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Optical Characterization of a 1-D Nanostructure
by Dark-Field Microscopy and Surface Plasmon

Resonance to Determine Biomolecular Interactions
Hui-Hsin Lu, Tzu-Chien Hsiao, Su-Ming Hsu, and Chii-Wann Lin, Member, IEEE

Abstract—This paper presents a multifunctional imaging system
that combines dark-field microscopy (DFM) with spectroscopy to
image nanostructures and identify their optical properties from
absorption spectra. The optical resolving power of this system is
determined using a 1-D nanostructure with pitches of 120, 390,
and 770 nm with four formats of optical disks. These pattern sizes
are verified by atomic force microscopy (AFM) first. The results
demonstrate that the resolving power of current system setup can
down to 86 nm. The resultant DFM images appear to be slightly
larger than the AFM images. A 50-nm-thick gold film was then
deposited on top of these nanostructures, and their absorption
spectra were obtained to elucidate its optical properties, enhanced
by surface plasmon resonance. The immobilization of streptavidin
on the surface of gold-coated nanostructure causes the absorption
spectra to shift from 600 to 610 nm. A protein nanoarray with a dot
size of 50 nm was also imaged by DFM, and can be implemented
as a potential biochemical diagnostic system on an optical disk
format. Specimens of adenocarcinoma cells and ovary cancer cells
were also imaged using this DFM system, and the nuclei structure
and some cellular organs can be recognized using a 100 objective
oil lens.

Index Terms—1-D nanostructure, surface plasmon, dark-field
microscopy (DFM).

I. INTRODUCTION

T HE low-dimensional nanostructure made by metal
and semiconductor materials exhibits a strong optical

enhancement effect as electron transitions due to quantum
confinement. Measuring the optical properties of these nanos-
tructures can help to confirm some of their physical charac-
teristics. Various optical approaches, such as obtaining the
absorption spectrum, emission spectrum, vibration spectrum,
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scattering spectrum, and the intensity of polarization, have
been applied to elucidate these characteristics. For instance,
the absorption spectrum of gold or silver nanoparticles repre-
sents the resonance bands of its surface electrons, produced
by light field coupling. Surface enhanced Raman scattering
(SERS) spectrum is employed to observe the Raman shift of
the molecular vibration bands caused by the interaction with
the surface plasmon of noble metal nanostructures [1]–[3].
Advanced nonlinear optical approaches, such as two-photon
absorption, have also been used to obtain information on the
interband transition associated with quantum wells or quantum
dots [4], [5]. Accordingly, advanced optical techniques must
be continually improved to obtain more detailed information
on physical phenomena and characterize nanostructures, which
are revealed by the measured optical signals.

A combination of the spectral scheme and optical microscopy
has become extensively utilized in research on biophotonics
because of the combined capabilities to fingerprint the microen-
vironment and near-surface interactions. Many nanostructures
with unique optical characteristics have been employed to
enhance the measurement of molecular interaction from bio-
logical specimens. For example, quantum dots have replaced
traditional molecular probes for labeling biomolecules because
of their better stability and efficiency of luminance. Moreover,
noble metal nanoparticles have been used to enhance the
intensity of fluorescence, thus improving the sensitivity of de-
tection of the biomolecular interaction, because some of these
biomolecules are present in extremely low concentrations in
the cell and tissue [6]–[10]. However, to study biological phe-
nomena on the nanometer scale or even on the scale of single
molecules, the limits of optical resolution must be overcome.
Recent investigations have discovered that some noble metal
nanostructures with negative permittivity that were exposed by
the scanning near-field microscopy (SNOM) can be imaged to
improved the resolution (from a half wavelength to one seventh
of a wavelength) based on the focusing of evanescent waves
[11], [12]. Stimulated emission depletion (STED) microscopy
is another approach for improving the resolution beyond the
diffraction limit; this is accomplished by sharpening the focus
of the fluorescent spot, depending on a short excitation pulse
coupled with a long depletion pulse in a microscope objective
[13], [14]. Researchers have utilized a range of microscopes
with dark-field microscopy (DFM) to observe the optical prop-
erties of individual gold and silver nanoparticles and nanorods
because DFM can block the background interference, and
improve overall image quality and contrast [15], [16].
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This paper presents a multifunctional DFM system with a
spectrographic system to measure 1-D nanostructures on com-
mercially available storage disks. Various sizes of 1-D nanos-
tructures were imaged using white light and 390 nm UV laser
light to determine the resolving ability of the DFM system. The
absorption spectra of these 1-D structures coated with thin gold
layers were then obtained and considered in the light of the plas-
monic absorption properties. Then, a protein nanoarray with a
diameter of 50 nm was also imaged by DFM to evaluate the pos-
sibility of implementing a practical optical diagnostic system
using the optical disk layout. Finally, cellular structures were
observed by DFM with and without staining to determine the
potential of using noble metal nanostructures to image the in-
tracellular structure in the future.

