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In recent years, Kelvin probe force microscopy (KPFM) has emerged as a versatile toolkit for exploring electrical properties on
a broad range of nanobiomaterials and molecules. An analysis using KPFM can provide valuable sample information including
surface potential and work function of a certain material. Accordingly, KPFM has been widely used in the areas of material science,
electronics, and biomedical science. In this review, we will briefly explain the setup of KPFM and its measuring principle and then
survey representative results of various KPFM applications ranging from material analysis to device analysis. Finally, we will discuss
some possibilities of KPFM on whether it is applicable to various sensor systems. Our perspective shed unique light on how KPFM
can be used as a biosensor as well as equipment to measure electrical properties of materials and to recognize various molecular

interactions.

1. Introduction

Kelvin probe force microscopy (KPFM) is a success story
of atomic force microscopy (AFM) being combined with
the Kelvin probe method. KPFM was invented in 1991
[1] and it has been now widely used to measure work
functions of various materials or nanoscale devices and to
observe surface charge distributions of them at atomic or
molecular scales [2-5]. Compared to the conventional Kelvin
probe, KPFM has the biggest advantage of its high spatial
resolution [6-8], which is brought about because it uses a
conducting cantilevered beam with a sharp tip. Over the past
decades, because of its advantage, KPFM became a unique
tool for measuring the surface charge distribution or the
work functions of metal/semiconductor surfaces [9-13] and
semiconductor devices [14, 15].

KPFM is able to obtain the work function of sample by
measuring contact potential difference (CPD) between the
sample surface and the conducting cantilever tip, where the
CPD is the difference between the work functions of the
sample surface and the tip. The CPD between two materials

depends on a variety of their electronic/electrical parameters.
Measurement of the CPD can be used not only for measuring
work functions of metal/semiconductor surfaces but also for
mapping surface potentials of biomolecules/macromolecules
(e.g., proteins [16], single DNA molecules [17, 18], and
amyloid fibrils [19, 20]). In general, surface potential is known
to represent surface charge of various samples via electrostatic
potential. With this principle, KPFM may be suitably adopted
to investigate molecular interactions that lack topological
differences but have distinguishable differences in surface
potential. Furthermore, the capability for discriminating the
difference in surface potential between before and after bioas-
say allows one to utilize KPFM for developing a diagnostic
platform based on testing biomolecular interactions.

Some researchers are now trying to develop a new
nano/biodiagnostic platform based on a combination of
KPFM and nanoparticles or nanodevices [21]. Because the
KPFM technique is basically a scanning probe method, it
has certain unique advantages as a diagnostic system, includ-
ing (i) direct detection of molecules by mapping surface
potential, (ii) label-free method, and (iii) detection of single



molecules with high spatial resolution. These advantages
represent that a KPFM-based nano/biodiagnostic system
would be effective for performing bioassays not being able to
be accomplished by other systems.

This review article presents the state of the art in
KPEM applications to surface analysis of nanomaterials or
bioassays using nano/biosensing devices. Before we describe
KPFM applications in depth, we will briefly introduce the
principle of KPFM and explain how the surface potential
of the sample is obtained. Of KPFM applications, we will
discuss three categories. The first is the characterization of
electrical properties in various nanomaterials. We explore
some examples of surface potential measurements of various
nanoparticles, two-dimensional (2D) layered nanomaterials,
and even single-layered nanomaterials. The second category
is KPFM imaging of various biomolecules including DNA
and proteins. It will be shown that KPFM can be used not
only to measure the surface potential of a single biomolecule
itself but also to monitor the molecular interaction with
surrounding molecules. The last category is biosensor or
diagnostic system applications of KPFM. In this section,
we will demonstrate that KPFM has a huge potential as
a new biosensor platform with ultrasensitivity, providing
some examples of the KPFM based biosensors. Finally,
we will discuss the perspective and various possibilities of
KPFM.

2. Principle of Kelvin Probe Force Microscopy

2.1. Fundamental of KPFM. KPFM can measure the elec-
trostatic surface potential of a sample at the micro- to
nanoscales. Hardware of KPFM is based on a general AFM
system and the measurement of the electrostatic surface
potential is obtained by detecting the motion of a conducting
cantilever that is caused by an electrostatic force between a
tip mounted on the cantilever and the sample. The measured
electrostatic force represents the CPD between the sample
surface and the conducting cantilever tip. When a metallic
material is electrically isolated from other materials, it has an
inherent Fermi level due to its microstructure, composition,
and work function. However, when two metallic materials are
in contact electrically, the materials are in thermodynamic
equilibrium with each other and have equal Fermi levels. If
two materials are different (have different work functions),
there exists a CPD between them when kept in contact.
A common method for determining the CPD is known as
Kelvin method [22] (it is why KPFM adopts the term Kelvin).
With the Kelvin method, two plates (i.e., a vibrating reference
electrode on a cantilevered beam and a sample) are aligned
for forming a capacitor, and a dc bias is applied between
them. By the vibrating reference electrode, an electric current
i(t) is generated, as shown in Figure 1(a). With w being the
frequency of vibration, the generated current is given by

i(t) = VeppwAC cos wt, (1)

where AC is variation of capacitance and Vipp is contact
potential between two plates. The Vipp is simply defined as

_ ¢1 _¢2, (2)

Veop =
CPD e
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where ¢, and ¢, are work functions of two conductors (with
KPFM, ¢; = ¢y, and ¢, = ¢,1)> and e is electrical charge
of an electron. The Vi pp, is obtained when the V. is varied
until the current i(¢) is minimized.

