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Nucleic acid-based molecular diagnosis has gained special importance for the detection and early diagnosis of
genetic diseases as well as for the control of infectious disease outbreaks. The development of systems that allow
for the detection and analysis of nucleic acids in a low-cost and easy-to-use way is of great importance. In this
context, we present a combination of a nanotechnology-based approach with the already validated dynamic
chemical labeling (DCL) technology, capable of reading nucleic acids with single-base resolution. This system
allows for the detection of biotinylated molecular products followed by simple detection using a standard flow

cytometer, a widely used platform in clinical and molecular laboratories, and therefore, is easy to implement.
This proof-of-concept assay has been developed to detect mutations in KRAS codon 12, as these mutations are
highly important in cancer development and cancer treatments.

1. Introduction

Early, rapid, and effective nucleic acid analysis is currently in de-
mand for the diagnosis of genetically-based and infectious diseases [1,
2]. It is a key tool for early diagnosis, accurate prognosis, and control of
disease outbreaks. It is noteworthy that it can also be used for treatment
management in personalised medicine. The gold standard for nucleic
acid analysis is quantitative polymerase chain reaction (qPCR) and
reverse-transcription quantitative PCR (RT-qPCR), when RNA is ana-
lysed, because of its high specificity, sensitivity, and reproducibility.
However, qPCR is not exempt from issues. For instance, during the
COVID-19 pandemic, the use, almost exclusively, of PCR-based assays
for identifying SARS-CoV-2 created huge problems in terms of material
accessibility and the need to work with isolated RNA molecules [3,4].

Thus, developing new methods to rapidly detect and genotype nucleic
acids with high specificity is important in the molecular testing field. In
this context, technologies that can offer advantages over PCR assays,
such as working directly with complex matrix samples while maintain-
ing the high specificity of PCR, are of great interest.

Herein, we have developed a novel strategy for nucleic acid reading
with single-base resolution based on the combination of bifunctional
polystyrene nanoparticles (PS-NPs) for the capture and analysis of bio-
tinylated products generated by dynamic chemical labelling (DCL)
(Fig. 1A). DCL is an already validated and versatile chemical-based
approach that harnesses the Watson and Crick base-pairing rules for
templating the dynamic incorporation of an aldehyde-modified nucle-
obase (SMART-Nucleobase) into the abasic position of an abasic peptide
nucleic acid (PNA) probe, also known as a DGL probe (see chemical
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Fig. 1. Single-nucleotide detection of KRAS using DCL in solution and bifunctional Strep-FAM-NPs (13). A) Work-flow scheme: 1) DCL reagents are added and DCL
product is formed; 2) Strep-FAM-NPs (13) are added. These Strep-FAM-NPs (13) capture the DCL product. 3) Washing steps are performed; 4) Readout by FACS
analysis. B) Schematic representation of the hybridisation step (I), followed by the dynamic incorporation of the biotin-labelled SMART-Nucleobase (II) and the
reductive amination using NaBH3CN (III). Finally, the DCL product is captured by the Strep-FAM-NPs (13) (IV).

structure in Supporting Information 1) [5,6]. These two key reagents,
the DGL probe and the SMART-Nucleobase, can be modified and tagged,
enabling the detection of DCL products by fluorescence, mass spectros-
copy, colourimetry, and chemiluminescence. The DCL reaction com-
prises several steps: in the first step, the DGL probe hybridises with a
complementary target nucleic acid forming a DGL:DNA heteroduplex
(Fig. 1B, step I). This hybridisation occurs so that the nucleotide under
interrogation at the target nucleic acid strand lays opposite to the abasic
position of the DGL probe, creating a so-called chemical pocket. In this
chemical pocket, a reversible reaction between the aldehyde group of
the SMART-Nucleobase and the secondary amine found in the abasic
position results in different and unstable iminium intermediate species
(Fig. 1B, step II). The intermediate formed following the Watson and
Crick base pairing rules is the most stable, allowing the next step, the
irreversible reductive amination, which covalently links the
SMART-Nucleobase into that position (Fig. 1B, step III). Herein, the DCL
product formed will be captured by the PS-NPs for analysis by
Fluorescence-Activated Cell Sorting (FACS).