II. MATERIALS AND METHODS

A. Preparation of One-Dimensional Nanostructure

One-dimensional nanostructures with various widths were
obtained from the track patterns of commercial optical storage
disks - a 25G Blu-ray Disc, an 8.5G DVD, a 4.7G DVD, and a
VCD. A whole disk was cut into two semicircles using a general
craft knife to separate the layers of the optical disk from each
other. The disk protection layer was torn with sharp tweezers
and then cut into small pieces of 0.5 cm by 0.5 cm before it
was imaged by DFM and AFM. The track size of each optical
disk was determined by atomic force microscopy to provide a
reference for DFM imaging. To identify the optical properties
of one-dimensional nanostructures, a thin gold layer of 50 nm
thickness was deposited on the surface of the exposed optical
disks using electron beam evaporation (ULVAC Company,
Japan).

B. Deposition of Biomolecules and Cellular Samples

All chemicals used in this work were purchased from Sigma
Chemical Company. Mercaptododecanoic acid at a concentra-
tion of 5 mM was dissolved in deionized water before use. A
droplet of this solution was put on the gold surface of the disk
for 15 minutes to act as a linker between the gold surface and
biomolecules. A carboxylic group (COOH) bond was activated
by 1-ethyl-3- (3-dimethylaminopropyl) carbodiimide (EDC)
(0.1 M in water). NHS-biotin (10 mM, Pierce, IL, U.S.A.) and
streptavidin (0.14 mM, Invitrogen, Cal., U.S.A.) were diluted
by adding 1X phosphate buffered saline (PBS) buffer solution.
After it had been immobilized with biotin and then washed
by PBS, streptavidin was added and left to hybridize for 20
minutes. Finally, water was employed to remove the residual
reagent before the chip was dried in nitrogen gas in preparation
for AFM scanning.

In forming a nanoarray on silicon surface, an -type silicon
surface that was treated with hydrofluoric solution to remove
the native oxide layer, and then atomic force microscopy with
bias control (NanoInk, IL, U.S.A.) was applied to fabricate sil-
icon dioxide nanodots with a diameter of 50 nm on the silicon
surface. The applied bias was 30 V and the patterning speed
was 0.1 s per dot. According to the referenced method [17],
mercaptopropyltrimethoxysilan (MPTMS) (1% in ethanol) and

a hetero-bifunctional crosslinker, -gamma- maleimidobutyry-
loxy succinimide ester (GMBS) (0.25 mM in ethanol), were
used to form an amine-modified surface of silicon dioxide on
a prepared nano-biochip. MPTMS and GMBS were dropped in
that order onto the chip, which was left for one hour before being
washed in absolute ethanol. Then, the same steps to immobi-
lize streptavidin were implemented on the surface. The cellular
specimen included ovary cancer cells and adenocarcinoma cells.
One of each cell was stained with India ink (Becton and Dick-
inson Company, Mexico) to highlight the nuclei structure and
assist comparisons between the DFM optical images.

