Journal of Biomedical Optics 14(3), 034016 (May/June 2009)

Morphological studies of living cells using gold
nanoparticles and dark-field optical section microscopy

Chia-Wei Lee
Academia Sinica
Research Center for Applied Sciences
No. 128 Academic Road Section 2
Taipei, 11529
Taiwan

and
National Taiwan University
Department of Material Science and Engineering
No. 1 Roosevelt Road Section 4
Taipei, 10617
Taiwan

Miin Jang Chen

National Taiwan University

Department of Material Science and Engineering
No. 1 Roosevelt Road Section 4

Taipei, 10617

Taiwan

Ji-Yen Cheng

Academia Sinica

Research Center for Applied Sciences
No. 128 Academic Road Section 2
Taipei, 11529

Taiwan

Pei-Kuen Wei
Academia Sinica
Research Center for Applied Sciences
No. 128 Academic Road Section 2
Taipei, 11529
Taiwan
and
National Taiwan Ocean University
Keelung Department of Optoelectronics
No. 2 Beining Road
Jhongjheng District
Keelung City, 202
Taiwan
and
National Yang-Ming University
Institute of Biophotonics
115 Li-Non Street Section 2
Taipei, 112
Taiwan
E-mail: pkwei@gate.sinica.edu.tw

1 Introduction

Abstract. The morphologic changes of living cells under drug inter-
actions were studied by using 80-nm gold nanoparticles and dark-
field optical section microscopy. The gold nanoparticles were coated
with poly (L-lysine), which attached to the membranes of various cells
by way of electrostatic attractive force. A three-dimensional (3-D)
morphological image was obtained by measuring the peak scattering
intensities of gold nanoparticles at different focal planes. An algorithm
for the reconstruction of 3-D cell morphology was presented. With the
measured nanoparticle images and calculations, we show morpho-
logic changes of lung cancer cells under the interaction of cytochala-

sin D drug at different times. © 2009 Society of Photo-Optical Instrumentation En-
gineers. [DOI: 10.1117/1.3147390]
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needs to label the cells with fluorescent dyes.' To obtain mor-
phologic information without fluorescent labeling, several

The morphology of living cells plays an important role in
biological studies. The widely used phase contrast or differ-
ential interference contrast microscope only maps two-
dimensional (2-D) contours of the cells. The confocal micro-
scope can take three-dimensional (3-D) cell images, but it
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types of transmission interference microscopes have been
reported.”™ In principle, the interference microscope records
the optical phase changes in the cells. The phase signal is an
integral result of refractive index multiplied by the height.
Therefore, to obtain morphology of cells, the refractive index
distribution in cells needs to be measured simultaneously. It
increases the difficulty for the morphological measurement.
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For example, Rappaz et al. had to change the culture medium
in order to provide a new phase parameter to calculate the
refractive index and cell’s height simultaneously.” W. Choi et
al. developed an optical tomography by using a scanning-
angle interference microscope and a back-projection method.®
This complicated system is difficult for real-time studies of
cell morphologies. In this paper, we present a way to directly
and quickly measure cell morphology by using gold nanopar-
ticles (AuNPs) and a dark-field optical section microscope.

The AuNPs act as labels of the cell membrane. Compared
to fluorescent molecules, they have no photobleaching prob-
lem and are biocompatible and nontoxic to cells.” Surface
modification is easy because gold has very good bioaffinity to
thiol or amine groups. In addition, optical excitation on
AuNPs produces localized surface plasmon resonance (LSR).
The LSR effect results in a strong optical scattering in visible
range. The typical scattering cross section of an AuNP is as
high as ~100 nm2.® Compared to other optical-labeling enti-
ties under the same illumination conditions, the scattering flux
of an AuNP can be a million larger that of the emission from
and fluorescent molecules or quantum dots.” This indicates
that incident intensity for AuNPs is much lower than that
required for the fluorescent molecules, providing less photo-
damage to the cells. Although gold does not emit fluores-
cence, the large plasmonic scattering can be used as a contrast
agent for imaging AuNPs in living cells.'” Recent studies in-
dicated that different sizes of AuNPs have different interac-
tions with living cells. AuNPs of 40—50 nm diam are uptaken
by cells by way of the endocytotic process. For particle sizes
of >70 nm, AuNPs are on the cell membrane rather than in
the cells."! Therefore, if large AuNPs are modified with bio-
molecules that had specific binding to the cell membrane,
most of them will be immobilized on the cell surface. The cell
morphology then can be reconstructed directly from the 3-D
distribution of AuNPs. This method takes advantages of
simple optical setup, no changes on the properties of medium
and cells. It can be used for long-term and real-time visual-
izations of the morphologic changes of living cells under the
interaction of drugs or external environments.

