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Abstract

Background KRAS exon 2 mutations are highly prevalent in human malignancies, making them attractive targets for
detection and monitoring in cell-free DNA (cfDNA) of cancer patients. Drop-off assays designed for digital polymerase
chain reaction (ddPCR drop-off) span entire mutational hotspots and detect any mutated allele within the covered
region, overcoming a major limitation of mutation-specific ddPCR assays. We therefore set out to develop a novel
KRAS codon 12/13 ddPCR drop-off assay for the robust, highly sensitive and specific detection of KRAS exon 2 hotspot
mutations in cfDNA.

Methods \We designed, optimized and extensively validated a KRAS codon 12/13 ddPCR drop-off assay. We
compared assay performance to a commercially available KRAS multiplex assay. For clinical validation, we analyzed
plasma samples collected from patients with KRAS-mutated gastrointestinal malignancies.

Results Limit of detection of the newly established ddPCR drop-off assay was 0.57 copies/uL, limit of blank was
0.13 copies/p. The inter-assay precision (r?) was 0.9096. Our newly developed KRAS ddPCR drop-off assay accurately
identified single nucleotide variants in 35/36 (97.2%) of circulating tumor DNA-positive samples from the patient
validation cohort. Assay cross-validation showed that the newly established KRAS codon 12/13 ddPCR drop-off assay
outperformed a commercially available KRAS multiplex ddPCR assay in terms of specificity. Moreover, the newly
developed assay proved to be suitable for multiplexing with mutation-specific probes.

Conclusion We developed and clinically validated a highly accurate ddPCR drop-off assay for KRAS exon 2 hot-spot
detection in cfDNA with broad applicability for clinic and research.

Keywords Liquid biopsy, Droplet digital polymerase chain reaction (ddPCR), KRAS, Drop-off assay, Cell-free DNA
(cfDNA), Circulating-tumor DNA (ctDNA), Precision medicine
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Background

The analysis of circulating tumor DNA (ctDNA) in the
plasma of cancer patients has emerged into a promis-
ing diagnostic tool of precision oncology [1-9]. A broad
range of technologies has been developed to detect and
quantify tumor-derived alterations in cell-free DNA
(cfDNA) with high sensitivity and specificity [10-19].
Moreover, multiple studies have highlighted the poten-
tial of ctDNA analyses for a wide range of applications,
including early cancer detection, tumor molecular profil-
ing, detection and monitoring of minimal residual dis-
ease (MRD), as well as the analysis of treatment response
dynamics [4, 7, 20-30]. One of the key advantages of
liquid biopsies (LBs) is their non-invasiveness, which
enables longitudinal analyses with high temporal resolu-
tion, making dynamic response assessment during can-
cer treatment a highly attractive aspect of personalized
cancer therapy [23, 31-33]. Furthermore, LBs can pro-
vide unique insights into tumor molecular heterogeneity
and its evolution during cancer treatment, thereby mini-
mizing the sampling bias of tissue biopsies [34]. Several
interventional clinical trials are currently assessing the
potential of serial LBs to guide cancer treatment, with
focus on MRD detection and selection of adjuvant treat-
ment based on cfDNA analysis [6, 35].

A key technical challenge for cfDNA analysis is the
often low tumor fraction in cfDNA and low concentra-
tion of cfDNA [6]. Established methods used to analyse
cfDNA are real-time PCR, digital PCR, and next genera-
tion sequencing [10, 12, 14, 15, 17, 19, 20, 36—-41]. In a
cross-comparison, digital droplet PCR (ddPCR) stands
out with high specificity (100%), relatively high sensitiv-
ity (66.7-90%), low limit of detection (LoD) (0.01%), and
moderate cost [11, 12, 37]. Droplet digital polymerase
chain reaction accurately detects and quantifies very
low levels of target DNA by counting individual mutant
molecules without the need for a reference standard.
This allows the detection of tumor mutations in plasma
samples with low tumor fraction in low concentrations
of cfDNA. Additionally, ddPCR is characterized by excel-
lent reproducibility, with high precision and low variabil-
ity across samples, making it a reliable tool for clinical
diagnostic applications. ddPCR is therefore an ideal tool
for the analysis of cfDNA fragments in the bloodstream
of cancer patients, particularly in cases where the tumor
fraction and cfDNA concentration are low.

However, when studying a hotspot region with a wide
range of potential nearby mutations, the available fluo-
rophores in a ddPCR system can become a limiting
factor. As a result, most assays are only able to detect
a limited number of mutations per reaction, limiting
the real-life applicability for the clinical management
of cancer patients [42-45]. To overcome these limita-
tions, we designed, established, and optimized a KRAS
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drop-oft assay detecting all genomic alterations within
codon 12 (G12) and 13 (G13) of exon 2. A drop-off
assay is based on the principle of detecting mismatches
in DNA sequences using two fluorescent probes, both
complementary to the wild-type sequence, resulting in
a double positive signal. When there is a genetic varia-
tion or mutation, only one probe can bind to the target
DNA, leading to a reduced or ‘dropped-off’ fluorescent
signal. This indicates the presence of the genetic altera-
tion, allowing for precise mutation detection [46, 47]. In
clinical practice, such a drop-off assay, while not replac-
ing state-of-the-art molecular diagnostics assay, could
be particularly valuable as a broadly applicable molecu-
lar monitoring tool during cancer treatment. We per-
formed both technical and clinical validation of our assay
to assess its utility in detecting KRAS mutations. Tech-
nical validation involved re-analyzing samples from our
already established pancreatic cancer (pancreatic ductal
adenocarcinoma, PDAC) patient cohort, as KRAS muta-
tions occur in 90-95% of all cases of PDAC [10, 18, 48].
Clinical validation was subsequently carried out using
samples collected from patients with gastrointestinal
malignancies undergoing adjuvant or palliative systemic
treatment at our institution.

