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Identifying DNA mismatches at single-nucleotide
resolution by probing individual surface potentials
of DNA-capped nanoparticlest

Hyungbeen Lee,}? Sang Won Lee,* Gyudo Lee, @Ib'c Wonseok Lee,?
Kihwan Nam,? Jeong Hoon L'ee,e Kyo Seon Hwang," Jaemoon Yang,?
Hyeyoung Lee," Sangsig Kim,' Sang Woo Lee® and Dae Sung Yoon (iDRl

Here, we demonstrate a powerful method to discriminate DNA mismatches at single-nucleotide resolu-
tion from 0 to 5 mismatches (yo to ys) using Kelvin probe force microscopy (KPFM). Using our previously
developed method, we quantified the surface potentials (SPs) of individual DNA-capped nanoparticles
(DCNPs, ~100 nm). On each DCNP, DNA hybridization occurs between ~2200 immobilized probe DNA
(pDNA) and target DNA with mismatches (tDNA, ~80 nM). Thus, each DCNP used in the bioassay (each
pDNA-tDNA interaction) corresponds to a single ensemble in which a large number of pDNA-tDNA
interactions take place. Moreover, one KPFM image can scan at least dozens of ensembles, which allows
statistical analysis (i.e., an ensemble average) of many bioassay cases (ensembles) under the same con-
ditions. We found that as the y,, increased from yq to ys in the tDNA, the average SP of dozens of ensem-
bles (DCNPs) was attenuated owing to fewer hybridization events between the pDNA and the tDNA.
Remarkably, the SP attenuation vs. the y,, showed an inverse-linear correlation, albeit the equilibrium con-
stant for DNA hybridization exponentially decreased asymptotically as the y, increased. In addition, we
observed a cascade reaction at a 100-fold lower concentration of tDNA (~0.8 nM); the average SP of
DCNPs exhibited no significant decrease but rather split into two separate states (no-hybridization vs. full-
hybridization). Compared to complementary tDNA (i.e., yo), the ratio of no-hybridization/full-hybridization
within a given set of DCNPs became ~1.6 times higher in the presence of tDNA with single mismatches
(i.e., y1). The results imply that our method opens new avenues not only in the research on the DNA
hybridization mechanism in the presence of DNA mismatches but also in the development of a robust
technology for DNA mismatch detection.

Introduction

Genetic diversity, which arises from genetic variation, is the
most important factor in the evolution of life on Earth.” In
principle, genetic variations are caused by DNA mismatches in
the human genome. DNA mismatches are often associated
with various diseases, such as diabetes,® cancer,* and numer-
ous genetic disorders or diseases (e.g., Huntington, myotonic
dystrophy, and fragile-X syndrome).” Accordingly, precise
identification of the number and position of nucleotide mis-
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matches in DNA is fundamental to determine the disease type
of a patient and anticipate the time of onset. In general, the
mutations of more than two adjacent nucleotides are more
aggressive than those caused by a single-nucleotide poly-
morphism, because the more the consecutive position
changes in a codon, the greater the risk of mutations of mul-
tiple amino acids.® This implies that DNA mismatch detection
at single-nucleotide resolution is necessary to more accurately
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predict the disease expression’ and to develop clinical diag-
nostic methods.®

Given these considerations, there is a growing need for
DNA mismatch detection. For example, polymerase chain
reaction,” microcantilevers,'®!" surface-enhanced Raman
spectroscopy,'® microarray patterns,">'? Kelvin probe force
microscopy (KPFM),">'® and a nanopore system'”® have been
developed and used for highly efficient detection of DNA
mismatches. Despite such efforts, DNA mismatch detection at
single-nucleotide resolution with respect to a wide range of
genetic mutations remains a challenge.'”?°>* More impor-
tantly, there is a difficulty in that the outcome of genotyping
is significantly dependent not only on the number of
mismatches in target DNA (¢DNA) but also on the concen-
tration of tDNA in a sample, since conventional methods for
DNA mismatch detection rely strongly on a change in the
binding affinity between probe DNA (pDNA) and ¢DNA.
This makes it difficult to disentangle the concentration effect
of tDNA from an experimental result searching for a wide
range of mutations; it is a fatal drawback in sensing mutations
in an unknown sample (i.e., when there is no information
about the sample concentration and the number of
mismatches).