2 Methods
2.1 Setup of Dark-Field Optical Section Microscopy

Figure 1 illustrates the dark-field optical section method for
imaging cells and AuNPs. The light source was a 60-W metal
halide light that passed a long-pass filter (>550-nm band-
width) to fit the maximum scattering spectrum of AuNPs and
reduce the scattering background of cells. The light was
coupled into a fiber bundle. The fibers in the bundle were
circularly arranged at the output. These fibers illuminated the
samples through a hemisphere glass lens. The incident angle
of optical fiber was larger than the critical angle between the
glass and air. For an efficient coupling of light into cells,
matching oil was put between the glass slide and the hemi-
sphere lens. Cells were cultured directly on a 1-mm thick
glass slide with a 2-mm high chamber to hold the liquid me-
dium. AuNPs of 80 nm diam were injected into the medium
through a micropipette and then covered with a cover slide.
Because the illumination light had a large incident angle in
the medium, only a very small portion of light was directly
refracted to the objective lens. It resulted in a dark-field illu-
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Fig. 1 (a) The optical setup for a dark-field optical section micro-
scope. (b) The diagram of AuNPs immobilized on the membrane of a
single cell. The dashed line indicates the optical section region, which
shows a ring distribution if AuNPs are not in the cell.

mination with very low background. As compared to transpar-
ent organells of cells, the 80-nm AuNPs have a much stronger
scattering intensity due to the plasmonic effect. Therefore,
AuNPs images are dominant in the dark-field microscope. We
recorded the scattering images at different focal positions by
using a high-speed CCD (pixel-fly, 640 X 480VGA). The op-
tical sections were taken by a quickly linear scan of the ob-
jective lens along the depth direction. The objective was
mounted on a closed-loop piezoelectric tube (PZT) stage
(Nanocontrol, LTD, NC 1000 series). The PZT was controlled
by a function generator (SRS, model DS345) which generated
a zig-zag voltage ramp. To assure the synchrony of the CCD
images and PZT positions, a trigger signal was simultaneously
sent to the frame grabber to begin the recording of a sequence
of images.

2.2 Cells and Incubation

Cells were the nonsmall lung cancer cells (CL1-0), hela cells,
and normal lung cells (WI-38). Those cells were cultured on a
cleaned glass slide (gold seal) with a thin square glass cham-
ber to hold the medium. The cells were maintained in RPMI
medium (GIBCO) supplemented with 10%FBS (fetal bovine
serum) (GIBCO) at 37 °C, 5% CO, in a humidified atmo-
sphere. The cells were cultured over 6 h before use to ensure
they spread well on the glass slides.

2.3 Gold Nanoparticles and Toxicity

Gold nanoparticles (diameter=80 nm) were purchased from
BB International, Ltd. Excess amount of poly-L-lysine
(Sigma-Aldrich, Inc.) was dissolved in 1-mL gold nanopar-
ticle colloidal solution and then incubated at room temp. We
used a centrifuge (9500 g, 10 min) to separate the nanopar-
ticles from unbound poly-L-lysine, and then remove the su-
pernatant. The nanoparticles were redispersed with deionized
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Fig. 2 Biological analysis for cytotoxicity responses of CLI-0 cells. We
measured the TNF-a responses of the lung cancer cells by adding
different concentrations of gold nanoparticles. The measured results
verified that 80-nm gold nonoparticles do not induce any significant
inflammation on cells.

water before use. To test the toxicity of 80-nm AuNPs, we
measured the tumor necrosis factor @ (TNF-a) responses of
lung cancer cells by adding different concentrations of gold
nanoparticles. The TNF-« is a cytokine involved in systemic
inflammation. It is able to induce apoptotic cell death. Figure
2 shows the measured TNF-« concentration as a function of
the concentration of AuNPs. The measured results verified
that 80-nm gold nanoparticles do not induce any inflamma-
tion on cells. It is noted that not only small AuNPs, but also
large-size gold nanoparticles are nontoxic to cells."?