KPFM system also adopts a similar mechanism to the
Kelvin method. When a conducting cantilever tip approaches
the sample, an electrostatic force is caused by the difference
between their Fermi levels. An energy diagram representing
two Fermi levels is shown in Figure 1(b). However, when
a conducting cantilever tip and the sample are in contact
electrically, both Fermi levels are rearranged through the
interchange of electrons. By this electron movement, the tip
and the sample reach thermodynamic equilibrium and this
state is shown in Figure 1(d).

Figure 2 depicts a block diagram explaining how a general
KPEM system operates. An AC voltage (V) with a dc offset
bias (Vp() is applied between a conducting cantilever tip and
a sample, which results in generation of an electrostatic force
via the Vpp. The electrostatic force causes the deflection of
the conducting cantilever and it is monitored by a laser and a
PSD (position sensitive detector). The frequency component
(fac) is extracted from the obtained PSD signal through a
lock-in amplifier. A feedback controller applies the V. to the
AFM system until the current f,- component is minimized.
Consequently, the Vipp is obtained by adjusting the Vpe
component.

2.2. Two Different Modes of KPFM. KPFM is driven by a
variety of working modes, depending on manufacturers or
brands. Regardless of their subtle difference in operation,
most of scientists classify them into two different modes
(i.e., lift mode and dual-frequency mode) [2]. Lift-mode
KPFM, also known as amplitude modulated KPFM (AM-
KPEM), is based on a dual line-scan system. In the first
scan of cantilever, surface topography is obtained by standard
tapping mode. In the second scan, the cantilever ascends to
lift scan height and traces the previously recorded surface
topography to detect the surface potential of sample. How-
ever, dual-frequency mode KPFM, also known as frequency
modulated KPFM (FM-KPFM), is based on a single-scan
system. Dual-frequency mode KPFM applies an AC signal
to the cantilever at low frequency (w,,), while the cantilever
is mechanically excited nearly at its resonance frequency
(Wyes). The applied AC signal at low frequency induces a
modulation of electrostatic force, which is detected by the
superimposed oscillation (w,., + w,,) in the amplitude versus
frequency plot representing the mechanical oscillation of
cantilever, leading to separation of the topography (w,,,) and
the surface potential signal (w,, * w,,) of sample. Dual-
frequency mode KPFM has higher spatial resolution than
lift-mode KPFM [23], because dual-frequency mode KPFM
detects the surface potential signal more directly than lift-
mode KPFM. Nevertheless, there are some researchers that
prefer lift-mode KPFM to dual-frequency mode because of
its high signal-to-noise (SN) ratio. It is thought that high
SN ratio in lift mode will help one to perform precise
measurement of surface potentials [19, 20, 24-27].
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FIGURE 1: (a) Schematic diagram of general Kelvin method on electric circuit. (b-d) Electronic energy levels of the sample and AFM tip for
three cases: (b) the tip and the sample are separated with no electrical contact, (c) the tip and the sample are in electrical contact, and (d)

the external bias (V) is applied between the tip and the sample to nullify the CPD and, therefore, the tip-sample electrical force. E,,.

is the

vacuum energy level and E  is the Fermi energy level. Figures reproduced with permission from [2], © 2011 Elsevier.

3. Applications of KPFM

3.1. Characterization of Electrical Properties in Various Nano-
materials. KPFM has been widely used to measure work
functions of various materials at atomic or molecular scales.
Unlike other detection methods, KPFM enables characteriza-
tion of local electrical properties at subtle and complex areas
such as interfaces in nanomaterials and junctions in semi-
conductor devices because of its high spatial resolution. The
capacity for performing nanoscale electrical characterization

is supported by the use of a conducting cantilever with a sharp
tip (10~25 nm in radius). The following section reviews some
applications of high-resolution KPFM to the characterization
of the electrical properties of nanomaterials.

3.11. Sensing the Surface Potential of Nanoparticles. Nanopar-
ticles mean very small particles having the size ranging
from 1 to several hundred nanometers. Nanoparticles have
been widely used in many areas such as biomedical [39-
41], optical [42-44], and electronic fields [41, 45]. KPEM is
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FIGURE 2: Block diagram of general KPFM system.
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FIGURE 3: (a) Schematic diagram of the KPFM measurements of the AuNPs deposited on a silicon substrate covered with a grafted organic
monolayer. (b) A plot of surface potentials as a function of AuNP diameter. Figures reproduced with permission from [28], © 2015 ACS.

