
Sensors 2008, 8, 2306-2316 

sensors 
ISSN 1424-8220 
© 2008 by MDPI 

www.mdpi.org/sensors 

Full Research Paper 

Compound Cellular Imaging of Laser Scanning Confocal 
Microscopy by Using Gold Nanoparticles and Dyes  

Shiao-Wen Tsai 1, Yi-Yun Chen 1 and Jiunn-Woei Liaw 2, * 
 
1 Institute of Biochemical and Biomedical Engineering, Chang Gung University259 Wen-Hwa 1st Rd., 

Kwei-Shan, Tao-Yuan, 333, Taiwan; E-mail: swtsai@mail.cgu.edu.tw 
2  Department of Mechanical Engineering, Chang Gung University, 259 Wen-Hwa 1st Rd., Kwei-Shan, 

Tao-Yuan, 333, Taiwan; E-mail: markliaw@mail.cgu.edu.tw 
 
* Author to whom correspondence should be addressed; E-mail: markliaw@mail.cgu.edu.tw 

Received: 14 February 2008 / Accepted: 21 March 2008 / Published: 1 April 2008  
 

Abstract: Combining the scattered light of gold nanoparticles (GNPs) and the 
fluorescence of dye molecules, a compound cellular imaging of laser scanning confocal 
microscopy (LSCM) is obtained. The human breast cancer cell line (MDA-MB-435S, 
BCRC 60429) is used for experiment. These cells are incubated with a glucose medium 
containing GNPs for 26 hours, and then are stained by Prodium Iodide (PI) for their nuclei. 
By using a single laser to illuminate these cells and adjusting the ranges of two bandpass 
filters for the detection, the scattered light from the GNPs and the fluorescence of PI can be 
induced simultaneously, but be detected separately without crosstalk. Furthermore, a 
compound cellular image can be obtained by merging the two images of the expressions of 
GNP and PI together. From the TEM images of these cells, it is observed that GNPs are 
aggregated in the vesicles of the cytoplasm due to the cell’s endocytosis. The aggregation 
of GNPs makes the surface plasmon resonance band of GNPs broadened, so that strong 
scattered light from GNPs can be generated by the illumination of different-wavelength 
lasers (458, 488, 514, 561, and 633 nm).  

Keywords: Cellular imaging, Gold nanoparticle, Laser scanning confocal microscopy, 
Surface plasmon resonance, Endocytosis, Light scattering. 
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1. Introduction  

The use of fluorescent dyes and fluorescent proteins as biomarkers becomes an important technique 
for cellular imaging of laser scanning confocal microscopy (LSCM) recently. A variety of dye 
molecules or proteins with different excitation and emission spectra were developed in the past 
decades. Combining different kinds of fluorophores and fluorescent proteins for staining the cells, a 
multi-fluorescence image of LSCM can be obtained by irradiating the sample with different-
wavelength lasers. For example, the membrane, cytoplasm, mitochondria, and nucleus of a cell can be 
expressed individually by using different fluorescent dyes or proteins. However, because of the 
overlap of the emission spectra of different dyes, crosstalk could be caused sometimes for the multi-
fluorescence. Therefore a data processing of unmixing is needed after the signal acquisition to separate 
these emission spectra from different biomarkers to interpret the signals. In addition, because of the 
photo-bleaching of dye molecules, it is not suitable for long-term observation by using fluorophores. 
In addition, the other new biomarkers [1], e.g., quantum dots (QDs) [2, 3] and metallic nanoparticles 
(MNPs) [4, 5], are also developed for cellular imaging recently. Since the mechanism of the emitted 
light from QD is the photoluminescence, the same with the dye-molecular fluorescence, the emission 
spectra of QDs are red-shifted from the excitation spectra, due to the Stokes shift. The advantage of 
QD lies in its narrow emission spectrum, high expression, and long-term observation. On the other 
hand, numerous researches have demonstrated the potential of MNPs as biomarkers, including gold 
nanoparticle (GNP) [6-8], porous GNP [9], gold nanorod [5, 10, 11], nanoshell [12], and nanocage [13] 
etc. Due to the surface plasmon resonance (SPR) of MNPs, which is a collective oscillation of 
electrons in the metal, a strong light scattering from MNPs can be induced when MNPs are irradiated 
by a light within a certain range of ultraviolet (UV) to near-infrared (NIR). Therefore, if a single-
wavelength CW laser is used, the scattered light from MNPs is monochromatic and its wavelength is 
exactly the same with that of the laser. So far, some experiments have demonstrated the advantage of 
MNPs, bio-compatibility [14] and nontoxicity for cells [15, 16]. Moreover, surface functionalizing 
gold nanoparticles by the conjugation with a specific anti-body, e.g., anti-EGFR [8, 17] for epithelial 
cancer cell, has been developed for the applications of the diagnosis and the thermophoto-therapy of 
cancer cells [10, 12]. A darkfield imaging was also used to show the expression of the scattered light 
of GNPs from the membranes of cells [18], but not the signals from the cytoplasm. Except MNPs, 
using silver nanolayer to enhance fluorescence was proposed by using a total internal reflection 
fluorescence microscopy [19].  