One of the advantages of DCL, compared to standard molecular as-
says, is its ability to detect nucleic acids directly from body fluids
without the need to isolate them. Our group has developed several DCL-
based approaches that have been successfully applied to different
nucleic acid targets using different biological matrices. For instance, the
method was used to genotype single nucleotide polymorphisms related
to cystic fibrosis [7], to quantify the circulating miRNAs found in the
serum of patients [8-13], and to identify parasitic species by identifying
single nucleotide differences within highly homologous regions [14,15].

Most of the latest applications of DCL use DGL probes conjugated to solid
supports such as nylon membranes and magnetic beads, so that standard
reading platforms that are available in molecular biology laboratories
could be used [16].

In this work, we aimed to use nanoparticles but as solid supports to
capture and detect the formed heteroduplexes rather than as solid sup-
ports to conjugate DGL probes. Therefore, the hybridisation processes
can take place in solution, which means that they are thermodynami-
cally favourable when compared to solid-phase processes [17-19]. To
achieve this, we used PS-NPs due to their robustness and stability in the
biological environment, and their compatibility with standard multistep
chemistries, allowing different orthogonal conjugation strategies
[20-26]. The novel PS-NPs used in this work are bifunctionalised con-
taining both a streptavidin as the high-affinity partner of biotin, and a
fluorophore (5 (6)-carboxyfluorescein, -FAM-) as tracker. These
bifunctional PS-NPs developed for capturing the DCL products in solu-
tion are henceforth referred to as Strep-FAM-NPs (13)).

We performed this proof-of-concept using KRAS codon 12 p. G12C
(c.34G > T) mutation, the most frequent mutation in lung adenocarci-
noma [27], as the model. The appearance of point mutations in the
KRAS gene triggers cancer development, and represents around 20-30%
of all mutations found in human tumours, predominantly adenocarci-
nomas (pancreatic, colorectal, lung, ovarian, cervical, and biliary tract
adenocarcinomas) [2,28,29]. About 99% of mutations in KRAS are point
mutations in codons 12, 13, and 61 of exon 2. Additionally, the
proof-of-concept has been validated to detect miR-122 sequence, a
liver-specific miRNA used as a biomarker of liver damage [12,30], and is
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Table 1

Sequences of ssDNA, PNA, and DGL probes. KRAS codon 12 is shown in bold.
The nucleotide under interrogation (nucleotide located in from of the PNA
abasic position) is underlined in ssDNA sequences. The abasic position in the
DGL probe is shown as *_*. Wt = wild-type sequence. G12C = presence of a
mismatch (G > T) corresponding to the KRAS G12C point mutation. X = amino-
PEG-linker; HAc = acetyl group; glu = nucleobase containing a propanoic acid
side chain at the gamma position. Chemical structures are available in Sup-
porting Information 1.

Target nucleic acid sequences. Sequence (5'-3")

ssDNA-KRAS-wt-Cy5
ssDNA-KRAS-G12C-Cy5
ssDNA-KRAS-wt-Biotin

Cy5—TTGGAGCTGGTGGCGTAG
Cy5—TTGGAGCTTGTGGCGTAG
Biotin—TTGGAGCTGGTGGCGTAG

PNA probes. Sequence (N-C)

PNA-KRAS-wt-Biotin Biotin—xxCTACGCCACCAGCTCCAA
PNA-KRAS-wt-Cy5 Cy5—xxCTACGCCACCAGCTCCAA

DGL probes. Sequence (N-C)

DGL-K12RC HAc —Cys-xxCTACGCCAgluC* *AGgluCTCCAA

also associated with hepatocellular carcinoma development [8,12,13]
(see Supporting Information 4 for the validation of this system using
miR-122 as a target).

