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ABSTRACT: Endocytosis is a cellular process in which substances are &> PSS AuNRs

engulfed by the cellular membrane and budded off inside the cells to form ;’,E{;E‘aA:uNNRQS o
vesicles. It plays key roles in controlling nutritional component uptake, ﬂ%%g) ez AT éCDy
immune responses, and other biological functions. A comprehensive W)/ 3
understanding of endocytosis gives insights into such physiological functions Guvec HMDM

and informs the design of medical nanodevices that need to enter cells. So far,

endocytosis has been studied mostly using established cell lines. However, the =~ —==_ Helacell  RAW cell =\
established cell lines generally originate from cancer cells or are transformed ) 2
from normal cells into immortalized cells. Therefore, primary cells may give ‘“Ss—= 5 = g
us more reliable information about the endocytosis process of nanoparticles gﬁy Macropinocytosis
into cells. In this research, we studied the uptake of gold nanorods (AuNRs) A\ A\

. . . . .. .. Caveolae-mediated endocytosis
with four different surface modifications (anionic/cationic polymers and

anionic/cationic silica) by two kinds of primary cells (human monocyte-
derived macrophages and human umbilical vein endothelial cells) and two
kinds of established cell lines (HeLa cells and RAW 264.7 cells). We found that the surface properties of AuNRs affected their
cellular uptake, and the cationic surface tended was advantageous for uptake, but it depended on the cell types. Control experiments
using inhibitors of representative endocytosis pathways (macropinocytosis, clathrin-mediated endocytosis, and caveolae-mediated
endocytosis) indicated that primary cells had a dominant uptake pathway for internalization of the AuNRs, whereas the established
cell lines had multiple pathways. Our results provide us with novel insights into cellular uptake of AuNRs in that they depend not
only on surface characters of the nanoparticles but also cell types, such as primary cells and established cell lines.

Clathrin-mediated endocytosis

B INTRODUCTION

Endocytosis is a cellular process, in which substances are
engulfed by the cellular membrane and budded off inside of
the cells to form vesicles, known as endosomes."” It is not only
essential to take in nutritional components for cellular growth,

for biomedical applications requires a comprehensive under-
standing of their endocytosis processes.

Recognition of nanoparticles on a cell surface and the
following endocytosis depend on the type, size, and surface
properties of the nanoparticles. From the viewpoint of the size

immune responses, and other biological functions”* but also
an important infection mechanism for microorganisms.”’
Endocytosis is energy-dependent and categorized into macro-
pinocytosis, clathrin-mediated endocytosis, caveolae-mediated
endocytosis, and clathrin and caveolin-independent endocy-
7 All these varying endocytic processes demand
coordinated interactions between a wide assortment of lipid
and protein molecules that dynamically link to the cortical
actin cytoskeletons and the plasma membrane.®

In the past two decades, “nanomedicine” has attracted much
attention among researchers in the fields of drug delivery, gene
therapy, and diagnosis.”~'*> Considering that these delivery
systems are intended to deliver drugs and genes to the cytosol,
nucleus, or other specific intracellular compartments, navigat-
ing the endocytosis process is critical to their success.
Consequently, designing efficient and safe delivery systems

tosis.
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of nanoparticles, Ding et al. found that the size of the gold
nanospheres was an important factor for their uptake into cells.
The uptake of gold nanospheres of 15 nm in diameter was
higher than those of 45 and 80 nm."” Malugin et al. observed
that larger amounts of amorphous silica nanoparticles of 100
nm were internalized by epithelial cells than those of 50, 200,
and 500 nm.'* In addition, surface properties also affect the
cellular uptake. Surface charge'>™'® and the type of modified
molecules'”™** have an impact on the cellular uptake. The
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shape of the nanoparticles is also an important factor for
cellular uptake. As a result of examining endocytosis pathways
of gold nanoparticles in the forms of stars, rods, and triangles
into RAW 264.7 cells, the pathways were found to be different
and depended on their shapes.'®”* Herd et al. also observed
that the shape of silica nanoparticles (the worm-like,
cylindrical, and spherical) influenced their endocytosis path-
ways in AS549 cells and RAW 264.7 cells.”* For rod-like
nanoparticles, Liu et al. examined nanorods with different
aspect ratios based on the tobacco mosaic virus for their uptake
by HeLa cells and human umbilical vein endothelial cells
(HUVECs).”® They found that the aspect ratio had a
considerable effect on the cellular uptake by the respective
cells. The shapes and surface charge of silica nanotubes have
also been assessed for their cellular uptake.”® Gold nanorods
with different aspect ratios were also examined to clarify
differences in uptake by HeLa cells.”’