To overcome these hurdles, we have adopted DNA-capped
gold nanoparticles (DCNPs) as a sensing platform in which
pDNA was immobilized onto uniformly-sized nanoparticles to
capture tDNA. In addition to DCNPs, KPFM** was used for
high-resolution detection of individual DCNPs.'® As a model,
we selected tDNA with BRCA1 gene mutations that are related
to breast or ovarian cancer.'”*® The official name of BRCA1 is
known to be ‘breast cancer 1’. According to a previous study,”®
several thousands of pDNA strands can be immobilized on a
single nanoparticle, depending on its size. Therefore, each
DCNP used in the bioassay (each pDNA-tDNA interaction)
corresponds to a single DNA ensemble in which a large
number of pDNA-tDNA interactions take place with reduced
electrostatic and steric barriers. One KPFM image can provide
both topography and surface potential values of every DCNP
on the substrate (at least dozens of ensembles), allowing for
statistical analysis (i.e., an ensemble average) of many bioassay
cases (ensembles) under the same conditions."” This suggests
that efficient detection of DNA mismatches can be accom-
plished by using KPFM.

Herein, using the above-mentioned concept, we demon-
strate that various mismatches (1 to 5 mismatched nucleo-
tides) in the BRCA1 gene can be rapidly determined at single-
nucleotide resolution using KPFM of DCNPs. In comparison
with the other conventional methods mentioned above, KPFM
analysis of DCNPs can provide precise identification of DNA
mismatches in a simple, label-free manner, without any label-
ling or amplification processes. In addition, our findings
regarding how the concentration of tDNA affects the surface
potentials of DCNPs are discussed, and its peculiar character-
istics are presented in thermodynamic terms. We believe that
our technology will be a significant breakthrough in the detec-
tion of DNA mismatches.

This journal is © The Royal Society of Chemistry 2018
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Experimental
Preparation of gold nanoparticles (GNPs)

GNP (~100 nm in diameter, molecular weight = 196.97 ¢ mol ™)
solution was purchased from Sigma-Aldrich (St Louis, MO,
USA). GNPs were suspended in 0.1 mM PBS at ~4 x 10°
particles per milliliter.

Preparation of DNA solution

All oligonucleotides (Bio Basic Canada, Markham, ON,
Canada) were purified by high-performance liquid chromato-
graphy (HPLC). They were dissolved in the same quantity of
phosphate buffer (pH 7.0) so that all DNA solutions had an
identical concentration (ie., 76.8 nM) in all experiments,
except for the tDNA concentration tests (Fig. 5).

GNP functionalization with pDNA

To immobilize pDNA on the GNPs, we used a thiol-modified
DNA (sequence: 5-HS-CTA CCT TTT TTT TCT G-3'). An aliquot
of 2.5 ml pDNA solution was mixed with 2.5 ml colloidal GNPs
at room temperature. The mixture was gently vortexed for 16 h
to accomplish full immobilization, then 15 ml of phosphate
buffer was added to the mixture, and it was gently vortexed for
40 h. After chemical functionalization, the mixture was centri-
fuged for 25 min at 14 000 rpm at room temperature to remove
excess reagents. The supernatant (16 ml) was removed, and
1 ml of 0.1 mM phosphate buffer was added to the tube con-
taining the pDCNPs.

Hybridization of pDNA and tDNA

A mixture of 2.5 ml tDNA solution (76.8 nM) and 5 ml pDCNP
solution was gently vortexed for 3 h at room temperature to
produce p-tDCNPs. After the hybridization process, 12.5 ml of
phosphate buffer was added to the mixture. Unhybridized
tDNA was removed using the same method (via removal of the
supernatant) as described above.

Preparation of the gold substrate

An Si0, (5000 A)/Si (p-type) wafer (Silicon Technology, Tokyo,
Japan) was cleaned with piranha solution (a mixture of 1:1
(v/v) H,SO, and H,0,) at room temperature for at least 10 min.
To obtain Au (200 A)/Cr (50 A)/SiO, (5000 A)/Si substrates, chro-
mium and gold were subsequently evaporated on the SiO,/Si
substrates using a thermal evaporator. After thermal evapor-
ation, the wafer was diced into 10 x 10 mm? samples.

Preparation of KPFM samples

For KPFM imaging, 100 pl of the DCNPs were dropped onto
each gold substrate, and the DCNPs were adsorbed on the gold
substrate for 1 h. The gold substrate was then rinsed with de-
ionized H,O and gently blow-dried with nitrogen to avoid
aggregation of the DCNPs before AFM imaging or surface
potential measurements.

