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Kyo Seon Hwang,e Jaemoon Yang,f Sang Woo Lee*a and Dae Sung Yoon*b

Kelvin probe force microscopy (KPFM) is a robust toolkit for

profiling the surface potential (SP) of biomolecular interactions

between DNAs and/or proteins at the single molecule level.

However, it has often suffered from background noise and low

throughput due to instrumental or environmental constraints,

which is regarded as limiting KPFM applications for detection of

minute changes in the molecular structures such as single-nucleo-

tide polymorphism (SNP). Here, we show KPFM imaging of DNA-

capped nanoparticles (DCNP) that enables SNP detection of the

BRCA1 gene owing to sterically well-adjusted DNA–DNA inter-

actions that take place within the confined spaces of DCNP. The

average SP values of DCNP interacting with BRCA1 SNP were

found to be lower than the DCNP reacting with normal (non-

mutant) BRCA1 gene. We also demonstrate that SP characteristics

of DCNP with different substrates (e.g., Au, Si, SiO2, and Fe) provide

us with a chance to attenuate or augment the SP signal of DCNP

without additional enhancement of instrumentation capabilities.

Introduction

Kelvin probe force microscopy (KPFM) is a powerful and versa-
tile technique for the nanoscale surface potential (SP) charac-
terization of single molecules in a label-free manner.1–4 The
basic principle of KPFM is to measure the contact potential
difference (CPD) between a conducting cantilever tip and
samples such as a single DNA molecule,5,6 protein/DNA

nanoarrays,2 amyloid fibrils,7–10 Abl tyrosine kinases,3 and
gold nanoparticles.11 A combination of KPFM and a nanoscale
pattern allows for an advanced sensing technology of biomole-
cular interactions based on the minute changes in SP values.
The objective of using the nanoscale pattern is to confine an
effective area within which the biomolecular interactions take
place, because of the reduction of non-specific binding and
thereby the high-resolution detection of target proteins.
Indeed, we have previously reported that KPFM of carbon
nanotube-array patterns is very useful for the detection of
ligand–protein interactions.12,13 However, the KPFM-based
bioassay of DNA with point mutations remains a challenge
because of the background noise and the low throughput due
to instrumental or environmental limitations.3,7,12,13

To address this issue, we considered gold nanoparticles
(AuNP) as amounting to a nanoscaled and uniform space where
DNA–DNA interactions are confined within borders.14 Specifi-
cally, we fabricated DNA-capped nanoparticles (DCNP), distribu-
ted them on a solid-state conducting substrate and individually
measured their SPs using KPFM (Fig. 1). Previously, the DCNP
has been widely used for genetic detection via optical toolkits
such as scanometric,15,16 colorimetric,17,18 and surface-
enhanced Raman spectroscopy.19,20 However, such methods are
restricted for reducing sample volume and quantifying point
mutations because of the large variation in the number of
DCNP in a solution and the noise signal caused by the chemical
residue. In contrast, KPFM imaging of DCNP is expected to (i)
allow us to consider only nanoparticles on which DNA is uni-
formly localized (i.e., ∼2000 molecules in the case of ∼100 nm
AuNP) except for residues,21,22 (ii) establish statistical reliability
(because dozens of DCNP are tested by one-step KPFM imaging)
and (iii) bring about the highly sensitive detection of miniscule
SP due to the difference caused by a point mutation.

Here, we demonstrate a bioassay for point mutation detec-
tion by the combination of DCNP and KPFM. We chose a
single point mismatched DNA sequence (16 mer) taken from
the BRCA1 gene as a model study of single nucleotide poly-
morphism (SNP) detection.23,24 Moreover, we studied how
various substrates (Au, Si, SiO2, and Fe) affected the SP of
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DCNP, which was performed in order to seek an optimal con-
dition for SNP detection by KPFM.