Thus, the relationship between surface properties of
nanoparticles and cellular uptake has been examined mostly
using established cell lines. However, the established cell lines
generally originate from cancer cells or are transformed from
normal cells into immortalized cells.”® Therefore, primary cells
may give us more reliable information about the endocytosis
process of nanoparticles into cells, and their use should allow
the quantitative analysis of the internalization of nanoparticles
into particular cells and observation by time-course microscopy
studies.

The objectives of this study are to understand the
relationship between surface properties of nanoparticles and
the induced endocytosis pathway in several types of cells,
including primary cells and established cell lines. All the gold
nanorods (AuNRs) used in this study had a similar aspect
ratio. Furthermore, we utilized surface modifications of AuNRs
that have already been established, for example, modification
with pol;rethylene glycol,””*® poly(styrene sulfonic acid)
(PSS),** poly(allylamine h;rdrochloride) (PAH),*" sili-
ca,>*™** and aminated silica.*>*® More importantly, gold can
be precisely quantified by inductively coupled plasma optical
emission spectrometry (ICP—OES) with higher sensitivity in
trace-level concentrations and higher accuracy, compared with
fluorescence analysis carried out in the case of polymer
nanoparticles modified with a fluorescent dye.*’ ™’

In this study, we employed AuNRs modified with polymers
and silica layers as model nanoparticles to obtain nanoparticles
with positive and negative charges. Using these AuNRs, the
cellular uptake by several types of cells was quantified by ICP—
OES. Using endocytosis inhibitors, we further investigated the
endocytosis mechanisms and their differences caused by the
surface properties and cell types.

B RESULTS AND DISCUSSION

Modification and Characterization of AuNRs. To
evaluate the impact of different surface modifications on the
cellular uptake of AuNRs, four kinds of AuNRs with different
chemical properties and surface charges, namely, PSS AuNRs
(polymer modification, anionic), PAH AuNRs (polymer
modification, cationic), silica AuNRs (silica modification,
anionic), and amine—silica AuNRs (silica modification,
cationic) were prepared. Transmission electron microscopy
(TEM) images (Figure 1A—D) revealed that AuNRs were
uniform in shape, and the mean size was about 70 nm in length
and 10 nm in width. Size distribution of the AuNRs measured
from the TEM images is shown in Figure 1E. The polymer
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Figure 1. TEM images of PSS (A), PAH (B), silica (C), and amine—
silica (D) AuNRs. Scale bars indicate 100 nm. Size distribution of
AuNRs measured from the TEM images (E).

layers of PSS AuNRs and PAH AuNRs could not be observed
because they were invisibly thin in TEM observation (Figure
1A,B),*" meaning that the amount of the coated polymers was
low enough to be ignorable compared with the gold nanorods.
The silica shell can be estimated to have a uniform thickness of
10 nm. The absorption spectra with vis—NIR spectrometry are
shown in Figure 2. The AuNRs had two absorption bands,
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Figure 2. Vis—NIR spectrum of AuNRs with different modifications.

around 550 nm (transverse plasmon resonance) and 900 nm
(longitudinal plasmon resonance). After the surface modifica-
tions, a slight red shift of the absorption in the near-infrared
light re%ion was observed, which agrees with previous
reports.”"** The surface modifications were also confirmed
by measuring the zeta potentials (Table 1). PSS AuNRs and
silica. AuNRs showed negative zeta potentials, and PAH
AuNRs and amine—silica AuNRs showed positive zeta
potentials.
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Table 1. Coating Sequence and Resulting Zeta Potential

name surface structure zeta potential (mV)
PSS AuNRs sulfonate —43.33 + 0.65
PAH AuNRs amine +37.31 + 1.16
silica AuNRs silanol —27.62 + 0.58
amine—silica AuNRs amine +29.19 + 0.92

