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ecent progress in synthesis of nano-

particles has enabled the prepara-

tion of nanometer-sized materials
with controlled structures and
functionalities.? Nanomaterials have at-
tracted great attention for various biomedi-
cal applications such as drug delivery and
cellular imaging because of their fascinat-
ing physicochemical properties.> > Nano-
structured materials exhibit superior bioac-
tivity by exponential increase of surface
area and alteration in the physicochemical
and structural properties with a decrease in
their diameters.®” Furthermore, specific sur-
face groups including hydrophilic, hydro-
phobic, lipophilic, and lipophobic could
function as reactive sites.® However, these
functional groups can induce harmful ef-
fects to biological systems mainly owing to
their oxidative stress and inflammatory re-
sponse.’ For instance, electron capture on
the surface of nanoparticles can lead to the
formation of superoxide radical (0,*7), re-
sulting in generating additional reactive
oxygen species due to Fenton chemistry
and dismutation.'®'! Nevertheless, there are
limited researches concerning size- and sur-
face functionality-dependent nanotoxicity
on biological systems. In the case of bio-
medical applications, the nanoparticles of
different diameters and surface functional-
ities should be evaluated systematically
from a cytotoxic viewpoint.

For cancer therapy, the synthesis of
nanoparticles with void structure is a cru-
cial issue in order to deliver the drug effi-
ciently in aqueous solution.'? The void
space of hollow nanoparticles has been suc-
cessfully applied for encapsulation and con-
trollable release of biochemical molecules
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ABSTRACT Silica—titania hollow nanoparticles (HNPs) with uniform diameters of 25, 50, 75, 100, and 125
nm were fabricated by dissolution and redeposition method in order to evaluate size dependent cellular response.
Surface-modified HNPs with cationic, anionic, and neutral functional group were prepared by silane treatment.
We systematically investigated cellular internalization, toxicity, and innate immune response of HNPs in human
breast cancer (SK-BR-3) and mouse alveolar macrophage (J774A.1) cells. Size- and surface functionality-dependent
cellular uptake of HNPs was investigated by fluorescence labeling (fluorescein isothiocyanate), inductively coupled
plasma-emission spectroscopy, and ultrastructural resolution using transmission electron microscopy. Viability,
reactive oxygen species, and apoptosis/necrosis of HNP-treated J774A.1 revealed the size-dependent
phenomenon. Innate immune response of HNP-treated macrophages was measured by three cytokines such as
interleukin-1, interleukin-6, and tumor necrosis factor .. Among the HNPs of different sizes, 50-nm HNPs
demonstrated the highest toxic influence on macrophages. Among the HNPs with surface functionalities, cationic
HNPs demonstrated the most toxic effect on J774A.1 and the highest uptake efficiency. The toxicity results of HNP-
treated macrophages were consistent with the cellular internalization efficiency. These findings provide size-
and surface functionality-dependent nanotoxicity and uptake of HNPs, and lead to HNPs for bioapplications such

as drug delivery and imaging probe.

KEYWORDS: cytotoxicity - cellular uptake - immune response - hollow
nanoparticles - surface functional group - size dependence

such as drug, DNA, and dyes.'*'* Therefore,
hollow nanoparticles have received consid-
erable attention in fabrications and
applications.’”~'7 Among various fabrica-
tion methods of hollow nanoparticles, the
sacrificial template method and the tem-
plate free method have emerged as promis-
ing candidates for the optimal synthetic
way.'® For instance, the Kirkendall effect and
Ostwald ripening have been used for the
fabrication of versatile nanostructures from
nanotubes to hollow nanoparticles.’® A
novel synthetic method of producing hol-
low nanoparticles has provided opportunity
for versatile application via modulating me-
chanical, optical, electrical, and chemical
properties.?®?' However, it is necessary to
prepare nonagglomerated and uniform
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Figure 1. TEM images of HNPs of five different diameters and their corresponding size distribution by using ELS: (a) HNP25, (b) HNP50,

(c) HNP75, (d) HNP100, and (e) HNP125.

hollow nanomaterials with controllable diameter in
the nanometer regime.