3 Results and Discussion
3.1 Interactions of Gold Nanoparticles and Cells

Cells we observed were the nonsmall lung cancer cells (CL1-
0), normal lung cells, and hela cells. Those cells and AuNPs
were incubated on the slide-based chambers for different in-
teraction times. Figure 3(a) shows the dark-field images of
lung cancer cells, observed by a 60x objective lens. The in-
teraction times for AuNPs and cells were 1, 15, 30, and
45 min, respectively. The number of AuNPs was increased
with the interaction time. Both CL1-0 cells and AuNPs were
clearly seen by the dark-field microscope. However, the inten-
sity of cells was about one-third of the scattering intensity of
AuNPs. The large-intensity difference provides an effective
way to distinguish AuNPs and cells in the images. It is found
that AuNPs without any coating cannot attach to the lung
cancer cells. Most of the nanoparticles were on the glass sub-
strate. A possible reason for such nanoparticle distribution is
the electrostatic force. AuNPs were prepared by using the
reduction of tetrachloroauric acid (HAuCl4) solution.”® Dur-
ing the formation of AuNPs, the sodium citrate first acts as a
reducing agent. Later, the negatively charged citrate ions are
adsorbed onto the gold nanoparticles, introducing the negative
surface charge that repels the nanoparticles and prevents them
from aggregating. The cell surface also carried negative
charges."* Therefore, the electroforce expelled most AuNPs
from the cell surfaces. This electrostatic concept indicates a
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Fig. 3 (a) The images of nonsmall lung cancer cells and 80-nm
AuNPs taken by a dark-field optical microscope. The images were
captured at 1, 15, 30, and 45 min after the injection of AuNPs. Note
AuNPs were not found on the cells. The scale bar is 10 um. (b) The
images of nonsmall lung cancer cells and poly (L-lysine)-coated
AuNPs taken by a dark-field optical microscope. The images were
acquired at 1, 30, and 45 min after the injection of 80-nm AuNPs.
Note most AuNPs were found on the cells. The scale bar is 20 um.

way to immobilize AuNPs on the cell membrane by using
positively charged AuNPs. In the experiments, we modified
AuNPs surface by coating them with positively charged poly-
L-lysine. The positive charges in poly-L-lysine neutralized
negative charges of AuNPs and thus reduced repulsion with
liposomal membrane. Figure 3(b) shows the dark-field images
of lung cancer cells and the modified AuNPs at different in-
teraction times. The interaction times for AuNPs and cells
were 1, 30, and 45 min, respectively. Both CL1-0 cells and
AuNPs were clearly seen. Compared to the cell images, many
of the modified AuNPs were located on the cells. Little nano-
particles were found on the glass substrate. To assure that
AuNPs were immobilized on the cell, the motion of AuNPs
near a cell was recorded. Video 1 shows the time lapse images
of 80-nm AuNPs interacted with a CL1-0 cell. The free
AuNPs were in Brownian motion. Nevertheless, some AuNPs
were immobilized when they interacted with the cell.

The concept of immobilizing AuNPs on the cell membrane
by using positively charged poly-L-lysine can be applied to
different cells. For example, we have tested the AuNP label-

Video 1 The time lapse images of 80-nm AuNPs interacted with a
CLI-0 cell. The AuNPs were coated with ploy-L-lysine. (QuickTime;
4.2 MB). [URL: http://dx.doi.org/10.1117/1.3147390.1].
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Fig. 4 (a) The image of a normal cell and poly-L-lysine-coated AuNPs
taken by a dark-field optical microscope. The image was taken at
~30 min after the injection of 80-nm AuNPs. (b) The image of a hela
cell and poly-L-lysine-coated AuNPs. The image was taken at
~30 min after the injection of 80-nm AuNPs. (c) The SEM image of
the distribution of gold particles on a dried CL1-0 cell. The gold nano-
particles are clearly found on the membrane surface. The inset shows
the size of a single particle.

ing on normal lung cells and other cancer cells. Figures 4(a)
and 4(b) show the dark-field optical images. The results indi-
cate that the poly-L-lysine coated AuNPs have good adhesion
to different kinds of cells. The experiments were done many
times. Each time we had observed at least 20 cells. All the
cells were covered with surface-modified AuNPs. To further
verify that those AuNPs are on the cell membrane and not in
the cell, we used a high-resolution scanning electron micro-
scope (SEM) to see the distribution of particles. We removed
the unbounded gold nanoparticles by washing the cell sample
with distilled water. The sample was then dried in the air and
observed by the SEM. Figure 4(c) shows the distribution of
particles on a dried CL1-0 cell. Most gold particles are single
nanoparticles (i.e., 80 nm diam). Few aggregations are found.
The gold nanoparticles are clearly found on the membrane
surface. If they are internalized by the cells, then the
nanometer-sized particle should be indistinct due to the cov-
erage of membrane and other cell organells.