Nanoscale, 2018, 10, 538-547 | 539
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Surface potential measurements of DCNPs

The topography and the surface potential measurements of all
DCNP specimens were performed using a commercial AFM
(Multimode V, Veeco, CA, USA) at room temperature. A conduct-
ing cantilever tip (SCM-PIT, Bruker, CA, USA) was mounted in a
tip holder (MMEFCH, Veeco, CA, USA), which is capable of con-
trolling the voltage of the tip. Surface potential measurements
were performed using a liftmode KPFM." The standard method
of optimizing KPFM conditions is detailed in the ESL¥
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Fig. 1 Schematic representation of the assembly of DCNPs and their
surface potential characterization by KPFM for detection of point
mutations. The GNPs were functionalized with pDNA against target
tDNA. In detail, bare GNPs were diluted in PBS and the pDNA was
immobilized on the bare GNPs, forming pDCNPs. The tDNA, with 1 to 5
nucleotide mismatches, hybridized with the pDCNP, creating the p-
tDCNP. To detect point mutations, the topography and surface potential
images of each sample were obtained by KPFM.

Table 1 Probe and target DNA sequences used in the experiment

View Article Online
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Results and discussion

Our approach was aimed at efficient detection of point
mutations by measuring the surface potentials of DCNPs con-
sisting of a GNP (~100 nm in diameter) (ESI Fig. S1af) and a
hybridized form of DNA (Fig. 1). The DNA sequence (16 mer;
Table 1) used is a core part of the human BRCAZ gene.'®* 1t is
important that the analytical tool or platform is capable of
highly sensitive detection of a single-nucleotide polymorph-
ism. To test how precisely our tool can identify a point
mutation, we artificially created oligonucleotides having 1 to
5 mismatched nucleotides in BRCA1 (Table 1). The pDNA, con-
sisting of a sequence complementary to BRCA1 without any
mutation, was modified by a thiol group (-HS) in order to
immobilize it on the GNP.>”?® After immobilization, pDCNPs
were obtained. More information about the materials and
chemical functionalization is detailed in the Methods section.
When the pDCNPs interacted with different tDNAs having 1 to
5 mismatched nucleotides, they formed double-stranded
DCNPs (i.e., p-tDCNP) with different binding affinities depend-
ing on the number of mismatched nucleotides. The DCNPs
were then spread onto an Au/Si substrate freshly cleaned with
piranha solution, gently dried with pure nitrogen at 25 °C, and
then quantitatively probed by KPFM. For efficient detection of
point mutations, we presumed that a single DCNP represents a
single biological interaction (i.e., DNA hybridization), where
~2200 of the pDNAs***° are involved. The probability of the
interaction occurring can be measured as the surface potential
of the p-tDCNP using KPFM. This is because the binding of
tDNA to pDNA results in an alteration in the surface potential
of the p-tDCNP due to an increase in negative charge. Using
our setup, a number of DCNPs spread on the gold surface were
easily examined with a single KPFM image. This implies that
the statistical analysis (ensemble average) of several dozen bio-
assays with the same conditions can be accomplished within a
short time frame (ca. 30 min). Accordingly, this approach rep-
resents a breakthrough necessary to overcome a long analytical
time, a critical drawback of atomic force microscopy (AFM)
and KPFM. In this work, both the high-resolution topography
and the surface potential images were analysed, as shown in

Abbreviation

of DNA Full name of DNA DNA sequence

Probe

PDNA Probe DNA 5-HS-CTACCTTTTTTTTCTG-3'
Target

¢DNA Complementary DNA 5-CAGAAAAAAAAGGTAG-3'
1DNA 1 point mismatched DNA 5-CAGAAAATAAAGGTAG-3'
2>DNA 2 point mismatched DNA 5-CAGAAATTAAAGGTAG-3'
3DNA 3 point mismatched DNA 5-CAGAAATTTAAGGTAG-3'
xsDNA 4 point mismatched DNA 5-CAGAATTTTAAGGTAG-3'
xsDNA 5 point mismatched DNA 5-CAGAATTTTTAGGTAG-3'
ncDNA Non-complementary DNA 5-AGCTTCCGTACTCGTT-3’
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Fig. 2 Topography and surface potential images of GNP, pDCNP, and p-cDCNP. (a—c) Height map images observed by TMAFM: (a) bare GNP
(100 nm), (b) pDCNP, and (c) p-cDCNP. (d—f) Magnified surface potential map images produced by KPFM: (d) bare GNP, (¢) pDCNP, and (f) p-
cDCNP. Black or white dotted lines in each image represent the trajectory of the line scan for the following cross-sectional views: (g—i) corres-
ponding cross-sectional views taken through the height map images and surface potential map images from (d—f): (g) bare GNP, (h) pDCNP, and (i)
p-cDCNP. The gray line in each graph represents a topographic cross-section of a single complex, whereas a black line depicts the cross-sectional

surface potential.