C. Measurement System

An inverted microscopy (Axiovert200, Zeiss, Germany)
equipped with a high sensitivity EMCCD (Luca, Andor,
U.S.A.) was used to image the nanostructures and cellular
specimen. Spectroscopic information was obtained by using a
double-pass spectrograph (HR550, Jobin Yvon, U.S.A.) with
a fiber optical bundle (200 µm) to collect the scattering light
with Ti: Sapphire laser source (Tsunami®, Spectra-Physics,
U.S.A.) under continuous mode. We have used a nonlinear
optical crystal (TP 2000B, Photop Technologies, China) to
generate 390 nm second harmonic light for UV illumination.
Visible light region (400–700 nm) was obtained by passing
the light from a halogen lamp (100W HAL lamp) through a
built-in band pass filter. Fig. 1(a) depicts the schematic setup of
the whole system and Fig. 1(b) depicts the alternative path of
incident light in the transmitted and reflected modes. A 100X
dark field objective lens ( , Zeiss, Germany) under
reflective mode was utilized to image the one-dimensional
nanostructures and to collect reflective spectra. For cellular
structures of ovary cancer cells and adenocarcinoma cells, we
have used transmitted mode to image the fixed samples on
glass slide using a 100X lens. High numerical aperture (NA)
of an oil-immersed condenser ( ) and oil-immersed
objective lens ( to 1.3) were used in this system. All
AFM images of optical disks were obtained in contact mode
with AFM probe (PNP-DB) from Nanosensors™ (U.S.A.) with
a spring constant of 0.06 N/m. The AFM images of the protein
nanoarray were obtained in tapping mode with a spring constant
of 48 N/m and a frequency of 190 kHz (Pacific Nanotechnology
Instrument, U.S.A.).

D. Image and Signal Process

AFM images were analyzed with NanoRule++ (Pacific Nan-
otechnology Instrument, U.S.A.). DFM images were processed
using NI Vision Assistant 8.0 (National Instruments, U.S.A.) to
select the DFM images of the proper size for comparison with
the AFM image. All spectra herein were the average of three
acquired spectra and were all subtracted from the background
spectrum from a white reflective object. The absorption spec-
trum of a thin gold layer with the same thickness on a smooth
glass substrate was used as reference to calculate the shifts of
SPR peaks.

III. RESULTS AND DISCUSSION

Optical microscopic resolution is particularly important for
the imaging of nanostructures and intracellular microstructures.
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Fig. 1. (a) Schematic diagram of DFM with both imaging and spectral measurement functions, where M is reflected mirror, NDF is neutral density filter, and BS
is beam splitter. Inverted microscopy (Axiovert200, Zeiss, Germany) and EMCCD (Luca, Andor, USA) were used to image nanostructures and cellular specimen
under either reflective or transmitted modes. Spectroscopy (HR550, Jobin Yvon, USA) with a 10� objective lens to collect focused light through an optical fiber
bundle to obtain the spectral information. A nonlinear optical crystal (TP 2000B, Photop Technologies, China) is used to generate 390 nm second harmonic light
for UV illumination. Visible light region (400–700 nm) was obtained by passing the light through a built-in bandpass filter from a 100-W HAL lamp. (b) Diagram
to represent the light path. Path 1 is light path of transmitted mode. Path 2 is light path of reflected mode. Path 3 is the light from specimen, and 4 is the reflector
module within the microscopy.