Methods

Human blood samples

All patients gave written informed consent for collection
and analysis of blood samples. Local institutional review
boards (IRB) in Freiburg (EK-Freiburg project number
46/18) and Zurich (BASEC-Nr. 2020-01 104) approved all
relevant procedures and analyses. Venous blood samples
from metastasized PDAC patients for technical valida-
tion of the KRAS drop-off assay were previously collected
at the university hospital Freiburg [49]. For clinical vali-
dation numerous new plasma samples of patients with
gastrointestinal malignancies were collected using com-
mercially available cfDNA blood collection tubes (Ruwag,
Bettlach, Switzerland, cat. no. 218997) at the university
hospital Zurich and analyzed in its laboratories. Samples
from both cohorts were collected prior to therapy and at
various time points during the course of disease, as part
of routine clinical follow-ups. Oncological treatment was
performed as per standard of care and blinded to (mutant
KRAS) cfDNA results.

CfDNA extraction

Plasma was extracted through two subsequent centrifu-
gation steps, as previously described, and frozen at -80 °C
until cfDNA extraction [49]. ¢fDNA was then extracted
from each 2-4 ml plasma following the SEP/SBS pro-
tocol of the PME-free circulating DNA extraction kit
(Analytik Jena, cat. no. 845-IR-0003050) according to
manufacturer’s instructions and as previously described
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[49]. DNA was stored at -20 °C until ¢fDNA quantifica-
tion with the Qubit™ 4 fluorometer (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA, cat. no. Q32866).
DNA concentrations from up to 5 mL of plasma typi-
cally ranged from 0.1 to 20 ng/pL. To prevent damage
to the ddPCR droplets, a maximum of 60 ng per well
was applied. cfDNA quantification was a crucial step in
the workflow to ensure the appropriate input amount
for ddPCR, maintaining assay sensitivity and prevent-
ing droplet overloading. Moreover, quantifying cfDNA
provided an initial quality control measure for the
plasma samples, allowing the identification of samples
with insufficient cfDNA yield, which may indicate poor
plasma quality or improper handling.

Probes and primers

Locked nucleic acid (LNA)-based probes and corre-
sponding primers for the KRAS G12/G13 drop-off assay
were designed using Beacon Designer v.8.20 software
(Premier Biosoft, Palo Alto, California, USA) and manu-
factured by Integrated DNA Technologies (IDT, Inc.,
Coralville, Iowa, USA). The placement of LNA bases
was chosen to enhance specificity at the G12/G13 loci
rather than relying solely on their ability to increase
melting temperature (Tm). This approach ensures that
the probes effectively discriminate between mutant and
wild-type sequences, thereby improving assay sensitivity
and reducing the likelihood of nonspecific binding. The
wild type (WT) or drop-off probe, spanning the mutation
hotspot, was labelled with hexachlorofluorescein (HEX),
the reference probe with 6-carboxyfluorescein (FAM).
Sequences of primer and probes are listed in Table 1.

Design of the KRAS drop-off ddPCR assay

For the design of the KRAS drop-off ddPCR assay, we
utilized the high affinity required for TagMan probe
hybridization, meaning that even a single altered base
in the DNA sequence can prevent the probe from bind-
ing. Therefore, we designed a 17-bp long, HEX-labeled,
LNA-based probe that spans the mutation hotspot

Table 1 Sequences of primers and probes of the KRAS G12/G13
drop-off assay

Primer

Gene Direction

KRAS Forward 5'—-CAAGATTTACCT CTATIGTTGGA -3
Reverse 5'— GTGTGA CAT GTT CTA ATATAGTC -3’

Probes

Gene Target

KRAS drop-off 5'—/5HEX/CTA C+GC C+ACC+AG C+TC

CA/3IABKFQ/ - 3

Reference 5'— /56-FAM/ATT AG+CTG+T AT+C

GT+CAAG G/3IABKFQ/ - 3

HEX, Hexachloro-Flouresceine; FAM, 6-Carboxyflourescein; 3IABKFQ, 3’ lowa
Black® FQ, Qeuncher from IDT
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within exon 2, codons 12/13 of the KRAS gene, specifi-
cally complementary to the wild-type sequence (drop-off
probe, Table 1). Additionally, we designed a 19-bp long
LNA-based FAM-labeled probe (Reference probe) com-
plementary to the KRAS wild-type sequence to quantify
the overall number of molecules present in the sample
(Table 1). This reference probe is located within the same
amplicon, 9 bp upstream of the drop-off probe, but does
not overlap with the target region. Consequently, if there
is no alteration in KRAS codons 12/13 of exon 2, wild-
type molecules yield a double positive (HEX + FAM) sig-
nal. In the presence of a mutation-induced mismatch, the
suboptimal hybridization of the drop-off probe leads to a
reduced HEX signal, shifting the droplet cloud towards a
solely FAM-positive population. This shift is proportional
to the percentage of mutant molecules. The reference
probe thus serves as an internal control, confirming that
the cfDNA fragment of interest was present in the sample
and that the changes observed with the drop-off probe
are due to the biological process being studied (e.g., a
mutation) rather than errors or inconsistencies in the
experiment. Overall, we designed the probes and primers
to be as short as possible to account for the fragmented
nature of ctDNA, which results from nucleosomal deg-
radation and apoptotic processes. The use of LNA bases
thereby allows for the design of shorter probes while
maintaining high binding specificity, making them ideal
for the detection of short DNA targets.

