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g r a p h i c a l a b s t r a c t
� A rapid gold nanoparticle-based
lateral flow assay with visual detec-
tion was developed for genotyping.

� The DNA-based lateral flow assay was
applied for the detection of cell-free/
circulating tumor DNA in blood
samples.

� Four alleles of the KRAS gene were
detected by the proposed assay.

� The detection is accomplished
through bare eye and is completed
within 10 min.

� The proposed lateral flow assay is
simple, rapid, cost-effective, sensi-
tive, portable and universal.
a r t i c l e i n f o

Article history:
Received 23 February 2021
Received in revised form
24 March 2021
Accepted 29 March 2021
Available online 12 April 2021

Keywords:
Dipstick
Gold nanoparticles
Biosensor
KRAS
Cell-free DNA
Circulating tumor DNA
a b s t r a c t

Liquid biopsy, as a minimally invasive method that allows real-time monitoring of the tumor genome,
represents a competing approach for cancer diagnosis, prognosis and therapy decision making. Liquid
biopsy in cancer patients mainly includes analysis of circulating tumor cells (CTC) and cell-free circu-
lating tumor DNA (ctDNA). ctDNA is the tumor-derived fraction of the cell-free DNA present in the blood.
ctDNA is detected based on cancer-specific genomic aberrations (mainly mutations) and represents a
challenging analyte due to high fragmentation and low concentration. Several methodologies have been
developed for ctDNA analysis in cancer patients but many of these technologies are too time-intensive,
complicated and expensive for implementation in diagnostic testing. Herein, we developed a novel
lateral flow strip assay for mutational analysis of ctDNA in blood samples and visual detection that is
based on gold nanoparticles as reporters. As a model, common single-point mutations of the KRAS gene,
related to colorectal cancer (CRC), have been selected for method development. The proposed DNA
biosensor has been successfully applied for the detection of three KRAS mutations (KRAS G12D/A/V),
along with the wild-type KRAS gene in synthetic DNA targets, cancer cell lines and cfDNA from blood
samples of healthy individuals and CRC patients. The main advantages of the proposed lateral flow assay
are simplicity, rapid analysis time (~10 min) and visual detection without the requirement of special
instrumentation. The assay is also cost-effective with high detectability, specificity and reproducibility
and has the potential to be used as a portable and universal device. In conclusion, the proposed assay
offers a rapid diagnostic strip test for visual genotyping, as an alternative approach for liquid biopsy
applications.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction analytical challenge of ctDNA due to their low detectability, sensi-
Cancer diagnosis, prognosis and therapy decisions in the mod-
ern era of personalized medicine are largely based on cancer-
specific genomic aberrations (tumor genotyping) [1]. In colorectal
cancer (CRC) for example, KRAS mutations are among the most
common aberrations in the disease related to worse prognosis,
poor response to conventional chemotherapy and resistance to
anti-EGFR therapy and detection of KRAS mutations guides pa-
tient’s treatment [2e4]. Moreover, novel genomic biomarkers with
diagnostic, predictive and prognostic significance are being
discovered in an unprecedented rate. However, tumor heteroge-
neity and especially clonal evolution and selection that lead to
disease progression and therapy resistance introduce several hur-
dles in clinical decision making based on tumor genotyping [1,5,6].
While tissue biopsy still remains the gold standard for initial cancer
diagnosis and prognosis, in terms of disease progression and
therapy monitoring, tissue biopsy shows limitations related to the
invasive procedure required and the snapshot information ob-
tained [1,5e7]. On the other hand, liquid biopsy analyzing circu-
lating tumor cells (CTC) or cell-free circulating tumor DNA (ctDNA)
in blood samples of cancer patients represents a rapid, minimally-
invasive approach with important clinical applications in early
cancer diagnosis, assessment of the risk of recurrence, detection of
minimal residual disease, real-timemonitoring of therapy response
or resistance and therapy tailoring [7e10].

Cell-free DNA (cfDNA) refers to extracellular DNA molecules
released by all types of cells in the circulation and body fluids and
ctDNA is the tumor-derived fraction of cfDNA. As ctDNA represents
a surrogate marker of the entire tumor genome, ctDNA analysis in
blood samples is a very promising non-invasive biomarker allowing
early cancer detection and monitoring of cancer-specific aberra-
tions at all times during the course of the disease, bypassing the
limitations of tumor biopsies [7e10]. In CRC for example quantifi-
cation of cfDNA and detection of KRASmutant ctDNA has been used
as a diagnostic and prognostic tool and also as an approach to
monitor resistance to anti-EGFR therapy [11,12].

