent the standard deviation of 
20 replicate spots, while fit uncertainties 
quoted in the insets are the standard errors 
determined from the covariance matrix of the 
fit. Bottom: Digital PCR results carried out with 
the same mutant dilution as for the microarray 
experiments, for the KRAS G12S (C) and EGFR 
T790M (D) targets. The log-log plot shows the 
mutant fractional abundance measured via 
dPCR vs. the known input mutant ratios. The 
horizontal line indicates the 0.95 confidence 
interval of the 0% mutant sample. The dotted 
diagonal line indicates the expected 1:1 relation 
between the input and output.   

Table 2 
Calculated ΔΔGPmut/RT and ΔΔGPwt/RT values based on the probe sequences using thermodynamic nearest-neighbor parameters from Hadiwikarta et al. [24], which 
are used to derive a predicted Δx for the non-depletion and depletion cases. Corresponding fitted parameters for the signal curves, reproduced from Fig. 5A and B, are 
shown as Δx (fitted).  

SNV ΔΔGPmut

RT 
ΔΔGPwt

RT 
Non-depletion Depletion 

Δx (predicted) Δx (fitted) Δx (predicted) Δx (fitted) 

KRAS G12S 4.46 2.40 4.46 4.32 ± 0.03 6.86 6.67 ± 0.04 
EGFR T790M 4.82 2.30 4.82 4.7 ± 0.1 7.12 6.56 ± 0.05  
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preparation. Stefanos K. Nomidis and Jef Hooyberghs provided the 
theoretical explanations. Karen Hollanders prepared all PCR products 
and An Jacobs performed the dPCR experiment. Jef Hooyberghs over-
saw the design of the experiments and theoretical calculations. Inge 
Nelissen and Patrick Wagner contributed to the interpretation of the 
results and edited the manuscript. All authors read and approved the 
final manuscript. 
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Jiménez Monroy, et al., Heat-transfer resistance at solid–liquid interfaces: a tool for 
the detection of single-nucleotide polymorphisms in DNA, ACS Nano 6 (2012) 
2712–2721, https://doi.org/10.1021/nn300147e. 

[5] K. Knez, D. Spasic, K.P.F. Janssen, J. Lammertyn, Emerging technologies for 
hybridization based single nucleotide polymorphism detection, Analyst 139 (2014) 
353–370, https://doi.org/10.1039/C3AN01436C. 

[6] S. Galbiati, F. Damin, V. Burgio, A. Brisci, N. Soriani, B. Belcastro, et al., Evaluation 
of three advanced methodologies, COLD-PCR, microarray and ddPCR, for 
identifying the mutational status by liquid biopsies in metastatic colorectal cancer 
patients, Clin. Chim. Acta 489 (2019) 136–143, https://doi.org/10.1016/j. 
cca.2018.12.004. 

[7] W.W. Hadiwikarta, B. Van Dorst, K. Hollanders, L. Stuyver, E. Carlon, 
J. Hooyberghs, Targeted resequencing of HIV variants by microarray 
thermodynamics, Nucleic Acids Res 41 (2013), e173, https://doi.org/10.1093/ 
nar/gkt682. 

[8] D. Khodakov, C. Wang, D.Y. Zhang, Diagnostics based on nucleic acid sequence 
variant profiling: PCR, hybridization, and NGS approaches, Adv. Drug Deliv. Rev. 
105 (2016) 3–19, https://doi.org/10.1016/j.addr.2016.04.005. 

[9] M. Stancescu, T.A. Fedotova, J. Hooyberghs, A. Balaeff, D.M. Kolpashchikov, 
Nonequilibrium hybridization enables discrimination of a point mutation within 
5–40 ◦C, J. Am. Chem. Soc. 138 (2016) 13465–13468, https://doi.org/10.1021/ 
jacs.6b05628. 

[10] A. Kowalczyk, Trends and perspectives in DNA biosensors as diagnostic devices, 
Curr. Opin. Electrochem. 23 (2020) 36–41, https://doi.org/10.1016/j. 
coelec.2020.03.003. 

[11] K. V, DNA biosensors-A review, Journal of Bioengineering & Biomedical Science 
07, 2017. https://doi.org/10.4172/2155–9538.1000222. 

[12] Y. Hua, J. Ma, D. Li, R. Wang, DNA-based biosensors for the biochemical analysis: 
A review, Biosensors 12 (2022) 183. 
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