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ABSTRACT: Circulating DNA (ctDNA) and specifically the detection cancer-associated mutations in liquid biopsies
promises to revolutionize cancer detection. The main difficulty however is that the length of typical ctDNA fragments
(~150 bases) can form secondary structures potentially obscuring the mutated fragment from detection. We show that an
assay based on gold nanoparticles (65 nm) stabilized with DNA (Au@DNA) can discriminate single nucleotide polymor-
phism in clinically-relevant ssDNA sequences (70-140 bases). The preincubation step was crucial to this process, allowing
sequential bridging of Au@DNA, so that single base mutation can be discriminated, down to 100 pM concentration.

Detection of single nucleotide polymorphisms (SNP) in
ssDNA sequences by selective aggregation of plasmonic
nanoparticles carries the potential for rapid determina-
tion of cancer biomarkers in liquid biopsies such as
blood.?Although, the detection of sequences of up to 40
bases without any signal amplification has been demon-
strated*” the average size of circulating DNA is ~150 bases
in length,® and these longer fragments are more problem-
atic as the increase of the sequence length affects the
plasmon coupling (larger gaps between the particles),
that decrease the limit of detection.” In addition, long
DNA sequences form thermodynamically stable second-
ary structures that render the detection even more diffi-
cult.® Therefore, there is an obvious need for new solu-
tions to detect long DNA sequences.

In earlier studies, we have reported a plasmonic assay
comprising DNA-coated gold nanoparticles (AuNPs) that
could discriminate SNP in less than 10 min.® Even though
relatively large particles may lead to plasmon coupling
upon aggregation, the assay is limited to the detection of
rather short sequences (up to 23 bases). We report here
that large plasmonic particles (65 nm) functionalized with
modified DNA™ can be used to detect single-base muta-
tion in clinically relevant sequences with 140 bases in
length. We found out that premixing the AuNPs (batch 1)
with the target DNA was sufficient to induce aggregation
upon addition of batch 2 (Figure 1b). In contrast, the addi-
tion of the target DNA to the mixture of two batches
(standard sandwich assay, Figure 1a) had no effect on the
aggregation.

As a target we choose the most common point mutation
in non-small cell lung cancer (NSCLC), the L858R muta-
tion that occurs in the Epidermal Growth Factor Receptor
(EGFR) gene." Detection of this mutation is an FDA and
EMA-approved biomarker for the administration of TKI-
therapy to NSCLC patients. Figure 1d-e show possible
secondary structures of target sequences comprising 70

and 140 bases, with indication of the binding sites of
Au@DNA and the location of a single-point mutation. As
a signal transducer, we used AuNPs with 65 nm in diame-
ter, stabilized by short sequences that were complemen-
tary to either a mutation-free region in the target DNA
(WT) or to a region that contained a single-base mutation
(MUT) (Figure 1c). Each AuNP was stabilised by ~1500
WT or MUT strands grafted to the surface via thiol
groups, as determined by a fluorescence kit (see Support-
ing Information).

We first implemented a standard sandwich approach
but found no effect on Au@DNA aggregation, meaning
that the solution containing both Au@MUT and Au@WT
remained stable upon the addition of target sequence (5
mM), in the presence of PBS and NaCl, as confirmed by
UV-Vis and DLS characterisation (Figure S1). Aggregation
is however possible by tailoring the incubation process
(Figure 1b). Au@WT was preincubated with a target DNA
(70 bases), either match or mismatch, for 1 h under con-
stant shaking. Subsequent addition of the second
Au@MUT batch led to selective aggregation within 3
hours. The concentration of target sequence was 5 nM,
which translates into 380 copies of target DNA per NP.
Figure 2a-b shows UV-Vis spectra at different times after
addition of Au@MUT that is after addition of second
batch. The localised surface plasmon resonance (LSPR)
band is broadened suggesting more pronounced aggrega-
tion of the AuNPs in the presence of the match sequence
than in the presence of the mismatch. By monitoring the
aggregation degree (R = Abs,,,/Abs,s), a difference of 0.4
was observed between match and mismatch sequences,
after 1 hour of incubation, which increased up to 0.6 after
3 hours (Figure 2¢). Importantly, our assay allows for a
colorimetric detection of the single-based mutation (Fig-
ure S2). DLS measurements (Figure 2d) confirmed the
trends observed by UV-Vis spectroscopy. The average
diameter of the initial mixture in 1xPBS increased from 81