Detection of ctDNA (and discrimination from normal cfDNA) is
based on the presence of cancer-specific aberrations, usually gene
mutations. The ctDNA usually represents only a small fraction
(<1.0%) of total cfDNA in blood circulation and several factors affect
the amount of ctDNA in body fluids such as tumor stage and
burden, tumor proliferation rate and turnover, tumor type and
therapeutic interventions that cause inflammation and necrosis
[13e15]. ctDNA is released mainly from necrotic and apoptotic tu-
mor cells. The average size of ctDNA varies between small frag-
ments of 70e200 bp which are generated by cellular apoptosis and
long fragments (200 bpe21 Kbp) generated by necrosis. These
characteristics i.e high fragmentation and very low concentration
especially in the context of early cancer detection, detection of
minimal residual disease and cancer chemotherapy (the later in-
creases cfDNA from non-tumor cells and dilutes ctDNA), render
ctDNA a challenging analyte [16,17]. Analytical methods that are
mainly used for ctDNA analysis include PCR-based techniques (such
as digital PCR, real-time PCR and HRM (high-resolution melting)
analysis, etc), next-generation sequencing, mass spectrometry,
DNA microarrays and southern blotting. In general, analysis of
ctDNA can be performed via targeted approaches that detect
known gene mutations (e.x. KRAS in the context of anti-EGFR
therapy in CRC) and un-targeted approaches (e.x. whole genome
or exome sequencing) to screen the genome for new genomic ab-
errations [7e10]. Although both strengths and limitations of the
above techniques exist, as previously reviewed, it should be
emphasized that many of these techniques cannot overcome the
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tivity and specificity, expensive and complex instrumentation, high
cost, tedious process, extensive analysis time and sample pre-
treatment. For example, technologies such as DNA sequencing
(Sanger method) are not able to detect such low amount of ctDNA,
and droplet or real-time PCR have limited multiplexity potential
[18e22]. For these reasons, new, rapid, simpler, and cost-effective
analytical methods with high sensitivity for liquid biopsy applica-
tion have still to be developed. Biosensors represent promising
analytical tools for liquid biopsy applications and several bio-
sensors have been developed. However, there are limited data
regarding application of biosensors in genotyping ctDNA from pa-
tients’ blood samples [23e40].

In this work, we developed a rapid diagnostic strip test, a lateral
flow assay, based on gold nanoparticles, that was applied for the
first time for visual detection of KRAS mutations in ctDNA for liquid
biopsy applications. The new strip test was successfully applied for
the detection of four single nucleotide polymorphisms (SNPs) that
correspond to the normal KRAS gene and three of the most sig-
nificant/common mutations in KRAS gene related to CRC in syn-
thetic DNA samples, cancer cell lines and ctDNA isolated from blood
samples of CRC patients. The main advantages of the proposed
diagnostic test are simplicity and cost-effectiveness, rapid analysis
that is completed within 10 min, high detectability, sensitivity,
specificity and reproducibility, universality and portability, while
the detection is accomplished by bare eye and no expensive
instrumentation or highly trained personnel are required.
2. Materials and methods

2.1. Materials and equipment

The synthetic oligonucleotides and primers were designed us-
ing the freeware application Oligo Analyzer by Teemu Kuulasma
and obtained from Eurofins Genomics(Еbersberg, Germany)
(Table 1). The NucleoSpin DNA Rapid Lysis kit for DNA extraction
from cell lines and the Nucleo Spin Plasma XS kit for cfDNA
extraction were purchased from Macherey-Nagel (Düren, Ger-
many). Fetal bovine serum (FBS) and 0.25% trypsin/EDTA solution
were from Gibco/Thermo Scientific (Waltham, MA, USA). The
Mycoprobe Mycoplasma Detection Kit was from R&D Systems
(Minneapolis, USA). Polymerase Chain Reactions (PCR) and primer
extension (PEXT) reactions were performed in the PCR Thermal
Cycler Dice TP60 (Takara Bio, Kusatsu, Japan) using the Kapa2G
FAST PCR kit (Kapa Biosystems, Basel, Switzerland) and Vent (exo-)
DNA polymerase kit (New England Biolabs, Ipswich, Massachusetts,
USA), respectively. Mupid-one gel electrophoresis system and
agarose Fast Gene were obtained from NIPPON Genetics (Duren,
Germany). The FХ174 DNA-HaeIII DNA marker was obtained from
New England Biolabs (Ipswich, Massachusetts, USA) and ethidium
bromide used for DNA staining from Research Organics (Cleveland,
OH, USA). The 40 nm size gold nanoparticles (AuNPs) (7.7 � 107

particles/mL) were obtained from Nanobiosols (Liverpool, UK).
Carboxylated microspheres Polybead (5.7 � 106 particles/mL),
2.00 mm in diameter, were from Polysciences Europe GMbH
(Hirschberg, Germany). The coupling reagent 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) was from AppliChem
(Maryland Heights, MO, USA). Bovine serum albumin (BSA) was
purchased from Serva Electrophoresis GmbH (Duisburg, Germany)
and EZ-Link Sulfo-NHS-LC-biotin (sulfosuccinimidyl-6-(biotin-
amido) hexanoate) from Thermo Fisher (Waltham, Massachusetts,
USA). The salt-free recombinant streptavidin (SA), from Strepto-
myces avidinii expressed in E. coli was used for AuNPs conjugates
and was obtained from Roche (Basel, Switzerland). All the dNTPs



Table 1
Contains the KRAS gene PCR primers, the synthetic DNA targets used for optimization and the PEXT primers, at the 30 ends of which
the KRAS mutations are located.

