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Abstract

were exposed to concentrations used in the experiments.

The uptake mechanisms and kinetics of gold nanoparticles (AuNPs) by mouse calvaria osteoblastic cells have been
studied by transmission electron microscopy (TEM). The average size of the as-synthesized AuNPs used in this study
was 12.2 (£ 1.3) nm, and they were used to expose MC3T3-E1 osteoblastic cells at two concentrations (10 and 160
pg/ml) for 6, 24, and 96 hours before TEM imaging. Based on this analysis, we propose that the uptake mechanism of
AuNPs is concentration-dependent. At the higher concentration (160 pug/ml), the particles seem to penetrate inside the
cells primarily by endocytosis as the cells engulf AuUNPs as agglomerates formed on the outer cellular membrane. At the
lower concentrations of 10 pg/ml, AuNPs are more likely to cross the plasma membrane individually through diffusion.
Therefore, the average diameters of the nanoparticles are expected to have a significant role only when exposed to
cells in low concentrations. Moreover, cytotoxicity assays showed no toxic effects of the AuNPs when MC3T3-E1 cells

Keywords: Gold nanoparticles; Uptake mechanism; MC3T3-E1
mouse osteoblastic cells; Transmission electron microscopy

Introduction

Nanomaterials have great potential for use in biology and
medicine given their unique properties, which enable them to be
used as active agents in a number of applications ranging from drug
[1-3] or gene-delivery [4-6] to tissue engineering. Investigations
of the physical and chemical characteristics of nanomaterials that
affect their uptake by eukaryotic cells can yield valuable information
required for biomedical applications. The shape [7], size [7,8],
concentration, surface chemistry [9-12], and electrical charge [13-15]
of nanomaterials are some of the relevant parameters to be considered
before introducing them into biological systems [16]. The optimization
of such experimental parameters is critical because they control the
concentration of nanomaterials that will accumulate inside the cell
and the corresponding potential for undesired cytotoxic effects. The
use of AuNPs for biological and nanomedical applications [17-19]
has experienced a significant increase in the last few years due to their
excellent biocompatibility, inertness, stability, lack of cytotoxic effects,
ability to be functionalized with various biochemical molecules, and
strong spectroscopic capabilities [7,18,20]. In addition, the size of
AuNPs can easily be controlled during the synthesis by a simple step in
the chemical reaction, namely the ratio of gold salt to reducing agents
[21]. In vivo studies have indicated that AuNPs have the ability to
distribute in different organs and tissues within the body [22]; and they
can even penetrate subcellular organelles [2].

In spite of the numerous studies mentioned above, a better
understanding of AuNP interactions with cells is still needed. So far,
only a limited number of studies have utilized TEM to investigate the
interaction of nanoparticles with eukaryotic cells. For instance, a study
of nanoparticle physical and chemical parameters and their impact
on the intercellular uptake of nanoparticles has been conducted using
TEM as an observational method [7]. Chithrani et al. [7] studied the
size and shape effect of AuNPs taken up by mammalian cells. At the
same time, Jiang and his group showed the differences in the uptake of

10 and 40 nm of modified AuNPs at various incubation temperatures
[24]. The impact of the surface chemistry of PEG-modified iron oxide
nanoparticles on cellular penetration and intracellular accumulation
has been investigated by Gupta and Curtis [23]. In addition, TEM has
also been used to investigate the stage and mechanism of the cellular
internalization of protein-coated AuNPs by using the HeLa cell line as
amodel system [25]. Thus, TEM provides an excellent tool for in-depth
biological sample analysis at the cellular and organ level.

For the present study, we chose MC3T3-Elcells, originating from
mouse osteoblasts, as an animal cell model. This cell line has proven
useful for laboratory experiments and has been used extensively as an
in vitro model to study the effect of nanomaterials on enhancement
of the mineralization and proliferation of bone cells [18,26]. The aim
of the present in vitro cell culture study was to directly observe the
interaction of AuNPs with MC3T3-Elcells and assess the effects of
concentration and exposure time on the uptake of AuNPs by TEM.