Cytotoxicities of AuNRs with different modifications.
Before evaluating the uptake of these surface-modified AuNRs
by cells, their cytotoxicities were examined to exclude
secondary effects of the toxicity on the uptake. In this study,
two kinds of primary cells, HUVECs and human primary
monocyte-derived macrophages, and two kinds of established
cell lines, murine macrophages (RAW 264.7: RAW cells) and
human cervical cancer cells (HeLa cells), were used. For the
primary cells, human monocyte-derived macrophages
(HMDMs) are used as model cells to understand various
functions of macrophages. We previously established a method
of differentiation from human peripheral monocytes to the
macrophages by stimulating with GM—CSF or M—CSE.*”
HUVECs are the most commonly used endothelial cells and
chosen as a counterpart of HMDM:s. For the established cell
lines, RAW cells originated from murine macrophages are
chosen as a counterpart of HMDMs in terms of the
macrophage origin. HeLa cells are generally established cell
lines and often used for research of endocytosis.

We varied the concentrations of the coated AuNRs in a wide
range, including some that were higher than those published in
a systematic study of the endocytosis of AuNRs.'* The
experiments were conducted in serum-free media in order to
minimize nonspecific interaction of serum proteins that may
affect the surface properties of the AuNRs and alter the
interactions between the AuNRs and cellular surface.''’

The cationic AuNRs (PAH and amine—silica AuNRs)
showed higher cytotoxicity than the anionic AuNRs (PSS and
silica AuNRs) in all types of cells (Figure 3). It would be
because of the electrostatic interaction between the cationic
nanoparticles and the anionic cell surfaces."® The polymer-
modified AuNRs (PSS and PAH AuNRs) tended to show
slightly higher toxicity than the silica-modified AuNRs (silica
and amine—silica AuNRs) regardless of the cell type. From the
point of view of the cell type, HUVECs and RAW cells were
more sensitive to AuNRs compared with HeLa cells and
HMDMs. The cell viability of HeLa cells at a high
concentration of AuNRs (12 pg/mL) was still around 80%,
while significant toxicities were observed in the other types of
cells at that concentration. For HUVECs, the concentration of
AuNRs needed to be below 6 pg/mL for cell viability to reach
80%. Overall, 6.0 ig/mL AuNRs was the highest concentration

that did not show significant toxicity and can be considered an
inert concentration for cellular endocytosis. Therefore, 6.0 g/
mL was chosen as the working concentration for cellular
uptake experiments.

Cellular Uptake of AuNRs with Different Modifica-
tions. The time course of cellular uptake of AuNRs with
different modifications was examined at 1, 4, 8, 12, and 24 h
(Figure 4). At the beginning stage (1 h), the amount of uptake
was similar (about 0.2 ug/10° cells, corresponding to 1.8 X 10*
gold nanorods in one cell) for all kinds of cells. At the middle
stage of incubation (4 to 12 h), the uptake of cationic AuNRs
(PAH and amine—silica AuNRs) was higher than that of
anionic AuNRs (PSS and silica AuNRs), especially for
HUVECs, HMDMs, and HeLa cells, presumably because of
the difference in the mode of electrostatic interaction with
anionic proteoglycans on the cell surface.”* Thus, the surface
charges of AuNRs, but not the thickness and chemical
structure of the modification, are a dominant factor to affect
their uptake. After that, the uptake behaviors of AuNRs with
different modifications in different cell types were complicated.

HUVECs are the most commonly used endothelial cells in
the published research.”> HMDMs are also used as model cells
of macrophages, which play a key role in inflammation and
protecting the organism from infection.*® From our results,
HMDMs actively ingested AuNRs in a 1.4-fold greater amount
compared with HUVECs at 24 h. The difference would be
reflected by that of their original characteristics in the human
body. When we compared HMDMs with RAW cells,
established from murine macrophages, the amount of gold in
the RAW cells was about half that of HMDM:s. HeLa cells also
showed uptake of AuNRs comparable with that of HMDMs.

To verify that the detected gold originated from AuNRs
internalized into cells by endocytosis and not cell surface-
adsorbed AuNRs, examinations of the effects of incubation at 4
°C and with sodium azide were performed (Figure S).
Endocytosis is an ATP-driven, energy-dependent cellular
event, and the abovementioned treatments should deplete
cellular ATPs and inhibit the endocytic uptake of AuNPs."” In
both treatments, the cellular uptakes of all kinds of AuNRs
were inhibited to 20% in all kinds of cells, indicating that
AuNRs were internalized into cells by endocytosis and the
amount of AuNRs existing on the cell surface was ignorable.