Here, we report the fabrication for monodisperse
silica—titania hollow nanoparticles (HNPs) with diam-
eters of 25, 50, 75, 100, and 125 nm and surface func-
tional groups of amine, carboxylate, and methylene. We
systematically investigate the key factors affecting cel-
lular uptake, cytotoxicity, and innate immune response
of HNPs with size- and functionality-dependence in hu-
man breast cancer SK-BR-3 and mouse alveolar mac-
rophage J774A.1 cells. The cellular internalization of
HNPs toward SK-BR-3 and J774A.1 was analyzed by fluo-
rescence labeling (fluorescein isothiocyanate), induc-
tively coupled plasma-emission spectroscopy, and ul-
trastructural alteration using transmission electron
microscopy. The cellular effects of HNPs-treated J774A.1
on ATP production, oxidative stress, apoptosis/necro-
sis, and innate immune response were measured in or-
der to scrutinize the toxicity of silica—titania hollow
nanoparticles based on size and surface functionality.

RESULTS AND DISCUSSION

Fabrication and Characterization of HNPs. Hollow nanopar-
ticles (HNPs) were evolved from silica—titania
core—shell nanoparticles (CSNPs) as starting materials
prepared by dissolution and redeposition of silica. First,
CSNPs were obtained from introduction of titania layer
onto the surface of silica nanoparticles. (see Materials
and Methods).?? In particular, ammonium ions played
a role in providing electrostatic interaction between ti-
tania precursor (titanium tetraisopropoxide; TTIP) and
the surface of silica nanoparticles as well as offering a
catalyst for the synthesis. Under basic solution, the hol-
low nanostructures were transformed from the as-
prepared core—shell nanostructures through the re-
versible process of dissolution of silica (core part) and
redeposition on the surface of the nanoparticles. This
morphological change occurs because the hydroxide
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ion of the basic sodium hydroxide solution can dis-
solve silica by coordinating to silicon atoms and weak-
ening siloxane bonds.”?

Figure 1 illustrates representative transmission elec-
tron microscopy (TEM) images of HNPs with control-
lable diameter and electrophoretic light scattering
spectrophotometer (ELS) curves of the HNPs with differ-
ent diameters. Remarkably, the TEM images of HNPs re-
vealed uniform diameters of 25, 50, 75, 100, and 125
nm (denoted HNP25, HNP50, HNP75, HNP100, and
HNP125, respectively). The ELS curves exhibited nar-
row size distribution that could be applicable to re-
search for size-dependent toxicity. The dispersibility of
the HNPs was validated by a well-dispersed solution
with HNPs at 200 mg mL™" after one year, and this re-
sult was considered to be favorable in biomedical appli-
cations. Furthermore, these properties can provide a
clear understanding of cellular response with nanopar-
ticles with different physical parameters.

In addition, surface functionality could be a key fac-
tor in cellular response. Therefore, aminated, carboxy-
lated, and methylated hollow nanoparticles with diam-
eters of 50 nm were prepared by silane modification (3-
aminopropyltriethoxysilane, carboxyethylsilanetriol
sodium salt, and 3-methacryloxypropyltrimethoxy-
silane, respectively) and were designated by A-HNP50,
C-HNP50, and M-HNP50. The successful introduction of
different surface functionalities was proved by FTIR (Fig-
ure 2). A-HNP50 had the asymmetric amines stretching
broad peak at 3450 cm™’, indicating that the aminated
surface functional groups were introduced. M-HNP50
exhibited the (=0 stretching vibration at 1730 cm™".
However, other bands from propyl chain and C—0
chain were not observed due to the strong Si—0O band.
Similarly, in the case of C-HNP50, (=0 bands also were
shown, but the asymmetric carboxylic acid salts stretch-
ing peak at 1540 cm™" could be a different peak for
M-HNP50. In addition, zeta potential results suggested
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the different surface functionalities (Supporting Infor-
mation, Table S1). Cationic aminated functional groups
increased the zeta potential value, and the lower value
was observed in the anionic carboxylated hollow nano-
particles. M-HNP50 had the similar value of zeta poten-
tial compared to pristine HNP50.

