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Abstract—In this review, the basic principles and research trends of biosensors are briefly described and a nano-sensing
system applying QCM (quartz crystal micro-balance), nano-diagnosis methods by AFM (atomic force microscopy)
and SNOAM (scanning near-field/atomic force microscopy) is discussed intensively. The principle, construction, and
applications of piezoelectric crystal sensors as a universal sensor are reviewed. This review is focused mainly on liquid
phase applications, such as immune-sensors, gelation detecting sensors, and cultured cell monitoring sensors. The prin-
ciple of nano-diagnosis based on the AFM or SNOAM techniques is described in detail. Finally, the binding affinity
of peptide probes to proteins using AFM and the visualizing of a hybridized PNA probe on a DNA molecule using

SNOAM are evaluated and discussed.
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INTRODUCTION

As the quality of life has improved, simple measuring instruments
that can easily measure various chemicals are needed in health man-
agement, environmental conservation, agriculture, and the chemical
industry in accordance with the required demands. For safety and
quality management in the industrial fields, the demand for quickly
and accurately measuring various chemicals via an on-line method
has been increasing. As well, the desire for self-diagnosis of one’s
own health and self-examining the safety of environment has been
gradually increasing. And with an increasingly aging society, the
remote diagnostics of the elderly are also needed. Furthermore, the
desire for self-assessing the safety and quality of the foods has been
gradually increasing. Various kinds of chemicals coexist in the areas
of health care, environmental protection, agriculture, and chemical
industry, and many physico-chemical devices are used to measure
these chemicals. In general, complex operations and long operational
time are required to monitor various harmful chemicals. Therefore,
a direct, quick and simple device to monitor these chemicals is inten-
sively needed.

Sensors measure certain physical or chemical quantities from the
external environment, converting them into electrical signals. A sen-
sor that measures physical quantities such as light, temperature, and
pressure, converting them into electrical signals is called a physical
sensor, and a sensor that measures the species and concentration of
specific chemicals, converting them into electrical signals is called
a chemical sensor. Unlike physical sensors measuring one physical
parameter at a limited time, chemical sensors that selectively meas-
ure a certain target chemical in the mixture of several compounds
have to be improved in the respect of both the selectivity and the
sensitivity.
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Mankind has been able to have powerful tools of measuring sys-
tems due to the development of science and technology. Living or-
ganisms have become one of models in new studies for the develop-
ment of science and technology. Living organisms, including human
beings, basically receive information from the surrounding environ-
ment via the five sense organs and immune reaction, and respond
to the environment. The sensor system mimicking living organisms
has been considerably studied, but has not yet been developed to a
satisfactory level. This is attributed to the fact that the information
detected by the living organisms is a mixture of physical and chemi-
cal parameters of various compounds, which cannot be easily meas-
ured and analyzed. To measure selectively a specific chemical from
the mixture of several kinds of chemicals, a sensor should specifi-
cally respond to the chemical of interest. Some chemical sensors
are already practically used, but their function for molecular recog-
nition is not yet sufficient. To manufacture chemical sensors with
the function of accurate identification of chemicals, the biological
system should be considerably mimicked. Biological systems rang-
ing from unicellular organisms to multi-cellular organisms have sen-
sory organs responding to various stimuli. Thanks to this, living
organisms can maintain their body, and measure the environmental
hazards, or protect the body from the enemy.

Biosensors, which use biological principles to identify chemicals
based on the modeling of these sensory organs, are one of the achieve-
ments of biotechnology and draw attention as a simple alternative
to the conventional complex analytical instruments in various fields.
Biosensors use biochemical materials as selective receptors or detect
biochemical materials.

The basic researches on biosensors have focused on the devel-
opment of new receptor materials and detection methods, whereas
the practical researches have mainly focused on performance im-
provements such as high sensitivity, safety, reliability, and repro-
ducibility. Sufficient reviews of biosensors have already introduced
and many good books already published. Therefore, in this review,
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we will briefly summarize the basic principles and research trend
of biosensors, and introduce the measuring principles and applica-
tions of the biosensors using quartz crystal, AFM and SNOAM.

BASIC PRINCIPLES AND RESEARCH TREND
OF BIOSENSORS

Biosensors are devices that detect and quantify target material
by combining the physicochemical instruments and biological selec-
tive materials such as enzyme, antibody, cell, or various tissues. The
physicochemical instruments are called transducers, and biological
selective materials are called receptors. The specific selectivity of
the chemical sensors depends on the selective materials synthesized
for specific binding. On the other hand, that of the biosensors de-
pends on the selectivity of the materials derived from the biological
organisms. Biosensors respond selectively to the target materials via
a receptor and convert biological signals generated by the resultant
biochemical reaction into electrical signals using a transducer. In a
broad concept, biosensors include sensors that mimic biological
systems even without the use of biological materials, such as the
smell sensor that mimics the olfactory organ and the taste sensor
that mimics the taste organ. Among biological materials, enzymes
have extremely good properties so that they selectively distinguish
and react with specific materials called substrates to play a role as
an in vivo catalyst. Some methods that measure a specific chemical
using an enzyme have been used in analytic chemistry. Thanks to
the recent development of biotechnological industries, various en-
zymes have been produced and are commercially available. The
enzymes have been widely used as a reagent in the fields of medical
and food analysis and many improvements including that of com-
plex manipulation have been made. As most enzymes are water-
soluble, careful enzyme immobilization is required for stability in a
repeated use. Since the late 1960s, studies on enzyme immobiliza-
tion techniques have been vigorously conducted. Clark first pro-
posed the principle of the enzyme sensor that combines an enzyme
and an electrochemical device [1]. Then, in 1966, Updike and Hicks
manufactured the first glucose sensor using an immobilized enzyme
[2]. This sensor had the oxygen electrode with an oxygen-perme-
able membrane coated with the enzyme membrane wherein glu-
cose oxidase was immobilized onto polyacrylamide gel.

Various physico-chemical devices have been used as a transducer,
among which the electrochemical electrode has been used pre-
dominantly. The electrode is used to analyze the electrical signals
generated by an enzyme reaction [3,4]. Chemicals that are pro-
duced or consumed in an enzyme reaction can be also measured
by semiconductor technology. For example, hydrogen ion or hy-
droxyl ion generated in an enzyme reaction can be measured with
ion selective field effect transistor (ISFET) [S]. As a temperature
change is normally accompanied with biochemical reactions, a sen-
sor that measures temperature change with a thermistor was also
developed [6]. In addition, in the case wherein an enzymatic reac-
tion is associated with the reactions of biochemical luminescence,
the degree of the light-emitting can be measured by using a photon
counter or a photodiode [7]. When an enzymatic reaction is accom-
panied with changes in the mass due to the specific binding such
as antigen-antibody reactions, the mass change can be analyzed by
quartz crystal micro-balance (QCM) [8], surface plasma resonance
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(SPR) [9], and cantilever based sensors [10,11]. In addition, enzyme
reactions can be measured by using sound waves, microwaves, and
laser beams. Furthermore, like the chemical receptors of human
beings, it is possible to develop an artificial membrane wherein mem-
brane potentials can be directly changed by chemical stimulants.
As mentioned above, biosensors with a wide variety of principles
can be produced using specific transducers [12-14].

Various kinds of biosensors can be also produced based on the
type of biological materials. In addition to enzymes, many sub-
stances that can distinguish chemicals exist in living organisms. Anti-
bodies, antigens, or receptors have the ability to recognize specific
chemicals. All of them could be composed as sensors by combin-
ing various electrodes and transducers that were already described
in above. Various sensors, such as receptor sensors using receptors
[15], immune sensors using antigen/antibody reactions [16-18], cell
sensors using animal and plant cells [19-21] and tissue sensors using
animal and plant tissues [22], have been already developed based
on these principles. Since SELEX (systemic evolution of ligands
by exponential enrichment), a technology for identifying aptamers,
was first introduced by Larry Gold’s team in 1990, aptamer-based
biosensors have been actively conducted [23,24]. An aptamer con-
sists of single nucleotide sequence DNA or RNA and responds to
a biological material selectively. Most biological materials are water
soluble. Thus, the immobilization of aptamers is needed to use them
as a component of sensors in the same manner as enzymes. As many
good books on the immobilization methods have been published,
refer to them for detailed information.

Interdisciplinary researches, including life sciences, chemistry,
physics, electrical engineering, mechanical engineering and semi-
conductor engineering, have been actively conducted in the recent
biosensor researches. Bio-diagnostic techniques, such as a biochip
and a lab-on-a-chip, are the most developed and applied fields among
the interdisciplinary researches. Conventional biosensors conduct
quantitative and qualitative analyses for one chemical at a time, where-
as biochip is a sensor system expanded with the concept of a chip,
wherein tens of thousands DNAs or proteins are arrayed and at-
tached on a plate at regular intervals using a semiconductor fabri-
cation technique, and target materials are processed to analyze the
binding patterns [25-27]. A lab-on-a-chip is a sensor system wherein
the process, collection and analysis of samples are integrated and
conducted on a single chip to diagnose diseases. As lab-on-a-chip
became smaller and lighter, a small amount of samples could be
processed and removed quickly and easily, and it became also porta-
ble [28,29]. Biochips are classified into DNA chips [25-27], protein
chips [30-34], cell chips [35,36], and neuron chips depending on
the use of biological materials and systemization level. A biochip is
a biological micro-chip that can analyze gene function, disease-related
gene, gene expression, protein distribution and response patterns.