In this study, commercially available optical disks were used
to verify the performance of such systems. The track patterns
of various optical disks are excellent calibration samples with
consistent quality for the verification of system performance. In
the first step, a white light source (400–700 nm) was used in the
DFM system to acquire reflective images and compared with the
corresponding AFM images. Fig. 2(a) shows a typical surface
structure of an optical disk, which has “groove” for recording
tracks and “land” for guiding tracks. The height and track pitch
of such a surface structure vary with the different density for-
mats. Fig. 2(b)–(e) shows images of track patterns taken from
video compact disc (VCD) [Fig. 2(b)], 4.7 G digital video disc
(DVD) [Fig. 2(c)], 8.5 G DVD [Fig. 2(d)], and 25 G Blu-ray disc
[Fig. 2(e)], with corresponding AFM images on the left-hand
side and reflective DFM images on the right-hand side. Con-
sistent with the nominal specifications of these optical disks,
both AFM and DFM methods revealed the same “land–groove”
track pitches. The patterns of various optical disks can be clearly
identified by DFM using white light. Furthermore, the last two
images show a wobbly line pattern, commonly seen in optical
disks. Pits of various sizes are also present on the bright lines,
as can be seen in Fig. 2(c). Since the nominal pit width in the
25 G Blu-ray disc is 200 nm and the track pitch is 320 nm,
the groove distance is calculated to be 120 nm. According to
Fig. 2(e), in which white bands represent land and black bands
are the grooves, the resolving power can reach and even ex-
ceed 120 nm, based on the current system setup. The size of
the tract patterns was obtained from the full-width at half-max-
imum (FWHM) of the horizontal line profiles in DFM images.
The nominal value was a linear function of the measured data:

with an of 0.996, as shown in Fig. 2(f). The
detection limit is about 129.6 nm, based on an assumed SNR of
3 with a calculated standard deviation of 47.3 nm (see Table I),
or approximately 86.39 nm on the basis of an assumed SNR of
2. This value is close to the pixel size (86.6 nm) as determined

under a 100 objective lens with dark-field components and a
white light source.

To enhance the resolution, laser light with a wavelength of
390 nm was adopted to image the track patterns of a 25G Blu-ray
disc [see Fig. 3(b)]; this image was then compared to the AFM
image [see Fig. 3(c)]. The image produced thinner track lines
than patterns imaged with white light [see Fig. 3(a)]. To mea-
sure the track sizes, the horizontal line profiles were obtained
from DFM and AFM images, as shown in Fig. 3(d)–(f). From
the FWHM of a horizontal line profile shown in Fig. 3(d) and (e),
using white light and 390 nm UV light, the groove width is de-
termined to be nm and
nm , respectively. assumed SNR of 2, the detection
limit associated with the use of UV light is 70.7 nm (

nm). On the basis an assumed SNR of 1, the lowest re-
solving width in this system is approximately 35.35 nm. The
DFM image has not only high contrast, but abundant informa-
tion concerning the scattering of light caused by the interaction
of angular incident and orderly nanostructures. The resolution
of DFM can thus be improved by collecting the scattered light
through interference or surface plasmon enhancement. During
the experiment, the resolution is also limited by the pixel size
of the imaging system, and is improved by replacing a objective
lens with high number aperture and replacing a charge-coupled
device (CCD) camera with one with smaller pixels.

The FWHM of a horizontal line profile was then measured
from these acquired images. Interestingly, all of the DFM values
substantially exceed those obtained from the AFM, according
to the paired t-test. However, the values determined from the
AFM images are smaller than the nominal values, while the
values from DFM are larger than expected. Although artifacts
in the AFM images may be related to the probe characteris-
tics, the magnification of the DFM images might be attribut-
able to the refractive index of the substrate and the near-field
evanescent effect. Another important limiting factor is the pixel
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Fig. 2. (a) Diagram of general optical disk, and AFM and DFM images of:
(b) VCD track; (c) 4.7 G DVD track; (d) 8.5G DVD track; and (e) 25G Blu-ray
disc track. The bright band is the “land” and the black band is the “groove”
in the typical “land–groove” structure of optical disks. Wobbly line patterns of
high density optical disks are clearly observed in (d) and (e). (f) Relationship of
nominal value versus pit width by DFM.