Materials and methods
Preparation of DCNP

Double-stranded DNA (dsDNA) hybridized with probe DNA
and target DNA was immobilized on AuNP (∼100 nm, Sigma

Aldrich), which we call DCNP (Fig. 1(a)). The size of AuNP was
measured to be 105.45 ± 7.82 nm (mean ± standard deviation)
which was acquired from a best-fit Gaussian curve (R2 = 0.99)
of the histogram (Fig. S1†). The DCNP were prepared following
published protocol.25 The AuNP were stably suspended in
0.1 mM phosphate buffer (PBS, pH 7.2), the final concen-
tration of which was ∼4 × 109 particles per ml. We first fabri-
cated single-stranded DCNP (ssDCNP) consisting of single-
stranded DNA (ssDNA) probes immobilized on the AuNP. The
adopted ssDNA had a 16-nucleotide sequence with a thiol
group (5′-HS-CTA CCT TTT TTT TCT G-3′). Specifically, 2.5 ml
of ssDNA solution (76.8 nM) was mixed with 2.5 ml of the
AuNP solution in a centrifuge tube, and the mixture was
weakly vortexed for 16 hours for stable immobilization. 15 ml
of PBS (pH 7.2) was then added into the tube and centrifuged
at 14 000 rpm for 30 min. The reagents and the non-reacted
ssDNA were removed,26 and the total volume of the solution
was adjusted, all to 5 ml, by adding PBS. We used two kinds
of target DNA including complementary sequenced DNA
(5′-CAG AAA AAA AAG GTA G-3′) and single-point mismatched
DNA (5′-CAG AAA ATA AAG GTA G-3′) (ref. 23) taken from the
BRCA1 gene. Both of target DNA (76.8 nM; 2.5 ml) were hybri-
dized with the prepared ssDCNP to make double-stranded
DCNP (dsDCNP). Noted that all DCNP used in SNP detection
with KPFM is in the form of dsDCNP. To make sure the
hybridization reaction, the mixed solution was gently vortexed
for 3 hours before use. All experiments are conducted at room
temperature.

Preparation of various substrates for KPFM of DCNP

p-Type Si (Silicon Technology, Tokyo, Japan), SiO2 (5000 Å)/Si
(Silicon Technology, Tokyo, Japan), and metal substrates (i.e.,
gold and iron) were prepared for the KPFM study of DCNP.
The gold substrate Au (200 Å)/Cr/SiO2/Si and the iron substrate
Fe (70 Å)/Cr/SiO2/Si were prepared using thermal evaporation
on Cr (50 Å)/SiO2 (5000 Å)/Si substrates where the Cr acts as an
adhesive layer. Subsequently, each wafer was diced into a 10 ×
10 mm2 area, and then cleaned with piranha solution (mixture
of 1 : 1 v/v H2SO4 and H2O2) for 10 min prior to use (noted that
always use caution when working with piranha solution).
100 μl of the DCNP solution was distributed onto the prepared
substrates for 1 hour, rinsed with pure water, and then gently
dried with nitrogen gas.14

X-ray photoelectron spectroscopy (XPS) characterization of
four different types of prepared substrates

To characterize the surface conditions of the prepared four
different types of substrates (i.e., the Au, p-type Si, SiO2, and
Fe), XPS analysis was carried out (K-alpha; Thermo VG, UK).
The sampling area was 400 × 400 μm2 in a vacuum (6.8 × 10−9

mbar). The XPS used a monochromated Al X-ray source at
1486.6 eV. The recorded spectrum of the XPS is shown in the
insets of Fig. 1(b)–(e).

Fig. 1 Schematic illustration of the experimental setup and characteriz-
ation of substrates for optimizing the KPFM conditions of DCNP. (a) Fab-
rication method for double-stranded DNA capped nanoparticles
(dsDCNP) and experimental setting of KPFM. (b–e) Optical images of
substrates used in this experiment. (b) Gold (Au) substrate. (c) p-Type
silicon (Si) substrate. (d) Silicon dioxide (SiO2) substrate. (e) Iron (Fe) sub-
strate. Insets: high-resolution XPS spectra of Au-2, Au 4f (b), Si 2p (c and
d), and Fe 2p bands (e).