Oligonucleotide Sequence (5΄ / 30)

PCR Primers

KRAS_F GCCTGCTGAAAATGACTGAATA
KRAS_R CAAGAGACAGGTTTCTCCATCA

Synthetic Targets
tKRASNormal CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCACCAGCTCCAACTACCACAAG
tKRASG12D CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCATCAGCTCCAACTACCACAAG
tKRASV CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCAACAGCTCCAACTACCACAAG
tKRASG12A CTGAATTAGCTGTATCGTCAAGGCACTCTTGCCTACGCCAGCAGCTCCAACTACCACAAG

PEXT Primers
KRAS_NORMAL A24 CTTGTGGTAGTTGGAGCTGG
KRAS_G12D A24 CTTGTGGTAGTTGGAGCTGA
KRAS_G12V A24 CTTGTGGTAGTTGGAGCTGT
KRAS_G12A A24 CTTGTGGTAGTTGGAGCTGC
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(dATP, dGTP, dTTP) were purchased from Invitrogen (Carlsbad,
California, USA) and biotin-dCTP from Jena Biosciences GmBh (Jena,
Germany). Glycerol was from Carlo Erba (Barcelona, Spain). Sodium
hydrogen carbonate was fromMerck (Darmstadt, Germany) mono-
and dihydrate sodium phosphate were purchased from Lachner
(Neratovice, Czech Republic). 2-(N-morpholino)ethanesulfonic acid
(MES), penicillin, streptomycin and all the other common reagents
were purchased from Sigma-Aldrich (Saint Louis, Missouri, USA).

For the construction of the strip, the nitrocellulose membrane
Immunopure FP Whatman was purchased from GE Healthcare Life
Sciences (Buckinghamshire, UK), the immersion pad, conjugate
pad, and absorbent pad were obtained from Schleider & Schuell
(Dassel, Germany).

The composition of 1 � Phosphate-buffered saline (PBS), pH 7.4
was 137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4 and 2 mM KH2PO4.
The 4 � Saline-sodium citrate (SSC) buffer consisted of 600 mM
NaCl and 60 mM Na3C6H5O7. 1 � TE buffer was constituted by
10 mM Tris-HCl pH 8.0 and 1 mM EDTA.

The centrifuge 5415 D was obtained from Eppendorf (Hamburg,
Germany) and the Ultrasonic device was from Branson Ultrasonics
(Danbury, CT, USA). The images of the strips were obtained with the
scanner EPSON Perfection V500 PHOTO (Seiko Epson Corporation,
Suwa, Japan). The NanoDrop 1000 spectrophotometer from Thermo
Scientific (Waltham, MA, USA) was used for DNA and cfDNA
determination.
2.2. Samples

2.2.1. Synthetic DNA samples
Synthetic single-stranded DNA targets that contained the SNP of

interest of the KRAS gene were used for method development and
optimization studies. The targets had a size of 60 bp and carried a
poly(dA) tail at the 3’ end to enable the detection with the lateral
flow strip assay.
2.2.2. Cell lines
The human colorectal adenocarcinoma cell line Caco-2 (Caco2,

human colorectal adenocarcinoma), with wild-type KRAS, was
generated from American Type Culture Collection (ATCC, Manassas,
VA) and was kindly provided by Prof. Kalofonos H Laboratory
(Department of Medicine, University of Patras, Patras, Greece). The
acute lymphocytic leukemia cell line CCRF-CEM with mutant KRAS
[CCRF CEM, c.35G > A (p.G12D)] was generated from the ATCC and
was kindly provided by Prof. Stathopoulos GT Laboratory (Depart-
ment of Medicine, University of Patras, Patras, Greece). The human
3

colon adenocarcinoma cancer cell line with mutant KRAS [LS174T,
c.35G > A (p.G12D)] was purchased from the American Type Cul-
ture Collection (ATCC, USA). Cell lines were cultured in humidified
incubator at 37 �C in 5% CO2 and 95% air using full culture medium
(DMEM, GIBCO-TM) supplemented with 10% FBS and 100 units of
penicillin and streptomycin. All cell lines were cultured and
passaged in T25 tissue culture flasks before subsequent harvesting
using 0.25% trypsin/EDTA. Passage 3 to 4 cell lines were used for all
experiments. For experiments, cells were grown to 80e90% con-
fluency, while all cell lines were periodically tested for Mycoplasma
contamination using Mycoprobe Mycoplasma Detection Kit.

2.2.3. Blood samples
Blood samples were collected from three healthy donors and

three CRC patients with advanced disease and known G12D KRAS
mutations, prior to or soon after initiation of first adjuvant
chemotherapy in the Oncology Department, University Hospital of
Patras Greece. Presence of KRAS mutations was confirmed in tissue
samples by Next Generation Sequencing (Ion Gene Studio S5 Prime
System, Thermo Fisher Scientific) using the Ion AmpliSeq NGS
Panel (Thermo Fisher Scientific). Informed consent was available
for all patients and the study has been approved by Institutional
Ethics & Research Committee (protocol number 86436/14.10.2019).

2.3. DNA extraction from cell lines

After vigorousmixing by vortex, the cell pellet was washed with
PBS and DNA extraction was performed using NucleoSpin DNA
Rapid Lysis kit, according to manufacturer’s instructions. DNA was
eluted in 100 mL of elution buffer RLE followed by centrifugation for
1 min at 11000 g. The purity and concentration of DNA was deter-
mined using the NanoDrop 1000 spectrophotometer. DNA extracts
were stored at �20 �C.