one of the promising analytical tools to measure the surface
properties of nanoparticles and monitor interaction between
nanoparticles and other substances. For instance, accurate
detection of the surface potential of nanoparticles can help
one understand how the interactions between nanoparticles
and neighboring molecules proceeds. In particular, gold
nanoparticles (AuNPs) have been widely used in the field
of chemistry and biomedical science [46] due to their
unique optical [47, 48], electronic [49], and molecular-
recognition properties [50]. Therefore, the surface potentials
of AuNPs have been also studied extensively [51-53]. Zhang
and coworkers investigated the variation in surface potential
of the AuNPs with respect to particle size [28]. It was
observed that when the AuNPs were reduced in size, their
novel electrical properties became size-dependent. Figure 3
presents KPFM results for the surface potential variation

of the AuNPs as a function of their size. The AuNPs were
synthesized through reduction of gold salt by ascorbic acid
and had a size distribution ranging from 3 to ~25nm. A
schematic setup regarding KPFM measurement is shown in
Figure 3(a). The AuNPs spread on a silicon wafer covered
by a monolayer of alkyl chains formed a tunnel junction.
Figure 3(b) reveals a consistent trend of the surface potential
of the AuNPs with respect to their size. From observation,
it was found that the surface potential increased as the
size became bigger. For instance, the surface potential of
a 10nm AuNP charged with ~5 electrons was estimated
to be only ~3.6eV. This report demonstrated that KPFM
was able to accurately measure the work function of the
AuNPs with different size. Because KPFM measurement is
accurate enough to detect the small amount of electrons, the
combination of KPFM and AuNPs is thought to be applicable
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to a nanoscale platform for chemical and biological sensing
involving electron or ion exchange.

3.1.2. The Surface Potential Measurement of 2D Layered
Nanomaterials. To keep pace with proliferation of electronic
devices field, research in regard to two-dimensional (2D)
layered nanomaterials is currently at an advanced stage [54,
55]. Particularly, graphene is the most widely used 2D layered
nanomaterial [56-58]. Because of its 7r-conjugation upon the
sheet of sp®-hybridized carbon, the graphene has extraordi-
nary electrical, mechanical, and optical properties. In partic-
ular, characterizing the electrical properties of graphene is
necessary and of importance for understanding of the growth
parameters of graphene and comprehension of the device
functionality. To achieve this goal, accurate measurement
of various electrical properties with high spatial resolution
is required. Recently, Panchal and coworkers developed a
graphene based FET that was a Hall bar structured device and
analyzed its electrical properties using KPFM [23]. Figure 4
depicts KPFM results of the graphene Hall bar device, the
electrical characterization of which were performed after sur-
face potential calibration of a conductive Si cantilever tip with
gold electrode. In this study, researchers analyzed and com-
pared experimental results of lift-mode KPFM (Figure 4(a)),
dual-frequency mode KPFM (Figure 4(b)), and electrostatic
force spectroscopy (EFS). The surface potential measurement
was conducted using each of three AFM techniques over the
range of the applied biased voltage (V). In the case of lift
mode, the surface potential of graphene was measured as
typically 27.6% lower than the actual V;. Otherwise, in the
case of dual-frequency mode KPFM and EFS, the surface
potential of graphene was measured as 4.4% and 7.8% higher
than the actual V_, respectively. From the results, it was
found that dual-frequency mode KPFM and EFS were more
accurate technique than lift mode. In addition, researchers
explained that such inaccuracy of the lift-mode result was due
to weak interaction between the cantilever tip and the sample
separated with a lift height.

Despite many advantages of graphene, practical appli-
cations to nanoelectronic devices are currently at a slow
pace, because graphene lacks a bandgap structure [55, 59].
The bandgap of a material is a key property for enabling
current regulation of nanoelectronic devices. On the other
hand, molybdenum disulfide (MoS,) is also a frequently
studied 2D layered nanomaterial [60-62]. Moreover, some
researchers predicted that MoS, would be much better
suited for designing electronic components [55]. Similar
to graphite, bulk MoS, also has layered structure, and its
electrical properties change with respect to the thickness
of MoS, [63, 64]. However, the correlation between the
electrical properties and the thickness of MoS, has not been
deeply studied yet. Ochedowski and coworkers fabricated
single and multilayered MoS, structure using chemical vapor
deposition and successfully measured the surface potential
of the Au-MoS, structure with various layers [29]. Figure 5
represents a KPFM study of a gold contact patterned on
single-layered MoS,. A gold contact pattern was used to
calibrate the work function of a conductive Si cantilever
tip. Despite the calibration of KPFM tip, they determined

the quantitative surface potentials for single-layered MoS,,
bilayered MoS,, and MoS, of a few layers. In Figure 5(d),
the surface potential was measured to be ~4.27 V for single-
layered MoS,, ~4.37 V for a few layers of MoS,, and ~4.89 V
for gold. By using the known work function of gold (¢, =
5.10eV), researchers formulated a statistical analysis of the
work function according to the following equation: ¢ =
5.10eV —e:(CPDy,—CPD,;\,s, ). The work function of single-
layered MoS, (¢ = 4.49 + 0.03¢V) and a few-layered MoS,
(¢ =4.59 £ 0.03 eV) could be calculated.

As described above, the surface potentials of various
nanomaterials can be measured using KPFM. Realization of
such measurements at the nanoscale can trigger develop-
ment of a sensing platform using a combination of KPFM
and nanomaterials or electrical nanodevice. Actually, some
experimental results regarding KPFM-based sensors have
started to be reported recently. Details regarding this will be
discussed later.