Materials and Methods
Preparation of gold nanoparticles

Gold nanoparticles were prepared by the citrate reduction of
HAuCl, following the method of Turkevich et al. [27]. Prior to synthesis,
a round-bottomed flask equipped with condenser was cleaned in aqua
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regia (3HCl: HNO,) and later rinsed thoroughly with de-ionized (DI)
water. 0.1 g of HAuCl,.3H,0 (=99.9% Aldrich) was dissolved in 400
ml DI water. The solution was heated to boiling temperature while
vigorously stirring. A freshly prepared 50 ml of 1% trisodium citrate
dehydrate was added to the solution, and the solution was kept at
boiling temperature for an additional 20 min. It was then left to cool
to room temperature; finally, the volume was adjusted to 500 ml by
adding DI water. The final colloidal solution was wine red with a gold
concentration of ~ 0.5 mM.

Nanoparticle characterization

As synthesized, AuNPs were characterized by TEM, JEM-2100F
(JEOL USA, Peabody, Massachusetts) with an accelerating voltage
of 80kV. TEM grids were prepared by depositing a few drops of as
prepared colloidal AuNP solution onto holey-carbon coated copper
grids which were then allowed to dry for 15 minutes on filter paper.
X-ray energy dispersive spectroscopy (XEDS) was performed to
confirm the composition of the AuNPs. The images then were observed
by TEM using Digital Micrograph (Gatan, Inc, Pleasanton, CA)
software to measure the size of the nanoparticles. The variation (mean
and standard deviation) for the nanoparticles” diameters was obtained
after analyzing over 50 nanoparticles in random fields of view. The
AuNP radius was also determined by ultraviolet and visible (UV-Vis)
spectrophotometer (Shimadzu UV-3600).

Cell culture

The osteoblast mouse cell line (MC3T3-E1) used in this study was
obtained from the American Type Culture Collection (ATCC). The
cells were seeded in Polycarbonate membrane Nunc CC Insert (EMS,
Hatfield, PA) at a density of 25x10° cells/well. The tissue culture insert
was fitted into 24-well plates. 10 or 160pg/ml of AuNPs were freshly
mixed with the alpha minimum essential medium supplemented with
10% fetal bovine serum and 1% penicillin streptomycin antibiotic.
The cells were incubated for 6, 24, and 96 hr at 37°C in a 5% CO,
humidified incubator. After the incubation, the medium with AuNPs
was removed from each well and replaced with a fixative solution of
3% glutaraldehyde. Cells incubated with AuNPs-free medium were
considered as control samples.

MTT based cytotoxicity assay

The CytoSelect™ cell viability and cytotoxicity assay kit was
used to evaluate the cytotoxicity of AuNPs on the osteoblast cells.
The cells were seeded in 96-well plates at a density of 25x10° cells/
well. The samples” optical absorbance was normalized to the percent
of the negative control, and the provided cytotoxic saponine solution
was used as a positive control to compare with our data. The cells
were incubated with 1, 10, 100, or 200pg/ml of AuNPs for 24 hr for
this assay. Before adding MTT reagent, the cells were washed twice
with fresh cold culture medium. 100uL of fresh medium were added
with 10uL of MTT reagent to each well, and the cells were incubated
overnight at 37°C. Once the purple precipitation was clearly visible in
each well, 100uL of detergent solution were added to each well. The cells
were incubated for 4 hr in the dark after being covered with aluminum
foil. The absorbance of each well at 570 nm was measured by using a
microtiter plate reader (BioRad, iMark, USA).

Lactic dehydrogenase (LDH)-release based cytotoxicity assay

LDH release was measured using the LDH assay kit (Cayman
Chemicals, Ann Arbor, MI, USA) to evaluate cell membrane integrity.
The values of the LDH released by the cells and found in the culture

supernatants were determined by a coupled enzymatic assay that
results in the conversion of a tetrazolium salt into a brightly colored
formazan product that absorbs strongly at 490nm. MC3T3-E1 cells
were seeded in a 96-well plate at a density of (25x10° cells/well) and
incubated with increasing amounts of AuNPs (1, 10, 100 and 200 pg/
ml) freshly dispersed in culture medium for 24 hr. Next, 120 pL of
supernatant were transferred into 1.5 ml tubes and centrifuged for 5
min at a speed of 400 g. 100 pL of the supernatant were transferred to
new 96-well plates, followed by the addition of 100 pL of LDH reaction
solution. The plates were incubated for 30 min at room temperature on
an orbital shaker. A colorimetric absorbance was recorded at 490 nm
using a microplate reader for colorimetric detection (BioRad, iMark,
USA).