Fig. 2. The size of the GNP was determined to be ~90 nm by
tapping mode AFM (ESI Fig. S1b and ct), which is attributable
to a glitch arising from the amplitude damping effect taking
place between the AFM tip and the sample surface,’ and the
wobbling effect of GNPs during AFM imaging.’’ For precise
measurements, we optimized the conditions of the lift scan
height and scan speed of a conductive cantilever tip in KPFM
on the basis of our previous studies.'®***> Because the GNP
consists of the same material as the substrate (i.e., a gold
surface), it is reasonable to assume that the surface potential
of a bare GNP would not be different from that of the substrate
(i.e., ~0 V) (Fig. 2d and g). Briefly, we found a critical condition
where the surface potentials (SPs) of bare GNPs placed on the
Au substrate became zero, and thereby identical to that of the

This journal is © The Royal Society of Chemistry 2018

substrate. It was expected that under this condition we can
avoid noise signals coming from various sources, which makes
the measured surface potentials attributed to only the DNA-
DNA interactions. Using heuristic evaluation of the size-depen-
dent work function,*?® we optimized this measurement con-
dition so that there was no change in the surface potential
near the border between the GNP (~100 nm) and the gold
surface, and a flat surface potential was produced over the
entire imaged area (ESI Fig. S3t). This process is essential in
DNA bioassays using KPFM, because it enables one to measure
the surface potential change due to the DNA interaction
without interference from environmental factors. Fig. 2h and i
show DNA (ie., p-tDNA). This is plausible because DNA is
negatively charged owing to ionized phosphates in its back-

Nanoscale, 2018, 10, 538-547 | 541
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bone. In the case of the topographic height, however, it seems
that there was little height difference between all, revealing
that the measured surface potential of a DCNP was affected
only by the associated DNA, including both single-stranded
DNA (i.e.,, pDNA) and double-stranded samples. The topo-
graphic heights of bare GNPs, pDCNP, and p-cDCNP were 89.0
+ 7.3 nm, 107.0 = 6.6 nm, and 108.5 + 8.0 nm, respectively. The
slightly thicker topography of DCNPs may be attributable to
the addition of DNA. In more detail, the adsorption of DCNPs
on the substrate is likely to be stronger than that of bare GNPs.
This leads to the slightly greater height of the DCNPs in com-
parison with bare GNPs because of the elimination of AFM
artifacts, such as the wobbling effect’?” mentioned above.
Accordingly, the DCNPs always exceeded ~100 nm (bare GNP
diameter) in height.

On the other hand, there was a negligible height difference
between the pDCNP and the p-cDCNP (Ah = 1.5 nm), despite
the addition of complimentary ¢DNA. This is because ¢{DNA
does not bind to the terminal end of pDNA, but instead binds
to its complementary bases in parallel. However, the surface
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potential measurement exhibited a manifest difference
between pDCNP and p-cDCNP. As expected, we observed a dou-
bling of the surface potential'® when pDCNPS (¢,pna = —0.743 V)
were exposed to their complementary t{DNA to make p-cDCNPs
(pp-cona = —1.455 V) (ESI Table S1t). This implies that
almost all of the pDNA immobilized on the GNP hybridized
with the complementary ¢DNA. It also indicates that the
pDCNPs used in this work had the capacity for efficient DNA
hybridization despite the steric hindrance of DNA-DNA inter-
actions. Notably, the observed doubling of the surface poten-
tial provides us with an important clue indicating that the
quantity of hybridized ¢tDNA is linearly proportional to the
surface potential of p-tDCNP, which suggests the potential for
highly accurate detection of point mutations for the early diag-
nosis of cancer. To investigate whether sequence-specific
detection of gene mutations can be achieved using our plat-
form, we performed KPFM imaging of the p-fDCNPs in which
pDNA interacted with tDNA possessing 1 to 5 mismatched
nucleotides (Table 1). Fig. 3 depicts the representative three-
dimensional (3D) topography and surface potential images of