Communication Nanoscale

13538 | Nanoscale, 2016, 8, 13537–13544 This journal is © The Royal Society of Chemistry 2016

Pu
bl

is
he

d 
on

 2
9 

A
pr

il 
20

16
. D

ow
nl

oa
de

d 
by

 Y
on

se
i U

ni
ve

rs
ity

 o
n 

12
/0

9/
20

16
 1

6:
13

:3
8.

 
View Article Online

http://dx.doi.org/10.1039/C5NR08969G


Experimental condition of KPFM

The SP measurements of the DCNP were performed using an
atomic force microscope (AFM) (Multimode V, Veeco, CA,
USA). A conducting cantilever probe (SCM-PIT, Bruker, CA,
USA, rectangular, platinum–iridium coated) was mounted in a
tip holder (MMEFCH, Veeco, CA, USA) that is capable of con-
trolling the voltage applied to the tip. To minimize erratic vari-
ation in SP, we used the same conducting cantilever tip in all
KPFM studies under constant temperature and humidity
(20–23 °C and less than 20%).3,7,8,12,13 Through this approach,
we can obtain very reliable assay results, allowing for a facile,
robust SNP detection by directly comparing SP signals among
four different types of substrates.

Theoretical background of KPFM

The KPFM is classified into two major modes (one is the lift
mode; the other is the dual-frequency mode). The lift mode
KPFM imaging adopts the SP measurement based on dual
line-scan imaging,3,7,8,12,13,27,28 while the dual-frequency mode
uses two different frequencies to acquire the SP map of the
sample.5,6 We have used the lift-mode KPFM system.3,7,12,13

The principle of the lift mode is as follows: during the first
movement forward, the cantilever is mechanically excited at
near its resonance frequency, and the amplitude is kept con-
stant by using a feedback system to obtain the topography. In
the second movement backward, the cantilever tracks the pre-
viously recorded height profile at a set lift height (e.g., 45 nm
in this work), from the sample surface to detect SP. During
this second movement, the cantilever is no longer excited
mechanically, but is excited electrically by applying to the tip a
voltage containing a DC (Vdc) component and an AC com-
ponent (Vac) at the resonance frequency (ω). In fact, the KPFM
measures the CPD between the sample surface and the tip.
The CPD between the tip and the sample is defined as:1

CPD ¼ ϕtip � ϕsample

�e
ð1Þ

where ϕtip and ϕsample are the work functions of the tip and
the sample, respectively, and e is the electronic charge. The Vac
generates an oscillating electrical force between the AFM tip
and the sample surface, and the Vdc nullifies the oscillating
electrical forces that originate from the CPD between the tip
and the sample.

In specific, a voltage (ΔV) applied between the tip and the
sample can be modelled as below, consisting of a DC bias, Vdc
and an AC voltage, Vac sin(ωt ) at the resonant frequency ω:

ΔV ¼ ðVdc � CPDÞ þ V ac sin ωt ð2Þ

The electrostatic force (Fes) between the tip and the sample
is given by:

Fes ¼ � 1
2
ΔV2 dC

dz
ð3Þ

where C is the capacitance and z is the distance between the
AFM tip apex and sample surface. Substituting eqn (2) in eqn
(3) gives the expression for the Fes:

Fes ¼ � dC
dz

1
2

Vdc � CPDð Þ
� �2

þ Vdc � CPDð ÞVac sin ωt
�

þ 1
4
Vac

2 cosð2ωtÞ � 1f g
� ð4Þ

We can obtain the CPD by adjusting the Vdc to nullify the
ω component signal accordingly to make Fes equal to zero.1,29

This implies that the KPFM image obtained by recording CPD
reflects the spatial variations of the SP along the different
types of sample surfaces.