A nano-biosensor or a nano-biochip is a sensor that has been im-
proved to perform functions that were not possible with the con-
ventional biosensors and biochips by fusing nanotechnology and
the existing biosensors or biochips. Nano-materials that are applied
to the sensors include a variety of materials such as nanowire [37-
40], carbon nanotube [41-44], nano fiber [45-49], nano particles
[50-54], metal nano-pattern and ion-channel material [41,55,56].
As many good reports on this study have been published, please
refer to them for more information.
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NANO-SENSING SYSTEM USING QUARTZ CRYSTAL
MICRO-BALANCE

Quartz crystal has been widely applied to electronic devices as a
source of precise reference signal using the piezoelectric effect of
the crystal. Quartz crystals are typically divided into AT-cut, GI-
cut, and CT-cut, and they are diversely used depending on specific
application fields. In general, AT-cut quartz crystal is used as a sensor
transducer. The temperature dependence on the resonant frequency
of quartz crystal is important in the application of chemical sen-
sors, and the sensitive temperature characteristic appears depend-
ing on the cutting angle to the axis. For the AT-cut crystal, the char-
acteristic of the resonant frequency is stable in the temperature range
from 0 °C to 40 °C, which is important for various chemical sensors
or gas sensors applied at room temperature. Quartz crystal sensors
are used as a highly sensitive mass sensing device using the correla-
tion of the resonant frequency characteristics with the mass absorbed
on the substrate plate. The high stability of the resonant frequency
is possible because the Q value (the ratio of the wavelength to the
wave height) of the quartz crystal is high [57]. Quartz crystal mi-
crobalance (QCM) is an analytic device that can detect the mass
change of approximately 1 ng by measuring the resonant frequency
of the quartz crystal. Since the quartz crystal was theoretically proven
by Sauerbrey for its application as an analytical device, it has been
mainly used for gas analysis [58-60]. After Kanazawa et al. experi-
mentally proved that the oscillation of quartz crystal is possible in
a liquid phase, the application of the quartz crystal as an analytical
device has been extensively researched [61]. In particular, we pre-
sented the concept of the resonant resistance that can analyze the
dynamic behavior of coated thin films on the surface of the quartz
crystal. Thus, the quartz crystal microbalance was further developed
as quartz crystal analyzer (QCA). Currently, it known as a measur-
ing device for fine mass and the viscoelastic change, and various
applications using its properties have been reported in the areas of
immune assay, the observation of gelation reactions, electrochemi-
cal experiments, the observation of the changes in the rheological
properties of organic thin films, and viscoelastic measurements in
the nano-meter area [8,62-73].

To improve the recognition function and analyzing reliability of
the quartz crystal, researches obtaining various kinds of informa-
tion simultaneously by combining several instruments have been
recently vigorously conducted. To analyze viscoelasticity of polymer
films, the quartz crystal resonator (QCR) and differential scanning
calorimetry (DSC) were simultaneously used by the authors’ group
[69,70]. In addition, morphological changes were also observed using
AFM [71-74]. Studies on the change in viscoelastic properties in
the mirco-area by integrating QCR and atomic force microscopy,
on the change in the permeability of the PPy films based on oxida-
tion-reduction reactions by integrating QCR and UV-visible spec-
troscopy, and on the analysis of the morphological structure of thin
films based on the viscoelastic change using QCR and AFM were
reported. A system simultaneously analyzing QCR and surface plas-
mon resonance (SPR) responses is actively being researched to im-
prove the reliability and sensitivity of the sensor system [73]. In the
current review, the principles of the measurement, the concrete ex-
amples of nano-sensing using the quartz crystal and the possible
applications in biological science will be briefly described.
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Fig. 1. A schematic diagram of AT-cut quartz crystal (a). The oscil-
lation model of the piezoelectric quartz crystal in the shear
vibration (b). An electrical equivalent circuit of the quartz

crystal (c).

1. Principle of Nano-sensing Based on the Quartz Crystal
A typical schematic diagram of an AT-cut quartz crystal (a), its
oscillation model (b), and an electrical equivalent circuit () are shown
in Fig. 1.
The relationship between a resonant frequency change and a change
in the elastic film mass on the quartz crystal has been derived by
Sauerbrey based on an idealized physical mode [58]:

AF=—AmF/(up,)"™ Q)]

where AF is the resonant frequency shift of quartz crystal; F is the
resonant frequency of the quartz crystal; Am is the surface mass
change; 1s the shear modulus of the quartz crystal; g, is the density
of the quartz crystal and A is the surface area of the quartz crystal.

The ideal mass sensitivity of the quartz crystal can be calculated
using the Eq. (1). For an AT-cut quartz crystal, where v,=3,340 m/
s, 9,=2,650 kg/nr’, the equation becomes a simple form.

Af=—23x10""f,Am/A )

Where f; is in MHz, Am in g and A is active surface area in cm’.
Therefore, a 9 MHz QCM with 0.2 cm” surface area has a mass sen-
sitivity about 1.1 ng for 1 Hz change in the resonant frequency.

Although the assumptions for both forming an elastic film and
no radial influence of the sensitivity on the electrode are necessary
to use these equations, these are believed as a suitable equation to
treat the obtained frequency data of the QCM in the atmosphere
condition. Though Eq. (1) shows the possibility of the quartz crystal
applications in the gas phase, the possibility of the quartz crystal
applications in liquids was in question.

In 1985, it was reported that it is possible for the quartz crystals
to oscillate in contact with liquids. Several applications have been
published, including determination of ions, immunoassays, liquid
chromatography and an electrochemical application. The frequency
shift of the quartz crystals in contact with liquids has been studied
[74-80]. Kanazawa et al. [61] derived the following equation for
AF from the equations of the shear stress relationship in the quartz
crystal and for the liquid.

AF=—F"(p, 0/ m1p;) ©)

where 7 is viscosity of the contacted liquid and p, is the density of
the contacted liquid. In Eq. (3), it is understandable that the reso-
nant frequency change of the quartz crystal includes the information
of mass change and viscoelastic change of its contacted environment.

Korean J. Chem. Eng.(Vol. 28, No. 4)
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A further approach has been introduced by measuring additional
parameters of the oscillating quartz crystal. For this purpose, the
electrical equivalent circuit parameters are computed, and an equa-
tion for the properties of R, (resonant resistance) and liquid proper-
ties is derived based on the admittance measurement of the quartz
crystals using an impedance analyzer. The resonant resistance of
the quartz crystal is the resistance included in the electrical equiva-
lent circuit of the quartz crystal. For the quartz crystal in contact
with liquids, the resonant resistance has been founded to be [80]:

R,=QFp.n)"AK @

Where, k is the electro-mechanical coupling factor.

Using the equivalent circuit, the resonant frequency of the quartz
crystal is expressed as F=1/27(C,L,)"”. Here, the capacitance (C,)
reflects the elasticity, and the inductance (L)) reflects the total mass
of the quartz crystal and contact materials on it. This equation im-
plies that the resonant frequency change includes the information
of the mass change and elasticity change on the quartz crystal. The
typical models on the shear vibrating quartz crystal coated with an
elastic films (a), in contact with liquid (b), and coating with vis-
coelastic films (c), are expressed in Fig. 2 [81].

For the elastic film coated quartz crystal (Fig. 2(a)), the resonant
frequency is decreased with the elastic mass loading, while the res-
onant resistance is not altered, since there is no vibration energy
loss in the films. For contact with liquid, the resonant frequency
change reflects the mass effect of the liquid that moves with the
shear vibrating quartz plate. This means the surface mass effect causes
a resonant frequency change dependent on the contact material char-
acteristics. As the factor (p,77)" appears in both Eqgs. (3) and (4),
the resonant frequency change and the resonant resistance have a
linear relation as shown in Fig. 2(b).

Fig. 2(c) shows the qualitative explanation of the viscosity change
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Fig. 2. Quantitative patterns on the changes of resonant frequency
and resonant resistance for elastic film coating (a), viscos-
ity change contact with water (b), viscoelastic film coating
(c) and the final F-R model (d).
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of the viscoelastic film coated quartz crystal. This figure is obtained
as middle between Fig. 2(a) and Fig. 2(b). The same behavior is
suggested by Crane’s theoretical study on the viscoelastic film coated
quartz crystal. In this pattern, the film thickness increases (e.g., the
mass increase) with the increasing of the resonant resistance (e.g.,
the viscosity increase in the film). This F-R diagram is supported
by the experimental results of the electrochemical deposition of poly-
pyrrole, where the ratio between the resonant frequency and the
resonant resistance changes varied with the film viscoelasticity change,
which is especially changed by the swelling phenomena [65]. Sum-
marizing these changes produces the F-R relation for various kinds
of mass-bindings as shown in Fig, 2(d).

In Fig. 2(d), the change of A—B—C shows the viscosity in-
crease in liquid films. Here, the liquid film has no elasticity and the
viscous penetration depth in the films increases with the viscosity.
The oscillation decay layer increase in the films causes the vibrating
mass increase on the quartz crystal surface with producing the de-
crease of the resonant frequency. This viscosity increase also results
in the resonant resistance increase. The slope for A—B—C line
in this diagram is equal to that in Fig. 2(b). When the films have high
viscosity, the transverse viscosity wave does not vanish within the
film limiting the resonant frequency and resonant resistance changes,
and point Z in Fig. 2(d) is obtained as the extreme point. The res-
onant frequency change at the point Z corresponds to the resonant
frequency change for perfect elastic films (point E) because the res-
onant frequency change reflects the total vibrating mass on the quartz
crystal surface. When the film elasticity increases in fluid films, the
resonant frequency decreases as A—F—G—1 in Fig. 2(d). In this
case, the extreme point I is determined by the film thickness limit.
The change E—1—Z in Fig. 2(d) shows the viscosity increase in
the elastic films. This change includes the viscosity change in the films
as shown by the dashed line in Fig. 2(c). The changes in Fig. 2(d)
suggest that the resonant resistance reflects the viscosity change
and that the resonant frequency reflects the elasticity change in a
small viscosity and elasticity region. In this region, the film thickness
is an important parameter which determines the extreme points of
the resonant frequency and resonant resistance changes. Using the
models in Fig. 2, of the rtheological changes in the coating films
can be explained by drawing the resonant frequency and resonant
resistance changes in experiments. If two different phenomena oc-
cur simultaneously, the changes in the F-R diagram are expressed
by a sum of the F-R vectors.