Although the techniques of using GNPs for the cellular imaging of LSCM were reported in some 
researches [8-11], a systematical study of GNP as biomarker for cellular imaging of LSCM by using 
different lasers, and a comparison of GNPs with fluorophores is still lacked for the extensive 
application. In this paper, we will demonstrate the feasibility of combining the images of GNP and dye 
for a compound cellular imaging of LSCM. The human mammary carcinoma cell line (MDA-MB-
435S, BCRC 60429), which is a kind of human breast cancer cell, is used for tested. These cells are 
incubated with a glucose medium containing GNPs for 26 hours, and then stained by Prodium Iodide 
(PI) for their nucleuses. By using different-wavelength lasers (458, 488, 514, 561, and 633 nm) 
individually, strong scattered lights from GNPs and fluorescence of PI can be induced simultaneously. 
The two signals can be detected separately by using two bandpass filters. However, the emission of 
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dye PI can only be induced by the exciting laser with a wavelength shorter than 600 nm, so that no 
fluorescence of PI is detected by using laser of 633 nm. 

Figure 1. The absorption spectrum of an aqueous solution of dispersed GNPs. 

 

2. Preparation of Samples and Methods 

2.1 Synthesis of GNP 

For our experiments, GNPs are synthesized by using the seed-growth method [16]. The size of GNP 
is controllable by tuning the process of seed-growth method. For the following experiments, GNPs of a 
typical diameter of 30 nm are synthesized. Using the UV-vis-NIR spectrophotometer (Perkin Elmer 
Lambda 900), the absorption spectrum of an aqueous solution containing the dispersed GNPs is 
measured, as depicted in Figure 1. Since SPR is a collective oscillation of free electrons in a metallic 
nanoparticle, it will cause a strong scattering as well as absorption of light simultaneously. Therefore, 
the SPR band of GNP can be identified by using the absorption spectrum of dispersed GNPs. From 
Figure 1, the SPR band of GNP is from 400 nm to 600 nm, where the maximum SPR is at 520 nm.  

2.2 Treatment of Cells 

The cell for our experiment is the human mammary carcinoma cell line (MDA-MB-435S, BCRC 
60429). In order to cause the GNP uptake by cells, these cells are incubated with a high-glucose 
medium containing GNPs of a specific optical density (OD) at 520 nm (the peak of SPR band). These 
GNPs are not modified by any surface conjugation, so that the uptake of GNPs by cells is only through 
the phagocytosis process, a kind of nonreceptor-mediated endocytosis. Normally, the uptake speed of 
nonreceptor-mediated endocytosis of cells is lower than that of receptor-mediated endocytosis [20]. 
Therefore the incubation time of cells with GNPs needs to be longer for cells taking up enough GNPs 
in the cytoplasm to have high expression of light scattering. After certain coculture time of cells with 
GNPs, sample is washed out the incubation medium, and RNase-solution is added to the sample for 20 
min to remove the cytoplasmic RNA. Through the standard procedure, the nuclei of these cells can be 
stained by PI, because PI can bind with the nuclear RNA only. 
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Table 1. The ranges of two bandpass filters for different lasers; filter-I is for the 
scattered light from GNP and filter-II for the fluorescence of PI. 