3.2 3-D Distribution of Gold Nanoparticles

The resolution of 3-D optical images relies on the numerical
aperture of the objective lens. For a 100X lens, the field of
view is ~100 pum. In the experiments, we used the nonsmall
cancer cells (CL1-0). CLI-0 has a suitable size
(~30-40 wum) for high-magnification observation. In addi-
tion, it has a large cell height of ~20 um. This height is
suitable for the demonstration of 3-D cell image. The poly-L-
lysine—coated AuNPs were immobilized on the cell mem-
brane. Therefore, the 3-D distribution of the cell morphology
can be reconstructed by calculating the 3-D distribution of
AuNPs. Video 2 shows the recorded images at different
heights from top of cells to the glass substrate. In the dark-
field section microscopy, the voltage from the PZT controller
was 20 V. It made a 32-um movement of the focal position.
The scan frequency was 0.2 Hz. The CCD acquired time was
50 ms, yielding 100 images during a scan. It can be seen that
the distribution of AuNPs in an optical section consisted of
several rings. These rings grew from top to the bottom. If
AuNPs are incorporated into cells through the endocytosis
process, there will be many AuNPs inside the membrane. In
the experiments, we only measured ring-type distributions of
AuNPs. This confirmed that most AuNPs were on the mem-
brane surface and not in the cell.

After the recording of a sequence of optical section im-
ages, the data were analyzed using the following algorithm:
The recoded images, I(x,y,z) were first transformed into a
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Video 2 The distribution of poly-L-lysine-coated AuNPs on cells. The
movie was taken at different focal positions from top of cells to the
glass substrate. The distribution of AuNPs in an optical section was
consisted of rings. (QuickTime; 2.5 MB).

[URL: http://dx.doi.org/10.1117/1.3147390.2].

2-D image [Zmax(x,y)] by finding the z positions, where maxi-
mum intensity occurred. Because AuNPs have scattering in-
tensities much larger than that of cells, we then set a threshold
at one-third of the maximum intensity to exclude the cells and
background from the images. The resultant 2-D image indi-
cates only the positions (x,,y,) of AuNPs. Figure 5(a) shows
an example of the calculated 2-D distribution of poly (L-
lysine) modified AuNPs at the x-y plane. Many AuNPs were
localized in the middle, where a cell was located. The accu-
rate z position (z,) of each AuNP (x,,y,) was then calculated
by fitting 1(z;x,,y,) with a Gaussian profile. Figure 5(b)
shows some fitting results. The Gaussian curve shows the
depth response of an 80-nm AuNP mapped by the dark-field
optical microscopy. The full width at half maximum was
~2.5 pm. The z resolution was ~0.1 um as compared with
positions at peak intensities. With the x,,y, positions of
AuNPs and the corresponding z,, values, a 3-D distribution of
the cell membrane was plotted. Video 3 show a 3-D movie of
a lung caner cell attached with AuNPs viewed at different
angles. The 3-D AuNPs distribution indicated the morphology
of a cell. The height of the CL1-0 was ~24 wum. This large
height was due to the large nucleus of the cancer cell.

3.3 Measurements of Cell Morphological Changes

It is known that shape of animal cells is mainly decided by the
internal structural elements, including the filamentous struc-
tures of their cytoskeleton. Actin filament dynamics influence
the overall shape of the cell by pushing on the plasma mem-
brane. Once the actin filaments are affected under external
drugs or mechanical forces, the morphology of the cell will
undergo changes. The morphological changes usually take
several minutes. In our setup, the recording of a 3-D image
takes only a few seconds. Therefore, our method is very use-
ful for the dynamic studies. In the drug-cell interactions, we
added a 10-mL, 5-uM cytochalasin D to the culture medium.
Cytochalasin D (Zygosporium mansonii, CALBIOCHEM) is
a cell-permeable and potent inhibitor of actin
polymerization.15 It disrupts actin microfilaments. Therefore,
the actin filaments are dissolved and the membrane height
will be reduced due to the lack of the supporting cytoskeleton.
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Fig. 5 (a) The positions of poly-L-lysine-coated AuNPs projected on the x-y plane. The dense region indicated the position of cells. (b) Some fitting
results. (c) The depth responses and Gaussian fits of the modified AuNPs taken by the dark-field optical section microscope. The x, y position were

indicated in (a).