DdPCR

For the analysis of cfDNA extracted from patient plasma
samples, a standardized DNA sample volume of 10 pl per
well was used. For the analysis of DNA extracted from
tissue samples, a maximum of 60 ng DNA was used.
Primers, probes, template DNA, fluorescein (VWR, Rad-
nor, Pennsylvania, USA, cat. no. 0681-100 g) and nucle-
ase-free water (Ambion by Thermo Fisher Scientific,
Waltham, Massachusetts, USA, cat.no. AM9932) were
added to the ddPCR Perfecta Multiplex qScript Tough
Mix_5X (Quantabio, Beverly, Massachusetts, USA, cat.
no. 95147-250) following manufacturer’s instructions.
Final concentrations of primers and probes were 1 pM
for primers and 250 nM for the drop-off and reference
probes, respectively. This reaction mix was transferred
into Sapphire Chips for the Naica™ crystal digital PCR
system (Stilla Technologies, cat. no. C14012) following
manufacturer’s instructions. The Naica™ Geode (Stilla
Technologies, cat. no. H14000) was used to automati-
cally generate droplets and perform PCR on the same
instrument. PCR cycling conditions for the KRAS G12/
G13 drop-off assay are shown in Supplemental Table
1. Samples were subsequently analyzed on a Naica™
Prism3 (Stilla Technologies, cat. no. H22000) using the
Crystal Reader software v. 3.1.6.3.SP1 provided by Stilla
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Technologies. The absolute concentration of the targeted
nucleic acids was then calculated using the Crystal Miner
software v. 3.1.6.3 provided by Stilla Technologies.

Assay controls and ddPCR cluster formation
For each run, a minimum of one well per control was
used, including negative control (WT only), positive con-
trol (mutant+WT), and no template control. The WT
only control contained recombinant DNA from IDT in
the form of a gBlock for the KRAS WT sequence as tem-
plate (fragment length 400 to 500 bp). The positive con-
trol contained both recombinant WT gBlock DNA and
mutant gBlock DNA, corresponding to the specific muta-
tion at a molar ratio of approximately 1:1, calculated as
5000 copies of template DNA per well. For the mutant
DNA, the KRAS G12D alteration was chosen, as it is one
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of the most frequent KRAS alterations. However, we have
confirmed that our drop-off assay also works effectively
with other variants, including KRAS G12V, G12R, G12A,
G12C, G12S, and G13D, as positive controls. Based on
the controls performed for the ddPCR experiment, the
individual clusters were formed using the Crystal Miner
software. In our KRAS drop-off assay, an orange clus-
ter was included to represent the double-positive drop-
lets, indicating co-encapsulation of both double-positive
and FAM-only positive droplets within a single droplet.
This co-encapsulation results in the formation of a new
cluster, as seen in Fig. 1C. For the KRAS Kit from ID
Solutions®, the clusters were generated according to the
manufacturer’s instructions, and therefore, no orange
cluster was present in this assay. The droplet clusters for
the drop-off and ID Solutions® assay were each saved and
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Fig. 1 Technical validation - In-house designed KRAS ddPCR drop-off assay. Primers and locked nucleic acid (LNA)-based probes were designed, and the
assay optimized individually regarding cycling conditions. drop-off assay ddPCR approach with only wild-type (WT) DNA (A), only mutant (MUT) DNA (B),
both WT and MUT DNA (C) and a no template control (NTC) (D). Green: droplets positive for KRAS WT, Blue: MUT KRAS droplets, Orange: double positive
droplets (WT+MUT), Gray: empty droplets. Green circle: In the case of a wild-type sequence, both probes bind, resulting in a double-positive signal. Blue
circle: In the case of a mutation, only the reference probe binds to the DNA, resulting in a single FAM-positive signal. Figure 1B depicts a mutation with
100% variant allele frequency, while Fig. 1C shows a mixture of mutant and WT DNA. Based on the four scenarios (WT only, MUT only, WT+MUT, NTC),
individual clusters were identified using Crystal Miner software. In our KRAS drop-off assay, an orange cluster was included to represent double-positive
droplets, indicating the co-encapsulation of both double-positive and FAM-only positive droplets within a single droplet. This co-encapsulation results in
the formation of a new cluster. DNA, deoxyribonucleic acid; FAM, 6-carboxyfluorescein; HEX, hexachlorofluorescein
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used as a template for all following runs, so that each run
was analyzed with the exact same droplet clusters.

Quantification of the target DNA concentration

The number of copies/pL of the target nucleic acids was
automatically calculated by the Crystal Miner software
based on predefined clusters and the number of positive
droplets detected in the sample. Crystal Miner employs
Poisson statistics to determine the concentration by con-
sidering both the number of positive droplets and the
total number of droplets analyzed. When calculating the
variant allele frequency (VAF) of a sample, it is important
to account for the random co-encapsulation of mutant
and WT DNA in some droplets, which can result in
double-positive droplets that are often indistinguishable
from WT only droplets. To avoid underestimating the
mutant DNA concentration, this double-positive popula-
tion must be subtracted. The mutant DNA concentration
is then determined by the proportion of FAM-positive
droplets among those that are either single FAM-posi-
tive or double-negative. With this approach, even in the
drop-off setting, ddPCR provides absolute quantifica-
tion of target DNA without the need for standard curves,
whereas next-generation-sequencing (NGS) quantifica-
tion relies on read counts and may be influenced by fac-
tors such as sequencing depth, amplification bias, and
bioinformatic pipelines.

