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Abstract We present a method to directly observe three-
dimensional (3D) distribution of aggregated gold nanoparti-
cles (Au NPs) in live cells using dark-field sectional optical
microscopy with chromatographic analysis. The scattering
images of clustered Au NPs were transformed from RGB
regular coordinate to hue, saturation, and value (HSV) cylin-
drical coordinate. The hue distinguished Au NPs from scat-
tering images of cellular organelles. The saturation eliminated
the interference from the defocused spots. The value, which
indicated the scattering intensity, defined the 3D locations of
Au NPs. The V/H ratio showed a linear relation with the Au
NP number in the cluster. It was applied to estimate the
numbers of aggregated nanoparticles in endosome vesicles.
Using the chromatographic analysis, the calculated nanopar-
ticle numbers were in good agreement with mass spectroscop-
ic measurement. Compared to conventional methods, the
chromatographic approach provides a simple observation of
3D distribution of Au NPs and their aggregation states in
living cells.
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Introduction

Gold nanoparticles (Au NPs) have been widely employed
in the intercellular imaging, drug/gene delivery system, and
photothermal therapies over the last decades due to their
good biocompatibility as well as nanoplasmonic properties
[1-4]. The cellular interaction of Au NPs is typically in-
volved with the receptor mediated endocytosis (RME). The
number and distribution of those nanoparticles would
change cellular responses such as the proliferation and
regulation [5]. Therefore, a thorough understanding of in-
ternalized nanoparticles and their aggregated status is im-
portant for the applications. The cellular internalization of
nanoparticles based on the thermodynamic and mechanic
models have been made [6, 7], and some experiments have
confirmed the models with different sizes and shapes of
nanoparticles using inductively coupled plasma mass spec-
troscopy (ICP-MS) or the transmission electron microscopy
(TEM) [8, 9]. Most of the studies indicated that nanoparti-
cles with a size of 40—50 nm in diameter exhibited larger
uptake efficiency than other sizes. Apart from the ICP-MS
and TEM, optical microscopy, such as fluorescence and
dark field microscopy, was widely used to study the inter-
action between Au NPs and living cells [10, 11]. However,
less quantitative information of the numbers of Au NPs in
the endosome vesicles was revealed by conventional opti-
cal microscopy. To overcome this quantitative problem, we
developed a chromatographic analysis approach to map not
only the 3D distribution of Au NPs but also their aggregated
number of each cluster by a dark-field sectional optical
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microscopy [12]. Au NPs provide label-free and high-
contrast scattering images under dark-field illumination
due to the excitation of localized surface plasmon reso-
nance (LSPR) [13]. In addition, once two or more Au NPs
are in close proximity to each other, the plasmonic coupling
would occur and impart higher-order LSPR modes. The
plasmonic coupling results in a red shift of peak wave-
length. Using the LSPR effect and spectroscopic tech-
niques, the cellular endocytosis of Au NPs with different
aggregation states has been demonstrated. However, for the
hyper-spectroscopic technique [14], it needs an additional
line scan for spectroscopic image and a longer acquisition
time for reading spectra from scattering signals of few Au
NPs. As for the filtering imaging technique [15], it uses the
intensity at different selected wavelengths to identify metal
NPs. However, some large organelles have comparable
intensity in the selected wavelength. In the monochromatic
image, it is hard to distinguish NPs from the organelles.
Both methods need additional mechanic components to
map 2D images. In this work, the aggregated Au NP num-
ber is obtained by considering high-order LSPR mode
instead of peak wavelength shift. A chromatogram analysis
method is developed to calculate the locations together with
aggregated Au NP number directly from the scatting color
images. With the use of dark-field sectional optical micros-
copy and chromatogram analysis, the 3D distribution of Au
NPs in/on living cells can be easily obtained.