2.4. Cell-free DNA (cfDNA) extraction

Plasma was prepared from fresh human K3EDTA blood samples
by centrifugation for 10min at 2000 g. Plasmawas carefully aspired
from the cell pellet in order to avoid cell-pellet carryover. Plasma
samples were then frozen and stored at �80 �C before use. Prior to
DNA isolation, plasma samples were defrosted in room tempera-
ture, re-centrifuged for 3 min at 11000 g and the supernatant was
further analyzed. cfDNA isolation from plasma was performed us-
ing the NucleoSpin Plasma XS kit according to the manufacturer’s
instructions, utilizing a column which directs the sample to a silica
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Fig. 1. Principle of the lateral flow assay. TZ, test zone; CZ, control zone; SA, strepta-
vidin; AuNPs, gold nanoparticles; B, biotin; BSA, bovine serum albumin.
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membrane. DNA was finally eluted with 20 mL of elution buffer by
centrifugation for 30 s at 11000 g (rapid protocol). The purity and
concentration of DNAwas again assessed using the NanoDrop 1000
spectrophotometer.

2.5. Biotinylation of bovine serum albumin (BSA)

For the biotinylation of BSA, 200 mL of 1 g L�1 BSA (0.2 mg) were
mixed with 50 mL of freshly prepared 0.5 M NaHCO3 (pH 9.1). Then,
1 mg of EZ-Link Sulfo-NHS-LC-biotin was added to the final reac-
tion mixture. After a 1-h incubation in dark, the biotinylated BSA
was ready to be used at a final concentration of 0.8 mg mL�1.

2.6. Synthesis of poly(dT)-functionalized polystyrene microspheres

An aliquot of 12.8 mL from the stock solution of carboxylated
polystyrene microspheres was added to 125 mL of MES buffer, pH
4.5. A 2-min centrifugation step at 15700 g was followed, and the
supernatant was removed. The microspheres were resuspended in
40 mL MES buffer by vortex-mixing and sonication for 2 min. Then,
1 mL of 400 pmol mL�1 of NH2-dT(30) oligonucleotide and 1.25 mL of
0.4 mg mL�1 of fresh EDC solution were added to the microspheres’
solution. The reactionmixturewas incubated for 30min in the dark
and with frequent stirring, while another aliquot of 1.25 mL of
freshly prepared EDC solution was added at the end of the incu-
bation step and the mixture was let for another 30-min period as
above. Then, 2 mL of a Tween-20 solution (10% v/v) were added and
the reaction mixture was centrifuged for 2 min at 15700 g. The
supernatant was discarded, and the functionalized microspheres
werewashed twicewith 100 mL of 1� TE buffer (10mMTris-HCl pH
8.0, 1 mM EDTA) and 2 mL of a 10% Tween-20 solution. After each
washing step, a 2-min centrifugation at 15700g was performed.
Finally, the functionalized microspheres were resuspended in
100 mL of 1 � TE buffer pH 8.0.

2.7. Preparation of streptavidin-modified gold nanoparticles (SA-
AuNPs)

A volume of 200 mL of 50 mg L�1 (particle concentration
7.7 � 1010 mL�1) gold nanoparticles (10 mg) was used for the
conjugation reaction. Firstly, the pH of the AuNPs solution was
adjusted to 6.0 with 10 mM phosphate buffer (pH 6.8). Then, 1.5 mL
of 1 g L�1 streptavidin (1.5 mg), diluted in H2O, was added to AuNPs
and a 2-h incubation step followed at room temperature and in the
dark. The reaction mixture was regularly stirred during incubation,
followed by addition of BSA diluted in H2O at a final concentration
of 10 g L�1 as blocking agent. The mixturewas incubated for 30 min
at room temperature. The SA-functionalized AuNPs were precipi-
tated by centrifugation at 3300g for 20 min and finally recon-
stituted in 20 mL of proper storage buffer (1 � PBS, 1% BSA, 0.25%
sucrose, 1% Tween-20, 0.05% NaN3). The conjugate was finally
stored at 4 �C for further use.

2.8. Construction of the lateral flow strip assay

The DNA-based strip had a size of 4 mm � 70 mm and is con-
sisted of an immersion pad, a conjugate pad, a nitrocellulose
membrane, an absorbent pad and under these parts a plastic ad-
hesive surface to provide a stable support. All the pads and the
membrane were placed on the plastic surface with overlapping
ends, in order to ensure the appropriate capillary flow of the
running buffer through the strip (Fig. 1). The construction of the
control and the test zone on the membrane of the strip was per-
formed as follows: a volume of 0.5 mL of 50 ng/mL of biotinylated
BSA and a volume of 1 mL of the poly(dT)-functionalized
4

microspheres were deposited onto the membrane of the strip to
form a control and a test spot, respectively. The membrane was
then let to dry at ambient temperature for 10e15 min before use.