Results and discussion
Optical and XPS characterization of four different types of
substrates

Because the work function of the substrate depends on its
surface state, it is of importance to scrutinize the surface con-
ditions of each substrate.30 To optimize the KPFM conditions
of DCNP for SNP detection, we considered four different types
of substrates including the Au, p-type Si, SiO2, and Fe. Such
substrates were examined by high-resolution XPS analysis
(Fig. 1(b)–(e)). The colors of the Au, p-type Si, SiO2, and Fe sub-
strates appear brownish, gray, red-violet, and light violet,
respectively.31,32 Fig. 1(b) depicts the XPS spectrum of the Au
surface where two peaks in XPS (Au 4f7/2 at 83.9 eV and Au
4f5/2 at 87.7 eV) are split into two types of Au electronic states
(Au0 and Au+).33 In the case of the Si (Fig. 1(c)), the first strong
Si 2p peak (∼99 eV) is usually attributed to non-oxidized Si
atoms in the Si0 state, participating in the Si–Si bonds of the
silicon crystal lattice. The next weak Si 2p peak (∼103.5 eV) is
related to the Si4+ state in a SiO2-like environment (ultrathin
native oxide) that is unavoidably formed when exposed to
air.34 Accordingly, the Si substrate is expected to have a work
function close to the theoretical value of p-type Si. On the
other hand, the SiO2 substrate exhibits a strong single peak at
103.7 eV, indicating that all Si atoms on the surface are in the
Si4+ state (Fig. 1(d)).35 Fig. 1(e) depicts the XPS spectrum of the
Fe 2p level of the Fe substrate. The spectrum shows a broad
doublet structure with a binding energy around Fe 2p3/2 =
∼711.2 eV and Fe 2p1/2 = ∼724.3 eV (ref. 36), indicating that
an ultrathin layer of Fe3O4 was formed on the Fe surface.

SP characterization of DCNP on various substrates

Even though the substrate was thought to largely affect the SP of
biomolecules, most previous KPFM studies have been per-
formed by using a single substrate such as the Si, Au or mica.
The systematic study of the influence of substrates has not pro-
gressed so far, notwithstanding its importance. Here, we investi-
gated the effects of various substrates (i.e., the Au, p-type Si,
SiO2 and Fe) on the SP of the DCNP. The studied DCNP were
prepared by hybridizing the ssDCNP with complementary target
DNA, which are referred to as P–C DCNP. Herein, ‘P’ represents
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the probe DNA and ‘C’ means the target DNA having a com-
plementary sequence. At the neutral state (pH = ∼7.2), it is
expected that the oligonucleotide retains a large negative charge
because it has an isoelectric point of ∼2.53 (ref. 5). Accordingly,
the SP measurement can provide information regarding
whether and how much DNA exists on the DCNP. We measured
the topological heights and the SP of the P–C DCNP spread on
four types of substrates (Fig. 2(a)–(h) and S3†).

Fig. 2(i) depicts the representative cross-sectional line scans
of the topographic height and the SP images of the P–C DCNP

on various substrates. Cross-sections of the height results
show the morphology of the P–C DCNP. The morphology of
the top region of DCNP is considerably smooth, suggesting
that the DNA is fully packed on the surface of DCNP. In
addition, the estimated heights of the DCNP are almost the
same: 102.7 ± 4.7 nm on the Au, 102.2 ± 4.4 nm on the p-type
Si, 103.1 ± 4.8 nm on the SiO2, and 104.5 ± 5.5 nm on the Fe
substrates, respectively. Moreover, Fig. S2† represents the
Gaussian distribution of the P–C DCNP height on all sub-
strates with a Gaussian fit: 102.19 ± 4.03 nm. The P–C DCNP
height results show that the size distribution of DCNP is unim-
odal and obeys Gaussian distribution (R2 = 0.95). In the case of
the SP of P–C DCNP, however, a quite different result appears.
Fig. 2( j) depicts the maximum SP of the P–C DCNP on various
substrates, measured at the peak of each SP line scan
(Fig. 2(i)). The SPs of P–C DCNP are respectively estimated to
be −1.45 ± 0.06, −1.51 ± 0.21, −1.25 ± 0.16, and −1.30 ± 0.20 V
for the Au, p-type Si, SiO2, and Fe substrates. To be exact, all
these measured SP values correspond to the relative SP differ-
ence between the DCNP and the substrate. Basically, the SP of
a surface (DCNP or substrate) is attributed to the charge trans-
fer between the tip and the scanned surface counted as a
vibrating parallel plate capacitor arrangement.30,37 The exist-
ence of relative SP means that there is a difference in charge
transfer between the tip-DCNP and tip-substrate. Specifically,
once the tip scans over the single DCNP, the measured SP
peak appears at the location of DCNP and its intensity is deter-
mined proportionally due to the work function difference
(ϕsubstrate − ϕDCNP).