Technical validation

The KRAS drop-off assay was optimized using recombi-
nant mutated DNA spiked into recombinant KRAS W'T
DNA as template. Probe and primer sequences are listed
in Table 1, and assay conditions are detailed in Supple-
mental Table (1) Once established and optimized with
recombinant DNA, the drop-oftf assay was technically
validated with 12 c¢fDNA samples from our previously
established PDAC patient cohort [49]. Samples from this
cohort were chosen because NGS on tumor tissue had
already been peformed to assess the KRAS mutational
status (KRAS G12V, D, R, C and A). In addition, the
mutational VAFs of these samples were known, as they
had previously been analyzed using highly sensitive and
mutation-specific single-target assays in the laboratories
of the Comprehensive Cancer Center Freiburg (CCCF),
part of the University Hospital Freiburg [49]. Samples
with known high and low concentrations of mutant
KRAS in plasma were selected and re-analyzed with both
the drop-off assay and the respective single-target assay
for technical validation. For this, we used our previously
established single-target assays and optimized them on
the Naica™ crystal digital PCR system, as the initial VAF
results had been obtained on the Bio-Rad QX100/200
system. The assays for KRAS G12C, D, R and V were
redesigned to obtain optimal separation of individual
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droplet clusters on the Naica™ system. Sequences of the
new primer and probes are listed in Supplemental Table
(2). DAPCR was performed as described above. Cycling
conditions were optimized individually for all assays to
achieve best separation of the different droplet clusters.
PCR conditions of the resulting single-target assays are
summarized in Supplemental Table 1. Spillover compen-
sation of the Crystal Reader program was used to analyze
ddPCR results, allowing for improved clustering.

Clinical validation

For the clinical validation of our drop-off assay, 45
samples gathered from patients with gastrointestinal
malignancies receiving adjuvant or palliative systemic
treatment at our institution were analyzed. The KRAS
mutation status of the matched tumor tissue samples
was already known due to routinely performed certified
molecular pathology workup (NGS analysis). Thirty-six
samples harbored a KRAS mutation (KRAS G12V, G12D,
GI12R, G12C, G12A, G12S, or G13D), while nine samples
were KRAS WT. CtDNA positivity was confirmed with
respective highly sensitive and mutation-specific single-
target assays [49]. If available, tissue samples from the
primary tumor were also tested using the KRAS drop-oft
assay to confirm the KRAS mutational status (data not
shown).

Calculation of limits of detection and blank

To determine the limit of blank (LoB) for the drop-off
assay, 20 WT only samples were analyzed. Samples were
collected from patients with gastrointestinal tumors,
with previously confirmed KRAS WT status determined
through routine molecular pathology examination.The
concentration of the samples ranged from 0.1 ng/pl to 10
ng/pl. A maximum of 60 ng per well was used to avoid
damaging the ddPCR droplets. The LoB was calculated
using the formula: LoB = meanblank + 1.645 x (SDblank),
as recommended in published guidelines and previously
described [49, 50]. The LoD was then calculated based
on the measured LoB and the standard deviation (SD)
obtained from 18 replicates of a sample known to contain
a low concentration of the analyte (1:2000). Mutant DNA
was therefore spiked into WT only samples (gBlocks
from IDT, fragment length 400-500 bp). The LoD was
determined using the formula: LoD=LoB+1.645 x
(SDlow concentration sample). If a sample’s concentra-
tion was at or below the LoB, the target was considered
not detected. Concentrations between the LoB and LoD
indicated that the target was detected but not quantifi-
able with high confidence, while concentrations above
the LoD (and LoB) were considered true positives, indi-
cating reliable detection and quantification of the target
nucleic acid.
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Commercial KRAS drop-off kit

For comparison, patients’ plasma samples were also
analyzed with the commercial KRAS drop-off Kit from
ID Solutions® (ID Solutions® by Labgene Scientific SA,
Chatel-St-Denis, Switzerland, cat.no IDKRAS(s)-50).
This kit is a ready-to-use multiplex test designed for the
detection and quantification of mutations in codons 12
and 13 of exon 2, as well as codon 61 of exon 3, in the
KRAS gene using digital PCR. Manufacturer’s instruc-
tions were followed for use of the assay. Step 7 (cool-
ing) of the ddPCR protocol was not performed as this
resulted in better droplet quality. Performing the cooling
step (the final step of the PCR) led to the destruction of
many droplets, which appeared as rainfall in the 2D plot
of the ddPCR analysis software. Additionally, the expo-
sure time was reduced to 75 ms for FAM and 150 ms for
HEX, as this significantly reduced droplet oversaturation
and improved data interpretation. Assay controls were
performed analogous to our in-house established KRAS
drop-off assay.

Statistical analysis

All ddPCR runs were analyzed using the Crystal Reader
software v. 3.1.6.3.SP1. The absolute concentration of
copies/pl was then calculated with the Crystal Miner
software v. 3.1.6.3. Both software programs were pro-
vided by Stilla Technologies. GraphPad Prism version
9.4.1 (GraphPad Software, Inc., La Jolla, CA) was used for
all statistical analyses.