The resonant condition can be evaluated by analyzing the admit-
tance measurement of a quartz crystal in experiments. The reso-
nant frequency and the resonant resistance are determined by the
admittance measurement of a quartz crystal in the electrical equiv-
alent circuit [80]. The admittance of quartz crystal is expressed as
follows:

Y=U/R+joL,+1jaC,)+jaC, ®

Eq. (5) is convertible using conductance (G) and suceptance (B) as
follows:

(G—1/2R)))+(B- aCy=(1/2R,)} ©)

The resonant resistance is obtained as the reciprocal expression of
the maximum conductance value. In our experiments, about 2000
measurements of admittance (G and B) were performed by the stepped
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frequencies of 25 Hz in the resonant region using an impedance
analyzer. The radius of circles on the admittance diagrams was de-
termined by adopting the data in Eq. (6). The least square method
was applied for these calculations. The resonant frequency was de-
termined from the maximum conductance point on the admittance
diagram. About 10 points around by these maximum points were
applied to a polynomial equation, and the frequency value of this
maximum was determined from the equation. In this measuring sys-
tem, the frequency range was set up automatically using a resonant
frequency value previous to the center frequency of the next meas-
uring frequency range. The average measurement interval was about
30 sec at the continuous measurement. The reproducibility of this
resonant frequency measurement was within 1 Hz for the quartz
crystal in the air and 10 Hz for the quartz crystal immersed in the
water at 30 °C.

The quality factor (Q factor) of a quartz crystal is defined as the
ratio of the energy stored to the energy lost during oscillation and is
nearly equivalent to the inverse of energy dissipation during oscilla-
tion [82]. As well as the resonant resistance, the Q factor is useful
for characterizing the resonant properties of the quartz crystal [83].
The Q factors of the quartz crystal are also calculated by applying
the following equation:

Q=0/( = )= pul (@~ @)
Additionally, o,=/TILC, i.e. ﬁ ™

where L is inductance; C is serial capacitance; R is the resonant re-
sistance; @), is the frequency giving the maximum value of conduc-
tance G; @, and @, are the frequencies at the maximum and mini-
mum values of suceptance B.

The concept of the resonant resistance is helpful for understand-
ing the mechanism occurring on the surface of the quartz crystal.
An easy method for the measurement of this parameter is to utilize
an impedance analyzer but these methods cannot apply in high-speed
data acquisition applications [69,70]. By a computerized program-
ming technique, we could get measuring intervals of about 30 seconds
using an impedance analyzer [69], but this relatively high speed in
the impedance analyzer was still not usable in applications such as

Q.C. Rq
Ve

Ri RF voltameter

Oscillation circuit

Rg=(Vi/Vq - 1)Ri

Fig. 3. The measuring principle of quartz crystal analyzer.

electrochemical measurements and general high speed sensing. For
the purpose of the high-speed data acquisition, we introduced QCA917
(Seiko EG&G) and applied it to the electrochemical deposition of
polypyrrole [65]. The measuring principle of QCA917 for reso-
nant resistance is schematically depicted in Fig. 3.

As shown in Fig. 3, the amplitude “Vq”, the signal of the quartz
crystal terminal, is determined using the resonant resistance “Rq” of
the quartz crystal and the input impedance “Ri” of the quartz crystal
oscillator circuit when the AC signal amplitude “Vi” is input to the
quartz crystal from the output side of the oscillator circuit. Thus,
the following relation can be obtained.

V=iV~ DR, @

After the peak voltage of the AC signal “V,” is converted into DC
voltage, the AD-converted voltage is output as the resonant admit-
tance intensity “V,”. “V;” and “R;” are almost constant but three
values named as LOW, MEDIUM and HIGH. The meaning of these
values is the applicable ranges. At any case, the admittance values
can be converted to the resonant resistance value applying Eq. (8).
For this purpose, there is a necessity for calibrating the output volt-
age to the resonant resistance value. Authors calibrated these three
ranges and the results are plotted in Fig. 4 for the case with or with-
out a potentiostat using glycerol/water solutions [68].

These calibrations were performed using an impedance analyzer
and a QCA917 as well. Though usable ranges of QCA917 for the
viewpoint of the resonant resistance are restricted in certain ranges,
the calibrations show simple linear relations in all modes.

2. Applications of the Quartz Crystal to the Immunosensors

The immunoassay techniques of radioimmunoassay (RIA), flu-
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Fig. 4. The calibration of the quartz crystal analyzer with respect
to without (a) and with (b) a potentiostat.
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oroimmunoassay (FIA), enzyme immunoassay (EIA), and latex
immunoassay have been widely applied. They still suffer, however,
from the drawback of complex, time-consuming procedures and
potentially hazardous or expensive materials. The piezoelectric crys-
tal immunosensors were considered as a simpler and easier method
if the crystal surface was modified with an adequate receptor to the
antigen because the resonant frequency of an oscillating piezoelec-
tric crystal could be affected by a change in mass on the crystal sur-
face. Surface acoustic wave (SAW) devices used for micro-gravi-
metric immunoassay of human IgG have been reported [84], as well
as AT-cut piezoelectric crystals modified with antihuman IgG, which
exhibit a change in the resonant frequency on the binding to human
IgG and IgG sub-classes [85]. The measurements of microbes, anti-
gen, protein and bacteria are required for medical analyses, food
analyses and bioreactor controls [86-88]. A pathogenic microbe Can-
dida albicans could be detected by using a quartz crystal modified
with a Candida antibody. Normally, the sensitivity for the bacteria
such as Escherichia coli has not be considered as good because the
cell size of the bacteria is smaller than that of C. albicans. Piezo-
electric immuno-sensing is simpler and easier compared with other
immunosensing methods, but the sensitivity of the piezoelectric im-
munosensing is lower than that of other methods. Therefore, the
amplification of the signal has been tried. Here, we describe some
piezoelectric immunosensors and amplification techniques [87].

The determination of C. albicans is important in clinical analyses.
C. albicans is found in the human body even under normal condi-
tions, but an increase in the cell population can induce infection and
disease. C. albicans is conventionally assayed by the visual inspec-
tion of antibody-antigen (Candida species) aggregate formation. This
method, however, requires a skilled technique, is time-consuming and
gives only a semi-quantitative assessment of the C. albicans con-
centration. Matsuoka et al. [89] showed that a potentiometric method
could be applied to a C. albicans immunoassay. In this method, the
negatively charged C. albicans is adsorbed onto an antibody-bound
membrane, inducing a considerable change in the membrane poten-
tial. Another immunoassay based on an electric pulse technique was
also proposed and applied to the C. albicans immunoassay [90].
Although the piezoelectric immunosensor is not as sensitive as the
potentiometric method, it has greater advantages in both its conve-
nience of use and its wider effective concentration range. Improve-
ment in the techniques used for the antibody immobilization may
enhance the sensitivity of the piezoelectric sensor.

The antibody immobilization on the surface of the quartz crystal
was achieved as follows. Silver electrodes were formed on the crystal
by a vacuum deposition method and were plated with palladium.
The palladium electrodes were treated by an anodic oxidation tech-
nique. The silver electrodes were also coated with silicon dioxide
by a sputtering technique. Then the electrodes were treated with j«
aminopropyl-triethoxysilane (»»APTES) (2% in acetone) for 1 hr at
25°C. After air-drying, the electrodes were placed in aqueous glut-
araldehyde (5%, pH 7.0) for 3 hr or acetone containing pyridine
(1.2%) and tresyl chloride (5%) for 30 min [91]. After these treat-
ments, Candida antibody (10 mg/ml), protein A (1 mg/ml), or anti-
serum of anti-E. coli was immobilized onto the surface. After the
immobilization (1 hr), the remaining active sites were blocked by
stirring with 0.1 M glycine solution. To improve the sensitivity of
the E. coli detection, the resonant frequency shift was increased by
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further treatment to bind micro-particles modified with anti-E. coli.
Antiserum of 1 ml anti-E. coli and the suspension of the particles
1 ml were mixed. Anti-E. coli was immobilized onto the surface of
the particles by stirring the mixture for 1 hr. The particles were washed
with phosphate butter (pH=7). The modified piezoelectric crystals
were dipped in the microbial suspension for 30 min to allow the
antigen-antibody reaction between the immobilized antibodies and
the microbes. The quartz crystals were then rinsed with 0.5 M NaCl
and water, dried in air and the resonance frequency change was meas-
ured. For the monitoring of IgG the protein A immobilized piezo-
electric crystal was placed inside a flow cell. The cell was rinsed
with glycine-HCI buffer (pH 2.4, 0.1 M) to remove any adsorbed
material, and then washed with deionized/distilled water. The reso-
nance frequency was then monitored at a constant flow rate (0.7 ml/
min) at 30 °C. The steady resonance frequency (F,) was obtained
after 5-10 min. The water was drained off and the human IgG solu-
tion in the phosphate buffer was injected into the experimental cell.
After incubation (30 min), the crystal was rinsed with 0.5 M NaCl
solution to remove any nonspecifically adsorbed IgG and the reso-
nance frequency (F,) was measured again in the flowing deionized/
distilled water. IgG bound to protein A was removed with glycine-
HCI buffer (pH 2.4, 0.1 M), allowing successive measurements of
human IgG Human albumin solution was also examined by the
same procedure.

Fig. 5 shows the relation between the C. albicans concentration
and the resonance frequency shift resulting from the binding of C.
albicans in the range of 1x10°-5x10° cells/cm’. The resonance fre-
quency shift in Fig. 5 also includes the frequency shift caused by
the immobilization of the antibody and a little non-specific adsorp-
tion. The sensor showed no response with microbes from another
yeast species (Saccharomyces cerevisiae). The correlation between
the concentration of the suspended microbes (C,, cells/cm®) and the
number of microbes bound (N,, cells/cm?) on the electrode, meas-
ured by an optical microscopic technique, was given as a linear curve
of log (N,)=0.68 log (C,)+1.33, r’=0.954. These results indicate
that the magnitude of AF was related to the actual number of the
adsorbed microbes.
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Fig. 5. The relation between the cell concentration and the reso-
nance frequency shift (30-min reaction time) for C. albzcans
(O) and 8. cerevisiae () The dashed line indicates the con-
tribution of frequency shift for the immobilized antibody.
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Fig. 6. Correlation between human IgG and steady resonance fie-
quency shift for reaction time of 30 min (O) and 15 min
(0.