Endocytosis Pathway of AuNRs. Energy-dependent
uptake pathways for nanoparticle internalization are mainly
categorized into macropinocytosis, clathrin-mediated endocy-
tosis, and caveolae-mediated endocytosis.*® To know by which
endocytosis pathways AuNRs with different modifications were
internalized into cells, the effects of inhibitors corresponding to
these endocytosis pathways on their uptakes were examined
(Figure 6). Amiloride, an inhibitor of macropinocytosis, lowers
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Figure 3. Cytotoxicities of the AuNRs. Cells were exposed to AuNRs modified with PSS(O), PAH (®), silica (A), and amine—silica (A) for 24 h.
Data represent mean values for n = 3, and error bars are one standard deviation of the means.
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Figure 4. Cellular uptake of AuNRs modified with PSS(O), PAH (@), silica (A), and amine—silica (A). The cells were incubated with 6 yg/mL
AuNRs with different modifications for 1, 4, 8, 12, and 24 h. Data represent mean values for n = 3, and the error bars are one standard deviation of
the means. Statistical significance: *P < 0.05 compared with values of PSS AuNRs for PAH AuNRs, **P < 0.05 compared with values of silica

AuNRs for amine—silica AuNRs (student’s t-test).
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Figure S. Effect of 4 °C incubation and sodium azide on the uptake of AuNRs with different modifications by cells. These cells were treated at 4 °C
(gray bars) in the presence of sodium azide (closed bars) for 45 min. The cellular uptake of AuNRs was normalized to cells without inhibition
treatment (open bars). Data represent mean values for n = 3, and error bars are one standard deviation of the means. Statistical significance: *P <
0.01 compared with values for treated cells at 4 °C and with sodium azide (student’s t-test).
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Figure 6. Effect of endocytosis inhibitors on the uptake of AuNRs with different modifications by cells. The cells were exposed to endocytosis
inhibitors for 45 min, and then, the medium was replaced with fresh medium containing AuNRs for 1 h. The uptake of AuNRs was normalized to
that of cells without inhibition treatment. Open, light gray, dark gray, and closed bars indicate uptake of PSS, PAH, silica, and amine—silica AuNRs,
respectively. Data represent mean values for n = 3, and error bars are one standard deviation of the means. Statistical significance: *P < 0.0S and
*%P < 0.01 when compared with values for control and other inhibitors (Dunnett’s test).

submembranous pH and impairs actin polymerization by
preventing Racl and Cdc42 signaling, which is important for
macropinocytosis.””*" Chlorpromazine, an inhibitor of cla-
thrin-mediated endocytosis, inhibits the formation of a
clathrin-coated pit via an invertible translocation of clathrin
and its adapter proteins from the plasma membrane to
intracellular vesicles.>! Filipin, an inhibitor of caveolae-
mediated endocytosis, binds to cholesterol in caveolae and
forms ultrastructural aggregates and complexes.>”

As shown in Figure 6, for HUVECSs, the cellular uptake of all
kinds of AuNRs was inhibited by filipin only, suggesting that
these AuNRs were internalized mainly by caveolae-mediated
endocytosis regardless of their surface modification. This is
reasonably well supported by reports that caveolae are
abundant in endothelial cells,”® and caveolin-1 and caveolae

are involved in the regulation of the endothelial cell function.>*

For HMDMs, the cellular uptake was inhibited by amiloride
only. The results suggested that AuNRs were most likely
internalized by macropinocytosis regardless of their surface
modifications. This specific form of macropinocytosis allows
macrophages to consistently capture antigenic substances and
pathogens as part of their immuno-defense functions.
Surprisingly, regardless of the surface alteration, these AuNPs
may share similar uptake pathways into these primary cells.
In contrast, the modes of inhibition in AuNR uptake in the
established cell lines (HeLa and RAW cells) were more
complicated and dependent on surface modifications. For
HeLa cells, the uptakes of PSS AuNRs and amine—silica
AuNRs were inhibited by chlorpromazine and amiloride,
respectively. The result suggested that clathrin-mediated
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endocytosis and macropinocytosis contributed to the uptake of
PSS AuNRs and amine—silica AuNRs, respectively. Filipin
inhibited uptake of all kinds of AuNRs, suggesting that
caveolae-mediated endocytosis contributed to the uptake of
AuNRs regardless of surface modifications. For RAW cells, the
uptakes of silica and amine—silica AuNRs were inhibited by
both amiloride and filipin, suggesting that silica AuNRs and
amine—silica AuNRs were internalized by RAW cells via both
macropinocytosis and caveolae-mediated endocytosis. The
uptakes of PSS and PAH AuNRs were inhibited by
chlorpromazine, an inhibitor of clathrin-mediated endocytosis.
In the case of RAW cells, multiple endocytosis pathways may
contribute to the uptake of AuNRs, depending on their surface
modifications.