To observe the effects of cytochalasin D on the cell morphol-
ogy, we recorded and reconstructed the 3-D AuNP images at
1, 10, 20, and 30 min after the injection of the drug. Figures
6 show the 3-D images. There were two neighboring cells in
the images. The membranes of cells were not significantly
affected by the drug at the initial 10 min. The cell height was
~24 pm. At 20-min reaction time, the higher part of the
membrane was reduced. For 30 min, its height was reduced to
~15 pm.

It is noted that gold nanoparticles are already used for
many biological applications, such as the tracking of move-
ment along microtubules.'®!’ However, those measurements
are based on 2-D imaging techniques. Our proposed method
can map 3-D distribution of nanoparticles. It is particularly
useful for cells with a large height, such as cancer cells with a
large nucleus. The 3-D images can provide more information
for the cell studies. For example, Fig. 7(a) shows the 2-D
distribution of AuNPs in the x-y plane. These images were the
projection images of Fig. 6, recorded at 1, 20, and 30 min
after the injection of cytochalasin D. It is hard to identify two
cells from the 2-D images. Besides, the effect of cytochalasin
D on the cell morphology is not obvious. Nevertheless, we
can clearly identify two cells from the 3-D image. The 3-D
time lapse images indicate that cytochalasin D results in a
large reduction of cell height.

Video 3 A 3-D movie of a lung caner cell (CLI-0) viewed at different
angles. The 3-D distribution was reconstructed by calculating the po-
sitions of peak scattering intensities of the AuNPs. (QuickTime;
2.4 MB). [URL: http://dx.doi.org/10.1117/1.3147390.3].

Journal of Biomedical Optics

034016-5

To verify the interactions between cells and cytochalasin
D, we applied a confocal microscope (Leica) to observe the
morphologic changes. Figure. 7(b) shows the fluorescent im-
ages of a CL1-0 cell by a 63x oil objective lens (NA=1.4)
taken at 1-, 20-, and 30-min interaction times. To see the
cells, uniform cytoplasmic staining was done by introducing
fluorescent CellTracker (CMFDA, Abs: 492 nm; Ex: 517 nm)
to the cells. And the time-lapse records started after adding
cytochalasin D with a final concentration of 20 uM. The x-z
images indicate the height and width of the cell. The cell
height was reduced from 24 to 16 um at 30-min interaction
time, while the lateral size was only a little changed. These
results were quite consistent with the results measured by us-
ing AuNPs. It should be noted that although fluorescent con-
focal microscopy can take the 3-D images, the fluorescent

Fig. 6 3-D images of the distribution of AuUNPs on lung cancer cells.
The culture medium was added with 5-uM cytochalasin D. The im-
ages were recorded at (a) 1, (b) 10, (c) 20, and (d) 30 min after the
addition of cytochalasin D. There were two neighboring cells in the
images. The membranes of cells were not significantly affected at ini-
tial 10 min. For 30 min, the cell membrane height was significantly
reduced.
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Fig. 7 (a) 2-D distribution of AuNPs at the x-y plane. These images
were the projection images as shown in Fig. 6, recorded at 1, 20, and S.
30 min after the interaction of cytochalasin D. The scale bar is
20 um. (b) The x-z fluorescent images of a CL1-0 cell mapped by a
63x oil objective lens. The interaction times between cells and cy-
tochalasin D drug were 1, 20, and 30 min. 6.
quenching causes a large decrease of signals. Besides, the 7.
surface boundary is not easy to be identified. AuNPs have no
photobleaching problem and can be applied for long-term ob-
servations. 3
4 Conclusion
In summary, we present a method to map 3-D distribution of 9
cell membrane by using 80-nm AuNPs. The AuNPs images
were taken by using a dark-field sectional microscope 10.
equipped with a quick scan along the depth direction. The
bare AuNPs were not found on the cells due to the electroex- 1
pelling force between cell membrane and nanoparticles. With
a suitable coating of positively charged molecules on the 12
AuNP surface, the AuNP can be immobilized on the mem-
brane without the internalization of cells. The optical scatter- 13.
ing efficiency of 80-nm AuNPs was much larger than that of
cells. Hence, the 3-D positions of AuNPs are easily calculated
by using a sorting and fitting program. The combination of "
AuNPs and dark-field optical section microscopy provides a '
convenient way to study the 3-D interactions between cells 15.
and biomolecules. With very few AuNPs, this method can
also be applied for 3-D single-nanoparticle tracking. 16.
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