nm to 262 nm after 3 hours of incubation. For the mis-
match sequence, a diameter increase of 18 nm was ob-
served after 3 hours of incubation. In the case of the con-
trol (no target), the size remained constant.
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Figure 1. General description of the detection strategy. (a)
Standard sandwich assay in which the addition of the long
target DNA to the mixture of two different Au colloids has no
effect on the aggregation. (b) Preincubation of one batch of
nanoparticles with target DNA, followed by addition of a
second batch leads to sensitive detection. (c) Selected se-
quence of DNA stabilising gold nanoparticles. (d,e) Possible
secondary structures (Dynalign)®of the target sequences
used in this study showing the complementary sequences to
those on the nanoparticles and position of the mutation.

Next, we explored the performance of the assay for dis-
crimination of a single-base mutation in even longer tar-
get DNA of 140 bases (Figure 2 e-h). The LSPR of the solu-
tion containing the match sequence decreased and
broadened (Figure 2e). In the case of the mismatch se-
quence only a slight decrease of the plasmon band was
observed (Figure 2f). Although the aggregation degree
(Figure 2g) was similar (0.4) for match and mismatch
sequences after one hour of incubation, the difference
was more pronounced at longer incubation times (3h),
clearly showing that specificity was lower for 140 long
sequences as compared to the sequences containing 70
bases. The initial average diameter of the Au@DNA was
92 nm and increased to 158 nm after 3 hours (Figure 2h).
For the mismatch sequence, the final diameter after 3
hours was 114 nm, whereas the particle size in the control
experiment remained constant.

To further study the importance of the preincubation
step, we reversed the order of pre-mixing. The target was
first mixed with Au@MUT, and then Au@WT was added.
Although selectivity toward SNP was indeed appreciated,
the difference in aggregation degree was much lower as
compared to the pre-incubation with Au@WT. For the
target comprising 70 bases, we obtained R = o.15 while for
the target of 140 bases, we found R = o.05 (Figure S3). Our
observations clearly indicate that the target exhibits better
accessibility when conjugated with Au@WT. Mirkin and
coworkers' have shown that the hybridization of ssDNA on
the Au surface with short sequences extends the non-
hybridized bases of ssDNA, making them more accessible
to the incoming target sequence. Our observation suggests
an analogous scenario in which the target, instead of the
probe, undergoes a conformational change.

Our essay shows high selectivity toward single-based
mutation. It has been shown'" that the discrimination of
single-base mutations is related to the stability of the
target molecule. In other words, longer targets are less
discriminative with respect to point defects than shorter
ones. It should be considered that a point defect in se-
quences containing 70 or 140 bases represents only 1.5 or
0.7 % of the complete sequence, respectively, making our
assay a convenient strategy for detection of the mutation
in long sequences.
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Figure 2. Selective discrimination of single —base mutation
in a target DNA of 70 (a-d) and 140 (e-h) bases. (a,b) UV-Vis
spectra of AuNPs in the presence of match (a) and mismatch
(b) containing 70 bases (c) Aggregation rate for match, mis-
match and control (no target). (d) DLS monitoring of the
aggregation process in the presence of target (70 bases, 5
nM).(e-h) Selective discrimination of a single-base mutation
in a target of 140 bases. (e,f) UV-Vis spectra of AuNPs in the



presence of match (e) and mismatch (f). (g) Aggregation rate
for match, mismatch and control. (h) DLS characterisation of
the aggregation process in the presence of target 140 bases, 5
nM.