size of the CCD camera. Since the observations are made on a
subwavelength scale, the effects of these factors in determining
the quality of the image of the nanostructure are very impor-
tant. Table I summarizes the measurements of the track patterns
made from both DFM and AFM images. With the same nom-
inal specifications, the measured track pitches and pit widths
drop as the density of storage tracks increases. However, the
standard deviations of the track widths from the DFM images
are larger than the corresponding AFM values, possibly because
the effective pixel size in the DFM system is larger. In the DFM
system, the size of the pixels in the specification of the CCD
camera is one factor that affects the resolution of the image.
The pixel size corresponded to an image size of 86.6 nm in the
presented system with a 100 objective lens, and the size of
the AFM image is 19.53 nm per pixel over a scanning area of

10 10 m a 512 512 matrix. 4.7G and 8.5G DVD are a
single-sided single-layered disk and a single-sided double-lay-
ered disk, respectively. Therefore, the nominal track patterns in
4.7 G and 8.5 G DVD are the same, but the corresponding results
herein differ slightly. The differences between the track patterns
of 4.7 G and 8.7 G DVD in the DFM images are 93.81 nm, but
that in the AFM images is 43.79 nm. For a Blu-ray disc, the nom-
inal pitch is 320 nm and the groove width is 120 nm, based on the
assumption that the land width equals the pit width. The width
measured from the AFM image is 131.64 nm, but that in the
DFM image with white light is 245.37 nm, and that in the DFM
image with UV light is 151.55 nm. A value closer to the nom-
inal value is obtained using monochromic light with a shorter
wavelength, according to the diffraction equation ,
where is the resolution and NA is the numerical aperture of
the objective lens. Again, this effective magnification can be at-
tributed to the near-field evanescent effect of the nanostructure
[12], [18].

The nanostructure of the optical disks can act as a grating cou-
pler in surface plasmon resonance (SPR) sensors [19]. However,
recording dyes and protective coating layers somewhat affect
its optical properties. To study their SPR behavior, absorption
spectra of each sample were obtained with reference to a white
reflective surface. Fig. 4 shows the absorption spectra with var-
ious 1-D track patterns. All absorption spectra are the differ-
ential results of reflective spectra from white surface and op-
tical disks. Hence, the characteristics of all disk tracks depend
strongly on the materials in the disk, such as the dye recording
layer, the metallic reflector, and the substrate (polycarbonate).
For example, the torn Blu-ray disc and VCD specimens in this
experiment include a metallic reflector and a substrate, while
the 4.7G DVD includes a dye recording layer and a metallic re-
flector. All spectra were normalized to their maximal value for
qualitative comparison. A Gaussian function was then fitted to
the absorption peaks to determine the central wavelength. Ac-
cordingly, the absorption peak plotted as circles of the VCD are
located at a wavelength of 610 nm. The line plotted through the
squares represents the absorption curve of the 4.7 G DVD, with
an absorption band at 597 nm. The dashed line with absorption
peak at 605 nm is measured from an 8.5 G DVD. The solid line
is obtained from the Blu-ray disc, with a main peak at 590 nm.

To elucidate the plasmonic characteristics that are affected by
various 1-D nanostructures, a 50-nm gold film was deposited
on the surface of each disk sample. Fig. 5 shows the resultant
absorption spectra of 1-D nanostructures with 50-nm gold film
on top. The absorption peaks of each optical disk sample are at
600 nm (solid line, Blu-ray disc), 632 nm (dashed line, 8.5 G
DVD), 593 nm (square line, 4.7 G DVD), and 600 nm (circle
line, VCD), and 610 nm (smooth glass substrate as reference).
The absorption peaks of these spectra from the disks with gold
film differ from the measured reflective spectra of bare disks, as
shown in Fig. 4. This difference suggests that absorption spectra
of these disks are less influenced by the optical characteristics
of the composed materials in different disks. Instead, the optical
characteristics in these absorption spectra heavily depend on the
pitches and groove depths of these disks.