Cellular Uptake of HNPs. To quantify the internalized
HNPs into the SK-BR-3 and J774A.1 cells, fluorescein
isothiocyanate (FITC) labeling on the HNPs (termed
FITC-HNP) was performed via covalent linking between
FITC and the HNPs (see Materials and Methods). Figure
3 represents the flow cytometry analysis of SK-BR-3 and
J774A.1 cells incubated with 25 g mL~" FITC-HNPs
for 24 h. About 4—6 fold increase in the fluorescent in-
tensity of HNP50-internalized SK-BR-3 and J774A.1 was
observed distinct from that of HNP125-internalized SK-
BR-3 and J774A.1. Distinct peaks of high fluorescent in-
tensity were observed with HNP50- and HNP75-
internalized cells, but lower fluorescent intensity from
cells incubated with HNP25-, HNP100-, and HNP125-
internalized cells. These latter cells had an emission
spectrum near the control. Generally, the median value
is considered to be the number of particles associated
with the cells and show the cellular uptake.?* Therefore,
the cellular uptake was in order of HNP50 > HNP75 >
HNP25, HNP100 > HNP125.

The live cell microscopic images of SK-BR-3 and
J774A.1 cells incubated with 10 g mL~" FITC-HNPs
are shown in Figure 4. Live cell microscopic images
could be the clear demonstration tools for cellular up-
take of the HNPs with different diameters. Both cell lines
with HNPs had no considerable change in cell shape.
Green fluorescence that represented signal from FITC
was observed inside and outside of the both cell lines.
From the intensity and distribution of the FITC-HNPs, it
is considered that the number of the HNPs was taken
up into cells. Among different sizes of the HNPs, HNP50
and HNP75 exhibited a higher uptake ratio than other
HNPs in both cell lines, which was consistent with flow
cytometry results. Moreover, this result was consistent
with the findings of Huang et al. that 70-nm SiO, nano-
particles could translocate into the nucleoplasm of
HepG2 cells.? In the case of J774A.1, the quantity of cel-
lular HNPs was larger than that in SK-BR-3, probably
due to phagocytosis.

To compare the uptake efficiency of the HNPs quan-
titatively, HNP-treated cells were also measured by the
titanium amount via inductively coupled plasma-
emission spectrometer (ICP). The HNP-treated cells
were mixed with HF and HNO; in aqueous solution to
allow dissolution of the titanium. The results show that
the mass of titanium per cell is related to the size of
HNPs (Figure 5). The cellular uptake ratio is particle-size-
dependent in the order 50 = 75 > 100 > 125 > 25
nm. The uptake of HNP50 was approximately 1.3—1.7
times than that of HNP125. The optimal sizes, 50 and 75
nm, for cell uptake are consistent with the cell uptake
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Figure 2. FTIR spectra of surface-functionalized HNPs.

of other particles recently reported, which demon-
strated that 50-nm glycovirus entered cells via receptor-
mediated endocytosis more efficiently than smaller
nanoparticles.?® In addition, Huang et al. has also found
that 70-nm SiO, nanoparticles could translocate into
the nucleoplasm of HepG2 cells.?® Besides, surface func-
tionality provided the strong effect on cellular uptake,
resulting in A-HNP50 represented higher uptake ratio
than other functionalized HNPs. The cellular uptake ef-
ficiency of A-HNP50 was 1.30—1.75 times higher than
that of C-HNP50, which originated from electrostatic in-
teraction between the cationic surface charge of nano-
particles and the negative charge of the cell membrane.
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Figure 3. Flow cytometric analyses of (a) SK-BR-3 and (b)
J774A.1 cells incubated with FITC-HNPs for 24 h.
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Figure 4. Live cell differential interference contrast (DIC) and fluorescent images of FITC-tagged HNP-treated SK-BR-3/J774A.1
cells (10 pg mL™"); negative control, HNP25, HNP50, HNP75, HNP100, and HNP125. DIC images were taken at the same

time corresponding to the cells. Scale bars = 15 pm.

This result was also consistent with a previous report
that demonstrated that cationic gold nanorods were
taken up into cells more efficiently than other nanopar-
ticles.?” Accordingly, it is noteworthy that the surface
chemistry of nanoparticles considerably affects the cel-
lular uptake as well as the size of nanoparticles.