2.9. Polymerase chain reaction (PCR)

PCR was performed in a gradient PCR Thermal Cycler at a final
volume of 25 mL for the amplification of exon 12 of the KRAS gene.
The reaction mixture contained 1 � KAPA 2G FAST Master Mix
(supplemented with 1.5 mM MgCl2), 0.6 mM of the upstream and
downstream KRAS primers and about 100 ng of isolated DNA. The
PCR parameters were as follows: an initial denaturation step at
95 �C for 3 min, 35 cycles of 95 �C for 30 s, 55 �C for 30 s and 72 �C
for 30 s and a final extension step of the primers at 72 �C for 10min.
For the determination of the PCR products a 2% agarose gel elec-
trophoresis with ethidium bromide staining were used. The
quantification was carried out with densitometric analysis using
the open-source ImageJ image processing and gel analyzer tool by
National Institutes of Health (NIH) (Bethesda, Maryland, USA) and
Laboratory for Optical and Computational Instrumentation, Uni-
versity of Wisconsin (Wisconsin, USA).

2.10. Primer extension reaction (PEXT)

The amplified DNA products were subjected to four separate
primer extension (PEXT) reactions using four different PEXT
primers specific to the normal gene and the three KRAS mutations.
The reaction mixture, with a final volume of 20 mL, contained
1 � Thermopol buffer (20 mM Tris-HCl pH 8.8, 10 mM (NH4)2SO4,
10 mM KCl, 2 mM MgSO4, 0.1% Triton X-100), 2.5 mM each of dATP,
dTTP and dGTP, 2.5 mM of biotin-dCTP, 0.05 mM of the normal or
mutants PEXT primers, 0.5 U of Vent(exo-) DNA polymerase and
finally 200e400 fmol of the target DNA. The conditions of the PEXT
reactions for the synthetic DNA targets were: a denaturation step at
95 �C for 3 min, and then 3 cycles of 95 �C for 15 s, 62 �C for 10 s and
72 �C for 15 s, while 400 fmol of each synthetic target was used in
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the reaction. The amount of 400 fmol of the DNA isolated from the
cell line was also used in PEXT reactions with the following con-
ditions: a denaturation step at 95 �C for 3 min, and then 10 cycles of
95 �C for 15 s, 58 �C for 10 s and 72 �C for 15 s. As for cell-free DNA
isolated from the blood samples, 200 fmol were added to the re-
action pool, while the PEXT parameters were the same as for the
cell lines, but 15 cycles were required for a positive result. Finally,
the PEXT products were denatured at 95 �C for 3 min and then
incubated on ice for 2 min, just before their application onto the
AuNPs-based strip test.

2.11. Gold nanoparticle-based lateral flow assay

For the performance of the lateral flow assay, 3 mL of
streptavidin-functionalized gold nanoparticles (SA-AuNPs) and
5 mL of the denatured PEXT product were applied onto the conju-
gate pad of the strip. The strip was then immersed into 300 mL of
the running buffer (4x SSC, 1% glycerol, 1% Tween, 1% BSA, 0.5%
SDS). After 10 min, the strip was removed from the running buffer.
The images of the strips were finally obtained using a conventional
scanner.

3. Results

In the present work, we developed a gold nanoparticle-based
DNA lateral flow assay to detect single KRAS mutations in cell-
free DNA for non-invasive liquid biopsy applications. The pro-
posed lateral flow assay was developed for the rapid visual detec-
tion of the normal allele and three major single-point mutations of
the KRAS gene, that are located in exon 12: G12D (35G > A), G12V
(35G> T), G12A (35G > C), in cell-free DNA from blood samples. The
method was initially optimized using four synthetic DNA targets
that contained the four analyzed SNPs (Table 1), as well as using
DNA extracted from cancer cell lines carrying the normal and the
mutant G12D KRAS allele. The strip test was finally applied for
analysis of cell-free DNA in plasma from healthy individuals and
CRC patients with known G12D KRAS mutations.

3.1. Principle of the method

Each DNA target obtained from the synthetic targets, the cell
lines and the blood samples was amplified by PCR using KRAS-
specific primers for the exon-12 region. The PCR products had a
size of 171 bp and were quantified by agarose gel electrophoresis
and ethidium bromide staining. Each PCR product was then sub-
jected to four separate PEXT reactions using PEXT primers specific
to the four SNPs examined: the normal allele and three single-point
mutations of the KRAS gene. All PEXT primers had the same
sequence with a difference in the base at the 30 end, where the
analyzed SNPs are located and were taggedwith a poly-adenine tail
at the 50 end to enable the detectionwith the lateral flow assay. The
DNA polymerase used in PEXT reaction lacks the 30-50 proofreading
exonuclease activity, so that the primers are extended by the po-
lymerase only if they are full-complementary to the target
sequence. During the extension of the primers, biotin molecules
were incorporated in the PEXT product, by using biotin-dCTP, for
their detection by the SA-AuNPs conjugates (Fig. 1).