38 From the measurement, it is obvious that
the charge transfer rate must be changed with respect to the
material type of the scanned surface (sample and substrate),
albeit the material of the AFM tip is determined to be plati-
num–iridium coated on silicon (Si).

Meanwhile, if one recalls that all the P–C DCNP were from
the same solution, this phenomenon is seemingly peculiar
and enough to attract attention. It is plausible that the SP of
DCNP on the four different types of substrates changes signifi-
cantly, which will affect the assay performance of the SNP
detection by KPFM imaging.

SNP detection by KPFM of DCNP

It is of interest to investigate whether a combination of the
DCNP and the KPFM retains the capacity for discriminating
with respect to mismatched nucleotides of genes. Moreover,
whether that capacity remains stable with respect to the sub-
strate is also of importance for practical use. For verification,
we adopt the target DNA sequence having a single nucleotide
mismatch against the BRCA1 gene. The target DNA was hybri-
dized with the ssDCNP with which the probe DNA corres-
ponding to BRCA1 was immobilized onto the AuNP. Here, the
hybridized DCNP are referred to as P–M1 DCNP, where ‘P’ rep-
resents the probe DNA and ‘M1’ means the target DNA having
a single-point mutation (i.e., SNP). After the P–M1 DCNP were
distributed on each substrate, their SP values were measured
using the KPFM.

Fig. 2 Three-dimensional images of the DCNP. (a–h) Topography
images and SP images of the DCNP on four different types of substrates:
(a and b) Au substrate; (c and d) p-type Si substrate; (e and f) SiO2 sub-
strate; and (g and h) Fe substrate (image size: 0.5 × 0.5 µm2). (i) Cross-
sections of the height and surface potential of four different substrates.
( j) Average height and SP of DCNP on the substrate.
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Fig. 3(a)–(d) depict the Gaussian distributions of the SPs of
both the P–C DCNP and the P–M1 DCNP on four different
types of substrates. The SPs of the P–M1 DCNP are respectively
estimated to be −1.38 ± 0.09, −1.12 ± 0.11, −1.14 ± 0.20, and
−1.23 ± 0.14 V for the Au, p-type Si, SiO2 and Fe substrates,

respectively. From the data, it was revealed that, for all the sub-
strates, the SPs of the P–M1 DCNP were somewhat lower than
those of P–C DCNP. Specifically, the ΔSP (= SP′P–C − SP′P–M1)
was 0.08, 0.41, 0.12, and 0.06 V for the Au, p-type Si, SiO2 and
Fe substrates, respectively. This may be because the target
DNA with SNP has weaker affinity towards the probe DNA than
the complementary target DNA.39 Specifically in DNA hybridi-
zation on the DCNP, the probe DNA can strongly bind with
their counterparts such as the complementary target DNA.
However, the existence of a mismatch point in target DNA
severely weakens their binding affinity to the probe DNA,
resulting in relatively poor hybridization. In this case, a con-
siderable amount of probe DNA remains non-hybridized.
Accordingly, the DCNP interacting with single mismatched
target DNA is thought to display quite lower |SP| than with
complementary target DNA. This interesting phenomenon
implies that our detection toolkit is capable of discriminating
point mutations in genes.

