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Abstract. We present a planar evanescent wave �PEW� technique
combined with phase contrast optical microscopy to study the inter-
actions between cells and gold nanoparticles �AuNPs�. The PEW
method employs a dual-fiber-line guide to couple light into a thin
glass slide. It produces a uniform and long evanescent wave near the
glass surface, as verified by the optical near-field measurement. High-
contrast AuNP images are obtained by the PEW illumination. At the
same time, cells are observed only by using the phase contrast mi-
croscopy. The nanoparticles and cell images indicated that unmodi-
fied AuNPs had no interactions with cells, possibly due to the nega-
tive surface charges on both cells and nanoparticles. The electrostatic
concept was further verified by coating AuNPs with positively charged
poly �L-lysine�. DNA aptamers for surface mucin glycoprotein were
coated on AuNPs to demonstrate the application for single nanopar-
ticle tracking. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction
lasmonic metallic nanoparticles, such as gold and silver
anoparticles, are becoming important materials in live cell
tudies.1–4 Compared to modern quantum dots, gold nanopar-
icles �AuNPs� are more biocompatible and less toxic.5 The
urface modification is easy because gold has good affinity to
hiol and amine groups. In addition, AuNP has a large absorp-
ion in the visible and near-infrared range due to the excitation
f localized surface plasmon resonance. When an intense light
ocuses on the AuNPs, the large optical absorption will in-
rease the temperature of AuNPs. The heating effect of
uNPs can be used for phototherapy.6 The study of AuNPs

nd cell interactions requires a real-time and simultaneous
bservations of nanoparticles and cells. Gold is not fluores-
ent, but the plasmonic effect causes AuNPs to have a high
cattering ability compared to cell organelles. The scattering
ross section of a nanoparticle is calculated by7

Cs��� =
128�

3�4
5r6n4 ��r��� − n2�2 + �i

2���
��r��� + 2n2�2 + �i

2���
, �1�

here r is the radius of nanoparticle; � is the incident wave-
ength; n is the refractive index of liquid medium; and �r and

i are the real and imaginary parts of the dielectric constant of
he nanoparticle, respectively. When �r=−2n2, the scattering
eaches the maximum value. Gold and silver meet this reso-
ant condition in the visible range. They have much higher
cattering efficiency compared with other materials, such as
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aluminum, iron, copper, and titanium oxide. However, silver
nanoparticles are highly toxic to cells.8 Therefore, the scatter-
ing of AuNPs is used as a contrast effect for imaging nano-
particles in live cells.

The widely used cell imaging techniques, such as phase
contrast �PhC� or differential interference contrast, are oper-
ated in the bright-field mode. AuNPs are much smaller than
the incident wavelength. It is difficult to see AuNPs by such a
transmission setup due to the large background. On the other
hand, dark-field techniques such as oblique illumination9 or
confocal optical microscopy10 have been reported for imaging
nanoparticles only. The large difference in the illumination
requirements, bright field against dark field, makes simulta-
neous observations of cells and AuNPs difficult. In this paper,
we present a method to overcome the illumination problem by
incorporating a planar evanescent wave �PEW� setup into a
phase-contrast optical microscope. The PEW is generated on a
glass slide. AuNPs near the glass surface scatter the PEW,
which yields a very low background nanoparticle image. The
proposed PEW setup has several advantages over conven-
tional total internal reflection �TIR� method. It has a uniform
distribution of evanescent field. The depth of PEW is much
longer and more suitable for observing cells. Most impor-
tantly, the PEW setup is easy to incorporate into most optical
microscopes. There are two different intensities for the illu-
minations. Simultaneous cells and AuNP images are obtained
by simply adjusting illumination conditions for the bright field
and PEW images.
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Methods
igure 1�a� illustrates the dual-illumination method for imag-

ng cells and AuNPs. There are two light sources. One is a
ormally incident light. It interacts with the cells and pro-
uces a phase-contrast cell image. The other is a white light,
ltered by a color filter to fit the maximum scattering spec-

rum of AuNPs. The light is coupled to a thin glass slide by
sing fiber-coupling method. Light propagates along the slide,
ielding a uniform distribution of optical field in the glass.
rom the optical waveguide theory,11 a uniform evanescent
ave exists on the waveguide surface. Such an evanescent
ave can not be detected in the far field. But when AuNPs are