Cell specimen preparation for TEM

Cells were cultured and exposed to gold nanoparticles (AuNPs)
at a dilution of (10 and 160 ug/ml) for 6, 24, and 96 hr, respectively.
A control sample was also processed. Samples were fixed in 3%
glutaraldehyde fixative in 0.1M phosphate buffer, pH 7.2 for overnight
at 4 degrees C. After fixation, all of the samples were thoroughly rinsed
with a 0.1 M phosphate buffer (pH 7.2), post-fixed in 2% OsO, in 0.1
M phosphate buffer for 2 hr, followed by rinsing in distilled water,
and dehydrated in an ethanol solution. The resulting dried specimens
were embedded in Spurr’s resin which was polymerized at 70°C for
15 hr. Semi-thin sections with thickness of 0.5-1.0 um along with thin
sections -thickness 60-100 nm- were generated for light microscopy and
transmission electron microscopy analysis. Thin sections mounted on
200 mesh copper grids were stained with uranyl acetate and lead citrate
for transmission electron microscopy and examined and photographed
ina JEOL 100 CX II TEM (JEOL USA, Peabody, Massachusettes) at 80
kV. These thin TEM specimens were very stable at less than X100,000
magnification under the microscope, which was definitely suitable
for imaging biological samples. Without minimum dosage setup, no
degradation of the specimens was noticed. Ion beam sputtered carbon
thin film coatings (<2nm) on these sections can improve the stability
greatly.

Time-dependent clustering of AuNPs

AuNPs with a concentration of 160 pg/ml were incubated with cell-
free medium. TEM grids were prepared by dripping a few drops of the
above solution starting from a minimum of 1 min to a maximum of
5760 min. The samples were visualized under JEM-2100F (JEOL USA,
Peabody, Massachusetts) at 80 kV. More than 200 AuNPs clusters
at each incubation period were observed for statistical analysis of
clustering, and the mean cluster size and its standard deviation were
calculated.

Results

Characterization of gold nanoparticles

As-synthesized AuNPs had a spherical shape, were mono-
dispersed, and showed an excellent colloidal stability (Figure la).
The corresponding XEDS spectrum indicated peak signals of Au
(Figure 1b) at 80keV. The mean particle diameter of as-synthesized
AuNPs determined by TEM was 12.2 + 1.3 nm (Figure la inset).
Moreover, a strong characteristic plasmon absorption peak at 520 nm
corresponding to AuNP diameter of ~12nm was present in the UV-Vis
spectrum (Figure 1c).

Cytotoxicity assays
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The purpose of the assays for this part of the study was to assess
the biocompatibility and the undesirable cytotoxic effects of the
nanomaterials on MC3T3-E1 cells in vitro. A dye-based colorimetric
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Figure 1: Characterization of AuNPs (a) a TEM image showing monodispersed
AuNPs and the size distribution (inset) indicating that the majority of the
particles have a size dimension of 12nm, (b) the corresponding XEDS
spectrum, and (c) UV-Vis absorbance showing an absorption peak at 520 nm.
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Figure 2: Cytotoxicity assays of MC3T3 cells exposed to increasing
concentrations of AuNPs for 24 hr (a) MTT assay in which the data are
normalized to percentage of the control samples and illustrating cellular

metabolic activity; (b) LDH release assay.

assay (MTT) was used to evaluate in a rapid and preliminary manner
the cellular cytotoxicity and mitochondrial functional changes induced
by the nanoparticles. The principle of this assay is based on the ability
of the mitochondrial reductase enzymes system, which is succinate-
tetrazolium reductase, to convert the yellow dye 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to an insoluble purple-
colored formazan crystal in living cells. After 24 hr of exposure to
(1, 10, 100 and 200pg/ml) of AuNPs, the sample’s absorbance was
normalized to the percent of the negative control, and the provided
cytotoxic saponine solution was used as a positive control with which
to compare our data. Interestingly, we found that the MC3T3 cells’
viability remained unchanged over the wide range (0~200 pg/ml) of
AuNPs concentration after 24 hr (Figure 2a).