The chromatogram analysis in this work is based on
the color transformation from conventional red, green,
and blue (RGB) regular color coordinate to hue, satura-
tion, and value (HSV) cylindrical coordinate [16]. Differ-
ent from the RGB coordinate, the HSV coordinate pro-
vides a chromatogram as a consideration of allover the
optical spectrum. It is more sensitive to color changes
with different aggregated numbers of Au NPs. In princi-
ple, the H represents the primary color of the spectrum, V'
is the overall brightness, and S is the sharpness of the
spectrum. In the study of Au NPs and living cell interac-
tions, Aue value helps distinguish Au NPs from scattering
images of cellular organelles. Saturation value eliminates
the interference from the defocused spots. The value,
which indicates the scattering intensity, helps find the
3D locations of Au NPs. It is noted that both V" and H
values are closely related to aggregated number of Au
NPs. We found that the J/H ratio has a linear relation
with the Au NP number in the cluster. It can be used to
calculate the numbers of aggregated Au NPs in a living
cell. In the application, we demonstrated 3D distribution
and the aggregated number of each Au NPs cluster in
non-small lung cancer cells with 50-nm Au NPs. This
approach provides a direct observation of Au NPs of
endocytosis process and a fast estimation of the aggregat-
ed status within living cells.
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Methods
Materials

The 50-nm diameters of gold nanospheres were obtained from
Nanopartz with original particle concentrations of approxi-
mately 4.5x10'% particles per milliliter, respectively. 3-
Aminopropyl-triethoxysilane (APTES, 298 %) and
poly(allylamine hydrochloride) (PAH, M,,~15,000) were ob-
tained from Sigma-Aldrich. All other reagents for cell culture,
such as Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), and antibiotic penicillin streptomycin
amphotericin (PSA), were from Invitrogen.

Functionalization of Au NPs

The commercial Au NPs were initially stabilized by citrate
anions with a negative surface charged. We centrifuged those
particles at 5000 rpm for 5 min to remove the excess citrate in
the solution and redispersed the deposition with 200 uL of
deionized water. One milliliter of 0.1 wt% poly(allyamine
hydrochloride) (PAH, M,,~15,000) was subsequently added
into the citrate coated Au NPs for overnight. Then, the Au NPs
were washed twice by deionized water with 5000 rpm centri-
fugation for 5 min each time. The UV—vis spectrum of PAH
stabilized 50 nm Au NPs had a small red shift of the LSPR
spectrum. In addition, the zeta potential of citrate stabilized
(commercial) was —3.89+0.80, and PAH stabilized Au NPs
was 13.99+1.86. Both spectra and zeta potential studies
indentified the surface modification of PAH-coated Au NPs.

Optical Set-Up

The scattering images of Au NP clusters at different focal
planes were taken using a dark-field sectional optical micros-
copy [12]. Figure 1 shows the optical set-up. A 20-W metal
halide light was obliquely incident into the sample by the
Cyto-Viva set-up. The 100x (N.A. 0.6-1.3) oil objective lens
was mounted on a PZT micro-focusing system stage, which
was controlled by a function generator to generate a zig-zag
voltage ramp. When the PZT was activated, a trigger signer
was simultaneously sent to the frame grabber to begin the
synchronal recording of a sequence of images. The images
were recorded by a high-speed color charge-coupled device
(CCD) (pixelfly ge). A sequence of scattering color images at
different z positions with a step size of 240 nm was recorded.

Cell Culture

Non-small cancer cells (CL1-0) were incubated on a cleaned
glass slide with a density of 10° cells/mL for overnight. The
medium was DMEM supplemented with 10 % FBS and 1 %
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Fig. 1 The optical set-up of the dark-field sectional microscopy. All appliances were put in an incubator with a temperature of 37 °C

PSA. Cells were then treated with 0.1 nM 50-nm Au NPs
coated with PAH for different incubation times.

ICP-MS Analysis

For the ICP-MS experiments, the cells were cultured in six
wells culture dish at an initial density of 10° cells per milliliter.
After 24 h, the nanoparticles were added to the medium with a
final concentration of 0.2 nM. The interactions were kept for
1-5 h, respectively. Then, the cells were washed with PBS to
remove the unbounded Au NPs. The trypsinized cell disper-
sion was sonicated for 10 min to disrupt the cell membranes.
The Au NPs was dissolved by adding 0.5 mL aqua regia. The
concentration of gold was determined by ICP-MS (ICP-MS
Xseries 11, Thermo) and converted to the number of Au NPs
per cell.