 

laser 458 nm 488 nm 514 nm 561 nm 633 nm 

filter-I  443-561 nm 465-550 nm 497-561 nm 508-572 nm 615-647 nm 

filter-
II  

604-668 nm 604-668 nm 604-668 nm 604-668 nm 604-630 nm 

2.3 Lasers and Filters of LSCM 

Three different lasers, Ar+ laser of 458/488/514 nm, diode pumped solid state (DPSS) laser of 561 
nm, and He-Ne laser of 633 nm, are used to irradiate cells for LSCM (LSM 510 META, Zeiss) 
imaging. For each imaging, a single laser is used to irradiate the sample, and two corresponding 
bandpass filters are set to separate the scattered light from GNP and the fluorescence of PI, as listed in 
Table 1, where filter-I allows the scattered light to pass and filter-II for the fluorescence. The 
schematic diagram of the two filters is depicted in Figure 2. Concerning the setting of the ranges of the 
two bandpass filters, the excitation and emission spectra of PI as well as the wavelength of laser need 
to be taken into account. The SPR band of GNP is from 400 to 600 nm. Therefore, if wavelength of the 
laser is within the SPR range, the scattered light from GNPs can be generated, which is 
monochromatic, and the wavelength is the same with the single-wavelength laser. On the other hand, 
the excitation band of PI is from 450 nm to 600 nm, where the maximum excitation occurs at 535 nm, 
and the emission band of PI is from 585 nm to 720 nm, where the maximum emission of fluorescence 
is at 620 nm. Therefore, only when the wavelength of laser is within the excitation spectrum of PI, the 
fluorescence can be induced, whose emission spectrum is always red-shifted from the wavelength of 
the exciting laser, due to the Stokes shift. Summarily, the range of filter-I is set to cover the 
wavelength of a specific laser only for the detection of the scattered light from GNPs, but to reject the 
emission band of PI. In contrast, the range of filter-II is set to be 604-668 nm, which covers the 
emission of PI but reject the scattered light from GNP for all lasers, except for the He-Ne laser of 633 
nm. For He-Ne laser of 633 nm, filter-II is set to be 604-630 nm to avoid the contamination from the 
scattered light of 633 nm. With the aid of the two filters, two cellular images are acquired individually. 
Since no overlap is between the ranges of the two filters, no crosstalk is caused in the two images. 
Furthermore, a compound image is obtained by merging the two images. In addition, using a pinhole, 
the out-of-focus signals are rejected, so the optical section image of the focal plane can be obtained. 
The size of the confocal pinhole is set to be 1.12 and 1.3 Airy units for PI and GNP, respectively. 
 Since the maximum excitation of PI is at 535 nm and the peak of SPR band of aggregated GNP could 
be at 540 nm, the best candidates are green-light lasers, e.g., Nd-YAG laser of 532 nm, He-Ne laser of 
543 nm, and DPSS laser of 561 nm etc. However, for the other lasers, if their wavelengths are within 
the range of the excitation band of PI (450-600 nm), the fluorescence of PI still can be induced, but a 
higher power of the laser is needed to obtain enough fluorescence expression. In our LSCM, there are 
a reflection grating to disperse the collected light evenly and a 32-PMT (photomultiplier tube) array 
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for detecting different wavelength lights. This design provides us a feasibility to set the upper and 
lower cut-off frequencies of these bandpass filters by software. 

Figure 2. The schematic diagram of the ranges of two bandpass filters related to the 
excitation and emission spectra of dye (PI), the SPR band of GNP, and the wavelength 
of laser. The dashed black line denotes the SPR band of dispersed GNPs, and the solid 
black line denotes the SPR band of aggregated GNPs. 

 
 
 
 
 
 
 
 
  

3. Experimental Results & Discussion 

3.1 Image of TEM 

 

Figure 3. Transmission electron microscope images of MD-MBA-435S cells treated 
with GNP for 24 hours. A) The image of the cell (x5000), where the scalar bar is 2 μm, 
shows the internalization of GNRs by the cell. B) An image of higher magnification 
(x150000) at the marked location shows the uptake of GNP in cellular vesicle, where 
the scale bar denotes 100 nm. 