Macropinocytosis is an induced form of endocytosis that
facilitates cellular uptake of extracellular materials and solutes,
and thus, induction of micropinocytosis may increase the
uptake of AuNRs into cells. To evaluate the possibility, we
pretreated the cells with recombinant human stromal cell-
derived factor (SDF)-la (CXCL12), which is known to
activate macropinocytosis (Figure 7).>° SDF-la led to a

HMDMs Hela cells RAW cells

unimodal uptake of AuNRs regardless of their surface
modification. This may be attributed to the intrinsic characters
of the original cells. In contrast, in the case of established cell
lines (HeLa and RAW cells), AuNRs were internalized by
multiple endocytosis pathways, and it depended on surface
properties (Figure 8). HeLa cells are frequently used as a
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Figure 8. Schematic illustration of the endocytosis mechanisms of
AuNRs with different surface modifications.
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Figure 7. Effect of SDF-la on uptake of AuNRs with different
modifications by cells. The cells were exposed to SDF-1a for 30 min;
then, the medium was replaced with a fresh medium containing
AuNRs for 1 h. The uptake of AuNRs was normalized to that of cells
without SDF-la treatment. Open and closed bars indicate uptake
under the control condition without SDF-1a and in the presence of
SDF-1a, respectively. Data represent mean values for n = 3, and error
bars are standard deviation for means. Statistical significance: *P <
0.05 and **P < 0.01 compared with values for control cells without
SDF-1a treatment (student’s t-test).

significant enhancement in cellular uptake of AuNRs by
HMDMs with the exception of PSS AuNRs, yielding a 1.5-fold
greater AuNR uptake relative to cells without SDF-la
treatment. In HeLa cells, a twofold increase was observed in
silica and amine—silica AuNR uptake after the treatment with
SDF-1a. A similar tendency was observed for the AuNR
uptake by RAW cells. These results suggest the potential effect
of macropinocytosis induction in promoting nanoparticle
delivery into cells.

Bl CONCLUSIONS

We examined the endocytic uptake pathways by which AuNRs
enter cells and how their surface properties and cell-type
difference impact them. AuNRs were modified with a polymer
or silica to become anionic or cationic. In this study, we
employed the AuNRs with different surface modifications as a
model set of nanoparticles with different surface modifications.
The human primary cells (HUVECs and HMDMs) showed a

model cell to study endocytosis. However, as shown in this
study, there can be considerable cell-type dependencies in the
modes of cellular uptake, suggesting the importance of cell-
type selection in studying the modes of cellular uptake of
nanoparticles. Primary cells may illustrate cellular uptake
behaviors closer to in vivo and should be used where available.
Further examination using other types of nanoparticles, for
example, different sizes and shapes of gold nanoparticles,
polymer nanoparticles, liposomes, and other nanomaterials,
will give us a deeper understanding of the modes of
endocytosis related to the immune system, communication
between cells via extracellular vesicles, and other cellular
processes. Looking at the in vivo drug delivery system
mediated by nanomaterials, their uptake by target cells
would be affected by lots of factors, that is, circulating stability
of the nanomaterials, distribution in the microenvironment of
targeted organs, and recognition by target cells.””*%’
Although it is complicated, basic knowledge for endocytosis
in the cellular level will be essential to develop efficient delivery
systems of therapeutic molecules that work in cells.