For the preparation of the diagnostic strip test, biotin molecules
were immobilized on the nitrocellulose membrane using b-BSA
conjugates. The deposition of the b-BSA on the membrane repre-
sented the control zone (CZ) of the strip, where the excess of SA-
AuNPs is bound through biotin-streptavidin interactions. The CZ
must be always visible as it ensures that the lateral flow assay
5

works properly. For the test zone (TZ) of the strip, NH2dT(30)-beads
were also pre-deposited on the membrane in order to capture the
DNA sequences of interest. The PEXT products were denatured just
before their application onto the strip. A 5-mL aliquot of the dena-
tured products and 3 mL of the SA-AuNPs conjugates were depos-
ited on the conjugate pad of the strip. The strip was then immersed
into the running buffer for 10min. The running buffer entrained the
reagents upwards. The PEXT products were captured at the TZ of
the biosensor by the immobilized poly(dT) sequences through hy-
bridization to the poly(dA) tail of the PEXT primers. SA-AuNPs were
also accumulated at the same zone through streptavidin-biotin
interactions with the biotinylated PEXT products, forming a visual
red spot. The appearance of a red spot at the TZ denoted the
presence of the specific SNP examined, while the excess of the SA-
AuNPs formed a second red spot at the CZ of the strip by binding to
the immobilized b-BSA, ensuring the strip’s proper function. The
detection was accomplished by naked eye within 10 min.

3.2. Analysis of the synthetic DNA targets with the lateral flow
assay

The method was initially developed and all conditions were
optimized using synthetic DNA targets that contained the analyzed
SNPs. The optimization studies aimed to signal improvement by
eliminating any non-specific binding at the TZ of the biosensor. The
parameters studied included the protocol for cell-free DNA isola-
tion, the conditions of the coupling reaction of the protein strep-
tavidin to gold nanoparticles, the reconstitution buffer of the SA-
AuNPs conjugates, the amount of reagents and DNA target, the
number of cycles and the annealing temperature of the PEXT re-
actions, as well as the composition of the running buffer of the
lateral flow assay. Each synthetic DNA target was subjected to four
different 3-cycle PEXT reactions using the PEXT primers for each
SNP. The annealing temperature was set at 62 �C. Each PEXT
product was then analyzed separately with the lateral flow assay. A
red spot was formed at the TZ of the strip, thus a PEXT product was
produced, only if the PEXT primer was fully complementary to the
synthetic DNA target. The images of the strip for the normal gene,
as well as for the three single-point mutations of the KRAS gene are
shown in Fig. 2. We noticed that each PEXT product gave a positive
result with the strip test, only with its corresponding PEXT primer,
ensuring the specificity of the method.

3.3. Analysis of the DNA extracted from cell lines with the lateral
flow assay

Optimization experiments were also performed using DNA
extracted from cell lines carrying the normal (Caco2) or the G12D
mutant (LS174T and CCRF-CEM) KRAS gene allele. Isolated DNA
from each cell line underwent four separate PEXT reactions with
the four different PEXT primers. High signal color intensity at the
test zone of the strip was obtained by a 10-cycle PEXT reactionwith
an annealing temperature at 58 �C. Differences in the experimental
conditions between synthetic DNA and DNA from cell lines are
attributed to the fact that the synthetic targets are single-stranded
small DNA sequences showing more efficient hybridization albeit
with more intense non-specific interactions compared to the
double-stranded genomic material isolated from the cell lines. As
presented in Fig. 3, red spots were only formed at the TZ of the strip
in case of the normal allele for the wild-type KRAS cell line (Caco2)
and both the normal allele and the G12D KRAS mutation for the
LS174T and CCRF-CEM cell lines as expected, highlighting the good
specificity of the lateral flow assay.
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Fig. 2. Analysis of the synthetic DNA targets, that contain the SNP of interest, with the lateral flow assay. Each DNA target was subjected to four separate PEXT reactions using the
four different PEXT primers specific to the normal allele of the KRAS gene and the G12A, G12D and G12V KRAS gene mutations. The PEXT products were then analyzed with four
different strips that corresponded to the normal allele and the G12A, G12D and G12V KRAS gene mutations. TZ, test zone; CZ, control zone.
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3.4. Analysis of cell-free/circulating tumor DNA in blood samples
with the lateral flow assay

Following optimization studies, blood samples from three
healthy individuals and three CRC patients that carried the G12D
KRAS mutation were analyzed by the lateral flow strip assay. Cell-
free DNA was firstly isolated from plasma and then subjected
again to four PEXT reactions as described previously. An amount of
200 fmol of the isolated cfDNA was used for the PEXT reaction. As
the mutated ctDNA is present in very low amounts in the blood
circulation compared to the cfDNA carrying the normal KRAS allele,
a number of 15 cycles of the PEXT reaction was required to get a
positive outcome. The annealing temperature was also set at 58 �C.
The PEXT products were then heat-denatured and applied onto the
strip. Analysis of healthy donors’ samples resulted in a red spot
appearing at the TZ of the strip only for the normal allele. On the
other hand, analysis of patients’ samples resulted in a red spot that
was formed at the TZ of both strips that corresponded to the normal
allele and to the G12D KRAS mutation, as expected. Regarding pa-
tients’ samples, it was also observed that the density of the color of
the test spot for the G12D mutation was lower than that of the test
spot for the normal allele consistent with the lower concentration
of mutated ctDNA compared to non-tumor derived cfDNA in the
circulation. Images of cfDNA analysis by the lateral flow assay are
presented in Fig. 4. The results of the analysis are also presented in
Table S4.