3.1.3. Surface Potential Mapping of Oligonucleotides. For
understanding various biomolecular interactions, it is of
great significance that one can measure the morphological
structure and the surface potential of biomolecules, including
proteins, polynucleotides, metabolites, and other cellular
components [16, 65-67]. In general, various functions of
these biomolecules are mediated by electrostatic interactions
with other molecules in many biological systems. Up to
now, many researchers have reported the surface potential
and the electrostatic interactions between biomolecules by
using an analytical method (i.e., zeta potential) [68-70].
However, this method has a limitation that it cannot be used
to measure the specific surface potential of biomolecules
coexisting with other molecules in solution. According to the
literature, KPFM is a promising technique to directly detect
the electrostatic interactions with single-molecule resolution
and it enables measurement of the surface potential of
biomolecules for biomedical applications [71, 72].
Electrostatic force can mediate the interactions between
oligonucleotide and other biomolecules [73]. The electro-
static force between some biomolecules is closely related to
their surface potentials. The surface potentials of oligonu-
cleotides (short DNA or RNA molecules) play a key role
in determining their molecular structure and functions
such as hydrophobicity and hybridizations [74]. However,
accurate measurement of the surface potential of individual
biomolecules is still lacking and challenging. Recently, Leung
and coworkers succeeded in the mapping of the surface
potential of biological molecules (avidin and DNA) on a sili-
con substrate, with high sensitivity [17]. The avidin molecules
were ~10 mV in surface potential, indicating that they were
more positive compared to the substrate in Figure 6(a),
whereas the DNA strands were ~—150mV, as shown in
Figure 6(b). From this study, it was proved that KPFM
technique can measure the surface potential of biomolecules
at single-molecule level. These results imply that KPFM mea-
surement is able to help researchers understand the mecha-
nism of how physicochemical factors influence biomolecular
interactions. In this work, however, the silicon substrate
was thought to be not suitable for measuring the surface
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FIGURE 4: (a-b) Schematic diagrams of the experimental techniques. (a) Lift-mode KPFM and (b) dual-frequency mode KPFM; the
topography of the graphene Hall bar is superimposed with surface potential maps on a 3D image. The plots show characteristic profiles
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measured by AM-KPEM, FM-KPFM, and EFS techniques on the left gold electrode in dependence on the voltage applied to the same gold
electrode. Figures reproduced with permission from [23], © 2013 NPG.

potentials of DNA owing to the weak affinity between DNA
and substrate. Instead, mica substrate was preferentially
suggested as the relevant substrate, because various sub-
stances could be easily attached to it, maintaining their native
structures. In the next work, Leung and coworkers measured
the topology and the surface potential of DNA strands after
they were spread on a mica substrate [18]. In addition, both
lift-off mode and dual-frequency mode were used to measure

the surface potential in this work, the result of which is
shown in Figures 6(c) and 6(d). In a viewpoint of spatial
resolution, it was proved that the dual-frequency mode is
more advantageous for acquiring the surface potential image
with high spatial resolution.

3.1.4. Mapping the Surface Potential of Amyloid Fibrils.
Amyloid fibrils, which transform from their native protein
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structure to f3-sheet rich structures, are related to multiple
degenerative disorders such as Alzheimer’s, Parkinson’s, and
Creutzfeldt-Jakob diseases [75-77]. Amyloid peptides, pro-
teins, and fibrils may be coupled with other macromolecules
such as DNA, lipid, and polysaccharides by electrostatic force
[78, 79]. These aggregates contribute to onsets of various
diseases. Accordingly, it is necessary to measure electrostatic
properties of amyloid fibrils and electrostatic interactions
with other biomolecules for understanding some mecha-
nisms regarding cytotoxicity [80]. The following paragraphs
review some examples in regard to characterization of the
electrical properties of amyloid fibrils and the molecular
interactions with other biomolecules.

To scrutinize how lipid membrane composition play a
role in fibril formation and cytotoxicity, Drolle and coworkers
investigated the effect of cholesterol on the interaction of
model lipid membranes with amyloid beta (Af) peptide
[30]. The surface potentials of lipid membranes with/without
cholesterol were measured. Figures 7(a) and 7(b) depict
surface potential images of both the pure lipid monolayer
and the lipid monolayer with 20% cholesterol. It was shown
that the pure lipid monolayer was smooth and had a uniform
and featureless surface potential, whereas the lipid monolayer
with 20% cholesterol had a surface potential difference of 61+
8 mV. This result indicates that the cholesterols might serve
as anchor molecules for binding amyloidogenic molecules to

membranes. These Af peptides-lipid complexes are thought
to be a cause providing the cytotoxicity of amyloid fibrils.
Amyloid fibrils retain a capacity for being combined
with nanomaterials as well as biomolecules to form some
complexes or aggregates. For instance, Ma and coworkers
reported the synthesis of composites being composed of
amyloid fibrils and AuNPs and the KPFM analysis of them
[31]. To investigate the effect of nanomaterials on fibrillation,
A 25-35 peptides were incubated with gold nanoparticles
(AuNPs) at room temperature for 5~12 days. The KPFM anal-
ysis was performed in order to investigate how the electrical
properties of the A 25-35 fibrils with and without AuNPs
change. As shown in Figures 7(c) and 7(d), it was found
that, without AuNPs, the Af 25-35 peptides formed into
long fibrils depending on incubation time; with AuNPs, short
fibrils and bundles coexisted, indicating that there was bundle
conjugation. KPFM was used to measure electrical phase
shifts of the pure A 25-35 fibrils and the AuNPs/Af3 25—
35 complexed fibrils, the result of which is shown in Figures
7(c) and 7(d). The topography and phase shift images of
the pure A3 25-35 fibrils were collected at a sample bias of
-3V and a lift height of 60 nm. The fibrils without AuNPs
had a similar phase shift of ~0.1° relative to the Si substrate.
However, the A3 25-35 fibrils with AuNPs had a height of
20~30 nm and a phase shift of ~1.0° relative to the Si substrate
at the bias of -2V and a lift height of 40 nm. From these
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results, it is plausible that KPFM is useful for monitoring
the conformational change and the electrical properties of
amyloid fibrils during self-assembly with nanomaterials.