Cell viability and plasma membrane integrity were tested by LDH
release assay. Lactate dehydrogenase is released into the surrounding
medium upon cell damage or lysis. In our study, significant LDH
release was noted after a 24 hr incubation period for MC3T3 cells at
the highest concentration of AuNPs (200pg/ml) (Figure 2b). At lower
concentrations (< 200pg/ml), gold nanoparticleshad no significant effect
upon the enzymatic release. To investigate the internalization study,
we chose two concentrations of AuNPs with vast differences between
them. The lower concentration, 10 pg/ml, showed no cytotoxicity when
measured by both assays, while the higher concentration, 160 pug/ml,
resulted in a response somewhere between those of the 100 and 200
pg/ml samples.

Uptake mechanisms of AuNPs by the Cells

The main goal of our study was to examine the uptake mechanisms
of AuNPs (with an average size of 12.2 + 1.3 nm) by MC3T3-E1l
cells. The effects of the particle concentration and the incubation
periods were also examined by incubating the cells with low and high
concentrations (10 or 160 pg/ml) of AuNPs for 6, 24, and 96 hr. For cells
exposed to the lower concentration of particles, some free aggregates
were observed in the cytoplasm of the cells while others were enclosed
within membrane vesicles. When these results were compared to the
higher concentration, the aggregates appeared smaller and consisted of
fewer particles. At 24 and 96 hr incubation periods, more internalized
particles were found than at 6 hrs [Compare Figure 3(b) and (c) with
3(a)]. Contrary to the results found at the higher concentration, no
AuNPs aggregates were observed attached to the apical surfaces of the
plasma membranes.

At the higher concentration of gold particles, at each sampling
time (6, 24, and 96 hr), endosomal vesicles of AuNPs could readily be
observed, and more than one vesicle containing AuNPs was observed
within a single cell as shown in Figure 3(d-f). Internalized vesicles
contained only large aggregates of particles, and the aggregated
particles appeared mainly inside the vesicle while a few aggregates were
free and located in the cytoplasm of the cell. Some of the extracellular
AuNP clusters were attached to the surfaces of the cell plasma
membrane, while more clusters settled on the apical surface of the
plasma membrane of MC3T3-E1 cells as the exposure time increased.
Interestingly, the apical surface of the cells was covered with large
aggregates of gold nanoparticles after 96 hr of incubation [Figure 3(f)
and inset].

The time-dependence of AuNP cluster size in the control
experiments without cells was also studied to elucidate the role of the
clustering in the biological solution. We chose the concentration of
160 pg/ml for the AuNPs since, generally, the higher the nanoparticles
concentration, the higher their tendency to form large aggregates.
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Particles were incubated for a minimum time of 1 min and a maximum
of 96 hours in the culture medium free of the cells. Even though the
scatter in the data was large, the results showed no significant changes
in the average cluster size with increased incubation time [Figure 4].
Therefore, we can conclude that the larger AuNP clusters found on
the cell surfaces at the longest incubation time of 96 hr are not due
to the particle agglomeration in the medium, but are the results of
aggregation to the cell surfaces.

Discussion

Cytotoxicity characterization

MTT and LDH assays were conducted to detect early cytotoxic
events. After 24 hr of exposure, no significant cytotoxicity was noticed
for any concentration that we used in the uptake study [Figure 2 (a)
and (b)]. These results suggest that AuNPs showed no detectable
cytotoxicity and essentially did not interrupt cellular function. Patra
and colleagues have reported cell type dependent response to AuNPs;
they demonstrated that HepG2 and BHK21 cell lines remained
unaffected by AuNP treatment, while gold nanoparticles induced cell
death in an A549 cell line [28]. In contrast, Pan and coworkers have
demonstrated that the cytotoxicity of modified gold nanoparticles is
dependent on the size and not on a particular ligand attached to them
[29]. Smaller particle size (1-2 nm) was found to be highly toxic, while
larger sizes were comparatively nontoxic. Hypothetically, the smaller
particles could bind to DNA or other molecular machinery and thereby