Figure 6 exhibits TEM images of SK-BR-3 cells incu-
bated with 10 g mL~" HNPs with different diameters.
From the images, it could be considered that the cells
ingested a relatively large amount of particles and that
the cells retained cellular morphology without damage.
The majority of particles seem to be confined inside
cells that are distributed across the cytoplasm, but
which did not cross into the nucleus. Within the cyto-
plasm, the nanoparticles appeared to be located in

AMCNTA N . ]
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vesicles. Figure 6 shows that the number of nanoparti-
cles per cell is related to the diameter of the HNPs.

In the case of J774A.1, similar results were observed
that intercellular HNPs spread in the cytoplasm and
demonstrated size-dependent uptake (Figure 7). From
the images, the intercellular HNPs retained their shapes
in the both cells. Furthermore, the cellular uptake of
the surface-modified HNPs was also shown in Figure 6
and Figure 7. The amount of intercellular A-HNP50 was
obviously larger compared with C-HNP50 and
M-HNP50. This surface dependent behavior could be
explained by electrostatic repulsion between nanopar-
ticles and cell membrane.?® Furthermore, this result ex-
pands to apply to modulating the efficiency of drug de-
livery with tunable internalization. It has been reported
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Figure 5. Quantification histogram of HNP-internalized (a) SK-BR-3 and (b) J774A.1 cells determined by ICP measurement.

that cellular uptake plays a pivotal role in the alter-
ation of various cellular functions.?’ Therefore, the tox-
icity of HNP-treated cells should be investigated in or-
der to verify the correlation between cellular uptake
efficiency and toxicity.

The flow cytometry analyses (Figure 3) did not dis-
tinguish between nanoparticles in the cell and those at-
tached outside to the cell membrane. Therefore, we cal-
culated the number of the HNPs in the cells using
software based on 10 cells in the TEM images. The cal-
culated values were summarized in Figure 8. Intracellu-
lar HNPs increased with a decrease in the size of HNPs.
The number of the intracellular HNP25 was more than
15—47 times bigger than that of the intracellular
HNP125. In addition, HNPs with positive charge exhib-
ited the highest efficiency, followed by neutral and then
negative charge. Interestingly, the amount of the intra-
cellular A-HNP50 was similar to that of the intracellular
HNP25. It was considered that the surface charge of
nanoparticles was an important factor of the uptake
into cells as well as the diameter of nanoparticles.

Figure 9 represented the graphs of intracellular HNP
weights. The weight of intracellular HNPs increased
with increasing particle size except HNP100, while the
intracellular particle numbers decreased with increasing
particle size. This is because the particle volume in-
creased with the radius cubed. This result was not con-
sistent with the weight determined by ICP measure-
ment because the ICP results showed the uptake ratio
based on cellular Ti amount and loading Ti amount. In
the case of surface functionalization, cationic surface (A-
HNP50) showed the highest uptake amount, while neu-
tral surface and anionic surface (M-HNP50 and
C-HNP50) revealed a relatively lower amount than cat-
ionic surface.

Www.acsnano.org

As shown in Figure 8, the highest rank at the “num-
ber” was HNP25, but the lowest rank was HNP125. The
number of internalized HNPs was inversely proportional
to the particle size. Furthermore, the highest uptake
for weight per cell was HNP125 and A-HNP50 (Figure
9). The highest value of “macromolecule carrying capac-
ity” (MFI value per cell) was the HNP50 (Supporting In-
formation, Figure S1). These results may provide the in-
formation about the best uptake size for
bioapplications such as drug delivery and bioimaging.