B-lactoglobulin (f-Ig) has attracted much attention as
an alternative amyloid precursor used to investigate the
fibrillation mechanism and to fabricate various composites
because of its inexpensive price and easy fabrication [81-
84]. The f3-lg, a protein derived from bovine milk, is able
to form fibrillary structure at low pH (pH 2) [85]. Lee
and coworkers studied the electrical properties of the f3-
lg fibrils using KPFM, which enabled the visualization and
mapping of surface potential distribution of a single amyloid
fibril (Figure 7(e)) [19]. The result revealed that the surface
potential of an amyloid fibril was critically dependent on not
only its structural conformation but also solvent pH. The
surface potential of amyloid fibrils ranged from 12 mV (pH~
2) to-12mV (pH~7), depending on the pH of bufter solution.
Moreover, in the case of pH < pl (~5.0), the 5-Ig had a con-
formation like protofilaments. On the contrary, the -Ig had
a complex structure of S-1g oligomer-binding protofilaments
that had irregular topological height, in the case of pH > pI. It
was remarkably observed that the pH-dependent electrostatic
property of amyloid fibrils was responsible for binding
affinity between the amyloid oligomers and the amyloid
fibrils.

Whether the regrowth of decomposed amyloid fibrils is
possible and how likely this is has attracted increasing interest
during the past few decades due to clinical importance. Lee
and coworkers investigated the decomposition characteristics
and the regrowth behavior of the amyloid fibrils using ultra-
sound and KPEFM [20]. They observed that the contour length
of decomposed amyloid fibrils was inversely proportional
to the duration time of ultrasound, and the decomposed
fibrils could be regrown by addition of monomeric protein.
From the KPFM analysis, it was known that the regrown
fibrils exhibited electrical properties similar to those of the
original fibrils. As described above, KPFM indeed was a good
analytical tool for monitoring the conformational change and
the electrical properties of disease-related biomolecules after
clinical treatment like ultrasound.

3.1.5. Single-Molecule Recognition of Biomolecular Interac-
tions. Single-molecule level analysis of biomolecular inter-
actions such as hybridization of DNA strands, ligand-
receptor binding, antigen-antibody binding, and enzymatic
reaction is important in biological technology [86-89].
These biomolecular interactions have significant effects on
biological phenomena such as genomic processes, signal
processes, immune system function, and other biological
functions. Although conformational structures of various
biomolecules have been reported, electrostatic interactions
between biomolecules have not yet been fully elucidated. Fur-
thermore, how the surface potential of individual molecules
is substantially related to their electrostatic force and binding
affinity is still unclear. KPFM has emerged as a remarkable
tool for monitoring a variety of interactions between ligands
and receptors, of biomolecules on nanomaterial surfaces by
measuring their surface potential changes [87, 90, 91]. The
following paragraphs review some examples in regard to
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investigations of single-molecular recognition and bimolec-
ular interactions via KPFM techniques.

Single-molecule level detection of ATP-driven activation
of tyrosine kinase and inhibition by Gleevec is a very suc-
cessful example of monitoring disease-related biomolecular
interactions using KPFM [26]. Protein kinases play a signif-
icant role in regulating cellular functions, including signal
transduction. Moreover, mutations of tyrosine kinases are
the cause of initiation or progression of several cancers. It is
difficult to detect and sense such interactions between a pro-
tein kinase and a small ligand (i.e., adenosine-5' -triphosphate
(ATP) and inhibitor) using conventional methods owing to
limited spatial resolution. However, KPFM is able to clearly
distinguish whether a single ATP is bound on a single protein
kinase or not. Park and coworkers investigated the single-
molecule level detection of the ATP-driven activation and
the inhibition of tyrosine kinase using KPFM [26]. When
the protein kinases were exposed to only the ATP, and the
mixture of ATP and inhibitor (Gleevec), the surface potential
profiles revealed interesting results. When exposed to only
the ATP, the protein kinases exhibited a surface potential
negatively increased by ~—25mV in comparison with the
innate protein kinase—presumably due to strong negative
charges of ATP. However, when exposed to the mixture
of ATP and inhibitor, they had a similar surface potential
to that of the innate protein kinase due to neutral charge
of inhibitor. That indicates that the protein tyrosine kinase
can be easily inhibited by addition of Gleevec. These results
suggest that KPFM technique allows for identification of
biomolecular interaction between a small ligand and a single
biomacromolecule and provides information of its binding
affinity at single-molecule resolution. Accordingly, KPFM
may be regarded as a single-molecule drug-screening toolkit
capable of providing insights into the efficacy of designed
drugs, including nanomedicines.