2. Materials and methods
2.1. General

All chemicals and solvents were obtained from Sigma Aldrich. SCD
buffer was prepared from 2 x saline sodium citrate (SSC) and 0.1%
sodium dodecyl sulphate (SDS) with the pH adjusted to 6.0 using HCL
Fmoc-PEG3—-COOH and Fmoc-Lys (Dde)-OH were synthesised as previ-
ously described [29]. Fmoc-Glycine-OH and Polaxamer 407 were pur-
chased from Sigma Aldrich. Streptavidin was purchased from VWR.
SPPS procedures, DGL probes, and DCL reactions were performed in a
TS-100 Thermo-Shaker (Biosan). Flow cytometry studies were con-
ducted using a BD FACSCanto II"™ and analysed with the FlowJo soft-
ware (version 10). DCL reactions analyses in BD FACSCanto II™ were
performed using the FITC channel, with a 488 nm excitation laser line
and emission collected with a 530/30 nm bandpass filter for FAM
detection (shown on the Y-axis of dot-plots), and APC channel for Cy5
detection, (shown in the X-axis of dot-plots), with a 633 nm excitation
laser line and emission collected with a 670/14 nm bandpass filter. FACS
data were analysed using median fluorescence intensity (MFI) (n = 3) in
the APC channel, and data were analysed using one-way ANOVA.

2.2. Preparation of Strep-FAM-NPs (13) for capturing DCL products

PS-NPs (1) (360 nm in size) were synthesised following a dispersion
polymerisation process as previously reported [31]. Fmoc-Dde-NPs (8)
were prepared according to previously described protocols [23]. Briefly,
coupling reactions were carried out in dimethylformamide (DMF) using
the Fmoc-NH-protected monomer (50 equiv) with oxyma (50 equiv)
and N,N’-diisopropylcarbodiimide (DIC) (50 equiv) as coupling agents
(see Supporting Information 2 for synthesis route details).

Dual NP functionalization was achieved via the orthogonally pro-
tected amine groups on the PS-NPs. Fluorescein-functionalized NPs
(FAM-NPs (10)) were obtained by removing the Dde group from Lys
followed by the conjugation of FAM through amide bond formation.
Then, the Fmoc protecting group was removed, and the free primary
amine PS-NPs were treated with a glutaraldehyde solution (25% (w/v)
in phosphate buffered saline (PBS) before streptavidin conjugation (60
mM) in PBS (pH 7.4) and treatment with a sodium cyanoborohydride
solution (20 mM) in PBS/EtOH (3:1) for 2 h to obtain bifunctionalised
Strep-FAM-NPs (13). Finally, Strep-FAM-NPs (13) were washed with
PBS and treated with a quenching solution (40 mM ethanolamine with
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1% (w/v) BSA in PBS) and 1% (w/v) polaxamer 407 (details are pro-
vided in Supporting Information 2).

2.3. Target selection, probe design, and synthesis

Synthetic single-stranded DNA (ssDNA) oligomers mimicking codon
12 of KRAS wild-type sequence and KRAS containing G12C mutation
sequence (ssDNA-KRAS-wt-Cy5, ssDNA-KRAS-wt-biotin, and ssDNA-
KRAS-G12C-Cy5) were purchased from Sigma Aldrich (see Table 1 for
sequences). All sequences were obtained using BLAST analysis [32].

SMART-Cytosine-PEG12-Biotin (henceforth referred to as SMART-C-
Biotin), SMART-Adenine-Deaza-PEG1»-Biotin (henceforth referred to
as SMART-A-Biotin), PNAs, and DGLs probes were provided by DES-
TINA Genomica S.L. PNA and DGL probes were synthesised on a Intavis
Bioanalytical Instruments MultiPrep CF synthesiser (Intavis AG GmH,
Germany). For this, standard SPPS protocols were followed by succes-
sive rounds of coupling of previously activated amino-protected PNA
monomers, followed by deprotection of the amino terminal protecting
group and washes after each step. Once synthesised, the probes were
separated from the resin by treatment with trifluoroacetic acid and
precipitation with cold ether. Subsequently, they were purified by HPLC
and characterised by HPLC and MALDI-TOF. Two PNAs complementary
to KRAS labelled with either Cy5 (PNA-KRAS-wt-Cy5) or biotin (PNA-
KRAS-wt-Biotin), and one DGL complementary to KRAS (DGL-K12RC)
were designed and synthesised (Table 1). Synthetic single-stranded DNA
and probes used for the validation of this system using miR-122
sequence as a target are detailed in Supporting Information 4.