Top view 200nm

- . - . | 0nm

Bottom view

oV
Bottom view
-2V
5.FMM3'
3'ﬁ'\lw'\1 brs-sh
Top view Top view 200nm

Bottom view

VWF

Fig. 3 Bioassay for identification of gene mutations by KPFM. (a—i) 3D images (10 x 10 pm?) of the DCNPs (top view images for topography and
bottom view images for surface potential): (a) bare GNP (100 nm), (b) pDCNP, (c) p-cDCNP, (d) p-ncDCNP, (e) p-»1DCNP, (f) p-y>.DCNP, (g) p-
x3DCNP, (h) p-y4sDCNP, and (i) p-ysDCNP. Schematic illustrations of the DNA sequences represent the hybridization states between pDNA and tDNA
(with t = ¢, y1—ys, and nc). Every image contains dozens of DCNPs, the surface potential distribution of which was acquired through a single KPFM

image.
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the p-tDCNPs obtained by KPFM. All images were acquired at
the optimal scan speed of 10 um s~ ' under ambient conditions
(ESI Fig. S47). The 3D images show that the DCNPs protruded
into positive topographic values, whereas they exhibited nega-
tive potential values with hollow cone-shaped patterns in
surface potential images. This trend can be seen more clearly
in the bottom view of the 3D surface potential images com-
pared with the top view images (ESI Fig. S5t). For precise point
mutation detection, it was essential to conduct a negative
control experiment in which we could check whether the
PpDCNPs interact with the non-complementary tDNA (ncDNA).
Fig. 3d depicts the KPFM result of the p-n¢cDCNPs, showing ¢ =
~0.747 V, which is equivalent to the surface potential distri-
bution (¢ = ~0.743 V) of the original pDCNPs that were not
exposed to any tDNA (see ESI Table S1}). This indicates that
the pDCNPs rarely interacted with the ncDNA.

Fig. 3e-i reveal a consistent trend of surface potential distri-
butions of the p-tDCNPs with respect to the number of mis-
matched nucleotides, from 1 to 5 (y;-5). We found that the
surface potential was likely to decrease as the number of mis-
matches increased (y; — ys). To evaluate whether our approach
is applicable to clinical diagnostics, we conducted quantitative
and statistical analyses of the surface potential changes of all
the p-tDCNPs, including p-c (i.e., p¥o), PA1y DX2s DX3s PHas PHss
and p-ncDCNP. Here, y represents a point mutation, and the
subscript indicates the number of mismatched nucleotides:
accordingly, ¢t = ¢ (complementary; y), x1—xs, or nc (non-
complementary).

Fig. 4a depicts the histograms of the topographic height
distributions of all the types of p-tDCNPs, each of which was
obtained from 15-40 individual complexes captured in a
single image under each condition. The topographic heights
were 107.0 + 6.6, 103.8 + 5.3, 104.4 + 4.5, 105.3 + 6.5, 105.2 +
3.9,106.3 + 7.7, and 103.5 + 6.1 nm for p-c (i.e., p-xo), Px1, P¥2s
P-X3, D1y PYs, and p-ncDCNP, respectively. Our observations
reveal that the interaction of a pDCNP with any ¢tDNA did not
severely affect its topographic height, as expected. In contrast
to the topographic height, the surface potential distribution
was severely altered owing to the addition of negative charges
with tDNA (Fig. 4b). As anticipated, the surface potential of
each p-tDCNP strongly depended on y. Both the mean value
and standard deviation for each case were extracted by the
Gaussian fit: p-cDNA (-1.455 + 0.026 V), p-y;DNA (-1.379 =
0.036 V), p,DNA (—1.334 + 0.041 V), p-3DNA (—1.156 + 0.044 V),
P-7sDNA (—0.912 + 0.055 V), psDNA (—0.748 + 0.034 V), and
p-ncDNA  (—0.747 + 0.041 V). Given these results, it is
obvious that the absolute value of the surface potential
decreases as y increases. This implies that the existence of mis-
matched nucleotides in tDNA weakens the binding affinity of
tDNA for pDNA.