Table II presents the identified absorption peak positions of
spectral bands shown in Figs. 4 and 5, and clearly reveals the
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TABLE I
SUMMARY AND COMPARISON OF NOMINAL FEATURE SIZES AND MEASURED DATA FROM

BLU-RAY DISC, 8.5 G DVD, 4.7 G DVD, AND VCD BY DFM AND AFM

Note: (*) width values are the general standards for optical disks. (+) width values of pit are determined from
DFM images and (**) width values is obtained from UV images. (#) width values of pit are calculated from
the FWHM of the line profile in AFM images.

Fig. 3. Comparisons of resolution of DFM from images from a 25 G Blu-ray
disc using different light sources: (a) white light, (b) 390 nm UV laser; and
(c) corresponding AFM image. (d)–(f) Corresponding line profiles of (a)–(c).

shift in the absorption band caused by the thin gold layer. As
presented in Table II, the plasmonic effect of the thin gold layer
at various nanostructure widths shifts the absorption bands from
593 to 632 nm. On the basis of the surface plasmonic properties
of a grating coated with a noble metal, increasing the grating
width causes redshifts of the absorption band, and increasing the
grating height causes blueshifts of the absorption band [20]. The
results shown in Fig. 5 indicate a redshift of the spectral peaks
of the Blu-ray disc and the 8.5 G DVD, while those of the 4.7 G
DVD and VCD are blueshifted. Comparing the groove depths
in the AFM images (see Table I) reveals that the height of the
VCD track is six times that of the Blu-ray disc, thus causing a
blueshift. Singh et al. obtained the transmission spectra of the
gold-coated DVD-R and found that the absorption peaks are at
around 500 and 640 nm [21]. Their specimen did not include
a metal reflector. The 8.5 G DVD specimen in this paper also
contains a dye recording layer and substrate, so the absorption
band at 632 nm was similar to that identified by Singh et al.
Conversely, the absorption band at 593 nm in 4.7 G DVD is
blueshifted because the specimen includes a metal reflector that
affects the resonance of the surface plasmon.

To evaluate the optical performance of a biological spec-
imen, biomolecules and cultured cells were prepared for both
imaging and spectral analyses. Surface plasmon enhancement
due to thin metallic film provides a highly sensitive mechanism
for detecting biomolecules on the surface. A Blu-ray disc was

Fig. 4. Absorption spectra of various optical disks after subtraction of reflection
spectrum of a white surface. Solid line is absorption spectrum of Blu-ray disc;
dashed line is that of 8.5 G DVD; line through squares is that of 4.7 G DVD;
and line through circles is that of VCD. The curves have been offset for clarity.

prepared with an Au coating and labeled with biomolecules,
streptavidin. Fig. 6 shows the absorption spectra of labeled
and nonlabeled surfaces. The plasmonic peak shifted from
600 to 610 nm when a Gaussian function was used to find
the optimal central position of absorption peak in a nonlinear
curve fitting process, revealing that this system can be applied
to sense biomolecular interactions based on SPR enhancement.
The estimated results indicate that the resolution of DFM in
this paper is about 86 nm. A silicon dioxide nanoarray that
measures 70 m 70 m with spot size of 50 nm was then
fabricated by using an electrically biased AFM tip on a silicon
wafer. Streptavidin was then selectively immobilized on these
nanodots using a previously mentioned procedure. Fig. 7(a)
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TABLE II
COMPARISON OF ABSORPTION PEAKS OF VARIOUS OPTICAL DISKS AND DISK COATED WITH GOLD LAYER

Fig. 5. Curve plotted through triangles is the absorption spectrum of a 50-nm-
thick smooth gold film deposited on a glass substrate. The reflection spectrum
of a white surface has been subtracted from the curves. Absorption spectra of
various optical disks coated with a 50-nm-thick gold film are plotted overlay-
ingly for comparison, which are Blu-ray disc (solid line), 8.5 G DVD (dashed
line), 4.7 G DVD (squares line), and VCD (circles line).