2.4. PNA:DNA and DGL:DNA heteroduplex formation and DCL reaction
in human plasma

a) PNA:DNA hybridisation. Hybridisation assays were performed by
incubating ssDNA (1 pM) and PNA probes (1 pM) in SCD buffer (pH
6) in a 1.5 mL tube placed in a Thermo-Shaker at 80 °C for 5 min,
with shaking at 1400 rpm. Then, the reaction was cooled to 41 °C at
3 °C/min followed by incubation for 1 h.

b) DCL reactions. DCL reactions were performed by incubating ssDNA
(1 pM) and DGL probe (1 pM) together with SMART-C-biotin (5 pM)
under the same conditions described above for PNA:DNA heterodu-
plex formation. Once the temperature reached 41 °C, sodium cya-
noborohydride was added to a final concentration of 1 mM, and the
reaction was incubated at 41 °C for 1 h while shaking at 1400 rpm.

To assess the DCL reaction occurs in a complex biological matrix, a
calibration curve was performed in diluted human plasma. Five quan-
tities of target (ssDNA-KRAS-wt-Cy5) were spiked in (2.5 pmol, 12.5
pmol, 25 pmol, 37.5 pmol and 50 pmol), followed by the addition of SCD
buffer (pH 6; 1:4) containing 1 pM of DGL probe in a total volume of 50
pL. Then, the reaction was mixed and incubated at 80 °C for 5 min,
shaken at 1400 rpm, cooled to 41 °C, and incubated for 1 h. The human
plasma samples from healthy donors were provided by the Biobank of
the Andalusian Public Health System (agreement number $S1900297)
approved by the Committee of Ethics of Biomedical Research of Anda-
lusia (study code: 32,160,041).

In all cases, after incubation at 41 °C, 5 x 108 Strep-FAM-NPs (13)
were added and incubated at 25 °C for 1 h with shaking at 1400 rpm. For
more details about the determination of the number of NPs, see Sup-
porting Information 2.7. Finally, the NPs were washed with PBS 0.1%
tween (3 x 200 pL; 5 min at 12,000 rpm)), resuspended in 200 pL of PBS,
and analysed by flow cytometry.
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3. Results and discussion

3.1. Preparation and characterisation of bifunctional Strep-FAM-NPs

13)

Bifunctional Strep-FAM-NPs (13), designed to capture biotinylated
molecular products, were prepared by conjugating the streptavidin
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moiety and a fluorophore, FAM. These nanoparticles were successfully
prepared using standard protocols based on Fmoc solid-phase chemistry
with oxyma and N,N-diisopropylcarbodiimide (DIC) as coupling re-
agents (see synthetic details in Supporting Information 2). The loading
of aminomethyl-PS-NPs (1) (0.022 mmol/g) was determined by
coupling the Fmoc-Gly OH amino acid. After coupling reactions, their
efficiencies were monitored using the Kaiser colorimetric test [33]. To
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Fig. 2. Synthetic scheme of aminomethyl PS-NPs bifunctionalisation with FAM and streptavidin (Strep-FAM-NPs (13)). Aminomethyl PS-NPs (1) were functionalized
following SPPs standard protocols to obtain bifunctionalised Strep-FAM-NPs (13). Reagents and conditions: (i) Fmoc-Gly-OH, Oxyma, DIC (1400 rpm, 2 h, 60 °C); (ii)
20% piperidine in DMF (1400 rpm, 3 x 20 min, 25 °C); (iii) Fmoc-PEG-OH, Oxyma, DIC (1400 rpm, 2 h, 60 °C); (iv) Fmoc-Lys-Dde (OH), Oxyma, DIC 1400 rpm, 2 h,
60 °C); (v) 3.5 Hydroxylamine, HCl, Imidazole, NMP (1400 rpm, 1 h, 25 °C); (vi) FAM, Oxyma, DIC (1400 rpm, 2 h, 60 °C); (vii) 25% glutaraldehyde in PBS (1400