As a similar application, the relation between the human IgG con-
centration and the resonance frequency shift is shown in Fig. 6. A
frequency shift was influenced only by the human IgG concentra-
tion and no response was obtained for the addition of a human al-
bumin sample solution. In the case of a 30 min reaction time, a linear
correlation was obtained in the range of 10°-10~° mg/ml. The reso-
nance frequency leveled off gradually for the human IgG concen-
tration above 10~ mg/ml. The reason for this result is the binding
limit of the immobilized protein A. In the case of a 15 min reaction
time, a linear correlation was obtained in the range of 10*-10 mg/
ml. Consequently, the human IgG concentration in the range of 107-
10> mg/ml can be determined by the system. An immobilization
method using tresyl chloride has been also used to determine IgG
concentration. The resonance frequency shift obtained using a 107
mg/ml IgG sample solution for 30 min of the reaction time was from
191 to 165 Hz. The frequency shift values obtained by tresyl chlo-
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Fig. 7. Correlation between E. coli concentration and resonance
frequency shift with the additions of polystyrene particles
of 1 pm (O) and 0.5 pm (A) and without the treatment
().

ride were similar to those obtained by using the »APTES method.
It seems reasonable to assume, therefore, that the two immobilizing
methods give enough active sites to bind the protein, and that the
protein A is closely packed on the surface of the crystal.

Fig. 7 shows the resonant frequency shifts for dipping in E. coli
suspensions with treatment with 0.5 pm and 1 um E. coli antibody
modified polystyrene particles in comparison with the result before
the treatment. Fig. 7 shows that the treatment with the polystyrene
particles increased the resonant frequency shift and that the detec-
tion limit has been improved to 10° cells/cm’ by the use of the 1 um
polystyrene particles.

3. Applications of the Quartz Crystal to Gelation Detecting
Sensors

A piezoelectric crystal is additionally known to be a device that
can measure the liquid viscosity. Based on this fact, the sensor system
has been applied to determine an endotoxin (lipopolysaccharide:
LPS) concentration [63] and fibrinogen concentrations [64,92,93]
using the gelling reaction with Limulus amebocyte lysate (LAL) or
gelation reaction of blood. The gelling reaction is possible to apply
for the detection of bacteria, when the bacteria are marked by LPS.
This technique will be studied in future applications.

Endotoxin is produced by microbes and is widely found in water
samples. Endotoxin is a pyrogen that constitutes the outer mem-
brane of gram-negative bacteria. It consists of a lipopolysaccaride
that includes the lipid ‘A’ molecule. Endotoxin assays are impor-
tant for the quality control of biological products, blood products,
vaccines, and other parent drugs for clinical use because the injec-
tion of endotoxin into a human body can increase body temperature
and induce endotoxin shock. The core basis for the endotoxin assay
is the fact that the horseshoe crab blood coagulates when the bacte-
rial endotoxin is added to it [94,95]. LAL has been purified from
the horseshoe crab blood, and the gelation process of LAL has been
shown to be an enzymatic cascade reaction [96]. This gelation reac-
tion has been used to determine endotoxin concentrations based on
the “LAL test”. In a typical LAL test, the LAL reagent and sample
endotoxin solutions are mixed in a test tube and incubated at 37 °C
for 1 hr. The gel formation is scored visually to indicate an endot-
oxin concentration [95]. This in vitro method is more quantitative
and economical than the in vivo method in which a sample is in-
jected into a rabbit and the increase in the body temperature is meas-
ured. An apparatus that measures turbid metric kinetics allows one to
determine the endotoxin concentration in a simple operation [97,98].
On the other hand, the quartz chemical analyzer (QCA) is a useful
and sensitive device for the direct endotoxin determination [63].
QCA measures changes in sample viscosity of an interfacial thin
layer on the quartz crystal surface, requires a small quantity of the
sample and LAL reagent, and can also analyze turbid samples.

Endotoxin sample solutions were prepared by diluting the stan-
dard endotoxin. The sample solution (0.2 ml) was incubated at 37 °C
and added to a lyophilized LAL solution. The mixture was poured
into a well-type experimental cell, and the resonant responses of the
modified quartz crystal were measured using an impedance ana-
lyzer or a QCA 917 instrument after incubation at 37 °C. In the case
of the fibrinogen determination, fibrinogen sample solutions were
prepared by diluting the standard solution to 500, 250, 125, 50 and
0 mg/dl First, 0.2 ml of a fibrinogen sample solution was incu-
bated at 37 °C and injected into a liquid cell, which was also incu-
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bated at 37 °C. The thrombin solution (0.2 ml, 20 °C) was then added
and mixed quickly. The resonant frequency was measured with a
gate time of 0.1 s and an accuracy of 10 Hz. The frequency data
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Fig. 8. Relation between endotoxin concentration and the change
in resonant resistance (a) and the change in resonance fre-
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were stored and manipulated in a computer, which requires 152 ms
for each frequency measurement.

Fig. 8 shows the response change of the resonant resistance and
the resonant frequency with the different endotoxin concentrations.
The smaller values were obtained at higher concentrations of endot-
oxin as shown in Fig. 8. The result means that these changes are
not only induced by the viscosity change of the liquid on gelation.
A thin film, which could not be removed by rinsing with distilled
water but removed with 0.1 M hydrochloric acid, was observed on
the quartz crystal surface after the measurement. The thin film gave
residual R and F changes. It seems that the film was produced by
the adsorption of a substance included in LAL. The detection limits
obtained by the measurement of R and F changes were 10 and 100
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Fig. 9. Resonant frequency response to the gelation reaction of LAL
regent caused by 0.025 EU/ml of a standard endotoxin. ‘A’
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pg/ml, respectively. Both the parameters have a linear correlation
to the endotoxin concentrations. Although the long gelation time
gives a lower detection limit, the R and F indices are better for deter-
mination of the high concentrations of endotoxin.

For faster endotoxin measurement, the gelation mechanism was
studied by the quartz crystal. Fig. 9 shows the typical resonant fre-
quency change obtained by QCA during the gelation reaction of a
standard 0.025 EU/ml endotoxin solution. Gelation time was deter-
mined from the time required to reach 90% of total resonant fre-
quency change—called the 90% gelation time. To shorten the meas-
uring time, the threshold time was also adopted by measuring the
time required to reach the threshold frequency change, 2,000 Hz
(the 2,000-Hz threshold time). The 90% gelation time and the 2,000~
Hz threshold time were selected for the endotoxin determination
indexes after considering the data reproducibility, and the details of
this selection have been explained in our previous paper [92].

Fig. 10 shows the 2,000-Hz threshold time and the 90% gelation
time determined by QCA for differently diluted endotoxin solutions
in distilled water. In Fig. 10, the relationship between the endotoxin
concentration and the gelation time is linear for both the 2,000-Hz
threshold time and the 90% gelation time over a range of 0.001-
3 EU/ml (0.13-375 pg/ml) presented in double logarithmic scale.
The 95% confidence interval was +0.4 min on the 2,000-Hz thresh-
old time and +0.8 min on the 90% gelation time.

Fig. 11 shows the correlation between the 2,000-Hz threshold
time and the 90% gelation time. This result confirms that both the
2,000-Hz threshold time and the 90% gelation time can be used for
endotoxin determination. The 2,000-Hz threshold time was adopted
in the following experiments to shorten the measuring time, and it
is called the gelation time since it represents the same kinetics.

In this section, we describe a method for endotoxin determina-
tion by QCA and propose that QCA may be applicable to many
other assay systems. For example, factors in blood coagulation (fibrin-
ogen, factor IIX, IX, etc.) and anticoagulants (ATTII, etc.) could be
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Fig. 11. Correlation between the 2,000 Hz threshold time and the
90% gelation time.
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Fig. 12. Relation between fibrinogen concentration and gelation
time using aluminum oxide particles.

assayed in human blood using the QCA method [88,92].

As a similar application, the gelation of fibrinogen was also meas-
ured as shown in Fig. 12. The relation between the fibrinogen con-
centration and the gelation time (Fig. 12) shows a good linearity
and a good agreement with the results of conventional methods.

4. Extension of the Quartz Crystal Application Coupled with
Other Apparatus

The applications of the piezoelectric crystals were extended to
the determination of thin layer thickness and the analysis of the micro-
rheology of liquid crystals and electrochemically polymerized thin
films. Several research groups have already tested different combi-
nations of receptors and transducers. Yet, the selectivity and sensi-
tivity are not enough and the reliability is questionable, as the sensing
signal is usually only obtained based on one analytical variable. There-
fore, new attempts have also been made to develop sensing sys-
tems that obtain multiple sets of analytical variables simultaneously.

We also studied the simultaneous sensing systems to analyze the
viscoelastic characteristics of polymer blend thin films using quartz
crystal resonance (QCR) and differential scanning calorimetry (DSC),
the local viscoelasticity simultaneous with the surface morphology
of polystyrene thin films using the QCR and atomic force micros-
copy (AFM), the electrochromic and viscoelastic property changes
of polypyrrole thin films during the redox process using the QCR
and UV-Visible Spectroscopy, the capacitor characteristics and sur-
face morphology of polymer thin films using the QCR and AFM,
the morphology and physical propetrties of cultured cells using a
micro camera and the quartz crystal, and the simultaneous SPR and
QCM sensing system. In this review, we describe the applicability
of the quartz crystal combined with a CCD camera to illustrate the
performance and the future possibilities of quartz crystal sensors.
A QCM system with a micro CCD camera, which can observe the
cell structure changes with CCD camera and measure the viscoelas-
tic characteristics of the cell with the QCM measurement simulta-
neously, was developed to investigate the effects of chemical stressors
on the cultured cells. Understanding the characteristics of the cul-
tured cells for both the viscoelastic characteristics of the cultured
cell and the cell shape is important because both of them are im-
portant factors for the cell activity [99,100] and the cell adhesive
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function [101,102]. The viscoelastic characteristics of the cultured
cell could be analyzed using the resonant frequency and resonant
resistance diagram. The resonance frequency and the resonance re-
sistance were measured by using the QCA922 (Seiko EG&G Japan).
A quartz crystal sensor was sandwiched between the culturing cham-
ber and the sensor holder. A white LED was used as a light source.
A micro CCD camera (Plumnet, Japan) was mounted on the sensor
holder. Since the culturing chamber containing the micro CCD cam-
era was put into the incubator, it is necessary to move the culturing
chamber for microscopic measurements. In this application, a glut-
araldehyde (GA) [103] and a t-butylhydroperoxide (t-BHP) [104,
105] were used as chemical stressors.