Results

KRAS drop-off assay

In our previous work, we designed and clinically vali-
dated multi-target ddPCR assays by combining two to six
mutation-specific probes together with the correspond-
ing wild-type probe [49]. Assay performance was not
inferior to commercially available assays and LoD, LoB
and inter-assay precision were excellent throughout [49].
However, such multi-target assays only allow the detec-
tion of a limited number of mutations per reaction, and
screening capacity is restricted because the mutations
must be known a priori. To overcome these limitations
we established a KRAS drop-off ddPCR assay with the
procedures detailed in the Methods section. WT mol-
ecules result in a double positive (HEX+FAM) signal
(Fig. 1, top left). In case of a mutation-induced mismatch,
the suboptimal hybridization of the drop-off probe
results in a reduced HEX signal. This causes the drop-
let cloud to shift towards a solely FAM-positive popula-
tion, proportional to the percentage of mutant molecules
(Fig. 1, top right+bottom left). A complete shift to a
solely FAM-positive population indicates the presence of
a mutation with 100% VAF (Fig. 1, top right), whereas a
partial shift suggests a mixture of wild-type and mutant
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DNA (Fig. 1, bottom left). Supplemental Fig. 1 shows
results obtained with the commercial KRAS drop-off
Kit from ID Solutions® in parallel experiments for com-
parison. Our KRAS drop-off assay enables the concurrent
detection of several genomic alterations within exon 2
codon 12/13 of the KRAS gene in one experiment while
using minimal patient sample volume (Fig. 2). The drop-
off assay demonstrated equivalent performance for all
tested alterations, ensuring consistent sensitivity and
specificity across the covered mutations.

Multiplexing for specific mutations of interest in the drop-
off setting

Since the Stilla Naica™ crystal digital PCR system offers
three different fluorophores, we added a third Cy5-
labeled probe to the PCR reaction mix in a second step,
which specifically binds to KRAS G12C. The use of the
spillover compensation in the crystal reader program
enabled even stronger cluster formation, as illustrated
in Fig. 3. The KRAS drop-off assay including KRAS
G12C was optimized individually using recombinant
DNA (Supplemental Table 1). Utilizing this third probe
in the drop-off setting enables simultaneous screen-
ing for KRAS alterations at exon 2 codon 12/13 of the
KRAS gene and specific identification of KRAS G12C, a
clinically relevant and therapeutically actionable muta-
tion in many solid malignancies [51]. Furthermore, our
assays demonstrate the capability to multiplex for addi-
tional specific mutations of interest, such as TP53 vari-
ants (Supplemental Fig. 2), increasing the assay’s utility
in broader contexts. Detecting TP53 or other single
nucleotide variants (SN'Vs) can increase the sensitivity of
the assay by capturing a wider array of mutational events
that may be relevant for disease progression or treatment
resistance.

drop-off assay technical validation

To assess assay sensitivity (LoD), we evaluated replicates
of a sample known to have a low analyte concentration
and computed the LoD following the procedure outlined
in Materials and Methods. The minimum calculated LoD
for the KRAS drop-off assay was determined to be 0.57
copies/pL. The LoB was examined analyzing 20 KRAS
WT samples, resulting in a LoB of 0.13 copies/pL. Above
this threshold, a sample was considered true positive.
Overall, there was no correlation between the number
of WT copies/pL and the false-positive rate (Supplemen-
tal Fig. 3A), and dilution linearity of the KRAS drop-off
assay was excellent throughout (Supplemental Fig. 3B).
Once established and optimized with recombinant DNA,
the drop-off assay was technically validated with cfDNA
samples from our already established PDAC patient
cohort, with known mutational VAFs of those samples.
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Fig. 2 Technical validation - Screening for KRAS mutations with generic drop-off assay. Detection of KRAS G12 V/D/R/A/C/S and G13D with the KRAS drop-
off assay is shown. Green: droplets positive for KRAS WT, Blue: MUT KRAS droplets, Orange: double positive droplets (WT+MUT), Gray: empty droplets.
Based on the controls performed for the ddPCR experiment (WT only, MUT only, WT+MUT, NTC), the individual clusters were formed using the Crystal
Miner software. In our KRAS drop-off assay, an orange cluster was included to represent the double-positive droplets, indicating co-encapsulation of both
double-positive and FAM-only positive droplets within a single droplet. This co-encapsulation results in the formation of a new cluster. FAM, 6-carboxy-
fluorescein; HEX, hexachlorofluorescein; MUT, mutant; NTC, no template control; WT, wild-type
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Fig. 3 Technical validation - drop-off ddPCR setting with specific detection of KRAS G12C. Simultaneous screening for genomic KRAS alterations at exon 2
codon 12/13 of the KRAS gene and specific detection of KRAS G12C. Green: droplets positive for KRAS WT, Blue: MUT KRAS G12/G13 droplets, Gray: empty
droplets, Red: MUT KRAS G12C positive droplets, Yellow: double positive droplets (WT and KRAS G12C mutant). Based on the controls performed for the
ddPCR experiment (WT only, MUT only, WT + MUT, NTC), the individual thresholds for the fluorescence channels were determined using the Crystal Miner
software. Green lines: Threshold between HEX negative and positive droplets, blue lines: Threshold between FAM negative and positive droplets, red
lines: Threshold between Cy5 negative and positive droplets. Cy5, cyanin-5; FAM, 6-carboxyfluorescein; HEX, hexachlorofluorescein; MUT, mutant; NTC,
no template control; WT, wild-type
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Fig. 4 Technical validation - Inter-assay precision of the KRAS ddPCR drop-off assay.cfDNA samples from pancreatic cancer patients were analyzed with
different assays as indicated. (A) drop-off assay (left column) vs. corresponding single-target assays (right column) vs. the commercial KRAS kit from 1D
Solutions® (middle column). The commercial kit shows a distinct subclone population in the HEX channel, visible as a second population within the
double-positive (WT+MUT) droplet cloud region (green), likely caused by off-target amplification from a homologous region on chromosome 6. Analysis
of sample 283 shows a more accurate estimation of VAF and KRAS wild type allele frequency by the drop-off assay. Green: droplets positive for KRAS WT,
Blue: MUT KRAS droplets, Orange: double positive droplets (WT+MUT), Gray: empty droplets. Green lines: Threshold between HEX negative and positive
droplets, blue lines: Threshold between FAM negative and positive droplets. (B) Variant allele frequencies (VAFs) were plotted against each other. cfDNA,
cell-free DNA; FAM, 6-carboxyfluorescein; HEX, hexachlorofluorescein; MUT, mutant; WT, wild-type