3.5. Reproducibility

The reproducibility of the developed method, regarding the
PEXT reaction and the performance of the lateral flow assay, was
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finally assessed and expressed as coefficient of variation (%CV)
values. For this study, DNA isolated from cell line Caco2 carrying the
normal KRAS allele was selected. The DNA sample (400 fmol) was
subjected to PEXT reaction for eight times using its corresponding
PEXT primer that targets the normal allele. The PEXT products were
then analyzed with eight different strips. Also, the PEXT product of
a CRC patient that carried the G12D mutation was analyzed in
triplicate with the lateral flow assay for the normal allele and the
G12D mutation. The strips where then scanned, and the density of
the red spots formed at the TZ of the sensor was determined using
the open-source image processing software ImageJ. Finally, the %
CVs calculatedwere 3.0% (n¼ 8) for the cell line and 3.3% (n¼ 3) for
the normal allele and 4.9% (n¼ 3) for the G12Dmutation of the cell-
free DNA from the CRC patient, proving the very good reproduc-
ibility of the method and the lateral flow assay. The reproducibility
results are presented in Fig. 5.

4. Discussion

Compared to the conventional methods, biosensors are excel-
lent analytical tools for ctDNA screening and detection due to their
high detectability/sensitivity and specificity in complex samples,
rapid readout, cost-effectiveness, increased multiplicity, portability
and ease of use. Due to their unique characteristics, biosensors have
rapidly been emerged as promising tools in ctDNA analysis and
liquid biopsy [41]. On the other hand, the use of nanomaterials in
biosensing has received wide attention by scientists as a promising
alternative to traditional techniques mainly due to their contribu-
tion to non-enzymatic signal enhancement [42]. However, current
nanomaterial-based approaches for ctDNA sensing are still in their
early stage, facing many drawbacks in terms of detectability and
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Normal cell line
CacO2 - wild-type KRAS gene 

Acute lymphocytic
leukemia cell line cell line

CCRF-CEM - G12D KRAS mutation 

Human colon adenocarcinoma
cancer cell line

LS174T – G12D KRAS mutation 

Fig. 3. Analysis of the control cell lines with the lateral flow assay for the wild-type (normal allele) of the KRAS gene (CacO2) and the cancer cell lines (LS174T and CCRF-CEM) that
express both the normal allele and the G12D KRAS mutation. Each isolated DNA from the cell lines was subjected to four separate PEXT reactions and analyzed with four different
strips that correspond to the normal allele and the G12A, G12D and G12V KRAS gene mutations. TZ, test zone; CZ, control zone.

Blood samples
Cell-free/circulating tumor DNA

Healthy individual 1 Healthy individual 2

CRC patient 1 CRC patient 2

Healthy individual 3

CRC patient 3

Fig. 4. Analysis of clinical blood samples and cell-free DNA of three healthy individuals and three CRC patients with known G12D KRAS mutation. Each isolated cell-free DNA from
the blood samples was subjected to four separate PEXT reactions and analyzed with four different strips that correspond to the normal allele and the G12A, G12D and G12V KRAS
gene mutations. TZ, test zone; CZ, control zone; CRC, colorectal cancer.
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specificity. So, new nanotechnology-driven strategies have to be
developed for clinical practices. Although many electrochemical,
colorimetric, fluorescent, surface plasmon resonance (SPR) and
7

surface-enhanced Raman spectroscopy (SERS) biosensors have
been reported for ctDNA analysis, their evaluation is limited to
spiking experiments using single-stranded synthetic