Fig. 13 shows the resonant frequency and resonant resistance
changes of the cultured HepG2 cells treated with 1% glutaralde-
hyde. Fig. 13(a) is the resonance frequency and the resonance re-
sistance responses when glutaraldehyde was injected into the cell
cultured chamber where the cells were cultured at least 12 hrs. Fig.
13(b) is the result of the blank experiment in which the cell was
not seeded. The corresponding time-based CCD images are avail-
able in original papers [106,107]. The changes of the resonance fre-
quency and the resonance resistance by the collagen film loading
without the cultured cell (Fig. 13(b)) are smaller than those of the
cultured cells (Fig. 13(a)); and the resonant frequency of the collagen
film modified quartz crystal without cultured cell is reached to a
steady state after a few minutes, while that of the cultured cells is
decreased initially and increased continuously after then. The cross-
linking reaction of glutaraldehyde at the surface of the collagen film
could cause a resonant frequency decrease and resonant resistance
increase. On the contrary, the covalent bond forming between amine
groups of the proteins by a glutaraldehyde could cause a resonant
frequency decrease and a resonant resistance increase initially, but
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the structure change of the cultured cell could cause a resonant fre-
quency increase continuously. This was additionally confirmable
from the CCD images [106,107].

To understand these phenomena, the F-R diagrams and the micro-
photographical changes after injecting glutaraldehyde were com-
pared as shown in Fig. 13(c) and Fig. 13(d). Even though only little
changes in the cell shape were shown [108], a small shrinkage in
the cell size could be observed in the CCD images. At the initial
stage of the glutaraldehyde injection, the cross-linking reaction of
membrane proteins caused the fluidity of the cell membrane decreas-
ing and elastic property increasing. After then, the shrinkage in the
cell size by the glutaraldehyde caused the viscous property incre-
ment and the mass effect decrement. The F-R diagram of the Fig.
13(c) could be divided into two parts. In part ‘A’, the resonance fre-
quency was decreased and the resonance resistance was increased
in the initial step, which implies a viscous property increase on the
quartz crystal. In the next step ‘B’, the resonance frequency was
increased with the increase of the resonant resistance, which meant
an increased viscous property and a decrement in the mass effect;
thus, it corresponds to the rigidity decrease of the loading material
on the quartz crystal. It is supposed that the cross-linking reaction
increased the viscous property of the HepG2 cells; on the contrary,
the shrinkage in the morphology was related to the rigidity. These
results represented the applicability of the QCM measurements cou-
pled with the CCD camera to the evaluation of the cell activities.

NANO-DIAGNOSIS METHODS USING AFM
The scanning tunnel microscope (STM) measures the tunneling

currents by bringing the metal probe close to a conductive sample
surface at the interval of 10 A or less using the well-known tunnel-
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ing effect. When scanning with the sharp probe end close to the sur-
face of the sample is performed, the current change takes place based
on the unevenness of the sample surface due to the tunneling effect.
At this point, a three-dimensional surface image can be obtained. If
the probe is carefully controlled to avoid the contact of the sample
surface using piezoelectric element, the surface morphology of the
atomic level can be measured. If the feedback control is based on
the atomic level interaction, the instrument is called an atomic force
microscope (AFM). In this case, it enables measurements in liquid
as well as in air unlike the conventional electron microscopes. Al-
though STM has a limitation of observing only the conductive sam-
ple surface, the AFM enables the observation of insulating materi-
als unlike the STM.

Compared to the scanning electron microscope (SEM) or trans-
mission electron microscope (TEM) that observes samples using
electronic waves or beams, scanning probe microscopy (SPM) in-
cluding STM and AFM is based on various physical interactions
between the sample and the probe such as repulsive force, attractive
force and magnetic force acting between atoms. The basic principles
of SPM that detects various physical interactions acting between
the probe or the cantilever and the sample surface are described in
Fig. 14.

There are normally two measuring parameters based on the change
in the small cantilever. The first is measuring physical interactions
and the second is measuring the displacement of a beam reflecting
angle at the rear of the lever. When scanning the probe on the sur-
face is performed, the corresponding force such as tunnel currents,
repulsive force, attractive force, magnetic force, electric force, fric-
tion force, and adhesive force can be measured as the physical in-
teraction, whereas the morphological structure of the sample sur-
face is interpreted by measuring the reflected beam angle change
in the cantilever [108,109]. In addition to the surface observation
of metals or semiconductors, these scanning probe microscopes are
reported to be widely applied to the absorbed state of organic mole-
cules [110], LB film [111], liquid crystal [112], and biological sub-
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Fig. 14. The schematic diagrams of the AFM principle for the tip-
sample interaction (a) and optical-beam reflection meas-
urement (b).
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Fig. 15. The feedback system of AFM measurement.

stances such as DNA [113,114], proteins [115,116], cell membranes
[117,118], lipid bilayer [119,120], and antibodies [121,122].

In recent years, researches on the application of AFM and the
nano-probe to the manipulation technology of low-invasive single
cell and high efficient gene delivery technology have been actively
conducted [123-131]. Cell manipulation is important in biotechnol-
ogy. In particular, the technology of gene delivery into living cells
has a potential to be developed as a base technology not only in
cell biology but also for new future medicine.

In the current review, the results of nano-diagnosis using AFM,
and the manipulation technology of low-invasive single cell and
high efficient gene delivery technology using the nano-probe and
atomic force microscopy will be briefly introduced.

1. Principle of the Nano-diagnosis Based on the AFM

As shown in Fig. 15, a typical AFM system consists of a micro-
fabricated cantilever probe, a piezoelectric (PZT) actuator; a posi-
tion-sensitive photo detector for receiving a laser beam reflected
off the end-point of the cantilever provides a cantilever deflection
feedback [132]. The principle of AFM operation is to scan the tip
over the sample surface with feedback mechanisms that enable the
PZT scanners to maintain the tip at a constant force, or constant
height above the sample surface. As the tip scans the surface of the
sample, moving up and down with the contour of the surface, the
laser beam deflected from the cantilever provides measurements of
the difference in light intensities between the upper and lower photo
detectors. The feedback signal based on the different photodiode
signal by X-Y location, through software control from the com-
puter, enables the tip to maintain either a constant force or constant
height above the sample. In the constant force mode, the PZT trans-
ducer monitors a real-time height deviation. In the constant height
mode, the deflection force on the sample is recorded.

In addition to topographic measurements, the AFM can also pro-
vide much more information and applications. Another major ap-
plication of AFM is a force curve measurement, the direct meas-
urement of tip-sample interaction forces as a function of the dis-
tance between the tip and a sample in the approach and retraction
parts. Fig. 16 shows a schematic diagram of the movement of the
cantilever and tip during the force spectroscopy measurement. The
measurement has been used to measure nanoscale contacts, atomic
bonding, Van der Waals forces, and Casimir forces, dissolution forces
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in liquids and single molecule stretching and rupture forces. The
AFM force spectroscopy allows the measurement of pico-netwon
(10™N) forces associated with single molecules, thereby providing
fundamental insights into the molecular basis of biological phenom-
ena as diverse as molecular recognition, protein folding and unfold-
ing, DNA mechanics and cell adhesion [133]. The force microscopy
has been applied in many biological areas, such as antigen-anti-
body pairs, protein-ligand interactions, protein-membrane interac-
tions, and protein-cell interactions. A detailed review of these ap-
plications can be found in a few excellent reviews available else-
where [134,135]. Recently, a nanoscale surgical operation of a living
cell using an AFM with a nanoneedle has been researched inten-
sively by Han et al. [123-131].

Fig. 17 shows a fabricated nanoneedle and a schematic illustra-
tion of a gene delivery system using the nanoneedle. The nanonee-
dles were prepared using a focused ion beam etched from pyramidal
Si AFM tips that had spring constants of approximately 0.2 N/m.
The GFP or DNA adsorbed nanoneedle was inserted into the human
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MSC with simultaneous monitoring of the applied force on the can-
tilever. The DNA-adsorbed nanoneedle remains inserted for a few
minutes to diffuse the DNA from the surface of the needle to the
nucleus, and is then evacuated from the cell. By applying this, the
gene delivery of specific purpose was possible without any dam-
age of the cells [128].

Due to its inherent advantages, AFM’s find a variety of applica-
tions that range from nanofabrication to biological materials [136-
146]. We classify the diverse applications of AFM into two major
categories: molecular metrology and biological sciences. The former
category mainly deals with engineering applications that span over
various manufacturing fields, such as testing of electronics compo-
nents and fabrication of miniature mechanical parts. The latter cat-
egory deals with the implementation of AFM in crucial biological
applications to determine cell/cell or cell/protein interactions and to
observe cell movements in living species. The ability of AFM to
measure forces in the sub-nN range under physiological conditions
makes it an attractive tool for studying many biological applica-
tions such as drug/protein interactions, protein/protein interaction,
cell/cell or cell/protein interactions and many other largely inter-
molecular forces governed phenomena. Specifically, the quantifi-
cation of these molecular interactions in biological systems is of
interest to many researchers and engineers. A molecular level under-
standing of the interfacial adhesion is a necessary part of unravel-
ing these phenomena and would be of tremendous potential benefit
in associated applications such as rational drug design, molecular
electronics, biomaterials development, or biosensor design. Based
on the AFM’s ability to generate topographical images, the AFM
has evolved into a useful tool for probing single molecules. High
lateral resolution (<1 A) and the ability to detect low interaction forces
(<1 pN), along with the ability to operate under aqueous or physiolog-
ical conditions makes it a good technique for studying biological sys-
tems. The NC-AFM can measure the topography, surface forces, and
mechanical properties of a surface at the nanometer scale; further-
more, the development of chemically specific probes provides a
direct tool for studying intermolecular forces [147,148]. The several
applications of AFM in biological sciences are described below.