We plotted a box chart and performed ttests using the
surface potential data of both neighboring conditions (i.e., p-c/
D1 DYDYy PX2IP X35 PA3IP2a, And pyalpys), the results of
which are shown in Fig. 4c and d. In the t-tests, all p-values
were much less than 0.05. As a result, we show that the surface
potential measurement of the p-tDCNPs enabled reliable dis-

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Statistical analysis of DCNPs for the precise identification of
gene mutations. (a and b) Histograms of the height and surface potential
of the p-tDCNPs with t = ¢, y;—ys, and nc. A Gaussian fit was added to
each histogram, which helped to determine the trend of surface poten-
tial distribution. (c and d) Box plots of the height and the surface poten-
tial distributions. In all cases, the center line represents the median, and
the lower and upper limits of the box correspond to the 25" and 75"
percentiles, respectively. To confirm whether our approach can discrimi-
nate between two neighboring conditions, t-tests were performed to
compare the results between each group. P-Values were calculated
using a t-test (*P < 0.05). (e) The calculated equilibrium constant (Ky) of
each DNA hybridization reaction is shown (Fig. 4b and Table S27). Inset:
Schematic illustration of a DNA hybridization reaction on a GNP surface.
(f) Gibbs free energy (AG) of each DNA hybridization reaction extracted
from (b).

crimination of single-nucleotide level variations in the gene.
This also suggests that a single KPFM image is sufficient for
an accurate discrimination of single and/or multiple nucleo-
tide mutations in disease-specific genes.

To quantify the binding affinity between pDNA and ¢tDNA
with different numbers of nucleotide mutations (y;_s), we used
statistical analysis to evaluate the kinetics of DNA hybridiz-
ation. Using a stoichiometric approach,*®?° we extracted
the equilibrium constants from the chemical interaction
between oligonucleotides with different point mutations, (y).
Specifically, we formulated a statistical analysis of the DNA
hybridization between pDNA and ¢DNA according to the fol-
lowing equation:

ks
PDNA + tDNA = dsDNA (1)

ka

where £k, is the rate constant for the forward reaction, and k, is
the rate constant for the reverse reaction. Thus, the equili-
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brium constant for DNA hybridization (Ky) between pDNA and
tDNA is determined by:***°

kg

_ ki [dsDNAT [dasona (2)
k,  [pDNA'[[{DNA"]  |$ponalldona

where the prime (') denotes the remaining components in the
equilibrium state after the chemical reaction (inset in Fig. 4e).
¢ indicates the surface potential of each type of DNA. Note
that ¢ does not represent the surface potential of a single
molecule of DNA, but the average potential of dozens of DCNP
ensembles spread on the gold surface. Under the optimal
KPFM measurement conditions (¢4, substrate — ¢gnp = 0 V)
(Fig. 2g) it enables the estimation of the pure contribution of
any DNA to the surface potential, which makes the calculation
of Ky successful. When pDNA and ¢DNA are fully hybridized
and form double strands, it is assumed that the surface poten-
tial of a DCNP is acquired by KPFM measurements, @ is twice
that of the pDNA surface potential (@ = ¢aspna = 2¢ppna)- Of
course, this assumption was confirmed by the previous experi-
ment (Fig. 2h and i). However, in other cases where an insuffi-
cient amount of ¢{DNA was used, dsDNA and the remaining
PDNA coexisted on GNPs after hybridization. Accordingly, @ is
the total potential by individual contributions of the remain-
ing pDNA (¢,pna) and dsDNA (¢aspna) after the hybridization
reaction (@ = gaspna + Ppona = 2¢0ppna — Peona). Substituting
this condition into eqn (2) provides the following Ky; equation
consisting of @:

_ |(D - ¢pDNA’
|¢pDNA'|(2¢pDNA - )

In the above equation, measurable values among the
surface potentials are ¢,pna and @, which is shown in Fig. 2
and 3. This means that transforming eqn (3) into a function of
¢pona and @ is necessary for the convenient calculation of Ky.
Thus, we have assumed that, after hybridization, both
amounts of the remaining pDNA (¢,pna) on GNPs and the
remaining tDNA (¢pna) in solution are equal (¢pnar = Ponar)-
For an ideal case of ¢,pna’ = Ponar, €qn (3) can be further sim-
plified to:

Ky

(3)

| — 2hpona — @)
|(2¢ppna — @)

Based on the model (eqn (4)), we calculated the Ky of the
hybridization reaction between pDNA and ¢DNA, the result of
which is shown in Fig. 4e. The result reveals that the Ky of
the p-tDCNP exponentially diminished asymptotically as y
increased. The Ky values of the p-tDCNPs with y,_; exceeded 1,
implying that the forward reaction (hybridization) was predo-
minant. On the other hand, we found that Ky = 1.031 in the
case of y, (Fig. 4f), which indicates that the rate of the forward
reaction was almost equal to the rate of the reverse reaction.
Moreover, the Ky in the case of y; was much less than 1
(~0.019), indicating that tDNAs with y; were easily detached
from the pDCNP by thermal drift because the binding affinity
for pDNA was extremely low.