rpm, 16 h 25 °C); (viii) 0.3 pg/mL streptavidin in PBS (1400 rpm, 25 °C, 16 h).
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Fig. 3. Characterisation of Strep-FAM-NPs (13). (A) Size distribution determined by DLS; (B) Values of the zeta potential of amino-methyl PS-NPs (1) (blue), FAM-
NPs (10) (dark green) and Strep-FAM-NPs (13) (green); (C) Scatter plot analysis representative of amino-methyl NPs (1) (blue) and Strep-FAM-NPs (13) (green); (D)
Confocal laser microscopy analysis (63 x magnification, 20 pm scale bar, FITC channel) and (E) Evaluation of morphology by transmission electron microscopy
(TEM). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. BD FACS results for validation of Strep-FAM-NPs (13) to capture bio-
tinylated PNA:DNA heteroduplex. A) Scheme representing the Strep-FAM-NPs
(13) recognizing the biotinylated and Cy5-labelled PNA:DNA heteroduplex.
B) FACS results show that the complete sandwich-like assay structure provides
an FAM*/Cy5" population. C) MFI in the APC channel (n = 3) representation
and one-way ANOVA analysis. A strong MFI increase is observed when the
sandwich-like assay complex is complete.

achieve efficient covalent functionalization of both cargoes to PS-NPs in
a controlled manner, an orthogonal strategy, based on the full orthog-
onality between Dde and Fmoc protecting groups was carried out to
achieve Fmoc-Dde-NPs (8) (Fig. 2). Then, the fluorophore was conju-
gated by amide bond formation following Dde deprotection (FAM-NPs
(10)), and streptavidin was conjugated using glutaraldehyde as a
cross-linker, following Fmoc deprotection, to achieve Strep-FAM-NPs
(13).

Size distribution was determined by dynamic light scattering (DLS)
with a monodisperse nanoparticle population (hydrodynamic diameter
was 357.2 + 0.9 nm with a polydispersity index (PDI) of 0.066)
(Fig. 3A). The zeta potential value of Strep-FAM-NPs (13) in water was
slightly negative (—37.1 mV + 0.8), as compared to FAM-NPs (10) and
amino-methyl-NPs (1), which were —16.5 mV + 0.8 and +79.6 mV +
0.9, respectively (Fig. 3B). The efficiency of fluorophore conjugation to
the nanoparticles was monitored using fluorescence-based techniques.
Fig. 3C shows a representative plot of the flow cytometry analysis
showing the increase in fluorescence of the Strep-FAM-NPs (13) conju-
gates concerning unloaded nanoparticles (aminomethyl-PS-NPs (1)).
This result was corroborated by confocal microscopy (Fig. 3D), and the
size was corroborated by transmission electron microscopy (TEM)
analysis (Fig. 3E). The concentration of Strep-FAM-NPs (13) (7,8 x 10°
NPs/pL) was calculated according to the spectrophotometric method
developed by our group [34] (see more details in Supporting Informa-
tion 2). The amount of conjugated streptavidin (0.06236 mmol/mL) in
the Strep-FAM-NPs (13) was determined by measuring the initial and
final concentrations in the reaction vessel using a bicinchoninic acid
assay (BCA assay) [35]. To determine the stability of streptavidin
conjugation, Strep-FAM-NPs (13) were treated with a 0.4% SDS solution
in PBS for 15 min at 70 °C, and the supernatants were analysed by the
BCA test, showing the absence of streptavidin and therefore, showing
the stability and strength of streptavidin binding to the NPs (see Sup-
porting Information 2.6 for more details).
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Fig. 5. BD FACS results for validation of Strep-FAM-NPs (13) to capture bio-
tinylated PNA:DNA heteroduplex, in which DNA is biotinylated. A) Scheme
representing the Strep-FAM-NPs (13) recognizing the biotinylated heterodu-
plex. B) FACS results show that the complete sandwich structure provides an
FAM™/Cy5" population, confirming the DNA detection despite the biotin
location. C) MFI in the APC channel (n = 3) representation and one-way
ANOVA analysis. A strong MFI increase is observed when the sandwich-like
assay complex is complete.