2. Characterization of Biological Material and Evaluation of
the Binding Affinity of Peptide Probes to Proteins

Recently, a few groups have developed label-free DNA chips
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Fig. 17. The fabricated nanoneedle and schematic illustration of gene delievery using the DNA-adsorbed nanoneedle.
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using protein-DNA complexes [149,150]. The chips were analyzed
by using quartz crystal microbalance (QCM) [151,152] or electro-
chemical methods [153]. In AFM methods, direct confirmation or
visualization of hybridized short oligonucleotides on a specific sur-
face is normally difficult. The location of DNA or oligonucleotide
molecules is normally on a viscoelastic surface, which produces
oscillation damping of the AFM cantilever by tip adsorption on the
surface. For that reason, only protein surfaces are normally obtain-
able with a conventional AFM method.

Phase lag imaging is a tapping mode imaging technique that shows
the phase difference between driving oscillation of the piezoelectric
oscillator and oscillation of the cantilevers as it interacts with the
sample surface [154-158]. In a general sense, by mapping the phase
lag, phase imaging surpasses simple topographical mapping to detect
variations in composition, adhesion, friction, and viscoelasticity.
Phase lag represents the adhesion difference between the tip and
the substrate surface. In many samples, large adhesion differences
are caused by differences in the thickness of the adsorbed water layer,
which is a function of hydrophobicity and hydrophilicity. Possible
applications include the identification of contaminants, the mapping
of different components in composite materials, and differentiating
regions of high and low surface adhesion or surface hardness.

A possible characterization method of originally characterizing
difficult biological material was suggested by combining phase lag
mapping and surface humidity control [137]. Proteins display a wide
variety of biological activities. Elucidation of the interaction of pro-
teins at the atomic level can lead to advancements in areas such as
those concerned with curative diseases and the development of new
medicines. A variety of methods have been reported for the evalua-
tion of protein-protein interactions including the use of electrophore-
sis, two hybrid methods, the enzyme-linked immunosorbent assay
(ELISA), and the fluorescence resonance energy transfer (FRET)
method. These methods represent versatile techniques that have been
widely used in the evaluation of protein affinity [159,160]. AFM
has been used as an advanced method for the evaluation of affinity
under in vitro conditions. Although the application of peptide probes
has already been reported in the analysis of protein-protein interac-
tions using electrophoresis, surface plasmon resonance, and quartz
crystal microbalance, only a few reports have dealt with the use of
force curve measurements [161,162]. The evaluation possibility of
protein affinity by measuring force curves using a peptide probes
was suggested by Muramatsu et al. [163].

Preparation of a gold substrate for the AFM phase mapping was
reported in a previous study [164]. In a humidity-controlled experi-
ment (we changed the sample humidity to reveal DNA oligonucle-
otides), the sample was located in a self-made highly humid incubator,
which can control the humidity and the temperature. The relative
humidity of the incubator was more than 90% at a constant temper-
ature of 20 °C; the sample was incubated for a week. Thereby, the
sample surface maintained its high humidity. The incubator was
filled by dry nitrogen gas, which ensured DNase and protease free
conditions. Simultaneous tapping mode topographic and phase lag
imaging was carried out using a commercially available multi-func-
tional probe station (SPI 3800; Seiko Instruments, Inc.). A normal
tapping-mode silicon cantilever (spring constant 40 N/m, oscilla-
tion frequency 340 kHz) was used for imaging.

For the affinity force measurement, peptide probes H-A3GP5
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Fig. 18. AFM images of only SAv-biotin ((a) and (b)) and SAv-bio-
tinylated DNA oligonucleotide complexes ((c) and (d)) after
surface humidity control in 250 nmx250 nm scan areas.
In (d), a strong new signal is observed apart from the sig-
nals of the gaps. The scale bar indicates 100 nm.

GP5GP5GOH (1), H-A3GP5G-OH (2), H-A3G7-OH (3), and H-
A3G-OH (4) were synthesized by the solid-phase method, and car-
ried out with a PSSM-8 peptide synthesizer (Shimadzu). Applied
peptide probes were covalently immobilized on the cantilever tips.
Profilin was covalently immobilized on a mica surface using a pre-
viously reported procedure [165]. The immobilization of the pep-
tide probe on the tips was characterized by FTIR spectroscopy and
XPS, and that of profilin on the mica surface was confirmed by the
measurement of AFM topographic images. The spring constant of
the cantilever was calibrated using the well-known thermal vibra-
tion method [166].

Fig. 18 shows AFM images of the humidity controlled surface
for only SAv-biotin ((a) and (b)) and SAv-DNA oligonucleotide com-
plexes ((c) and (d)). In a normal condition, such as a DNA mole-
cule immobilized mica surface, the phase lag of the DNA showed
about 10° of the phase lag value because of its hydrophilic property
[156]. In the case of the SAv-biotin only surface, any difference
with the originally prepared sample was not confirmable, as shown
in Fig. 18(a) and (b). When DNA oligonucleotide was combined
with the SAv, the humid environment had an influence on the ob-
tained topographic and phase lag images. Topographic images com-
posed only of SAv-biotin were relatively clearly obtained after the
same humidity control (Fig. 18(a)). Therefore, the unclear topographic
image could be an influence of the immobilized DNA oligonucle-
otides (c). Newly strong signals ranging 70-100° were obtained in
the phase lag image (d). The strong signals were not from the amp-
lified signals for the gaps between the individual SAv molecules,
but from the center of the SAv molecules, as shown in Fig. 18(c)
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and (d). The signals from the gaps still remained, as indicated in
Fig. 18(b). The number of the localized strong signals (stronger than
70°) was about 66, which was slightly smaller than the number of
the SAv molecules (approximately 70 molecules in 250 nm>250 nm
with the local difference of 20%). These strong phase lag signals
could not be confirmed from the sample composed only of SAv or
SAv-biotin complexes after humidity control. Lee and Fritsche dem-
onstrated the binding ratio determination of biotin on a protein done
by capillary gel electrophoresis of monomeric avidin [167]. Avidin
has a slightly higher affinity (Ka ca. 10" M) to biotin than that of
SAv (Ka ca. 10" M ™) [168]. Although avidin has four possible reac-
tion sites with biotin [169], the best experimental result shows a
ratio of 1 (avidin): 2.89 (biotin) in an extremely high biotin con-
centration [167]. In addition, Caruso et al. reported that the interac-
tion SAv to biotin-DNA has a maximum ratio of 1 : 2 for a 30-mer
DNA oligonucleotide [151]. In our experiment, one or two reaction
sites landed on the gold surface through a peptide bond. Therefore,
two or three reaction sites could interact with biotin. In the biotin-
DNA immobilization, electrostatic repulsion force between the DNA
oligonucleotides may engender its role as an inhibitor for the bind-
ing interaction. In addition, the AFM effective tip size [170] is slightly
larger to resolve neighboring individual DNA oligonucleotides. Con-
sidering the SAv geometry, sub-5 nm AFM tip size was strongly
required to resolve clearly.
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Fig. 19. Distance-vibration amplitude relations for the gaps (a) and
the DNA oligonucleotides (b) in Fig. 18(d). Tip-sample in-
teraction starts at the distance 13 nm for the approach and
ends at 18.5 nm for the retraction (a). The vibration ampli-
tude of immobilized DNA oligonucleotides is slightly larger
than that of the gaps in the distance 0 position.
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Fig. 20. A schematic illustration for the surface property changes
and the imaging mechanism. In a normal condition (a),
water is located in the lower parts, as explained by the grav-
imetric force and the hydrophobic property of the SAv mol-
ecules. By incubating the sample in a high humidity cham-
ber (b), the vapor in the air accumulates around the hydro-
philic DNA oligonucleotides with accumulation between
the gaps. During imaging (c), the water around DNA oligo-
nucleotides produces a strong capillary force and delays tip
separation. After scanning (d), the water reassembles to
the original hydrophilic oligonucleotides.

Amplitude-distance relations for the strong signals were measured
to investigate the tip-sample interaction. As shown in Fig. 19, humid-
ity-controlled surfaces have larger vibration amplitude values than
that of the normal solid surface. The normal amplitude is approxi-
mately 0 mV at a solid surface [158]. Therefore, it means the tip
still strongly vibrates near the surface. In this way, the position of
strong phase signals can be explained by the movable surface (liquid
phase).