I(H =

(4)
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Indeed, we found that the Kj; of the p-y; DCNP was reduced
by 86.612% in comparison with that of the p-cDCNP (ESI
Fig. S6t). For quantitative comparison and a further under-
standing of the thermodynamics given y, we extracted the
Gibbs free energy (AG), which estimates the chemical potential
during DNA-DNA interactions,’® from the relationship
between AG and Ky using the following equation: AG = —RT In
Ky, where R is the molar gas constant (8.314 J mol K™*) and T
is the absolute temperature in Kelvin. The AGs of all the DNA-
DNA interactions are plotted in Fig. 4f. The AG of DNA hybrid-
ization linearly increased as a function of y, ie., it was well-
expressed as AG,soc = 5.98y — 21.86. This result not only deter-
mines the spontaneity of the chemical reaction in the thermo-
dynamics of DNA hybridization taking place on the GNP but
also shows the ability of our sensor system to discriminate
nucleotide mutations at the single-nucleotide level. For
example, the negative value of AG supports that the hybridiz-
ation processes of all p-tDCNPs occurred spontaneously. By con-
trast, for p-ys and p-ncDNA, the hybridization processes were
not favorable, as indicated by the positive values of AG. AG is
useful not only for an intuitive understanding of the point
mutations but also for determining the ability to capture tDNA.
For instance, we realized that, in our system, it was meaningless
to conduct a hybridization experiment using tDNA with more
than ys. In other words, the precise detection of point
mutations under y, is possible, at least for the BRCA1 sequence.

For further verification of our sensor system, a full under-
standing of how the quantity of the tDNA added affects the
results is of essential importance. It is possible that, in our
system, an insufficient quantity of tDNA will produce mislead-
ing results, comparable to the results obtained using samples
with a large number of point mutations (y). We performed the
surface potential analysis of p-cDNA, p-y;DNA, and p-ncDNA at
3 different concentrations: 768 pM, 7.68 nM, and 76.8 nM
(Fig. 5, ESI Fig. S7, and Table S2t). At 76.8 nM tDNA, both the
p-¢cDNA and the p-y;DCNPs went through full hybridization,
exhibiting a single narrow Gaussian distribution in surface
potential. Remarkably, at lower tDNA concentrations (7.68 nM
and 768 pM), we found that both the p-cDNA and the p-
1DCNPs exhibited bimodal Gaussian distributions in surface
potential with a large gap between the two peaks. All left peaks
in the bimodal distributions in Fig. 5d, e, g, and h are
0.741-0.765 V in average potential, which is seemingly identi-
cal to that (¢ = ~0.743 V) of the original pDCNP before hybrid-
ization (ESI Table S1f). Therefore, this peak indicates that
these complexes experienced no hybridization with the ¢{DNA,
and were left unbound. Conversely, each right peak in Fig. 5d,
e, g, and h shows a much higher average potential than that of
the corresponding left peak, implying that the hybridization
reaction of this group (the right peaks) of the complexes was
nearly complete. It is noteworthy that the amount of DCNPs
left unbound decreased as the tDNA concentration increased.
Lastly, for a negative control, we confirmed that the pDCNP
never interacted with the ncDNA at any concentration, instead
exhibiting a single Gaussian distribution with ¢ = 0.741-0.752 V
(ie., <1.5%).

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Statistical analysis of the surface potential distributions of the p-
tDCNPs with different tDNA concentrations. (a—i) Surface potential dis-
tributions of p-tDCNPs with different concentrations of tDNA, including
(a, d, and g) cDNA, (b, e, and h) y;DNA, and (c, f, and i) ncDNA. (j-1)
Quantification of the ratio of the two different states (i.e., hybridized and
unbound states) of the DCNPs with different concentrations of tDNA,
including (j) cDNA, (k) xsDNA, and (1) ncDNA. (m) The schematic illus-
tration shows the conformational change of the DNA molecule, which
provides the remnant tDNA enough room to easily bind with the neigh-
boring pDNA around dsDNA; this may occur in a cascading fashion.