To evaluate the sensitivity of the assay, we performed
the aggregation experiments for both targets (70 and 140,
match and mismatch) at the following concentrations: 5,
1, 0.1 and o.01 nM. Figure 3 shows the discrimination of
SNP in the target containing 70 bases down to 0.1 nM. On
the other hand, the target of 140 bases allows for dis-
crimination down to 5 nM. (Figure S4). By employing the
above-described protocol with a preincubation step, we
observed that indeed at low concentration the discrimina-
tion becomes feasible, however requiring longer detection
times (5 hours).
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Figure 3. Selective discrimination of single-base mutation
for a 70 bases target, in a concentration range from 1 nM to
o.01 nM.

To further determine to what extend the target mole-
cules hybridize with WT or MUT during the preincuba-
tion step, we carried out a DLS analysis (Figure 4). Upon
mixing of Au@WT with the match sequence, the hydro-
dynamic diameter increased from 93 to 104 nm and 106
nm for 70 and 140 bases, respectively, after one hour of
incubation. On the other hand, the hydrodynamic diame-
ter of Au@MUT increased from 86 to 89 nm (70 bases)
and to 91 nm (140 bases). Note, that the initial hydrody-
namic diameter of Au@MUT was 7 nm smaller as com-
pared to Au@WT, owing to the different length and con-
formation of both sequences (see Figure 1c). The differ-
ence in the increase of hydrodynamic diameter for
Au@WT (u nm) and Au@MUT (2nm) upon incubation
with the target sequence suggests that binding events on
Au@DNA are sequence-dependent. Note that the incuba-
tion of either Au@WT or Au@MUT with a non-target
sequence of 70 bases had no effect on the hydrodynamic
diameter of the nanoparticles (Figure 4).

MUT and WT are complementary to different areas of
the target (Figure 1) that initially can form a variety of
secondary structures with multiple loops and hairpins.
Upon hybridization, WT on AuNPs unbinds the secon-
dary structure of the target, allowing the tail sequence to

point toward the solution, and thereby increasing the
hydrodynamic diameter. In the case of MUT, the same
target molecule binds in the opposite direction, forcing
the tail sequence to point toward the nanoparticles (Fig-
ure 4 and Figures S5-8). Both, the DLS analysis and the
experiments of reversed pre-mixing (Au@MUT + target)
suggest that the preincubation step disrupts the secon-
dary structure. This reasoning is a basis for the statement
that a preincubation step is crucial to open and stabilise
the target molecules,”® making the sequences more acces-
sible toward binding events with Au@MUT in the second
batch, thus facilitating the formation of the sandwich
architecture.” In contrast, the target DNA exposed to
both types of particles (standard assay) is unable to selec-
tively bridge the two particle types within a reasonable
time-scale. The competitive interaction of Au@WT and
Au@MUT for the same target molecules constrains steri-
cally the target in a stable coiled conformation.”
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Figure 4. Hydrodynamic diameter, obtained by DLS, of ei-
ther Au@WT or Au@MUT before and after incubation with
the target sequences. The right-hand panel provides a sche-
matic representation of the effect of preincubation on the
increase in hydrodynamic diameter.

In conclusion, we showed a methodology to discrimi-
nate single-base mutation in long DNA sequences con-
taining 70 or 140 bases. Preincubation of the target se-
quence with only one type of Au@DNA, facilitated the
formation of a sandwich structure upon addition of the
second type of Au@DNA and discriminate single-base
mutation within one hour. Our approach suggest that
spherical nucleic acids can disturb the secondary struc-
ture of long DNA sequences, making feasible the detec-
tion of relevant mutations in biological targets. As future
directions, we foresee the use of the present assay in the
detection of long sequences from dsDNA,® to study its
validity in the detection of other mutations, and to de-
crease the discrimination time by varying the particle
shape.
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