KPFM also allows one to measure the surface potential
of plasma membranes [92]. The cell plasma membrane,
which separates the interior of cells from the extracellular
environment, is involved in various cellular functions such
as cell adhesion and signaling. Depending on physiological
environments, the surface potential of the plasma membrane
is expected to be changed. Pan and coworkers tried to per-
form the topological imaging and the surface potential mea-
surement of plasma membranes using KPFM. To measure the
surface potential of plasma membrane, the PCI12 cells, a cell
line derived from a pheochromocytoma of the rat adrenal
medulla, were used. The measured surface potential of the
PCI2 cells was ~5 + 0.15V, indicating that there were some
variations in surface potential with respect to the measuring
location in plasma membrane. These variations are thought to
be due to diversity of membrane components such as lipids,
phospholipids, sterols, carbohydrates, and proteins. They
calculated the skewness values from the surface potential
images and then identified three types of distribution patterns
in terms of the skewness. In addition, they studied how
stimulation by various molecules (H,0,, dopamine, or Zn**)
affects the surface potentials of cell membranes. The skewness
value of the control PCI2 cells was —0.21 + 0.21. When a
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stimulation applied, the skewness was estimated to be 0.25 +
0.15,0.37+0.14, and 0.32+0.1 for the cells treated with H,O,,
dopamine, and Zn**, respectively. As described above, it was
proved that KPFM was useful for examining some variations
in surface properties of the cell membranes by addition of
some drugs.

3.2. Direct Detection of Biological/Nanomolecules for
Biosensor Applications

3.2.1. Electrical Properties Characterization of Field-Effect
Transistors. KPFM method can be also applied to the opti-
mization and characterization of the surface potential of
material surfaces for developing electronic devices, including
semiconductors and field-effect transistors (FETs) [93, 94].
In the development of bioelectronic devices, measuring
the degree of surface functionalization of biomolecules on
devices or FETs is important for confirmation of their sensing
ability. To our knowledge, many methods such as electron
and fluorescence spectroscopy have been reported for esti-
mating the surface properties of various devices. However,
these methods have some limitations, such as difficulty in
measuring the local electrical properties of surfaces and
labeling with chemical reagents. KPFM is thought to be an
excellent analytical tool to overcome these hurdles [16]. Tsai
and coworkers investigated the surface properties of the as-
fabricated silicon nanowire-FET (SiNW-FET) using KPFM
[32]. The surface topology of SINW-FET device was obtained
by SPM. Meanwhile, the corresponding surface potential
images were collected at the source-drain voltage = 0V, the
gain voltage = 0V, and the lift height = 30, 60, and 120 nm,
respectively (Figure 8(a)). When the lift height increased, the
surface potential decreased and the sensitivity of FET device
also got lower. In addition, to measure how efficiently the
biomolecules were immobilized on the FET device, the aver-
age surface potentials were measured after immobilization of
various biomolecules. The surface potential was estimated to
be 4.832+0.004 V,4.816+0.007 V, and 4.870£0.013 V for the
3-(mercaptopropyl)trimethoxysilane (MPTMS)/SINW-FET,
the biotin/SINW-FET, and the avidin/SINW-FET, respec-
tively.

Exfoliated graphene and graphite oxide, which have out-
standing electrical, mechanical, and optical properties, were
commonly used to develop electronic devices for various
sensor applications [95, 96]. Recently, it had been reported by
Yan and coworkers that KPFM could be used to characterize
local voltage drop in single functionalized graphene sheets
(FGSs) under external bias condition [33]. They measured the
surface potential of individual FGSs to determine their innate
conductivity and the charge transport between FGSs and
metal contacts. Figure 8(b) shows two-dimensional voltage
drop images of the FGS, measured at the external bias of 2V
and the current of 0.68 mA. Here, there was no significant
potential drop between FGS and gold contacts. The voltage
drop curve exhibited two particular slopes between the gold
contacts regions, which may be related to their current
density. In addition, it was observed that wrinkles of FGSs had
a negligible effect on the voltage drops. These results indicate
that KPFM method can give insight into investigating local
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electrical properties of functionalized graphene or graphene
oxide sheets.

3.2.2. Label-Free Nucleotides Analysis. To scrutinize morpho-
logical structures of biomolecules and mechanisms under-
pinning interactions between them, it is important that
the analytical tool has a capacity for visualizing various
biomolecules at single-molecule resolution [97]. Some visual-
ization methods for biomolecules have a critical disadvantage
that these require labeling process by fluorescent or chemical
reagents. The added molecules for labeling can have a positive
or negative influence on the interaction between biological
molecules, altering their innate characteristics. However,
KPFM can acquire the visualization of biomolecules at single-
molecule level including structure and surface potential
information, without any side effects caused by labeling or
staining with fluorescent molecules [34].