Fig. 3(e) shows that there are small overlapping regions
between two neighboring SP clusters (i.e., P–C and P–M1) for
Au (9.6%) and p-type Si (0%). By contrast, the larger overlap
areas of SP distribution are shown in the case of the SiO2

(22.1%) and Fe substrates (25.5%), implying inappropriate
substrates for SNP detection, rather than Au and p-type Si sub-
strates. Moreover, regarding sample preparation, some differ-
ences are observed among the four types of substrates. Unlike
in the case of the Au and the p-type Si, the DCNP tend to
aggregate with each other on the SiO2 and Fe substrates. The
existence of aggregates may pose a difficulty in seeking indivi-
dual DCNP (100 to 110 nm in height) from the SP image. Taken
together, we suggest that the Au and the p-type Si are good sub-
strates enough to discern the subtle difference between the
complementary and the single point mismatched DNA.

It is noteworthy that, in the case of the p-type Si, the SP dis-
tributions of P–C DCNP are broader than the others, exhibiting
a high standard deviation of 0.21 V. Even though the p-type Si
shows the biggest difference in SP (i.e., ΔSP) which implicates
high-sensitivity of SNP detection, why a large variation in the
distribution happens is unclear.

Discussion

In the previous section, the Au and the p-type Si were rec-
ommended as test substrates for SNP detection by KPFM of
the DCNP. In particular, the p-type Si exhibited the highest
ΔSP without an overlapping area between the P–C and the P–
M1 DCNP in spite of the broad SP distribution of P–C DCNP.
In general, the p-type Si has a positive surface charge and
lower Fermi level than the n-type Si, resulting in an increment
in the work function. Accordingly, it is plausible that the elec-
trical polarity of the SP converts to negative for the AuNP on
the p-type Si. This phenomenon is attributed to the KPFM
principle that is analogous to that of the vibrating capacitor
method invented by Lord Kelvin (see Materials and methods).1

Fig. 3 (a–d) Gaussian distribution of the P–C DCNP (white bar, referred
to as P–C) and the P–M1 DCNP (gray bar, referred to as P–M1) on (a) Au
substrates, (b) p-type Si substrates, (c) SiO2 substrates, and (d) Fe sub-
strates. (e) The ΔSP between two SP peaks (gray bar) and the percentage
of the overlap area (red bar) of two neighboring distributions (i.e., P–C
and P–M1 DCNP).
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To understand why the ΔSP varies with respect to the
choice of the substrate, we performed the SP measurement of
bare AuNP on the Au and p-type Si substrates. Fig. 4(a)–(d)
show the height and the SP images of the bare AuNP on the Au
and p-type Si substrates. Their average values are summarized
in Fig. 4(e). The height of the AuNP is estimated to be 95.0 ±
5.2 nm on the Au, and 96.5 ± 8.4 nm on the p-type Si sub-
strates, respectively. On the other hand, a notable difference
arises in the case of the SP. The AuNP on the Au substrate
exhibit negligible SP (∼0.10 V), indicating that the AuNP and
the substrate have the same work function (namely, the same
material). In contrast, the AuNP on the p-type Si exhibit a
strong negative potential of approximately −1.08 V.