Results and Discussion
Chromatogram Analysis of Clustered Au NPs

To estimate the number of Au NPs in each aggregate using
chromatographic method, we first prepared submicrometer
transparent holes to mimic the vesicle surroundings in cells.
The submicrometer hole array was fabricated by coating 300-
nm-thick polymethylmethacrylate (PMMA) polymer glass
substrate. The glass substrate was pre-coated with the 3-
aminopropyl-triethoxysilane (APTES) for the conjugation

with Au NPs. The electron-beam lithography was employed
to make 500-nm submicrometre holes with 2-um period on
the PMMA. After the development, drops of 2 nM Au NPs
were put into the submicrometer holes and placed overnight.
The immobilization of Au NPs on the substrate is due to the
covalent bonding of gold and amino group (the function group
of APTES, while the other side of APTES bound to the glass
substrate). After the immobilization process, the sample was
washed with deionized water (DI water) for several times, and
unbound Au NPs were removed. Au NP aggregates with
different clustered numbers were formed in submicrometre
holes. The colorful scattering images of clustered Au NPs
surrounded with DI water were mapped using the dark-field
illumination (Cyto-Viva). To compare with the color images,
the scattering spectra of clustered Au NPs were also measured.
The samples were dried for the investigation by a scanning
electron microscope. It is noted that the arrangement of Au
NPs in each hole was not changed after the drying process
because of the covalent bonding of APTES. Figure 2a shows
scattering images and the corresponding SEM images of Au
NPs with 50 nm in diameter. Au NPs were randomly distrib-
uted in the holes. However, when there are large numbers of
Au NPs in the holes, many Au NPs tend to immobilize around
the aperture wall in order to occupy the largest space. The
“ring” arrangement has the most possibility for large numbers
of Au NPs as seen in the SEM images. Figure 2b shows
corresponding spectra for different degrees of Au NPs aggre-
gates. It shows that the peak wavelength (the LSPR band) is
slightly increased from 530 to 550 nm as Au NP aggregated
number increased from 1 to 18. The red shift of LSPR is a
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common way to determine the environmental changes of Au
NPs. However, the color change from the LSPR red shift is too
small to be detected by the color CCD. As indicated in Fig. 2b,
there are two resonant peaks of aggregated Au NPs in the
visible range. The dominant LSPR (peaked at ~550 nm) is the
fundamental mode (lateral mode). The second speak is the
high-order mode due to the strong plasmonic coupling of
neighboring Au NPs (peaked at 600—700 nm) [17]. The in-
tensity of high-order mode increases with the aggregated Au
NP number. For the color CCD, the dominant LSPR mode is
recorded by green pixel and the high-order mode is read by
red pixel. As the number of Au NPs in the submicrometer
holes increases, the scattering color changes from green, yel-
low to orange. Such color change can be acted as the agent to
distinguish the aggregate states.

In order to obtain the relation between the color and aggre-
gated number of Au NPs, we measured both Aue and value,
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which indicated the color and brightness, respectively.
Figure 3 shows the results. The A value is considered as the
weighted mean of the wavelength, and it is sensitive to color
changes with different Au NP aggregates. The V value is
related to the scattering cross-section of Au NPs, i.e., the
brightness and which is also sensitive to aggregated Au NP
numbers. Figure 3a shows the statistical results of H and V'
values as a function of Au NP numbers. Owing to the increase
of high-order modes, the color with increasing aggregated
number shows decreased H value. On the other hand, V is
increased due to the increase of Au NP numbers. Both A and
V curves are not linear to the Au NP numbers. The values
become saturated for large Au NP numbers. It is noted that
error would be large if only the intensity or hue curve is used
as the reference for estimating Au NP numbers. Since both H
and V' values have opposite changes with the increase in Au
NP numbers, we thus use the ratio of brightness to hue (V/H)
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Fig. 3 a The hue and brightness and b the ratio of brightness to hue for

different clustered 50-nm Au NPs. ¢ The ratio of brightness to hue with

different surrounding refractive index for individual Au NPs. Data are
presented as mean+standard deviation. =30 for each sample

as an indicator for the aggregated number. Figure 3b shows
the V/H as a function of 50-nm Au NP numbers. The ratio
shows a linear response with the aggregated NPs. The ratio
has a better sensitivity to the Au NP numbers than the con-
sideration of only H or V value.