 
 
 
 
 
 
 
 

  
 3A 3B 

 
A sample of MD-MBA-435S cells was incubated with a glucose medium containing GNPs (OD=0.5 

at 520 nm) for 24 hours, and then was prepared for TEM imaging, as shown in Figure 3. The high-
magnification TEM image (x150000) shows that these GNPs are aggregated in the vesicles in the 
cytoplasm [15], rather than attach on the membrane only, as shown in Figure 3B. The aggregation is 
due to the GNPs uptake by these cells through the endocytosis process. This is because that when 
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emission of PI 

SPR of dispersed GNP 
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some gold nanoparticles adhere to cell’s membrane, the membrane is stimulated to form a small pocket 
locally around these gold nanoparticles to enclose them gradually. Therefore, these gold nanoparticles 
are aggregated in the closed pocket (vesicle) finally, when they are internalized. The diameter 
distribution of these vesicles is about 200-300 nm. In each vesicle, certain numbers of GNPs are 
enclosed. The averaged diameter of GNP is about 30 nm. Actually, a normal human breast cell line 
was also studied by using the above same procedure. A same phenomenon of clustered GNPs in 
vesicles was also observed in the normal cells. Since these GNPs are not treated by any surface 
functionalization, they do not possess a specific antireceptor to link with specific receptor. Therefore, 
GNP is not selective for the endocytosis of different cells. For our experience, the uptake speeds of 
GNPs by the normal breast cells and MD-MBA-435S cells are almost the same. 

3.2 Images of LSCM 

For LSCM imaging, another sample of MD-MBA-435S cells incubated with a glucose medium 
containing GNPs (OD=1.1 at 520 nm) for 26 hours was also prepared. To make sure that no 
contamination from the autofluorescence of cells themselves, two control groups were prepared and 
measured in advance by using the same conditions of Table I for LSCM imaging; one is MD-MBA-
435S cell without treatments of GNP and PI, and the other is MD-MBA-435S cell stained by PI. For 
the first control group, no any signal is detected for both filters, and for the second one, only the 
fluorescence of PI is detected from the nucleus. The size of the confocal pinhole is set to be 1.12 and 
1.3 Airy units for PI and GNP, respectively. The optical-section images at different depths are 
obtained by changing the focal plane of LSCM. The compound images of the scattered light and 
fluorescence by using DPSS laser of 561 nm at different depths, from the bottom (0 μm), middle (2 
μm), to top (4 μm) of cells, are shown in Figures 4A, 4B, and 4C, respectively. Each compound image 
is colorized by two pseudo-colors, according to the ranges of filter-I and filter-II, where the red area is 
the expression of PI from the nucleus, and these discrete green lightspots are the expressions of GNPs 
in the cytoplasm. Each lightspot is the scattered light from a cluster of GNPs in a vesicle. Moreover, 
these optical-section images indicate that GNPs are uniformly distributed in the cytoplasm. The three-
dimensional projection, as shown in Figure 4D, is obtained by merging Figures 4A, 4B and 4C. In 
these figures, the image of transmitted light is also merged. Normally, the pinhole size, P, controls the 
effective thickness d of the optical section imaging; i.e., the z-axis resolution d is proportional to the 
value of Pnλ/(N. A.)2, where n is the refractive index of the immersion medium, λ is the wavelength of 
signal, and N. A. is the numerical aperture of object lens. On the other hand, the lateral resolution RL of 
LSCM is 0.4λ/(N.A..), and the diffraction-limited spot size of the focused laser beam is 0.5λ/ns, where 
ns is the refractive index of sample. For example, if P=1.3 Airy units, n=1.518 (Zeiss immersion oil), 
λ=561 nm, and N.A.=1.4 (magnification is 63), the z-axis resolution is d=565 nm, the lateral resolution 
is RL=160 nm, and the diffraction-limited spot size is 210 nm for ns=1.33 (in water). A scan resolution 
of 1024x1024 pixels is used to acquire the LSCM images, where each pixel size is around 232 nm. In 
order to obtain enough scattered signals for imaging, the dwell time (pixel time) should be chosen 
properly. If the distance of two adjacent vesicles containing GNPs is larger than the lateral resolution, 
they can be distinguished from each other in x-y plane, where the diameter of a vesicle is about 250 
nm. Actually the scattering cross section of a metallic nanoparticle is larger than its real size, because 
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of the SPR. However, the z-axis resolution is larger than the diameter of a vesicle, so that some out-of-
focus scattered lights of GNPs could be detected. Therefore, a few of green lightspots are still 
observed in the nucleus, which actually result from the scattered lights from some vesicles beneath but 
very close to the nucleus, as shown in the bottom cellular image of Figure 4A. In contrast, no lightspot 
is indicated in the nucleus, as shown in the middle optical section of cellular image of Figure 4B. In 
fact, according to our experience of TEM imaging, no GNPs inside the nucleus are observed as far. A 
spindle shape of the cell is observed, because the cell adheres on the substrate. 