3.2. Validation of Strep-FAM-NPs (13) to capture biotinylated PNA:DNA
heteroduplex

The capacity of Strep-FAM-NPs (13) to capture biotinylated PNA:
DNA heteroduplex was evaluated using a sandwich-like assay, and the
efficiency was evaluated by flow cytometry analysis. Since Strep-FAM-
NPs (13) were FAM-labelled, and the PNA:DNA heteroduplex was flu-
orescently labelled with Cy5, the efficient binding of the Strep-FAM-NPs
(13) to the biotinylated-Cy5-labelled heteroduplex was confirmed by
obtaining a double-positive population FAM'/Cy5". Fig. 4A shows a
schematic of this PNA-Biotin:DNA-Cy5:Strep-FAM-NPs sandwich-like
construct. Flow cytometry analysis showed that Strep-FAM-NPs (13)
provide a single positive FAM"/Cy5™ population and, as a negative
control, when the sandwich complex is not complete due to the absence
of the biotinylated-labelled probe, the sample run results in an FAM"/
Cy5 population, confirming the absence of nonspecific absorption of the
target (see Supporting Information 3 for more details). If the bio-
tinylated- and Cy5-labelled heteroduplex is formed, a 98 + 1% FAM™/
Cy5" population is observed, meaning that this percentage of Strep-
FAM-NPs (13) population has captured the heteroduplex (Fig. 4B).
FACS results were analysed using MFI (n = 3) in the APC channel,
showing a strong MFI increase when the sandwich construct was com-
plete (Fig. 4C). Additionally, this validation has been performed using
miR-122 sequence as a target (see Supporting Information 4 for more
details).

To validate the capacity of the Strep-FAM-NPs (13) to capture any
biotinylated target, a second proof-of-concept assay was carried out. For
this assay, a biotinylated KRAS nucleic acid sequence (ssDNA-KRAS-wt-
biotin) and its complementary PNA labelled with the Cy5 fluorophore
(PNA-KRAS-wt-Cy5) were used (see sequences in Table 1). After the
formation of the PNA:DNA heteroduplex, the product was captured by
Strep-FAM-NPs (13) (Fig. 5A). Flow cytometry analysis showed that the
Strep-FAM-NPs (13) provide an FAM'/Cy5™ population similar to the
population obtained in the absence of the biotinylated-labelled probe (as
a negative control sample) (see Supporting Information 3 for more de-
tails). Strep-FAM-NPs (13) can bind to the heteroduplex formed in the
presence of the Cyb5-labelled PNA probe and its complementary
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biotinylated ssDNA, resulting in a 97.83 + 0.70% FAM'/Cy5" double-
positive population (Fig. 5B). The samples were analysed using MFI
(n = 3) in the APC channel, showing a strong MFI increase when the
sandwich construct was complete (Fig. 5C).

Based on these flow cytometry results obtained using biotinylated
molecular products for KRAS, we can confirm that these Strep-FAM-NPs
(13) can efficiently capture a PNA:DNA heteroduplex regardless of the
biotinylated component position.

3.3. Detection of DCL products by Strep-FAM-NPs (13): KRAS
calibration curve in human plasma and KRAS G12C point mutation
discrimination

The capacity of the system to detect the KRAS sequence as well as
mutations present in codon 12 was evaluated. For this purpose, a DGL
probe (DGL-K12RC) was designed to carry an abasic site in front of the
first nucleotide of KRAS codon 12. The position of the abasic site means
that after hybridisation with a KRAS wild-type nucleic acid sequence,
there would be a guanine in front of the abasic position, hence tem-
plating the dynamic incorporation of the complementary SMART-C-
Biotin. However, when the DGL-K12RC hybridises with a KRAS G12C
mutated nucleic acid sequence, there would be a thymine in front of the
abasic position, hence templating the dynamic incorporation of the
complementary SMART-A-Biotin.

Fig. 6A shows the structure of the DCL product captured by Strep-
FAM-NPs (13). The capacity of these bifunctional nanoparticles for
capturing the DCL product was evaluated by flow cytometry. Strep-
FAM-NPs (13) and the incomplete construct provide an FAM'/Cy5’
population (see Supporting Information 3 for more details). When the
fluorescent heteroduplex DNA-KRAS-wt-Cy5:DGL-K12RC is formed,
SMART-C-Biotin is incorporated into the abasic site and the Strep-FAM-
NPs (13) are able to capture the complex, resulting in an 98.23 + 1.06%

FAM*/Cy5" population (Fig. 6B), indicating the detection of the KRAS-
wild-type sequence. Additionally, the detection of DCL products by
Strep-FAM-NPs (13) has been validated using miR-122 sequence as a
target (see Supporting Information 4 for more details). These results
confirm that DCL process has been successfully performed in solution
and DCL products were captured by Strep-FAM-NPs (13). Some con-
straints that affect the efficiency of DNA hybridisation on surfaces such
as nonspecific adsorption of the attached oligonucleotides to the solid
surface [17-19] have been avoided by using this approach.