As a summary of the phase mapping, we suggest an AFM im-
aging mechanism like that illustrated in Fig. 20. In the mechanism,
we stress the role of DNA oligonucleotide as a hydrophilic center
on the relatively hydrophobic SAv surface. When relative surface
humidity increases with increasing incubating time, the hydrophilic
DNA oligonucleotides gather moisture component. For that rea-
son, wet conditions can be formed easily in the hydrophilic DNA
oligonucleotides, engendering a strong phase lag in the imaging,

For the affinity force measurement, interaction forces between
each peptide probe 1-4 and profilin molecules were examined using
force curve measurements in a Tris buffer solution. Fig. 21(a) shows
a typical force curve obtained between the profilin molecules and
the probe 1. In the retraction part, the force curve shows several
peaks of the negative direction. The negative direction indicates an
interaction involving attraction. In contrast, the force curve between
unmodified surface and peptide probe 1 shows no peak (Fig. 21(b)).
This difference suggests that the retraction forces demonstrated by
Fig. 21(a) resulted from a specific affinity involving the probe 1
and the profiling molecules. In an effort to estimate the strength of
this specific affinity, the maximum attraction force was determined
for each force curve of the probe 1 against the profiling molecules,
and this force was summarized in the form of a histogram. The his-
togram adapted well to a Gaussian curve, and the peak position was
at 652 pN (average 633 pN). In contrast, the average maximum re-
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Fig. 21. Representative force curve obtained between the probe
1 and (a) profilin or (b) Tris. The gray line represents the
force for the approaching step, and the black line repre-
sents the force for the retracting step.

traction force of the probe 1 against the substrate was 120 pN. The
difference in the average values confirms that the probe 1 has a spe-
cific affinity for the profiling molecules. To investigate the depen-
dency of the affinity on the peptide sequence, force curves for the
peptide probes 2, 3, and 4 were examined in the same manner as
with the peptide probe 1. Additionally, a control experiment was
performed by adding the free peptide probe 1 to the fluid cell of
the profilin-immobilized substrate. In the experiment comprising the
addition of the free peptide probe, although peptide probe 1 showed
an averaged retraction force to blocked profilin of 158 pN, the high-
est peak of the histogram was at around 60 pN. Since the highest
peaks for probes 2 and 3 were also near 60 pN, the nonspecific bind-
ing force of the probe 1 was at around 60 pN.

In Table 1, the averaged forces show that, of the four peptide probes
examined, probe 1 has the highest affinity force for the profiling
molecules. The results support a specific interaction of probe 1 with
the profiling molecules. Probe 4 has the smallest retraction force

Table 1. Averaged retraction force observed between each pep-
tide probe and profilin (or blocked profilin)

Cantilever Substrate Retraction force (pN)
Peptide probe 1  Profilin 633
Peptide probe 2  Profilin 422
Peptide probe 3  Profilin 219
Peptide probe 4  Profilin 93
Peptide probe 1  Profilin blocked with 158
peptide probe 1

(Table 1). Since probe 4 does not contain the GP5 sequence, the
retraction force for probe 4 (93 pN) is supposed to present the non-
specific binding force. This sequence-dependent affinity was also
demonstrated when comparing the retraction forces of probes 2 and
3. Nevertheless, although probes 2 and 3 are composed of the same
number of amino acids, the averaged retraction force of probe 2
was approximately twice as large as that of probe 3. This large re-
traction force is reasonable since probe 2 includes the GP5 sequence
that presents one segment of the binding sequence of VASP to the
profilin molecules (with three consecutive GP5 sequences). While
the previous study reported a low affinity interaction between a single
repeat peptide (GP5) and the profiling molecules, the averaged retrac-
tion force of GP5 (probe 2) in this study is large. This relatively large
force would result if probe 2 was immobilized at a high density and
where more than a probe molecule bound to the profiling mole-
cules concurrently. The averaged retraction force of peptide probe
1 (633 pN) would include multiple interactions rather than just a
single molecule interaction. Under these experimental conditions,
multiple interactions consistently occur, since the estimated contact
area between the mica surface and the tip corresponds to tens of
the profilin molecules, as the occupation area for a single profilin
molecule is 9 nm [160,170]. To verify the retraction force of a single
molecular interaction, the obtained force curve was analyzed fur-
ther. For example, the force curve shown in Fig. 21(a) shows a maxi-
mum retraction force at 625 pN, followed by several small retraction
forces around 80 pN.

NANO-DIAGNOSIS AND NANO-SENSING SYSTEM
USING SNOAM

In 1928, E. H. Synge theorized that optical image resolution is
not limited by the wavelength of the light but is limited by the size
of microscopic holes; thus, the limitation of far-field diffraction can
be overcome by forming a microscopic hole smaller than the wave-
length of the light. Based on the theory, a scanning near-field optical
microscopy (SNOM) was invented to overcome the magnification
and resolution restricted by the light diffraction phenomenon by

Incident rays

Sample surface

le S|
S 2l
One wavelength
Far field

Fig. 22. The principle of near-field optical microscopy.
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emitting or receiving photons via sharp optical fibers with holes sized
in tens of nanometers, and optical images beyond the optical dif-
fraction limit could be obtained [171]. Several types of SNOM were
proposed depending on the methods to maintain the distance between
the probe and the sample, and the principles of the measurement.
In this review, mainly focusing on scanning near-field optical atomic
force microscopy (SNOAM) developed by Seiko Instruments Inc.,
the principles and applications of nano-diagnosis will be briefly in-
troduced. The basic measuring principle of SNOM and/or SNOAM
is presented in Fig. 22.

The cantilever in the SNOAM was designed to be operated in
all AFM modes by bending the optical fiber probe. As described
in Fig. 22, forming a small aperture smaller than the wavelength of
the light at the end of the probe and bringing it close to the sample
surface in the distance shorter than the wavelength, the light obtained
by the scattering on the surface reflects strongly the refractive index
of the sample surface. An optical image with high resolution supe-
rior to the wavelength is obtained by scanning the probe in a two-
dimensional way. Compared to the conventional optical microscopes
that have resolution of approximately half of the light wavelength,
SNOAM is estimated to obtain resolution of approximately 1/20th
of the light wavelength. Thus, SNOAM is thought to be the most
appropriate to assess the optical characteristics of small areas or to
obtain high resolution optical images [172].

Based on the distance control system of Z axis that maintains
the distance between the probe and the sample, the SNOM modes
are mainly classified into STM [173], transient light intensity [174],
shear force [175], and AFM [176-179]. The AFM mode SNOM
uses an AFM cantilever as an optical probe. Until now, the method
that uses fluorescence from fluorescent materials which were filled
at the end of the probe as micro light source after bending the glass
capillary tube to form the cantilever and the method combining PSTM
and AFM that transiently scatter the light on the silicon nitride cantile-
ver probe have been reported [176,177].

The AFM mode scanning near-field optical atomic force micro-
scope (SNOAM or SNOM/AFM) developed by the authors’ group
enables the optical fiber probe to be used as the AFM probe by bend-
ing the optical fiber probe [178]. Besides a transmission measuring
mode, samples can be also observed with PSTM mode and reflec-
tion measuring mode by using the optical fiber probe with an aper-
ture. This AFM control technique is a stable controlling method due
to the sufficient accumulation of the related techniques. In particu-
lar, one of the advantages of AFM mode SNOM is that it can be
applied to the measurement in liquid [179]. Compared to the flat-
type micro cantilever, the optic-fiber probe has an advantage of get-
ting decreased viscosity resistance from the fluid during the vibra-
tion in liquid due to its cylindrical shape.

SNOAM will be able to be applied to not only the observation
of optical properties in small areas, such as optical devices, semi-
conductor materials, and organic thin-film, but also biological sci-
ence fields. In addition, its application to processing technology or
memory technology is also considered. In the current review, the
principles and applications of nano-diagnosis using SNOAM in the
authors’ group will be briefly introduced.

1. Principle of the Nano-diagnosis Based on the SNOAM

Many types of scanning near-field optical microscopy (SNOM)
have been developed with respect to the tip-sample distance con-
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trol method [172] such as scanning tunneling microscopy [171],
lateral shear force [175], contact mode atomic force microscopy
[176,177], and the dynamic mode AFM [178,180]. In SNOAM,
an optical fiber with a sharpened tip was bent so that probe could
be used as a cantilever for AFM, and the vibration amplitude of
the cantilever was held constant during scanning. SNOAM has an
advantage over other SNOM systems in that it allows observation
in liquids [179]. It is safely applicable for observation of soft sam-
ples with varying greatly in height. SNOAM may be also superior
in liquid to other cyclic contact AFMs which use flat type cantile-
vers [181-184] because the optical-fiber cantilever of SNOAM is
round, which helps to reduce the viscous resistance of the liquid.
SNOAM is an excellent tool to observe biological materials because
it simultaneously provides topographic and optical images with high
resolution. The resolution of topographic and optical images is much
higher than that of conventional far-field microscopy. It also has
the advantage for providing various kinds of information such as
fluorescence images and spectrographs in a submicron area [178].

2. Visualizing a Hybridized PNA Probe on a DNA Molecule

The direct determination of specific gene location using fluores-
cence in situ hybridization (FISH) technique has become an impor-
tant method for investigating DNA and chromosomes [185,186].
Usually, conventional far-field fluorescence microscopy is used for
the FISH technique to detect the location of a specific gene on a
DNA molecule. Given that the far-field optical resolution at room-
temperature cannot exceed 300 nm [187-189], the resolution of the
DNA mapping has been limited to 1 kbp. Furthermore, with a resolu-
tion of 300 nm, the background signals from free fluorescence mole-
cules can be misinterpreted as signals from hybridized sites. In par-
ticular, discriminating the real signal from the background is a seri-
ous problem requiring a clear solution when the sequence indicat-
ing probe is labeled with a single dye molecule. In an effort to de-
termine short sequence location or sequence specific function, a
high-resolution imaging tool such as scanning probe microscopy
(SPM) is required.

A PNA probe is smaller than that of dsDNA,; furthermore, when
the DNA strands are long, the precise target location cannot be easily
determined because it requires not only complete DNA stretching
but also both the wide area imaging and the highly magnified imag-
ing [190] with other high resolution SPM methods. The differentia-
tion of closely located targets is equally difficult to determine from
only the height information derived from obtained topographic images.
For a solution to the current problems, a pluralistic approach is ideal,
and SNOAM was used to obtain high-resolution fluorescence and
surface images simultaneously. SNOAM can characterize a sam-
ple better than other SPMs that determine the sample surface only
by a force interaction.