Cell plasma

mtmhml‘;\
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membrane

Figure 3: A series of TEM images of MC3T3 cells exposed to 10ug/ml (left
column) and 160 pg/ml (right column) of AuNPs after 6 (a and d), 24 (b and e),
and 96 (c and f) hr of incubation.
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Figure 4: Semi-log plots representing the mean number of cluster size as a
function of time. 160ug/ml of AuNPs incubated with cell-free medium for (1-
5760 min). TEM was used to determine the cluster size.

block various transcription processes [30]. All of the TEM micrographs
in our study indicated that the cells, even those treated with a high
concentration of AuNPs, were metabolically active, and the subcellular
organelles were morphologically intact prior to fixation for microscopy.
The cells had intact plasma membranes and mitochondria, as well as
prominent rough and smooth endoplasmic reticulum. Moreover, the
ribosomal systems were intact indicating that the cells were active in
protein synthesis. As confirmed by the results of cytotoxicity assays and
the TEM observations, AuNPs had no significant toxic effect on the
MC3T3 cells under the assay conditions we employed in this study.

Uptake of gold nanoparticles

The particles as determined by the TEM were uniform in size,
mostly spherical, and free from agglomeration before introduction
into the biological medium. MC3T3-E1 grown on cell culture inserts
offers a free apical surface of plasma membrane to interact with the
extracellular environment while the opposite side is attached to the
membrane. For electron microscopy examination, vertically cut
sections were collected to show the interaction of the apical side of the
cells with AuNPs and the internalization of membrane-coated vesicles
within the cell cytoplasm.

Cells exposed to the lower concentration of AuNPs (10 pg/
ml) were found to have small clusters of AuNPs localized in the cell
cytoplasm indicating the possibility of different uptake mechanisms.
The intercellular vesicles are smaller and less numerous at this
concentration as compared to those found in the higher concentration
(160 pg/ml) cases. After 24 and 96 hr of incubation, more AuNPs were
internalized compared to those found after 6 hr incubation at this
lower concentration as expected. However, no AuNPs were found to be
attached to the apical surface of the plasma membranes even after the
longest exposure time [Figure 3(c)]. Since endocytosis usually requires
the particles to be adsorbed on the cell surfaces, the AuNPs found inside
the cells may have penetrated individually into the cells rather than by
endocytosis at this concentration. Geiser et al. [31] have previously
detected the ability of nanomaterials to cross the plasma membrane of
inhibited phagocytic activity cells and enter the cytoplasm by a non-
phagocytic mechanism. Moreover, a similar conclusion was found with
cells that lack endocytotic activity (e.g., RBCs) using different types of
nanoparticles, gold and titanium oxide of 25 and 22 nm, respectively
[31,32].

The cells exposed to the higher concentration of particles (160 ug/ml)
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were more likely taken up as clusters; the internalized agglomerates were
found within the cytoplasm of the cells, and they were enclosed inside
vesicles. Figure 5, which was taken from the cells incubated for 12 hr
at 160 pg/ml, clearly shows plasma membrane projections surrounding
and engulfing these aggregates of particles before internalization into
the cell cytoplasm. The apical surface of the cell plasma membrane
appears uneven. Furthermore, different stages of endocytosis are
highlighted by the TEM analysis. The images show early endocytosis
as the cells surround the AuNPs clusters and the plasma membrane
invaginates inward. Additionally, internalized nanoparticle clusters
can be observed in the cell cytoplasm, presumably representing later
endocytosis. We hypothesize that the ingesting process of large clusters
primarily occurred by an endocytotic process, a process by which cells
communicate and internalize extracellular contents and solid materials
[33]. During the transportation process, foreign materials entered the
cells by the invagination of a small portion of the plasma membrane,
and then the invaginated part pinched off to form a new intracellular
vesicle. Since the cells going through the endocytotic process show a
temporary change in the membrane integrity, as the cell membrane
expands and finally detaches from the boundary membrane, this could
explain the increase in the LDH levels when the concentration of
AuNPs reached values higher than 100 pg/ml. A similar mechanism has
been suggested in one of the in vitro studies with the human epithelial