In the experiment, we put different Au NP aggregates in
submicrometer holes. The samples were covered with water.
The surroundings of Au NPs were the water and the substrate.
The LSPR of Au NPs is changed with the environmental

refractive index. However, the typical wavelength shift of
LSPR in different surrounding medium is only few nanome-
ters. The change in the hue value is very small. Figure 3¢
shows the brightness/hue values surrounded with different
environment refractive index (adjusted by preparing different
percentage of glycerol in DI water) of individual Au NPs. The
surrounding refractive index only has a slight effect on the
brightness/hue value. On the other hand, the LSPR is also
sensitive to the NP arrangement. When Au NPs are close to
each other, high-order LSPR mode occurs. It results in a
substantial increase in scattering intensity in the red light
region. The change in the hue value is large as seen in
Fig. 3a. Therefore, we employed this hue value together with
the scattering brightness to statistically obtain the Au NP
numbers in the aggregate. It is noted that the surrounding
medium of Au NPs would be different in cells and in the
PMMA holes. However, the proposed chromatographic meth-
od is only sensitive to aggregated number of Au NPs and not
sensitive to the environmental refractive index. Therefore, the
chromatogram analysis method can be applied to different
surrounding medium of Au NPs.

Three-Dimensional Distribution of Au NP Aggregates
in Living Cells

For the distributions of Au NPs in 3D space with living cells,
the brightness was used to define the location, and the V/H
was used to indicate the Au NP aggregated numbers. Com-
pared to RGB color space, HSV images provide advantages to
distinguish cellular organelles and defocused spots from Au
NPs. Large organelles have scattering intensities equal or
larger than the scattering intensities of Au NPs. Nevertheless,
their Aue is much higher than the colorful Au NPs. Using the
hue can help distinguish Au NPs from complex organelle
environment. Figure 4a shows the original RGB image of
Au NPs within a living cell. It shows different colorful bright
scattering spots. The scattering of organelles presents as blue
and white due to the Raleigh and Mie scattering. The Au NPs
show green, yellow, and orange colors due to the LSPR and
plasmonic coupling effects. We transformed the image into the
HSV space via a Matlab program code “rgb2hsv.” Figure 4b
shows Au NPs exhibit a much lower Aue than organelles.
Therefore, we can exclude bright spots of cellular organelles
using a smaller H values. For the 3D mapping of Au NPs, the
defocused Au NPs would form some halos. Both the halos
would also influence the calculation of Au NP numbers. To
exclude the non-Au NPs and sharpen the images, both hue and
saturation are used as filters [18]. By setting a suitable thresh-
old, the organelles and halos spots can be eliminated as shown
in Fig. 4c. Using the V/H, the aggregated number of Au NPs in
this focused plane can be calculated as shown in Fig. 4d.
The 3D locations of Au NP spots can be determined
according to their intensity distribution as discussed in our
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Fig. 4 The images of Au NPs in a living cell using regular RGB and
cylindrical HSV method. a An original RGB scattered image of cell
treated with Au NPs (50 nm) under the dark-field illumination. The
RGB image was then converted to HSV image. b The hue image. The

previous report [12]. Briefly, a stack of image sequence with
different focused plane was first recorded as shown in Fig. Sa.
The X-Y positions of the spots were determined by projecting
all the images onto the same plane. The Z positions of the

Fig. 5 a A sequence of optical
scattering images at different z
positions with a step size of

240 nm. The color images were
obtained by the dark-field
sectional optical microscopy. b
The 3D reconstruction of the
distribution of Au NP spots from
a sequence of optical scattering
images. The color bar indicates
the Au NP numbers in the spot. ¢
Cross-sectional view of b. d The
illustration of the endocytic

trafficking of rticl
rafficking of nanoparticles C i

o

Z Garm)