Reproducibility

Normal cell line Cell-free DNA from CRC patient

Fig. 5. Reproducibility study. The DNA of the wild-type KRAS gene cell line was subjected to PEXT reaction and analyzed with the lateral flow assay for 8 repeated times using the
PEXT primer specific to the normal allele. Also, the cell-free DNA of a CRC patient was analyzed in triplicate with the lateral flow assay for the normal allele and the G12D mutation.
TZ, test zone; CZ, control zone.
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oligonucleotide targets [23e40]. Until now, there are only few re-
ports of novel biosensors that have been applied for genotyping of
ctDNA isolated from body fluid samples. Specifically, Wang et al.,
2020 developed a tetrahedral DNA nanostructure-decorated elec-
trochemical biosensor for EGFR genotyping in ctDNA from plasma
samples. ctDNAwas amplified by amplification refractory mutation
system (ARMS)-based linear-after-the-exponential-PCR to obtain
asymmetric biotinylated PCR products that were then detected by
the biosensor through avidin-HRP (horseradish peroxidase) con-
jugates. Two-single point mutations of the EGFR gene were
detected by the proposed biosensor [43]. A novel electrochemical
biosensor was also developed by Huang et al., 2020 for PIK3CA
E545K mutation detection in ctDNA. This biosensor was based on
hybridization chain reaction (HCR) on a gold electrode’s surface for
signal enhancement, while the HCR products were detected
through a biotin-streptavidin sensing system using streptavidin-
alkaline phosphatase [44]. Another electrochemical biosensor was
grounded on urchin-like gold nanocrystal-multiple graphene aer-
ogel and target DNA-induced recycling for ctDNA analysis allowing
signal enhancement [45]. Das et al. (2019 and 2016) reported new
electrochemical sensors that capture ctDNA through specific
immobilized PNA probes onto the electrode’s surface. The detection
was based on the electroactive compounds [Ru(NH3)6]3þ and
[Fe(CN)6]3- that were electrostatically bound to nucleic acids se-
quences, as well as DNA clutch probes and PNA clamps to enhance
the hybridization efficiency and specificity. The biosensor offered
high specificity and increasedmultiplexing potential [46,47]. A dual
electrochemical biosensor was also developed for the detection of
tumor-specific mutation and epigenetic methylation of ctDNA. The
use of PNA probes conjugated to gold nanoparticles enabled the
capture of twomutated ctDNAs of PIK3CA gene and led to increased
electrical signal. Also, lead phosphate apoferritin conjugated to
anti-5-mC recognized the methylation sites of ctDNA. The sand-
wich complex formed was finally detected by square-wave vol-
tammetry and the lead ions released from apoferritin [48]. A dual
enzyme-assisted electrochemical sensor was also constructed for
signal amplification and ctDNA analysis. The sensor was based on
target recycling through RNase HII, while terminal transferase was
used to produce DNA dendritic nanostructures for signal
enhancement. The electroactive compound methylene blue was
finally used as reporter and the sensor offered very good detect-
ability [49]. SERS has also been exploited for ctDNA analysis. An
allele-specific PCR-based SERS assay was developed for multiplex
detection of ctDNA using multicolor SERS nanotags (AuNPs). The
PCR products were labelled with biotin at one end and captured
through streptavidin-coated magnetic beads, while overhanging
ends at the other end were used to allow binding to the comple-
mentary oligonucleotides coupled to the SERS tags. After magnetic
separation, the complexes were analyzed with SERS spectrum by a
portable Raman microscope [50,51]. In another SERS assay,
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positively charged gold/silver nanostars were exploited for the
detection of allele-specific PCR-amplified ctDNA through electro-
static interactions with the negatively charged DNA backbones. The
SERS measurements were also performed in the same portable
Raman microscope [52]. Single-walled carbon nanotubes and
copper nanoparticles were also used for the SERS-based detection
of single-stranded ctDNA in blood samples. Target recycling was
here also performed using RNase HII [53]. Finally, an SPR sensor
was developed for the detection of 11 single nucleotide variants in
circulating RAS mutated DNA in plasma samples from colorectal
cancer patients. Thewild-type and amutated allele of the KRAS and
NRAS genes were detected simultaneously in two parallel micro-
fluidic channels of the sensor. The great advantage of this sensor
lies in the fact that it avoids the ctDNA extraction and PCR ampli-
fication steps, while gold nanoparticles were used for signal
enhancement [54]. Advantages, disadvantages and details for the
analytical performance of the above biosensors and the proposed
lateral flow strip assay are presented in Supplementary Table 1
(Table S1).

Compared to the above biosensors used for ctDNA analysis,
lateral flow hybridization-based tests also represent good candi-
dates for liquid biopsy applications in terms of rapidness and
simplicity, along with high detectability and reproducibility
[55,56]. Althoughmany lateral flow assays have been developed for
microRNA detection, there are no reports regarding their use in
ctDNA analysis. A lateral flow assay that was based on
oligonucleotides-functionalized gold nanoparticles and allele-
specific PCR was previously reported for the detection of six KRAS
mutations in genomic DNA isolated from cancer cell lines [57].

Herein, we have developed a new rapid lateral flow assay,
exploiting gold nanoparticles as visual reporters, for KRASmutation
detection on ctDNA of CRC patients. Compared to the aforemen-
tioned reported biosensors for ctDNA analysis in clinical samples, as
shown in Table S1 of the Supplementary Material, this lateral flow
test is significantly superior in the terms of simplicity, visual
detection, rapid analysis time, short time for biosensor’s fabrication
and limited steps for the analysis (as no washing and incubation
steps are acquired) along with high specificity, the ease of use and
the multiplexing and universality potential.

5. Conclusions

In conclusion, we developed a rapid gold nanoparticle-based
lateral flow assay that was for the first time exploited to detect
single KRAS mutations in cell-free DNA for non-invasive liquid bi-
opsy applications. The strip test was applied for the detection of
three major single-point mutations of the KRAS gene in cell-free
circulating tumor DNA. The proposed lateral flow assay offered
high detectability, as the very low amount of the ctDNA was easily
detectable by the strip test, good specificity and good
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reproducibility (%CVs ~ 3e5%). Detection of the KRAS mutations
was accomplished by bare eye and completed within 10 min after
the application onto the strip. The whole protocol (DNA isolation,
PCR, PEXT and analysis with the strip test) had an analysis time of
about 3e3.5 h. The rapidly obtained results of high sensitivity,
specificity, reproducibility, simplicity, along with low cost, render
this strip test a very promising minimally invasive tool for the
detection of KRAS mutations in CRC patients with important clin-
ical applications in early diagnosis, prognosis and treatment
tailoring [11,12]. Moreover, considering that the allele discrimina-
tion reaction is accomplished prior to the application to the strip
and the reaction’s products are detected based on dA/dT hybridi-
zation, the proposed DNA lateral flow assay may be used as a uni-
versal targeted approach of ctDNA analysis, meaning that it can be
applied for the detection of any SNP or single-point mutation of any
gene of interest. The later advantage along with the potential to
increase the number of mutations and genes analyzed strongly
support the promising future use of this lateral flow assay in many
liquid biopsy applications.
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