To ensure the analytical capability of Strep-FAM-NPs (13) for
capturing and detecting KRAS target in a complex biological medium, a
calibration curve was generated by the spike in different quantities of
ssDNA-KRAS-wt-Cy5 sequence (2.5 pmol, 12.5 pmol, 25 pmol, 37.5
pmol and 50 pmol) in human plasma, followed by a DCL reaction in a
total volume of 50 pL. Each condition was analysed using MFI in the APC
channel. The plot of MFI versus the target quantities showed a linear
regression, confirming the suitability of the Strep-FAM-NPs (13) for
capturing and detecting the wild-type KRAS target sequence (Fig. 6C).
The experiments were repeated three times for each condition (n = 3),
showing a coefficient of variation ranging from 5% to 15%. The limit of
detection was 2.5 + 0.09 pmoles (12.5 nM) (showing an average MFI
signal to background ratio of 2.20 + 0.08), corresponding to 1.5055E +
12 molecules of target.

To assess the specificity of the system to discriminate the presence of
the KRAS G12C point mutation, two DCL reactions were performed
using the ssDNA-KRAS-wt-Cy5 sequence and the ssDNA-KRAS-G12C-
Cy5 sequence together with both SMART-C-Biotin and SMART-A-
Biotin. The results showed a strong MFI increase in the APC channel
when the incorporation of the SMART-Nucleobase was specific (SMART-
C-Biotin in the KRAS wild-type sequence, and SMART-A-Biotin in the
KRAS G12C mutated sequence) (Fig. 6D).

These results have showed that the Strep-FAM-NPs (13) are suitable
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for capturing nucleic acids in a complex biological matrix and, by using
FACS analysis, the system is capable to detect the presence of the KRAS
G12C point mutation. The methodology developed in this work can be
performed within 3 h by using widely available reading platforms such
as the flow cytometer with a limit of detection of 2.5 pmoles (12.5 nM).
Although further optimisation has still to be done, for instance to in-
crease the sensibility of this approach, this proof-of-concept could be
adaptable and comparable to other existing methods currently used to
detect point mutations [36-39].

4. Conclusions

Herein, we have presented the development of bifunctional nano-
particles for capturing DCL products, in which hybridisation processes
has been performed in solution-phase, enabling nucleic acid detection
with single-base resolution using flow cytometry. This is the first time
that DCL processes have been performed in solution (meaning that
hybridisation processes are thermodynamically favourable) and DCL
products have been read using bead-based platforms. To do so, novel
bifunctional nanoparticles, Strep-FAM-NPs (13), containing streptavidin
and fluorescein, were developed and characterised. These initial proof-
of-concept experiments have demonstrated that these novel bifunctional
nanoparticles are able to efficiently capture biotinylated and fluo-
rescently labelled PNA:DNA heteroduplex. The system can detect DCL
products in a complex biological matrix such as human plasma, and it is
specific to discriminate single-base variations, in this case, discrimi-
nating a KRAS wild-type sequence and a KRAS G12C mutated sequence.

The methodology developed in this work can be performed within 3
h by using flow cytometry, widely used in molecular laboratories, with a
limit of detection of 2.5 pmoles (12.5 nM). For these reasons, we
consider this methodology can be adaptable and comparable to other
existing methodologies used to detect point mutations. Furthermore, the
wide possibility to conjugate cargoes of different natures such as
different fluorophores as well as molecules to the PS-NPs, together with
the DCL technology, will lead to the development of novel strategies for
nucleic acid analysis with single-base resolution.

Moreover, this study, which can be adapted to other chemistries used
in molecular testing, as it enables the capture of biotinylated molecular
products produced in solution, opens up opportunities to develop novel
assay formats for nucleic acid genotyping and detection of high ho-
mologous sequencing directly from body fluids or amplicons obtained
by endpoint PCR.
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