Au NP presents a lower Aue value than organelles. ¢ The brightness
image. The organelles and halos were filtered out by setting thresholds
for both Aue and saturation values. d The V/H for the each spots of Au
NPs

spots were obtained by fitting the intensity curve with a
Gaussian profile of the stack of images to find the maximum
position. Then, the 3D positions of those Au NPs aggregates
were consequently determined. By further applying the cross-
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reference of the V/H for each spot, the Au NP distribution
together with their aggregated status was mapped as shown in
Fig. 5b. The corresponding Au NP number in each spot is
shown in the color bar. Figure 5¢ shows cross-sectional im-
ages of the Au NPs and their aggregated states. Most single
Au NPs distributed on the glass surface. It can be found that
aggregates with few Au NPs were near the cell membrane,
while large aggregated numbers of Au NPs were near the cell
nucleus. Figure 5d illustrates the process of endocytosis of Au
NPs. Along the endocytic pathway of nanoparticles, the early
endosomal network is a vesicle fusion cascade, in which the
dominant effect is the continuous merger of small vesicles into
larger ones, which carry more and more Au NPs cargos in the
vesicle. The increase in aggregated Au NPs inside the cells is
due to the fusion of endocytic vesicles. The result is consistent
with the receptor-mediated endocytosis for nanoparticles [19].

Comparison of Total Number of Au NPs with I[CP-MS

The chromatic analysis method can be applied to estimate the
total number of Au NPs in cells. We compared the numbers of
Au NPs with the results obtained by ICP-MS method. For the
ICP-MS experiments, the cells were cultured in dishes with
the same cell density, 10° cells/mL. The cultured time and
treated concentration of Au NPs were the same as the exper-
iments in chromatic analysis method. The cells were then
washed with PBS to remove the unbounded Au NPs. The
trypsinized cell dispersion was subsequently sonicated for
10 min to disrupt the cell membranes. The Au NPs were
dissolved by adding 0.5 mL aqua regia. The concentration
of gold was determined by ICP-MS (ICP-MS Xseries 11,
Thermo) and converted to the number of Au NPs per cell.

Fig. 6 The statistics of total Au
3.5

HSV Chromatogram Analysis

We quantified the 50-nm Au NP numbers for different culture
times, 1-5 h. Figure 6 shows the statistical result. As the
interaction time increases, more Au NPs are found in the cells.
Both data show similar statistical results. The quantitative
numbers are consistent with previous studies as presented by
Chithrani and Cho [8, 20]. It is noted that the ICP-MS method
included many Au NPs deposited on the substrate. For the
chromatogram analysis method, only the Au NPs on/in cells
are calculated. Therefore, the total numbers of Au NPs and the
error bars for IC-MS are larger than those for the proposed
chromatic method.

Conclusions

In summary, we discussed the relationship between scattering
colors and aggregated numbers of Au NPs. Owing to the
increase in the high-order mode in the red light range with
increasing number of aggregated Au NPs, the scattering color
presents a significant chromatic changes. Using a chromato-
graphic analysis based on the color image transformation
(RGB to HSYV), aggregated Au NPs in living cells can be
located and counted. Through the calibration of known num-
bers of Au NPs by SEM and dark-field microscopy, we
established the chromatogram as a function of aggregated
Au NP numbers. The V/H ratio showed a linear relation with
the Au NP number in the cluster. We demonstrated the appli-
cation for studying the endocytic trafficking of nanoparticles.
The large aggregated nanoparticles near the nucleus verified
the fusion the endocytic vesicles. Using the chromatographic
analysis, the calculated nanoparticle numbers were in good
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agreement with mass spectroscopic measurement. Compared
with other approaches, the chromatographic approach pro-
vides an easy and fast measurement of 3D distribution of
aggregated Au NP numbers within living cells. This method
could further reinforce the capacity in quantitative analysis of
a long-term living cell-Au NPs interaction using an optical
system.
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