lose to the glass surface, the evanescent wave is scattered to
he far field and renders an almost background-free and high-
ontrast nanoparticle image. In this experimental setup, we
sed a dual-fiber optical line guide to couple light into oppo-
ite ends of the glass slide. The light guide was made from
undreds of optical fibers, which were circularly arranged at
he input. At the output, those fibers were rearranged to form
wo lines. This two-end coupling method makes a symmetric
EW. Note that the line guide had an incident angle of
20 deg and light from the fibers had a divergent angle of
30 deg. This results in substantial optical waves propagat-

ng near the critical angle ��37.5 deg� of water/glass inter-
ace. These critical waves made a long PEW on the glass
urface. To verify the depth of the PEW, we used a tapered

ig. 1 �a� Schematic of the dual-illumination method. Cell images are
aken by the PhC. AuNP images are obtained by scattering the eva-
escent wave on the glass waveguide. A dual-light line guide coupled

ight into the glass slide from opposite ends to produce uniform and
ymmetric evanescent planar wave. �b� PEW intensities and the vibra-
ion amplitude signal as a function of distance from the glass surface.
he measurements were made using a tapered fiber probe, as shown
n the inset. The intensity profile of the PEW shows an exponential
ecay. The decay length is about 2 �m.
ournal of Biomedical Optics 021005-
optical fiber probe to collect intensities at different heights.
The fiber probe12 had a tip smaller than 100 nm. It was vi-
brated by a small piezoelectric tube. A small tuning-fork was
mounted on the probe to measure the vibration amplitude.13

When the tip touched the glass surface, the tuning-fork sensed
a sharp decrease of vibration. It gave a reference for the
water/glass interface. The PEW was collected by the fiber
probe and sent to a photomultiplier tube �PMT� to measure its
optical intensity. Figure 1�b� shows the measured PEW inten-
sities and the vibration amplitude as a function of distance
from the glass surface. The intensity profile of the PEW was
an exponential decay. The decay length was about 2 �m,
which was about one order of magnitude longer than that of
conventional TIR method. Note that the “Darklit” system �Mi-
cro Video Instruments, Inc.� also couples light from the ends
of a glass slide at a zero incident angle. It produces uniform
dark illumination for imaging silver grains and immunogold.
The proposed setup is aimed for simultaneously observing
living cells and AuNps. A PhC setup was combined with the
dark-field illumination method. In addition, the PEW excita-
tion has an incident angle close the critical angle of water/
glass interface. This results in a longer evanescent tail and is
more suitable for imaging micrometer-thick cells.

Figure 2�a� shows the setup of the microscopic system.
The light source for the dual-line guide was a 150-W Hg–Xe
lamp. An orange color filter was used to match the maximum
scattering spectrum of AuNPs. Input of the line guide had a
3 cm diameter, which efficiently coupled the white light
source into the fiber bundle. The output was divided into two
lines �1�30 mm�, which fixed on the opposite ends of the
slide. The PEW illumination system was mounted on the
stage of an inverted optical microscope �Olympus IX71�.
When some AuNPs were near the slide surface, the PEW was
scattered by the nanoparticles. This scattering effect results in
bright diffraction-limit spots.

AuNPs were prepared by reduction of chloroauric acid
�H�AuCl4�� solution. Figure 2�b� shows a TEM image for
these 13-nm-diam AuNPs. The nanoparticle size is quite uni-
form. We prepared the AuNP solutions with a concentration of
about 5 nM. Cells were the non-small lung cancer cells
�CL1-0� and normal lung cells �WI-38�. Those cells were cul-
tured on a cleaned glass slide �gold seal� with a thin square
glass chamber to hold the medium. The cells were maintained
in RPMI �Roswell Park Memorial Hospital� medium
�GIBCO� supplemented with 10% FBS �fetal bovine serum�
�GIBCO� at 37 °C, 5% CO2 in a humidified atmosphere. The
cells were cultured over 6 h before use to ensure they spread
well on the glass slides.

The slides with cells were put on the PEW modified in-
verted microscope. To maintain the 37 °C environment, we
designed a transparent heater by using an indium-tin-oxide
�ITO� electrode. The temperature was maintained by control-
ling the input current into the ITO electrode. Cells were ob-
served by using the phase contrast in the inverted optical mi-
croscope. To test the cell viability, we recorded the cell
images for 24 h by the microscope. Video 1 shows growth
and proliferation of non-small lung cancer cells �CL1-0�.
These images show cells in the designed chamber have very
good viability.
March/April 2009 � Vol. 14�2�2
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Results and Discussion
igures 3 show the optical images observed by a 40� objec-

ive lens �numerical aperture �NA�=0.6�. Figure 3�a� is the
hC image of lung cancer cells. Clear cell images with mean
ize about 15 �m were seen. Note that AuNPs were invisible
n such bright-field image. Figures 3�b� and 3�c� show the
ptical images when PEW illumination was turned on. The
ncubation times for AuNPs in the slide chamber were 20 and
0 min, respectively. Both cells and nanoparticles were seen.
t is found that AuNPs without any modification can not at-
ach to the lung cancer cells. Most of the nanoparticles were
ound on the glass substrate as compared with the cells image.