It is seemingly obvious that if the DNA is introduced on the
AuNP to form the DCNP, the SP of DCNP deviates from that of
the bare AuNP. A schematic regarding the Kelvin probe energy
diagram (Fig. 4(f ) and S4†) helps one understand the effect of
DNA addition of the AuNP on its SP. Because of the strong
negative charge originating from the backbone of DNA, the
DCNP is expected to be more negative in SP in comparison
with the p-type Si, the Au, and even the AuNP, resulting from
an increment in the work function of the DCNP. Indeed, this
speculation was confirmed through the experiment (Fig. 2) in
which the DCNP exhibited a more negative SP (ϕP–C DCNP =
−1.41 V for the Au, and −1.50 V for the p-type Si) than the bare
AuNP (ϕAuNP = −0.10 V for the Au, and −1.08 V for the p-type Si).
To precisely quantify the DCNP’s work function, we opti-
mized this measuring condition so that there was no change
in SP near the border between the AuNP and the Au substrates,
showing a flat SP over the entire imaged area (Fig. 4(b)).
Accordingly, it turns out that the SP of the DCNP on the Au
substrate corresponds to the pure contribution of the DNA to
the SP, as seen in Fig. S4(a).† This is attributed to the fact that
the AuNP surrounded by DNA and the Au substrate have
nearly the same work function. In the case of the p-type Si, a
more complicated result arises. The SP of the DCNP on the
p-type Si does not correspond to the pure contribution of DNA to
SP because the p-type Si is much higher in work function than
the Au substrate (or the AuNP), resulting in a more negative SP
of the DCNP. In other words, the SP of the DCNP on the p-type
Si includes the extra contribution of p-type Si to SP except for
DNA’s contribution (Fig. S4(b)†). If one recalls that the ΔSP
between the P–C and the P–M1 DCNP was maximized for the
p-type Si, the use of p-type Si seems quite reasonable in order
to increase the analytical sensitivity through amplification of
the SP of the DCNP. Now, we need to generalize our discus-
sion, considering all aspects of the KPFM. In general, to
amplify the SP of the measuring sample, it is recommended
that one adopts the substrate that has a very different work
function from the sample (Fig. 4(f )). Of course, both cases of
ϕsample ≪ ϕsubstrate and ϕsample ≫ ϕsubstrate can be possible in
theory. However, which condition one can use may depend on
the versatility in sample preparation, and compatibility
between the sample and the substrate. For instance, one can
sometimes encounter unexpected results such as aggregation
of the samples and detachment of the samples from the sub-
strate, even though a substrate having a large difference in the
work function was suitably selected.

Conclusion

We demonstrated highly sensitive and efficient analysis of
nucleic acids, accomplished by the combination of DNA-
capped nanoparticles (DCNP) and KPFM. The suggested
method was accurate to the extent that it enabled analyzing
the DNA even at the point mutation level. The use of the DCNP
provided us with many advantages such as easy sample prepa-
ration, the use of a small amount of DNA, and label-free detec-

Fig. 4 Quantification of DNA–DNA interactions using DCNP and KPFM
on Au and p-type Si substrates. (a) Topography image of the bare AuNP
on the Au substrate. (b) SP image of the bare AuNP on the Au substrate.
(c) Topography image of the bare AuNP on the p-type Si substrate. (d)
SP image of the bare AuNP on the p-type Si substrate. (e) Statistical ana-
lysis of height and SP on the Au and the Si substrates. (f ) Schematic illus-
tration of SP imaging of DCNP and the Kelvin probe energy diagram,
used for measuring Volta potential between the substrate, DCNP, and
AFM tip.
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tion. However, it was found that the SP of the DCNP strongly
depended on the surface conditions of the substrate. This
means that because the variation in SP due to the substrate
can affect the performance of the bioassays, the substrate used
for the test must be cautiously selected. As reported here, Au
and p-type Si proved to be good substrates, exhibiting a large
difference in SP between the P–C and the P–M1 DCNP. In the
case of SiO2 and Fe, however, the SP distributions of the P–C
and the P–M1 DCNP overlapped significantly each other. These
poor SP features of both the SiO2 and Fe make them unsuita-
ble as substrates for SNP detection. From the experiment, it
was plausible that the variation in the SP of the DCNP with
respect to the substrate was attributed to the work function
difference between the DCNP and each substrate. For conven-
ience we suggested a guideline for substrate selection that a
substrate having a very different work function from the
sample is favorable for SP imaging. If the substrate is properly
selected we can obtain a high-quality SP image of the sample,
and furthermore it enables the performance of highly-accurate
bioassays based on SP imaging.
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