For this, the single-target assays were optimized for
the Naica™ Crystal Digital PCR system (Supplemental
Fig. 4). After optimization, the KRAS single-target assays
were used to evaluate the interassay accuracy between
the generic single-target and the KRAS drop-off assay, a
key component of the technical validation (Fig. 4). For
this purpose, ctDNA-positive patient samples were ana-
lyzed concurrently, and VAFs were plotted against each
other in Fig. 4B, revealing an outstanding correlation
(r*=0.9096) between the single-target and the drop-off
assay. Interassay precision for the commercial KRAS kit
from ID Solutions® versus single-target assays and ver-
sus generic drop-off assay was assessed for comparison
(Fig. 4). In 12/12 samples (100%) tested, the KRAS drop-
off assay correctly identified the KRAS mutation, as con-
firmed by tissue NGS mutational analysis and respective
single-target assays (Fig. 4). Overall, as little as 1-5 ng of
input DNA is enough to reliably detect alterations with
ddPCR, and we aimed to use a minimum of 10 ng of total
DNA per ddPCR reaction (equivalent to approximately
3,000 genome equivalents for human DNA).

During cfDNA analysis using the KRAS Kit from ID
Solutions®, a subclone was observed in the HEX chan-
nel, which increased proportionally with the amount
of input DNA (Fig. 4, middle part). This phenomenon
likely arises from off-target amplification due to the
high sequence homology (95% identity over 118 of 124
base pairs) between the KRAS amplicon and a region on
human chromosome 6 (GRCh38.p14). When the ampli-
con is too short, partial binding of primers and probes
to chromosome 6 can occur, leading to the formation of
subclones, which manifest as distinct sub-populations
in the 2D droplet plot, particularly in the double-pos-
itive (HEX+FAM) droplet cloud region. This issue is
more pronounced in samples with higher cfDNA input,
potentially resulting in inaccurately low allele frequency
estimates. In our study, this limitation was evident when
comparing allele frequencies obtained using the com-
mercial KRAS drop-off kit with those from the single-
target assays and the in-house designed drop-off assay,
where correlation values were notably lower (r* = 0.0903
and r* = 0.1893, respectively; Fig. 4B).

Screening patient samples for the presence of KRAS
mutations (Clinial Validation)

For further clinical validation of the KRAS drop-off assay,
we extracted cfDNA from plasma samples collected from
patients with gastrointestinal cancers undergoing adju-
vant or palliative systemic treatment at our institution.
The KRAS drop-off assay correctly identified the KRAS
SNV in 35 out of 36 ctDNA-positive patient samples
tested, resulting in a diagnostic sensitivity of 97.22%.
KRAS mutational status was known through routinely
performed NGS analysis, and ctDNA positivity was con-
firmed with respective single-target assays. Additionally,
the assay detected all nine KRAS W'T samples correctly
as KRAS WT, yielding a diagnostic specificity of 100%.
These results indicate that the assay demonstrates a high
level of accuracy in distinguishing KRAS mutations from
KRAS WT samples, making it a reliable tool for clinical
diagnostic purposes. Notably, ctDNA kinetics reflected
individual patients’ disease course, as illustrated in two
index cases (Fig. 5).

Taken together, a total of 45 patient samples were ana-
lyzed with the drop-off assay and the respective single-
target assays for positive and negative percent agreement
validation. The VAFs of the analyzed samples ranged
from 0.0 to 33.81%, and interassay precision was excel-
lent throughout (r* = 0.9835, Supplemental Fig. 3C). Our
assay achieved an overall percent agreement of 97.78%
(Supplemental Table 3).

Patient samples with detectable ctDNA showed
decreased overall survival (OS) compared to patient
samples without measurable ctDNA ((hazard ratio
(HR)=3.1 (P=0.0602)) as illustrated in Fig. 6 top left. A
longer OS (HR =4.4 (P=0.0039)) was observed with mea-
surable decrease or stable amount of detected ctDNA
over time, compared to patient samples with increasing
ctDNA load, as shown in Fig. 6. Similarly, Fig. 6 shows
the OS of the same patients depending on the presence
of the tumor marker CA19-9 (HR=0.032, P=0.237).
Patients with stable to decreasing dynamics of CA 19-9
had longer OS, as compared with patients with increas-
ing tumormarker (HR=3.97, P=0.0072). These find-
ings highlight the potential value of monitoring multiple
biomarkers, such as ctDNA and CA19-9, to gain a more
comprehensive understanding of treatment response and
prognosis. In summary, we developed and preliminary
clinically validated a KRAS hot spot ddPCR assay tailored
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Fig. 5 Clinical validation - Clinical response prediction by mutant KRAS cfDNA kinetics. cfDNA samples from three different pancreatic cancer patients
during palliative systemic treatment were analyzed with the KRAS ddPCR drop-off assay. Sample 1 is the baseline sample taken before starting systemic
treatment. (A) Tumor progression during palliative first-line treatment. (B) Treatment response indicated by decreasing mutant copies/pl. (C) Example of
specific KRAS G12C detection in cfDNA. Green: droplets positive for KRAS WT, Blue: MUT KRAS droplets, Orange: double positive droplets (WT +MUT), Gray:
empty droplets. Green lines: Threshold between HEX negative and positive droplets, red lines: Threshold between Cy5 negative and positive droplets.
cfDNA, cell-free DNA; Cy5, cyanin-5; FAM, 6-carboxyfluorescein; HEX, hexachlorofluorescein; MUT, mutant; WT, wild-type
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Fig. 6 Clinical validation - Overall survival (OS) analyses for gastrointestinal cancer patients undergoing systemic treatment. Top left: Kaplan-Meier esti-
mate of OS for gastrointestinal cancer patients stratified by KRAS mutant cfDNA positivity (ctDNA positive) during systemic treatment. Top right: Kaplan-
Meier estimate of OS for gastrointestinal cancer patients stratified by KRAS mutant cfDNA changes during systemic treatment: ctDNA decrease/stable
versus increase. Bottom left: Kaplan-Meier estimate of OS for gastrointestinal cancer patients stratified by CA 19—9 positivity during systemic treatment.
Bottom right: Kaplan-Meier estimate of OS for gastrointestinal cancer patients stratified by CA 19—9 changes during systemic treatment: CA 19-9 de-