In SNOAM, a bent optical fiber probe functions as a microcan-
tilever of AFM [139,191-193]. Thus, SNOAM has clear advan-
tages including ease of operation and assembly compared to other
shear force mode instruments because the arrangement of the opti-
cal probe does not obstruct the illuminating sample and allows for
the utilization of conventional AFM equipment. We have visualized
hybridized-peptide nucleic acid (PNA) on a stretched DNA strand
SNOAM in an effort toward investigating the possibility of dis-
criminating continuous DNA sequences on the scale of a few tens
of nanometers.
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The PNA probe, composed of a 15-mer series sequence, was self-
designed for hybridizing to the top part of the ea47 gene within the
A-DNA molecule (48, 502 bp, 16.5 um). Alexa 532 pigment (A532,
Molecular Probes, excitation maximum 532 nm/emission maximum
554 nm) was conjugated to the 5"end of the PNA probe. The PNA
probe was hybridized to ~-DNA molecules in aqueous solution at
a temperature of 80 °C.

Before the SNOAM observation, the samples were stained using
the DNA intercalating dye, YOYO-1 (Molecular Probes, excitation
maximum 491 nm/emission maximum 509 nm), at a mixing ratio of
1:5 (dye : bp). In an effort to determine the precise location of the
hybridized PNA probe, we stretched the DNA strands on a specially
laminated mica/cover slip substrate [193] using a spin stretching
method [194].

The SNOAM instrument utilized a conventional AFM control-
ler (SPI 3800, Seiko Instruments), which has a dynamic force mode
(DFM) function [193]. In the measurement, the fluorescence from
A532 and YOYO-1 can be imaged independently using different
light sources.

Fig. 23 shows 50 nm resolution near-field fluorescence images
for YOYO-1 (a), A532 (b), and an overlapped image (c). The over-
lapped image was produced to visualize the PNA hybridization po-
sition in the DNA molecules similar to the well-known far-field
technique. The optical resolution was estimated by a mean resolu-
tion of 10 continuous scans for the A532 light spot at a full width
half maximum (FWHM). In Fig. 23(a), the DNA molecules are visi-

(b)

ble as continuous lines by the intercalated YOYO-1 fluorescence
data except near the center of the DNA molecules. These non-fluores-
cence regions were reproducible in the experiments although the
length of the regions was largely influenced by the dye/bp mixing
ratio and the stretching conditions. In the case of the far-field image,
the region was not clearly obtainable because of the far-field optical
resolution limit. In addition, as reported previously, the nonhybrid-
ized A-DNA molecule did not show such non-fluorescence regions
in the SNOM images [198]. Therefore, the non-fluorescence area
as observed in Fig. 23(a) can be a kind of evidence for the hybrid-
ized position of PNA and the region nearby the position. This result
suggests that PNA invasion into dSDNA makes a change in dSSDNA
structure in a long distance. Relative results have been reported for
the intercalation difference of YOYO-1 to ssDNA and dsDNA [193].
It has been explained that the hybridization of PNA probes weak-
ens the hydrogen bond around the hybridized position in DNA strands
[195-198]. Furthermore, we have reported the heterogeneous inter-
calation of YOYO-1 to DNA strands [195-198]. The main factor
responsible for the gap in YOYO-1 by the PNA probe remains to
be clarified. Nevertheless, the results of heterogeneous intercalation
suggest that YOYO-1 intercalation is very sensitive to the condi-
tions of DNA strands. In Fig. 23(c), the length of the non-fluores-
cence region is about 200 nm. In our experiments, the gap length
was observed in a range of 100-1,000 nm under the experimental
conditions employed. This length is much longer than the length of
the PNA probe. Although the mechanism responsible for this non-

Intensity [kC/S]
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Fig. 23. Near-field fluorescence images for the single target DNA FISH samples by fluorescence resolution of 50 nm. (a) the fluorescence
image of YOYO-1, (b) the fluorescence images of A532, and (c) the overlapped images of (a) and (b). In panel (c), the YOYO-1
and A532 fluorescence signals are artificially colored in blue and red, respectively. (d) line profile analysis results for the YOYO-1
and A532 fluorescence over the DNA lengths. All the image areas are 25x25 mm’ with 512x256 data formats. The small insets in

panel (c) show the PNA probe hybridized areas.
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fluorescence region around the PNA probe possibly relates to the
same mechanism responsible for the non-fluorescence region exist-
ing in normal DNA strands, more careful inspection is required to
understand the real mechanism in the future. The location of the
hybridized PNA has been determined by line profile analyses to
the DNA length direction. In Fig. 23(d), the hybridized position is
located in the middle of the DNA strands, and the distance from
one end of the DNA to the center of the A532 spot is 9.75 pm. As
the measured length of DNA strand was 19.59 um in Fig. 23(a),
the exact stretching factor can be calculated to 19.59 um/48.5 kbp=
0.404 um/kbp. Therefore, the PNA hybridization position is calcu-
lated to 9.75 um/0.404 um/kbp=24.1 kbp. Although the calculated
value approximately matched the real position of the sequence (23,904
bp), the calculated value contains an error generated by the hetero-
geneity in the DNA stretching and the accuracy of the fluorescence
measurement.

As reported by Bennink et al. [190], the length of the DNA mole-
cules can vary depending on the applied stretching force or the YOYO-
1 intercalation conditions. In the case of spin-stretching with a Mg**
soaked mica surface, a standard length of 16.9+4.3 um for -DNA
molecules was reported [194] at a spin speed of 5,500 rpm and could
be accounted for in terms of the difference in applied stretching force
to each DNA molecule. In addition, surface conditions such as charge
distribution or surface roughness can influence the stretching since
these properties influence the static interaction between the DNA
molecules and the mica surface. The heterogeneity of the YOYO-1
intercalation as documented in previous reports [191,193] also sug-
gests the possibility of an effect derived from sequence heteroge-
neity to the stretching since the YOYO-1 intercalation can affect
the length of DNA obtained. The location error also increases with
spin speeds lower than 5,500 rpm since the meandering of DNA

(b)

occurs in the stretching process under the experimental conditions
employed. As various reports [199] have documented the sequence-
specific interaction of PNA probes to target DNA sequences, the
major error factor in determining the precise location is associated
with the stretching homogeneity.

When the sample and sample surface were sufficiently purified
and deionized, a high resolution topographic image was simulta-
neously obtainable as shown in Fig. 24. In Fig. 24(a) and 24(b), the
topographic image of a DNA strand was successfully obtained with
awhole DNA length of 19.4 um. Because of the wide imaging range
of 20x20 pn’, the fluorescence spot from the hybridized PNA probe
could not be confirmed in Fig. 24(b). By enlarging the middle of
the DNA strand to 2x2 pum’ as shown in Fig. 24(c) for topography
and Fig. 24(d) for the fluorescence image, a few small fluorescence
spots were observed in Fig. 24(d). Fig. 24(e) shows an overlapped
image of Fig. 24(c) on 24(d) and shows that a fluorescence spot is
on the DNA strand.

Line profiles of the DNA topography for the hybridized site and
other sites located close to the spot site of Fig. 24(e) are shown in
Fig. 24(f). In Fig. 24(f), the topographic line profiles show differ-
ences from each other. As the tip radius of the peak is larger than
the radius of the DNA strand, the DNA width in the image is larger
than its real radius [193]. Therefore, the wide width in the topo-
graphic line profiles can be used to confirm the possibility of PNA
probe hybridization [200,201], but it does not make any sense with-
out the fluorescence signals, given the various possible measurement
errors. As shown in the topography and fluorescence overlapped
image (Fig. 24(e)), the topography and the fluorescence image are
in agreement with the hybridized site. Additionally, a similar topo-
graphic change was confirmed using a highly magnified tapping
mode AFM image with a normal Si AFM cantilever. Therefore,
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Fig. 24. Simultaneous topographic (a) and A532 fluorescence (b) images in 25x25 mm’ area, and the respective enlarged images for the
hybridized area of 2x2 mm?’ (c), (d); (¢) Overlapped image of panel (c) and (d); (f) Line profiles of the topographic image of panel
(c); Line profile of the fluorescence image (g). All images represent S12x256 data formats. The labels C, D, E, F correspond to

each line profile analysis.
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this confirms the position as the hybridization site. The line profile
(Fig. 24(g)) shows that the A532 fluorescent signal is visualized as
a light spot with the width of 13 nm at an FWHM, which corre-
sponds to the best optical resolution ever reported at room temper-
ature [187]. This resolution was reconfirmed by imaging a single
fluorescence molecular immobilized sample. Although this excellent
optical resolution was not highly reproducible, we have already shown
that obtaining sub-20 nm single molecular fluorescence resolution
was possible using the current optical probe design [139,191,192].
Single molecular fluorescence resolution of 13 nm corresponds to
more than a 20-fold higher resolution than that previously reported
[202] by using the deconvolution technique of conventional FISH
images. As a 13 nm DNA length corresponds to 50 bp, it will be
possible to distinguish adjacent regions of 50 bp using PNA probes
of varying sequence with different fluorescence molecules. For this
purpose, we have been developing an SNOAM combined with a
spectrometer and a highly sensitive CCD camera that enables simul-
taneous multicolor fluorescence imaging [203]. The system can visu-
alize multiple fluorescence images simultaneously for multiple fluo-
rescence probes.

The technique drastically overcomes the resolution limit of the
conventional FISH techniques achieved by the far-field optical micro-
scopy and enables a direct gene mapping at a resolution in the tens
of nanometers range.

CONCLUSION

We have briefly reviewed the basic principles and research trend
of biosensors, nano-sensing system using QCM, and nano-diagno-
sis system using AFM and SNOAM. The application range of the
quartz crystal has been gradually expanded, new measuring tech-
niques that use the quartz crystal as a transducer for chemical sensors
and biosensors have been also developed. In addition, as the research
on the application of the quartz crystal in solution is in progress,
the research results are expected to be continuously announced. SPM
will be able to be applied to not only the observation of topo-
graphic properties in small areas, such as optical devices, semicon-
ductor materials, and organic thin-film, but also functional biological
science. In addition, as its application to processing technology or
memory technology is also considered, future development of po-
tential fields is also expected. In particular, low-invasive and high
efficient gene delivery technology using AFM and the nano-probe
that has been recently studied is expected to be applied to impor-
tant cell manipulations or the induction of cell differentiation.
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