Recently, Sinensky and Belcher developed label-free DNA
nanoarray that was fabricated by dip-pen nanolithography
(DPN) and analyzed by KPFM. To characterize hybridiza-
tion behaviors in the DNA nanoarray, thiol-modified single
stranded DNA probes were patterned into various shapes
(lines and dots) on gold substrates by using DPN [34].
Figures 9(a)-9(c) depict KPFM results in regard to the DNA
hybridization on the DNA nanoarray. When the probe DNA
was exposed to complementary DNA, it was observed that
the surface potential of individual dot was doubled (¢, qpe
= ~56mV, Ppprigized = ~110mV). In addition, it was also
found that the surface potential of individual dot was strongly
affected by the scan height and the scan rate (Figure 9(d)).
That indicates that seeking the optimal measuring condition
prior to analysis is necessary to obtain the reliable surface
potential in the DNA nanoarray.

To fabricate efficient and high-performance biosensor
devices, it is essential to monitor the surface property change
during the entire functionalization process of biomolecules
[98]. For the last decade, various organic monolayers have
attracted much attention because they could be used as
linkers or anchors for immobilization of biological molecules
in biosensor applications [99]. KPFM has been proposed
as a way to quantitatively measure how much amount of
linkers or biomolecules are immobilized on the nanomaterial
or the device [100]. Richards and coworkers performed the
immobilization of DNA on GaP substrate and measured
the surface potential of the substrate surface before and
after the immobilization [35]. The GaP surfaces patterned
with 10, 20, and 30% undecenoic acid (UDA) by PDMS
stamp were prepared. Before the DNA immobilization, the
sample treated with 10% UDA was ~4 mV in surface potential.
It was found that as the UDA concentration increased,
the surface potential also increased (¢ = ~9mV at 30%
UDA). They observed that, after the DNA immobilization,
the surface potential of samples strongly depended on the
UDA concentration, exhibiting ¢ = ~10.5 mV, ~—3.8 mV, and
~—4.0 mV at 10%, 20%, and 30% UDA, respectively (Figures
9(e) and 9(f)). This implies that the patterned UDAs on
the GaP have different arrangement or conformation with
respect to their concentration, resulting in some variation
in conformation with the immobilized DNA. As described
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above, it is obvious that KPFM retains a capacity for moni-
toring the conformational change of biomolecules during the
immobilization or bioassay.

3.2.3. Sensing the Metal Ions Combined with Mismatched
Nucleobases. KPFM technology can be also used to detect
poisonous substances. Some metal ions including silver,
mercury, and cadmium are the most dangerous ionic species
for human health and ecosystems [101]. These hazardous
species of metal pollutants widely contaminate ambient
air, water, and soil, as a result of massive industrialization
[102]. For sensing toxic metal ions, until the present, many
researchers reported that nucleic acids and nucleobases
specifically interacted with metal ions [103, 104]. For instance,
cytosine-cytosine (C-C) mismatch in DNA has the specificity
for interacting with silver ions and it has attracted a great
deal of attention with regard to metal ion sensing [105].
Thymine-thymine (T-T) mismatch can capture mercury ion
and these mismatches are used in the detection protocol for
sensing mercury ions [106]. Park and coworkers developed
a highly sensitive detection method of silver ions, based on
a combination of KPFM and DNA with desired sequence
[36]. The topological and the surface potential images of
both the DNA and the silver ion bound DNA were acquired
by tapping mode AFM and KPFM, the results of which are
shown in Figures 10(a)-10(d). The native DNA and the silver
ion bound DNA have a similar height profiles in range of 3-
5nm. However, they exhibited a large difference in surface
potential (¢py, = —88.34 +6.01 mV and ¢, pna = —39.39 £

6.01 mV). Furthermore, the quantitative analysis of silver ion
was successfully performed in the range of 0~2,000 fmol Ag”.

The detection protocol for highly sensitive detection
of toxic mercury ion was also developed by Chanho and
coworkers, based on a combination of KPFM and DNA
with desired sequence [37]. The height of bare DNA was
also measured to be 3~6nm and there was no significant
structural changes between the native DNA and the mercury
ion bound DNA. However, they exhibited a large difference in
surface potential (¢pys = —150.8 + 526 mV and ¢y, pya =
-116.69 + 4.64 mV) in Figures 10(e)-10(h). The quantitative
analysis of mercury ions was also performed in the range of
0~2,000 fmol. From this experiment, it was observed that the
limit of detection of mercury ions was ~2 fmol.

As describe above, a combination of KPFM and the
DNA probe with specific sequence was used for ultrasensitive
detection of silver and mercury ions. When this protocol was
used, the sensitivity of the detection system was 1,000 times
higher than that of the other methods. These results indicate
that KPFM-based sensing platform has a great potential for
providing a better performance into the detection of toxic
ions such as silver and mercury.

3.2.4. Biomolecule Detection on a Patterned Carbon Nanotube.
Patterned carbon nanotube (CNT) sensors have received a
great amount of attention in bioanalytical science due to
not only high specificity/sensitivity but also capability for
quantitative analysis. Various methods including electrical
and optical detections were utilized to monitor various
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capturing CEACAMS5 molecules extracted from the LS174T cell lysate (1 cell/mL). Figures reprinted with permission from [38], © 2013 ACS.