crease/stable versus increase

for cfDNA analysis in cancer patients with wide-ranging
applicability in clinical and translational research.

Discussion

We report the successful development and prelimi-
nary clinical validation of a novel KRAS exon 2 drop-
off ddPCR assay with improved specificity compared to
commercially available assays. A key innovation of our
assay is its ability to multiplex for additional specific
mutations through the incorporation of a third mutation-
specific probe, which increases sensitivity and allows
for more personalized and precise therapy monitoring.
Similar to commercially available drop-off assays, our
assay was able to detect and quantify all KRAS mutations
in exon 2 codon 12/13 from plasma cfDNA, including
previously unknown mutations [42-45]. Moreover, in
comparison to a standard single-target ddPCR assay, our
KRAS drop-off assay demonstrated to retain an analyti-
cal sensitivity on par with a classical ddPCR assay, while
simultaneously covering a broad spectrum of molecular
alterations, such as SNVs, deletions, and insertions, in a

single reaction [11, 12, 37]. Overall, our KRAS drop-oft
assay demonstrated exceptional sensitivity, specificity,
and precision without showing any cross-reactivity. How-
ever, a drop-off assay is designed to detect only specific
mutations in the target region and cannot distinguish
between individual KRAS G12/G13 subtypes. Addition-
ally, it may miss mutations that occur outside the probe-
binding region, making it unsuitable for broad-spectrum
mutation detection. To partially overcome this limitation,
we show that our assay allows for multiplexing, therefore
enabling the detection of additional specific mutations of
interest, such as KRAS G12C or TP53, through the addi-
tion of a third fluorophore. In theory, the more fluores-
cence channels available, the more specific mutations can
be incorporated into the drop-off assay setting, further
enhancing both the detection capacity and sensitivity of
the assay. From a clinical perspective, being able to screen
for multiple mutations in one reaction is an ideal tool for
the analysis of cfDNA fragments in the bloodstream of
cancer patients, particularly in cases where the tumor
fraction and cfDNA concentration are low. The specific
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detection of KRAS G12C aligns with current clinical rel-
evance, as targeted therapies are presently available only
for this mutation. Therefore, the ability to detect all KRAS
G12/G13 mutations in a single assay while specifically
identifying KRAS G12C provides an efficient approach
for mutation screening in a clinically meaningful manner.

Designing a ddPCR assay for the mutation hotspot
region of the KRAS gene presents a significant challenge
due to the amplicon’s overlap with a sequence on human
chromosome 6 (GRCh38.p14). Out of 124 base pairs, 118
(95%) are identical, which can cause partial binding of the
primer and probes to chromosome 6 if the amplicon is
too short. This may lead to the formation of subclones
in the 2D plot of the ddPCR analysis, which can often be
observed when analysing patient cfDNA samples with
commercially available kits, a limitation that becomes
more relevant in samples with a higher input of cfDNA,
probably contributing to inaccurately low allele frequen-
cies. In our work, this was also reflected in the com-
parison of allele frequencies with the KRAS Kit from ID
Solutions®, as the correlation with the single-target assays
(r*=0.0903) and the in-house designed drop-off assay
(r*=0.1893) was considerably lower. However, since the
primer locations of the ID Solution® Kit remain undis-
closed, this hypothesis cannot be verified. To circumvent
this cross-reactivity, we positioned the reverse primer
outside of this region.

We successfully validated our assay system using
plasma samples collected from patients with gastroin-
testinal cancers receiving adjuvant or palliative systemic
treatment at our institution. Results of the drop-off assay
matched those obtained with the respective single-target
assays in terms of VAF detection. Furthermore, the KRAS
drop-off assay correctly identified SN'Vs in 35/36 (97.22%)
of ctDNA positive samples, underscoring its potential for
clinical application. In our study cohort, despite limited
sample size, detection of increasing ctDNA in patient
samples resulted in shorter OS (HR=4.4 (P=0.0039)),
underlining the prognostic relevance of the assay. While
our assay demonstrates high analytical performance,
further steps are required to establish its suitability for
clinical decision-making and potential use in therapeu-
tic guidance. To meet regulatory requirements, the assay
needs to undergo formal validation in accordance with
established clinical and laboratory standards, such as SN
EN ISO 15,189. Additionally, accreditation within a cer-
tified clinical laboratory setting is necessary to ensure
compliance with these standards. Future work will focus
on fulfilling these requirements, including expanding val-
idation in a larger cohort and demonstrating clinical util-
ity in real-world settings.