B EXPERIMENTAL PROCEDURES

Materials. AuNRs were provided by Dai Nippon Toryo
Co. Ltd. (Osaka, Japan). PSS sodium salt and PAH were
purchased from Alfa Aesar (Lancashire, UK). Thiol-terminated
poly (ethylene glycol) (PEG, MW 5000 Da) was purchased
from NOF Co., Ltd. (Tokyo, Japan). Tetraethyl orthosilicate
(TEOS) was purchased from Kasei Kogyo (Tokyo, Japan). (3-
Aminopropyl) triethoxysilane (APTES) was purchased from
Kanto Kagaku (Tokyo, Japan). Ethanol (99%), ammonia
solution (28%), hydrochloric acid, and nitric acid were
purchased from FUJIFILM Wako Pure Chemical Industries
(Osaka, Japan). Amiloride hydrochloride and Filipin III were
purchased from Cayman Chemical (Michigan, USA).
Chlorpromazine hydrochloride was purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Recombinant
human CXCL12 (SDF-la) was purchased from Biolegend
(San Diego, USA). Cell counting kit-8 (CCK-8) was
purchased from Dojindo Laboratories (Kumamoto, Japan).
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Surface Modification of AuNRs. AuNRs stabilized by
cetyltrimethylammonium bromide (CTAB) were modified
with layers of polyelectrolytes as per a previous report.”*” The
first layer was PSS, which is negatively charged, and the second
layer is PAH, which is positively charged. Overall, two kinds of
polymer-coated AuNRs were obtained by layer-by-layer
methods. Briefly, a solution of AuNRs containing excess
CTAB was centrifuged at 12,000 Xg for 15 min, decanted, and
resuspended in MQ water to remove the excess CTAB. Then,
8 mL of a solution of 1 mM AuNRs (concentration on the
basis of gold atoms) and 200 uL of PSS solution (50 mg/mL
in MQ water) were added into 1.8 mL of MQ water, and the
mixed solution was then vortexed vigorously for 3 min. After
standing for 12 h, the excess PSS molecules in the supernatant
fraction were removed by centrifugation twice, and the pellet
was redispersed in 10 mL of MQ water. For PAH modification,
200 uL of the PAH solution (10 mg/mL in MQ water) was
added into 1 mL of the PSS AuNR solution, and the mixed
solution was then vortexed vigorously for 3 min. After standing
for 12 h, the excess PAH molecules in the supernatant fraction
were removed by centrifugation twice, and the pellet was
redispersed in 1 mL of MQ water. The obtained PAH/PSS
AuNRs (abbreviated as PAH AuNRs) could then be used for
cell experiments.

Silica-modified AuNRs were prepared by a method
previously reported.*' A solution of AuNRs containing excess
CTAB was centrifuged at 12,000 Xg for 15 min, decanted, and
resuspended in MQ water to remove the excess CTAB. A total
of 10 mL of a solution of 1 mM AuNRs (concentration on the
basis of gold atoms) was added to 2 mL of 1 mM thiol-
terminated PEG (MW. S000 Da). The mixture was stirred
overnight at room temperature and was dialyzed. PEG-
modified AuNRs were coated with a silica layer using the
modified Stober method, which is based on the hydrolysis of
TEOS in the ethanol/water mixture in the presence of AuNRs.
A total of 1 mL of a solution of 10 mM PEG-modified AuNRs
(on the basis of gold atoms) was diluted with 7.8 mL of
ethanol. The mixture was added to 40 uL of 28% ammonia
solution, and 1 mL of 50 mM TEOS was added. The reaction
was allowed to proceed for 24 h at room temperature. The
silica layer on the AuNRs (abbreviated as silica AuNRs) was
further modified with APTES.*® Briefly, 1 mL of a solution of
10 mM silica AuNRs was concentrated by centrifugation and
then dispersed in 4 mL of ethanol. Next, 28 uL of APTES and
20 uL of 28% ammonia solution were then added. The mixture
was allowed to react for 24 h at room temperature, and the
product was collected by centrifugation and washed with
ethanol twice. The pellet of amine—silica AuNRs was dispersed
in 1 mL of MQ water and could then be used for cell
experiments.

Characterization of AuNRs. The shape and size of
AuNRs were observed by transmission electron microscopy
(TEM, (JEOL-2100F; JEOL, Japan). The absorption spectra
were characterized with a UV—vis—NIR spectrophotometer
(V-670; Jasco, Tokyo, Japan). The zeta potentials of the
AuNRs were measured using a Zetasizer (Malvern Zetasizer
Nano ZS; Malvern Instruments Ltd, Malvern, UK).