possible reason for such a nanoparticle distribution is the
lectrostatic force. In the preparation of AuNPs, the sodium
itrate first acts as a reducing agent. Later the negatively
harged citrate ions are adsorbed onto the gold nanoparticles,
ntroducing the negative surface charge that repels the nano-
articles and prevents them from aggregating. It is known that
he membrane of cancer cells carries negative charges.14

herefore, the electroforce expelled most AuNPs from the
ells. Most AuNPs were outside the cells. To verify this elec-
rostatic concept, we coated AuNPs with positively charged
oly�L-lysine�. Amino groups in poly�L-lysine� neutralized
egative charges of AuNPs and reduced repulsion with lipo-

ig. 2 �a� Optical setup for simultaneous observation of cells and AuN
n inverted optical microscope. Cells were cultured on the glass sl
aintained by controlling the input current into the ITO electrode. �b

ideo 1 Growth and proliferation of non-small lung cancer cells
CL1-0�. �Quicktime 1.35 MB�.
URL: http://dx.doi.org/10.1117/1.3116710.1�
Ps. The planar waveguide illumination system was mounted on the stage of
ide with a square glass chamber to hold the liquid. The temperature was
� The transmission electron microscopy �TEM� image of 13-nm AuNPs.
ournal of Biomedical Optics 021005-
Fig. 3 �a� PhC image of lung cancer cells, AuNPs can not be seen in
this bright-field image; �b� 20-min and �c� 40-min interaction times
between AuNPs and cells. The optical images were taken by turning
on both normal and PEW illuminations. The unmodified AuNPs are
outside the cells. The scale bar is 10 �m.
March/April 2009 � Vol. 14�2�3
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omal membrane. Figure 4�a� is the PhC image of cells. Fig-
res 4�b� and 4�c� are the images when both normal illumina-
ion and PEW illumination were turned on. The incubation
imes for these modified AuNPs in the slide chamber were 20
nd 40 min, respectively. Compared with the cells image,
ost of the poly�L-lysine�-modified AuNPs were attached to

he cell membrane.
The cancer cells are easy to culture for their high viability.

he system is also useful for normal cells. Figures 5 show the
xperimental results for normal lung cells �WI-38� observed
y a 10� objective lens. Those cells were fibroblasts. They
ere well attached to the glass surface. Figure 5�a� is the PhC

mage of a lung normal cell. A clear long cell image was
bserved. Figure 5�b� shows the image when both normal
llumination and PEW illumination were turned on. Compared
ith the PhC image, many of the AuNPs were attached to the
ormal cell. The AuNPs were attracted by the normal cell

ig. 4 �a� PhC image of cancer cells and �b� 20 min and �c� 40 min
nteraction times between AuNPs and cells. The optical images were
aken by turning on both normal and PEW illuminations. The AuNPs
ere coated with poly �L-lysine�. Most of the modified AuNPs were

ound on the cells. The scale bar is 10 �m.
ournal of Biomedical Optics 021005-
because of the electrostatic force between poly�L-lysine�-
modified AuNPs and cell membrane. It is noticeable that
AuNPs are much smaller than the optical resolution. Single
nanoparticles and their aggregates can not be verified simply
from the particle size. To see the real distribution of nanopar-
ticles, we washed the cell sample with distilled water. AuNPs
unbounded from the cell surface were washed away. We then
dried the sample in ambient conditions and coated it with a
gold thin film ��5 nm� for the observation in a high-
resolution scanning-electron microscopy �SEM� image. Fig-
ure 5�c� shows the SEM image of AuNPs on the dried cell
surface. Most AuNPs are single nanoparticles. Few aggrega-
tions were found. Note that AuNPs were clearly found on the
membrane surface. If they are internalized by the cell, the
nanometer-sized AuNPs should be indistinct due to the cov-
erage of the membrane and other cell organells.