 
Figure 4. The LSCM images by DPSS laser of 561nm at different depths; A) bottom, 
B) middle, C) top, and D) 3D projection. 

 

  
 4A 4B 

   
4C 4D 

Furthermore, the compound images of 3D projection by other lasers (458, 488, 514, and 633 nm) 
are shown in Figures 5A, 5B, 5C, and 5D, respectively, at the same location of the sample as Figure 4. 
Since the wavelengths of these lasers (458, 488, and 514 nm) are also within both the excitation band 
of PI and the SPR band of GNP, both the fluorescence from PI and the scattered light from GNP can 
be induced simultaneously, but their expressions are relatively weaker than that of DPSS laser. The 
phenomena are attributed to the broadened SPR band of GNPs caused by the aggregation of GNPs in 
vesicles [21]. Hence the strong light scattered from GNPs can also be induced by using different-
wavelength lasers, rather than green-light laser only. Moreover the maximum SPR of the aggregated 
GNPs could be little red-shifted from that of the dispersed GNPs (520 nm), as shown in Figure 2. 
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Therefore, DPSS laser of 561 nm is the optimal option for generating the scattered light from GNPs 
and the fluorescence of PI simultaneously. Comparing the expressions of GNP and PI of different 
lasers, both the expressions of the fluorescence of PI and the scattered light of GNP by using DPSS 
laser (561 nm) are indeed stronger than the other lasers. As to He-Ne laser of 633 nm, although it can 
also induce the scattered light from GNP (the peak SPR is at 520 nm), its wavelength is too long to 
excite PI for emitting fluorescence; i.e., the wavelength of 633 nm is out of the excitation band of PI. 
Since PI can not be excited by the illumination of He-Ne laser of 633 nm, no fluorescence is detected. 
Therefore, a dark area is observed at the nucleus without the expression of PI, but a bright zone with 
numerous red lightspots in the cytoplasm resulting from the scattering light of GNPs is still observed 
from the compound image of He-Ne laser (633 nm), as shown in Figure 5D. Moreover, several 
samples were incubated with media containing GNPs of different OD values for different culture 
times, and then were also measured by LSCM. We found that normally the higher the OD value, the 
higher the expression of GNPs in the cellular image. In addition, the longer the culture time of cells 
with the glucose medium, the more the uptake of GNPs by the cells.  

 
Figure 5. 3D projection compound cellular images by using different lasers, A) 458 nm, 
B) 488 nm, C) 514 nm, and D) 633 nm. 

 

  
5A 5B 

  
5C 5D 

 
 
 



Sensors 2008, 8              
 

 

2314

4. Conclusion 
 
In this paper, we have demonstrated how to combine the scattered light from GNPs and the 

fluorescence of dye (PI) for a compound cellular imaging of LSCM, where the human breast cancer 
cell line (MDA-MB-435S) is tested. For LSCM measurement, two signals are generated 
simultaneously by a single laser, and can be separately detected by using two bandpass filters of 
different ranges. The scattered light is reflected from the GNPs in the vesicles in the cytoplasm, and 
the fluorescence is emitted from the dye (PI) in the nuclei. The scattered light is monochromic, and the 
wavelength is the same with the illuminating CW laser. In contrast, the spectrum of the fluorescence of 
dye is red-shifted from the wavelength of the laser. Therefore, there is no crosstalk between the two 
signals. According to the wavelength range of the two filters, two pseudo-colors are used respectively 
for the two images of the scattered light and fluorescence, and then they can be merged to be a 
compound image. Consequently, the compound cellular image of LSCM provides more information or 
fingerprint by combining the two biomarkers (GNPs and dyes). In the future, multiple targeted probes 
(e.g., fluorescent dyes, QDs, GNPs) can be mixed for use and illuminated by multiple lasers for 
obtaining versatile cellular imaging. Since the SPR band of MNPs is dependent of their shape, one of 
the advantages of using MNPs as biomarker is to tune the wavelength of the maximum scattering on 
demand by changing their shape and size. Moreover, each probe can be surface functionalized with 
specific bioconjugation to be a ligand-linking biomarker [22, 23]. 
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