Cell Culture. Human peripheral blood mononuclear cells
(PBMC) were obtained from healthy volunteers, and written
informed consent was obtained from all the donors. All
protocols using human materials were approved by the
Kumamoto University review board (no.486) and were
conducted in accordance with the approved guidelines.

Monocytes were isolated using Lymphoprep and then
stimulated with GM—CSF (S ng/mL) or M—CSF (100 ng/
mL) for seven days to differentiate them into HMDMs."
HMDMs were cultured in DMEM (low glucose) supple-
mented with 2% FBS and 100 mg/mL penicillin and
streptomycin. HUVECs were cultured in endothelial cell
growth medium under a humidified 5% CO, at 37 °C. RAW
264.7 cells and HeLa cells were cultured in DMEM (high
glucose) with 10% FBS under a humidified 5% CO, at 37 °C.

Cell Viability Assays. Cell viability assays were measured
using a cell counting kit-8 (CCK-8, Dojindo Laboratories,
Japan) following the manufacturer’s instructions. Typically,
around 8000 cells per well were seeded onto 96-well plates
with a culture medium containing 10% FBS and cultured
overnight. After incubation, the cells were then exposed to
AuNRs with different surface modifications (6.0 ug/mL on the
basis of gold atoms) for 24 h in the culture medium without
serum. Then, the cell viability of each well was determined by
treatment with the CCK-8 kit following the manual. The
absorbance was determined using a microplate reader (680;
Bio-Rad, Hercules, CA) at 450 nm.

Evaluation of the Amount of Internalized AuNRs in
Cells. Four types of cells (10° cells/well) were seeded onto a
six-well plate and cultured with a medium containing 10% FBS.
After incubation overnight, cells were incubated with AuNRs
with different surface modifications (6.0 yg/mL on the basis of
gold atoms) in the medium without serum for 1, 4, 8, 12, and
24 h. After the allotted time, the cells were rinsed thoroughly
with cold PBS and collected. For the quantitative determi-
nation of the Au content in the cells, atomic absorption
spectroscopy analysis was used after the collected cells were
digested by aqua regia.”” Briefly, a 100 uL solution of the
collected cells were digested with 900 uL of aqua regia (3:1
ratio HCI/HNO;) overnight. Then, the mixture was dried by a
dry block bath (Dry Block Bath THB-2, AS ONE Corporation,
Osaka, Japan) at 98 °C. The pellet was dispersed in a 2 mL
solution of 1% HCI, and the Au content was analyzed by ICP—
OES (Thermo iCAP 7000 series ICP spectrometer; Thermo
Fisher Scientificc MA). The mean size of the gold nanorods
used in this study was about 70 nm in length and 10 nm in
width. From the density of gold (19.32 g/cm?®) or the size of
the crystal lattice (0.4078 nm for four gold atoms),”’ the
number of gold atoms in one gold nanorod can be calculated
to be 3.47 X 10°. The amount of internalized gold nanorods
was shown as “ug of gold per 10° cells” and “number of gold
nanorods in one cell”.

Evaluation of the Endocytosis Mechanism. To under-
stand the uptake mechanism of AuNRs, cells were seeded onto
six-well plates (10° cells/well) in the medium with 10% FBS.
After overnight incubation, the cells were treated with one of
the following treatments prior to the AuNR exposure: (1) at 4
°C for 4S5 min, (2) in the presence of 10 mM sodium azide for
45 min, (3) in the presence of 100 yg/mL amiloride (inhibits
macropinocytosis) for 45 min, (4) in the presence of 7.5 pug/
mL chlorpromazine (inhibits clathrin-mediated endocytosis)
for 45 min, (S) in the presence of S ug/mL filipin (inhibits
caveolae-mediated endocytosis) for 45 min, and (6) in the
presence of 100 nM SDF-1a (activates macropinocytosis) for
30 min. After treatment, the medium was replaced with a fresh
medium, which was without serum and contained the AuNRs
with different surface modifications (6 yg/mL on the basis of
gold atoms) for 1 h. After that, the cells were washed with cold
PBS three times, trypsinized, and collected for measurement by
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ICP—OES. The cellular uptake of AuNRs was normalized to
cells without inhibition treatment.
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