biological interactions in aligned CNT biosensors. Recently,
a new analytical method using KPFM has been proposed.
Nam and coworkers developed aligned CNT sensors hav-
ing aptamers specific for thrombin and measured the surface
potential variation of the sensors before and after thrombin
addition [25]. Figures 1l(a)-11(f) depict both the height
and the surface potential images of bare CNT, aptamer-
conjugated CNT (ACNT), and thrombin-binding ACNT.
The bare CNT was 4.4 + 1.5nm in average height and
the corresponding surface potential was ~42.9 mV. Because
of very low molecular weight of the aptamer (19.6 Da),
the height of ACNT was similar to that of the bare CNT.
However, it exhibited a large difference in surface potential
(Pacnt = —142.5mV) due to negative charge of the backbone
of aptamer. To verify whether the aptamer-conjugated CNTs
are applicable to a biosensor, they measured the surface
potential of the ACNTs which reacted with 1nM of thrombin
molecules. The height profiles of the thrombin bound ACNTs
were twice larger than that of the ACNT not treated with
thrombin, and the surface potentials of them were more
negative, exhibiting ¢ = ~—263.8 mV. Furthermore, the KPFM
quantitative analysis of thrombin was successfully performed
using the ACNTs in the range of 1pM~1,000 pM thrombin.
In addition, it was observed that the interaction between the

ACNTs and the thrombins could be effectively inhibited by
addition of antithrombin (10~10,000 pM).

Kwon and coworkers reported that a biosensor platform
with the combination of ACNT and KPFM was also useful
to perform the recognition of carcinoembryonic antigens
(CEAs) expressed on circulating tumor cells (CTCs) [38].
They measured the surface potential differences of the ACNT
based sensor before and after antigen treatment, as shown
in Figures 11(g) and 11(h). The height of a bare CNT was
4.0 + 0.3nm and the surface potential was measured to
be 21.7 + 4.6 mV. The height of ACNT was similar to that
of the bare CNT. However, it was shown that the surface
potential of ACNT largely decreased, exhibiting ¢ = —93.9 +
13.7mV. To conduct quantitative analysis of CEACAM5
proteins which bound to ACNT, the lysate solution of cancer
cells reacted with the ACNT surface. When the CEACAM5
proteins bound to the ACNT surface, both the height and
the surface potential of ACNT increased, exhibiting h =
~24nm and ¢ = ~80mV, respectively. Furthermore, the
KPFM quantitative analysis of the CEACAMS5 proteins was
successfully performed in the range of 1~1,000 cells/L. As
described above, it is plausible that the combination of KPFM
and ACNTs is a good platform for performing quantitative
analysis of various biomolecules related to diseases.
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3.3. Perspective. As we have already discussed above, many
researcher have reported various applications of KPFM
ranging from material analysis to quantitative estimation of
electrical properties of various devices [32, 94]. Because of
KPEM’s versatility for electrical measurement, KPFM could
provide some important information in regard to distribu-
tion of surface potentials and surface potential densities of
nanobiomaterials. Moreover, KPEM can also offer us some
advantages to increase the effectiveness and performance
of micro- and nanoscale devices. We also mentioned that
KPFM has a great potential of being applicable to chemical
or biological sensor systems [25-27]. In surface potential
measurement, however, there are some limitations of KPFM
including background noises from instrument or external
defects, which affect surface potential images of a test sample,
sometimes resulting in misleading measurement. To over-
come these problems, KPFM technology has been upgraded
by manufacturers, so that its spatial resolution, accuracy, and
repeatability are improved. This progress will consistently
take place in future. Another possibility to solve these
limitations in applications of KPFM is utilization of nanoscale
patterned substrates where nanomaterials such as nanoparti-
cles, wires, and 2D sheets are aligned. Here, the nanopatterns
act as templates in which biological interactions actively take
place. Nanoscale patterned substrates allow us not only to
increase sensitivity and specificity for detection of molecular
interactions but also to precisely measure the surface poten-
tial without any artificial influence. Accordingly, we believe
that if KPFM technology is consistently improved, KPFM can
be used for a broader range of nanobioapplications in future.

4, Conclusion

As surveyed above, KPFM has been widely used to perform
the surface characterization of various materials and devices
due to its marvelous capabilities such as the surface potential
measurement of the AuNPs, the accurate quantification of the
electrical properties of graphene, and the electrical character-
ization of the MoS, with various layers. That is because KPFM
can provide researchers with a strong advantage of being
able to measure the surface potentials of nanomaterials or
devices at atomic/molecular scales. Moreover, it was proved
that KPFM enabled monitoring the molecular interactions
between biomolecules including the plasma membrane,
the DNA hybridization, the ligand-protein kinase binding,
and the aptamer-thrombin biding through surface poten-
tial measurement. Furthermore, several examples regarding
quantitative bioanalysis using KPFM were systematically
demonstrated. In other detection methods, monitoring of
the abovementioned molecular interactions requires some
labeling including fluorescent, electrochemical, or radioac-
tive reagents. However, the KPFM based detection is basically
label-free and requires no chemical reagents for improving
image quality or contrast. Another advantage of KPFM is
that it is able to effectively monitor the small ligand-protein
binding that is important in signal transduction and onset
of diseases. In general, the small ligand-protein binding can
hardly be detected using other analytical methods, because
the ligand is much smaller than the target proteins. Because of

Journal of Nanomaterials

these advantages, KPFM is expected to attract much attention
as an analytical tool in many research areas in future. In par-
ticular, it is considered that KPFM-based sensing technique
can be used as a single-molecule diagnostic platform that
may be useful for further applications including a precise
prognosis of harmful diseases.
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