The above result has never been obtained using any other
detection methods, such as colorimetric, fluorescence, electro-
chemical, or nanomechanical routes. Accordingly, we specu-
late that the existence of two split Gaussian distributions can
be used as a measure to estimate whether an unknown sample
(with no concentration information) has sufficient t{DNA con-
centration for a reliable bioassay. The following description
(Fig. 5m) may explain why this peculiar behavior of the surface
potential distribution takes place at low tDNA concentrations.
DNA hybridization on gold surfaces has been known to occur
randomly but in a cascading fashion.”' The hybridization of
the first single tDNA (¢ = ¢ or y;) molecule onto the pDCNP
requires high activation energy, because of steric hindrance
owing to its neighboring pDNA molecules on the GNP. Once
the first tDNA is hybridized with a single flexible pDNA on the
GNP, a conformational change takes place, as the flexible
ssDNA becomes a stiff double helix dsDNA.** This confor-
mational change provides the remnant tDNA enough room
to easily bind with the pDNA surrounding the dsDNA,
remarkably decreasing the activation energy for hybridization.

This journal is © The Royal Society of Chemistry 2018
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Accordingly, subsequent hybridizations after the first occur
rapidly. This explains why there are bimodal Gaussian distri-
butions without any intermediate states in the surface poten-
tial of the p-tDCNPs at low tDNA concentrations.

As described above, we observed a bimodal Gaussian distri-
bution in the surface potential of the p-tDCNPs at low ¢{DNA
concentrations, exhibiting a different population ratio between
the two peaks under each condition. Herein, the population
ratio (P,/Py) of the unbound to the hybridized DCNPs under
each condition is thought to be a significant factor that can be
directly correlated with the amount of the tDNA that exists in
the target sample. As the tDNA concentration increases, P,/Py,
gradually decreases, finally reaching zero. This trend is similar
for both the cases of p-cDCNPs and p-m;DCNPs, but the
detailed characteristic is somewhat different (Fig. S8f). The
ratio of P,/Py, for the p-m;DCNP varies steeper with the tDNA
concentration than that of the p-cDCNP. When an unknown
sample is given, measuring the surface potentials of both the
excessive and the insufficient {DNA cases will help one accom-
plish the precise identification of its mismatch type. In
addition, it is possible that this behavior will enable the devel-
opment of other applications, including those useful for quan-
titative analysis of very small amounts of biological samples
such as mRNA or microRNA extracted from disease-related
rare cells,”>™° or for analysis of viral genes.*®

Conclusions

In this study, we confirmed that the combination of DCNPs
and KPFM is a promising tool to identify the existence of DNA
mutations with a different number of mismatched nucleo-
tides, from 1 to 5, compared with a complementary sequence.
To overcome the very long analytical time of KPFM, which is a
critical drawback, we adopted pDNA immobilized on GNPs
(pDCNPs) to serve as a nanoscale platform to capture target
DNA (mutated BRCA1) during the hybridization reaction. Our
results demonstrate that the average surface potential of p-
tDCNPs steadily decreased as the number of mismatched
nucleotides increased, exhibiting a manifest difference (P <
0.05 in the t-test) in the surface potential between two neigh-
boring conditions (i.e., p-c/py1, p-x1/p-X2s P-X2/DX3s PX3IDYas
and p-ya/p-ys). Thus, the surface potential ¢ of the DCNPs is a
potentially useful factor that enables the accurate detection of
nucleotide mutations in disease-related genes at the single-
nucleotide level. The calculation of the equilibrium constant
from the surface potential data (@ and ¢,pna) allows us to
fully understand the binding affinity of tDNA in the hybridiz-
ation reaction. Compared with other conventional optical and
electrochemical detection methods,"®*”*® our approach has
several advantages, such as easy preparation, label-free detec-
tion, expeditious detection, high accuracy, and high reproduci-
bility. Moreover, the statistical analysis of dozens of ensembles
(i.e., dozens of p-tDCNPs) could be performed in only one
round of KPFM imaging, suggesting that our method enables
efficient sequence-specific detection of point mutations. We
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consider that this approach is applicable not only to the inves-
tigation into the relationships between nucleotide mutations
and disease expression, but also to the detection of other
disease-related biomolecules such as proteins, enzymes, pep-
tides, carbohydrates, or even toxic ions.
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