Fig. 6. Absorption spectra of Blu-ray disc coated with 50-nm-thick gold film
(solid line) and with surface that is adhered immobilized streptavidin (dashed
line).

shows a 3-D AFM image of the resultant nanoarray. The
measured molecular heights are nm, which is close
to the theoretical value for streptavidin [22]. Under reflective
mode of DFM with white light, we can easily identify the
appearance of fabricated nanoarray [see Fig. 7(b) and (c)].

Fig. 7. (a) 3-D AFM image with scan area of 2 �m�2 �m. The scales on the
� and � axes run to 500 nm. (b) DFM image of nanoarray. (c) Magnification of
the square area in (b) of the nanoarray image.

This DFM system was then used to image cultured cells for
the preliminary determination of cellular structures. Coating
1-D nanostructures with a thin layer of noble metal can yield
local information about possible molecular interactions. In
this paper, two species of cultured cells, adenocarcinoma and
ovary cancer, were imaged under the transmitted light for
both bright-field microscopy and DFM with an oil immersion
objective lens. The nuclei of adenocarcinoma cells were stained
before imaging. Fig. 8(a) depicts the dense nuclei structures
with a sharp contrast at the boundary between the cytoplasm
and the nuclei. Details of the internal components are identified
in both bright-field and dark-field images. Nuclei enlarged to
about 18 m are a distinctive feature of the cancer cells. Un-
stained ovary cancer cells are also adopted as specimens to be
similarly examined to obtain bright-field and dark-field images.
Fig. 8(b) demonstrates that cells are highly transparent in the
bright-field image and barely distinguishable at the membrane
boundary. In contrast, the cellular boundaries can be clearly
identified in the dark-field image, because of the high sensitivity
of DFM to edges in the specimen. This finding indicates not
only the potential of using DFM to image living cells without
staining, but also the possibility of enhancing the signals asso-
ciated with intracellular interactions of biomolecules.

Although the resolution of DFM is not as efficient as that of
AFM, DFM combined with spectral information has many ad-
vantages over AFM in highly detailed near-surface characteriza-
tion. First, although the DFM system can obtain an image and
optical spectra of a specimen to analyze its optical properties,
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Fig. 8. (a) (Left-hand side) Bright-field image and (right-hand side) dark-field image of stained Adenocarcinoma for identification of nuclei structures and
(b) (left-hand side) bright-field image and (right-hand side) dark-field image of unstained ovary cancer cells.

the AFM image provides only information on the size of the
specimen. Second, although the DFM system can monitor con-
tinuously all biomolecular interactions without any mechanical
disturbance, AFM can only verify morphological changes in the
steady state. Third, although the area of observation in the most
AFM systems is limited to 100 m 100 m, the objective lens
in DFM can be changed for practical applications. The result
shown in Fig. 7 also indicates the potential of using a protein
nanoarray on optical disks in the future.

IV. CONCLUSION

This paper presents a combined DFM and spectral measure-
ment system to observe intracellular structures, and classifies
the biomolecular interactions of a nanostructure coated with a
noble metal. To test the resolution of this optical image system,
nanofeatures with widths of 120–770 nm were imaged by
DFM, and the sizes of the patterns were confirmed by AFM
imaging. The results show that the current resolution of DFM is
approximately 86 nm, and that the DFM image is larger than the
AFM image. For nanofeatures with various pitch sizes, a 50-nm
gold layer was deposited using an e-beam evaporator; this layer
served as SPR-active substrate. The absorption spectra were
obtained to identify the surface plasmon properties induced
by the thin gold film. Specimens of adenocarcinoma cells
and ovary cancer cells were also imaged using DFM, and the
structures of the nuclei and some cellular organs were clearly
identified using a 100 objective lens and electron-multiplying
CCD (EMCCD). On the basis of the current results, this optical
system has the capacity to generate images of biomolecular
interactions that occur inside a cell.
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