AuNPs attach to the cell membrane when they carry posi-
tive charges or are coated with ligands that have strong bio-
affinity to membrane receptors. We modified AuNPs with a
DNA sequence, 5�-GCAGTTGATCCTTTGGATACCCTGG.
This DNA segment is known to be an aptamer15 for cell sur-
face mucin glycoprotein �MUC1�, which is overexpressed in
cancerous cells.16 The designed DNA aptamer has a high bio-
affinity to MUC1, therefore the modified AuNPs can attach to
the cancer cells through the ligand-receptor interactions.
Video 2 shows the interaction between aptamer-modified
AuNPs and lung caner cells. In this video, some aptamer-
modified AuNPs were captured by the cell. The change of the
brightness was due to AuNPs at different heights. There was
no quenching in the scattering signal. It is thus feasible to use

Fig. 5 �a� PhC image of lung normal cells; �b� AuNPs and cell image
when both normal illumination and PEW illumination were turned
on, compared with the PhC image, many of the poly�L-lysine� modi-
fied AuNPs were attached to the normal cell; and �c� the SEM image
of AuNPs on the surface of a dried cell. Most particles are single
nanoparticles. Few aggregates are indicated by dash arrows.
March/April 2009 � Vol. 14�2�4
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uNPs to do the single nanoparticle tracking. Figure 6�a�
hows the track of an AuNP that swam around a lung cancer
ell and finally immobilized on the cell. For a long interaction
ime, many AuNPs will be internalized by the cells. Figure
�b� shows the PhC image of lung cancer cells with aptamer-
odified AuNPs. This image was taken by using a 100� oil

ens �NA=1.36� after a 2.5-h interaction time. The transmis-
ion cell image shows some dark spots that maybe the AuNP
ggregates. Figure 6�c� shows the image when both normal
llumination and PEW illumination were turned on. Compared
ith the PhC image, those very bright regions indicated the

ggregations of AuNPs. There were some regions with little
r no aggregations that can not be seen in the PhC image, but
ere still clear in the PEW image. Note that the same lung

ancer cells were tested with AuNPs without the DNA surface
odification. Those unmodified AuNPs have no interactions
ith cells, as seen in Figs. 3. The uptake of the AuNPs is due

o the specific binding between the DNA aptamer and mem-
rane receptors.

The advantage of the PEW method is that it provides a
ery low background illumination for observing nanopar-
icles. The conventional dark-field method using oblique illu-

ination has a large scattering background due to the scatter-
ng in a large volume of medium. The PEW scatters only
bjects near the glass surface. Fine structures and nanopar-
icles near the surface can be clearly seen by this technique.
or example, the filopodia of cells adhered very well to the
lass substrate. Their image can be enhanced through this
EW illumination, as seen in Fig. 6�c�. The filopodia was very
mall and transparent. It is hardly observed in the conven-
ional bright-field image �see Fig. 6�b��. Nevertheless, with
he PEW method, we can clearly see the distribution of filopo-
ia. Note that this technique can only scatter nanoparticles
ear the surface. For large cells without good adhesion to the
urface, nanoparticles on higher regions of cells can not be
etected.

In summary, we presented a method to simultaneously ob-
erve cells and AuNPs images. The cell images were taken
sing a conventional bright-field technique and the nanopar-
icles were observed by dark-field PEW illumination. We
roved that the PEW method generated a long evanescent
ave on the glass surface. Symmetrical scattering patterns of

ideo 2 Interation between aptamer-modified AuNPs and lung can-
er cells. �Quicktime 848.17 KB�.
URL: http://dx.doi.org/10.1117/1.3116710.2�
ournal of Biomedical Optics 021005-
AuNPs were obtained using a dual-line fiber coupling
method. The bare AuNPs were not found on the cancer cells
due to the electroexpelling force between the cell membrane
and the nanoparticles. With suitable coatings of biomolecules
on the AuNP surfaces, the nanoparticles can be immobilized
on the cells through the bioaffinity between ligands and mem-
brane receptors. This proposed setup provides a convenient
way to observe AuNPs and cells simultaneously. It is very

Fig. 6 �a� AuNP image taken by the PEW method only. The bright
curve shows the track of an AuNP, which was initially around a cell
and finally immobilized. �b� The PhC image of cancer cells with
aptamer-modified AuNPs. This image was taken after a 4 h interaction
time. �c� The image when both normal illumination and PEW illumi-
nation were turned on. Note that the filopodia of the cells were clearly
seen in the PEW illumination, but can hardly be observed in the
bright-field image. The scale bar is 10 �m.
March/April 2009 � Vol. 14�2�5
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uitable for single nanoparticle tracking and dynamic studies
f nanoparticle-cells interactions.
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