Over the last decade, LB has emerged as a power-
ful tool for monitoring tumor molecular dynamics and
early molecular tumor response during cancer treatment.
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By employing highly sensitive and specific methods like
ddPCR, low-frequency mutations can be detected with
high accuracy, which is crucial for tailoring personalized
multimodality treatments and maximize efficacy while
limiting toxicity [23, 31-33]. In contrast, NGS provides
broader mutational coverage, detecting multiple muta-
tions across entire genes, though its sensitivity for rare
variants is generally lower (around 1-5%) unless deep
sequencing is performed. Thus, ddPCR is ideal for highly
sensitive, targeted mutation detection, while NGS excels
in comprehensive mutational profiling. Compared to
tissue NGS, ddPCR results can be obtained within two
days, enabling real-time molecular monitoring of can-
cer patients in a time- and cost-efficient manner without
requiring extensive bioinformatics expertise [11, 52, 53].
Analyzing a single sample costs approximately 20 Swiss
francs per well, which includes DNA extraction, primers
and probes, as well as all other consumables and main-
tenance. Since KRAS mutations are highly prevalent in
human malignancies, optimizing cfDNA KRAS drop-off
assays has the potential to further advance the field of
molecular diagnostics and precision oncology. To our
best knowledge, the assay presented in this work is the
only assay capable to specifically detect the KRAS G12C
mutation, even in a drop-off setting [47]. The prevalence
of the KRAS G12C mutation varies among cancer types,
accounting for approximately 10-15% of NSCLC cases,
3-4% of CRC cases, and a smaller proportion of other
solid tumors [54—58]. The recent development of selec-
tive small-molecule inhibitors such as sotorasib (AMG
510), adagrasib (MRTX849) olomorasib and selumetinib,
targeting KRAS G12C, have transformed the treatment
landscape for cancer patients harboring this altera-
tion [59-61]. Therefore, it is of relevance to identify this
KRAS mutation in a minimially invasive manner. How-
ever, we do not cover more rarely occurring KRAS exon
3 and exon 4 mutations, which is a limitation of our assay
system. Additionally, while the assay presented in this
study is effective for detecting SN'Vs, it faces challenges
in identifying certain mutations, particularly structural
variations such as large insertions or deletions, due to the
fragmented nature of ctDNA.

Conclusion

We established and clinically validated a novel univer-
sally adaptable KRAS drop-off ddPCR assay for the iden-
tification and quantification of mutant KRAS in plasma
cfDNA, demonstrating improved specificity while retain-
ing high sensitivity. The resulting assay system is reliable,
cost-effective, and easy to implement in any research and
diagnostic facility.

Abbreviations

CCCF Comprehensive Cancer Center Freiburg
cfDNA  Cell-free DNA
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ctDNA  Circulating-tumor DNA (ctDNA)
ddPCR  Droplet digital polymerase chain reaction
DNA Deoxyribonucleic acid

FAM 6-carboxyfluorescein

HEX Hexachlorofluorescein

HR Hazard ratio

IDT Integrated DNA Technologies
IRB Institutional review board
KRAS Kirsten rat sarcoma virus

LB Liquid biopsy

LNA Locked nucleic acid
LOB Limit of blank
LOD Limit of detection

MRD Minimal residual disease

MUT Mutant

NGS Next-generation sequencing

0S Overall survival

PDAC Pancreatic ductal adenocarcinoma
SD Standard deviation

SNV Single nucleotide variant

VAF Variant allele frequency

WT Wild type
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Supplementary Material 1: Supplemental Fig. 1. KRAS drop-off Kit
from ID Solutions® D Solutions® KRAS drop-off assay ddPCR approach
with only wild-type (WT) DNA (top left), human genomic DNA (top right),
both WT and MUT DNA (bottom left) and a no template control (NTC)

lets, Orange: double positive droplets (WT+MUT), Gray: empty droplets.
FAM, 6-carboxyfluorescein; HEX, hexachlorofluorescein

Supplementary Material 2: Supplemental Fig. 2. Multiplexing for spe-
cific mutations of interest. Simultaneous screening for genomic KRAS

of TP53 E285K. Green: droplets positive for KRAS WT, Blue: MUT KRAS G12/
G13 droplets, Gray: empty droplets, Red: MUT TP53 E285K positive drop-
lets, Yellow: double positive droplets (KRAS WT and TP53 E285K mutant).
Purple: double positive droplets (KRAS MUT and TP53 E285K mutant). Cy5,
cyanin-5; FAM, 6-carboxyfluorescein; HEX, hexachlorofluorescein; MUT,
mutant; WT, wild-type

Supplementary Material 3: Supplemental Fig. 3. KRAS drop-off assay
Validation (A) KRAS WT samples were analyzed, and the number of WT
copies/pl was plotted against the false-positive rate (MUT copies/pl). (B)
Dilution linearity of the KRAS drop-off assay. Calculated versus measured
variant allele frequencies (VAF) are plotted as indicated. (C) VAFs of cfDNA
samples analyzed with the drop-off assay and the respective single-target

VAF, variant allele frequency; WT, wild-type

Supplementary Material 4: Supplemental Fig. 4. Generic KRAS single-
target assays optimization To achieve optimal separation of individual
droplet clusters previously designed single-target KRAS ddPCR assays
were optimized on the Naica™ Crystal Digital PCR system. Spillover com-
pensation of the Crystal Miner program was used for improved clustering.
Green: droplets positive for KRAS WT, Blue: MUT KRAS droplets, Light blue:
double positive droplets (WT+MUT), Gray: empty droplets. Green lines:

old between FAM negative and positive droplets. FAM, 6-carboxyfluores-
cein; HEX, hexachlorofluorescein; MUT, mutant; WT, wild-type

Supplementary Material 5

(bottom right). Green: droplets positive for KRAS WT, Blue: MUT KRAS drop-

alterations at exon 2 codon 12/13 of the KRAS gene and specific detection

assay were plotted against each other. cfDNA, cell-free DNA; MUT, mutant;

Threshold between HEX negative and positive droplets, blue lines: Thresh-
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