Figure 5: Endocytotic activity of MC3T3 cells exposed to 160pg/ml of
AuNPs after 12 hr of incubation. The arrows indicate the plasma membrane
projections.
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Figure 6: High resolution images showing large clusters of AuNPs within
the cytoplasm of MC3T3 cells exposed to 160 pg/ml of AuNPs (a) The
corresponding XEDS spectrum collected from intracellular AuNPs clusters is
shown (b) The Cu signal is provided by the holder used for the microscopy
analysis.
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Figure 7: Schematic representation of a proposed hypothesis of uptake of
AuNPs by the MC3T3 cells and the role of the different concentrations of gold
nanopatricles (Particle is not drawn to size) (a) low concentration case -left (b)
high concentration case- right.

cell line A549 exposed to 40ug/ml of 50 nm TiO, nanoparticles [34].
The aggregation of nanoparticles depends strongly on their surface
chemistry [32]. In our experiments, the AuNPs were sonicated before
the experiment for maximum dispersion. It seems that the dispersion
of the NPs is a function of the environment; it is also possible that the
chemical characteristics (e.g., surface properties and charge) of AuNPs
change as a result of mixing with the biological solution. This could
be due to non-specific absorption of serum proteins on the surface of
nanoparticles as demonstrated earlier [35,36]. The surface attachment
of these proteins onto the nanoparticles could impact and enhance
the endocytotic pathway of the agglomerated AuNPs into the cells.
Exposure to high concentrations of AuNPs (160ug/ml) induces their
rapid agglomeration on the cell surfaces, and the cells internalize of
these large agglomerates. Our TEM study showed the ability of cells
to uptake large clusters which formed on the apical surface of cell
plasma membranes by endocytosis. The XEDS spectrum collected
from intracellular vesicles showed the Au signals [Figure 6 (a) and (b)].
Another possible mechanism for internalization that we propose at the
higher concentration is that, since some of the gold clusters were found
freely in the cell cytoplasm, single particles may penetrate inside the
cell individually by a diffusion process similar to the scenario proposed
for the lower concentration study. The predominant mechanism for
translocation of AuNPs at such high concentration is more likely
through endocytosis.
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A previous study by Chithrani et al. showed that the shape [7] of
AuNPs (e.g., rod shape vs. spherical shape) played a critical role in
intracellular engulfing and accumulation of nanoparticles, while Osaki
and colleagues [8] demonstrated that the endocytotic process is highly
size-dependent, with an optimal size around 50nm.

Based on our findings, it can be concluded that the size of the
nanoparticles plays only a limited role in their uptake by the cells, and
it is significant mostly for lower concentrations. As the nanomaterials’
concentration increases, they form agglomerates on the cellular
membrane and seem to be internalized as a cluster, rather than
individually. As a result, the size of the individual nanoparticles that
form this cluster becomes rather insignificant. A process diagram
is depicted in Figure 7 and highlights the role of the nanoparticles’
concentration on their cellular uptake. It is interesting to note that,
even after the progression of incubation times and the particles
being concentrated in the area surrounding the nucleus, no visible
penetration was apparent in the nuclear region. The reason may be
related to the structure of the nuclear envelope, which consists of
two membrane layers. These findings could play a major role in the
design of efficient processes that use nanostructural materials for
drug and gene delivery to reduce or eliminate tumors. Therefore,
understanding how the engineered nanoparticles interact with various
cell lines and in particular with the corresponding cellular membranes
is a very important research endeavor, especially given the fact that, in
addition to the nanoparticles’ size, chemical surface, and shape, their
concentration seems to drastically affect the uptake mechanisms by
which they penetrate the cells.

Conclusions

Our data suggest that the cellular uptake mechanism of AuNPs
is a concentration-dependent process. High concentrations of gold
nanoparticles can accumulate more effectively inside and outside of the
cells, even in the absence of any functionalization. In addition, viability
assays showed no significant cellular toxicity after ingesting AuNPs in
the concentration range that we studied. Finally, electron microscopy
presents a workable option for investigators studying the interactions
between cells and NPs in the environment. TEM observation can
distinguish those NPs inside the cells and those on the cell surfaces, as
well as the state of agglomeration (NP distribution and cluster sizes)
in both cases. A TEM study is in progress to assess the effects of these
factors on the ablation of cancerous cells by magnetic NPs.
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