Cell Viability. The cell viability with the HNPs was de-
termined in vitro using alveolar macrophage J774A.1
cell lines (Figure 10). Alveolar macrophages protect the
body via phagocytosis against airborne nanomaterials
through a respiratory route.® As a result, nanotoxicity
investigation of alveolar macrophage cells could be
suitable for comprehending pulmonary nanotoxicol-
ogy. To evaluate the number of viable cells, the highly
sensitive luminescence-based assay was performed
based on the quantification of the adenosine triphos-
phate (ATP) concentration. As shown in Figure 10, the
ATP production of the HNPs represented a size- and
concentration-dependent decrease on macrophages.
Interestingly, the ATP contents of HNP25-treated cells
were slightly larger than those of HNP50, which was
correlated to the uptake efficiency of the HNPs. It can
be considered that the cell viability of the HNPs was re-
lated to their cellular uptake. This was consistent with
the findings of Y. Yuan et al. that discovered antitumor
activity and adverse effects of hydroxyapatite nanopar-
ticles were in order of 45-nm > 26-nm > 78-nm > 175-
nm.3' In addition to size, cationic HNPs (A-HNP50) with
amine attachment revealed a high rate of toxicity in
J774A.1 cells. Nonetheless, the cell viability of anionic
and neutral HNPs (C-HNP50 and M-HNP50) relatively in-
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Figure 6. TEM images of HNP-internalized SK-BR-3 cells (right: corresponding magnified TEM images that red boxes indi-
cate): (a) HNP25, (b) HNP50, (c) HNP75, (d) HNP100, (e) HNP125, (f) A-HNP50, (g) M-HNP50, and (h) C-HNP50. White arrows

demonstrate HNPs.

creased in comparison with that of A-HNP50. This re-
sult was corroborated with a previous report that 60 nm
NH,-labeled polystyrene nanospheres were highly toxic
in macrophage.> These cationic nanospheres were
taken up into macrophages using the
endosomal—lysosomal route, resulting in cell death
caused by functional and structural mitochondrial
changes.?? The viabilities of the HNPs showed over
70% at a loading amount of 100 pg mL™". There was
no significant drop in the viability to macrophages.
These cell viability results are related to more immedi-
ate nanoparticle effects involving ROS production such
as photoactivation and electronically active surfaces.'
Consequently, it is necessary for evaluating the ROS
generation of the HNPs toward macrophages com-
pared with cellular viability.

Reactive Oxygen Species. It is known that a small size
and large surface area could generate reactive oxygen
species (ROS). The nanomaterial characteristics can cul-

") VOL.4 = NO.9 » OH ET AL,
-4

minate in ROS generation, which is currently the best-
developed paradigm for nanoparticle toxicity. 2,7'-
Dichlorodihydrofluorescein diacetate (DCF-DA) staining
methods were conducted for 24 h to investigate the
role of ROS in cells with the HNPs. In the presence of
ROS, DCF-DA is promptly oxidized to 2',7'-
dichlorodihydrofluorescein (DCF), resulting in the fluo-
rescent intensity increment of cells. In Figure 11, ROS
values were size-, functionality-, and concentration-
dependent. Remarkably, the ROS production of the
HNP50 on cells was more pronounced than that of
other HNPs, and this result was corroborated by cel-
lular uptake and viability results. Moreover, cationic
surface (A-HNP50) represented higher ROS values
compared with the anionic and neutral surface (C-
HNP50 and C-HNP50). Under our experimental con-
dition, 50-nm and cationic HNPs that are superior to
phagocytosis, thus, exhibited the highest ROS pro-
duction. The ROS production induced by nanomate-
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Figure 7. TEM images of HNP-internalized J774A.1 cells (right: corresponding magnified TEM images that red boxes indi-
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cate): (a) HNP25, (b) HNP50, (c) HNP75, (d) HNP100, (e) HNP125, (f) A-HNP50, (g) M-HNP50, and (h) C-HNP50.

rials can damage external (membrane) or internal
(after nanomaterial uptake) cells and can also con-
tribute to inflammation.?? In addition, it is known
that ROS production and following oxidative stress

cause mitochondrial dysfunction, and this could con-

tribute to initiate apoptosis.3* Therefore, apoptosis
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in the HNP-treated cells should be evaluated to es-
tablish a relationship between oxidative stress and
apoptosis.

Innate Immune Response of HNPs. A main purpose of ph-
agocytic cells is their participation in inflammation as a
major part of the body’s immune mechanism. The in-
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Figure 8. Counted intracellular HNPs in SK-BR-3 and J774A.1 cells. The number of the HNPs in the cells was calculated by
using software based on 10 cells in the TEM images. Average particle numbers and standard errors were summarized.
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nate immune mechanism is motivated by the detec-
tion of nonself antigens including foreign particles, re-
sulting in provoking various proinflammatory and cell-
signaling molecules.> Therefore, the evaluation of
proinflammatory response in alveolar macrophages
treated with HNPs is of importance in nanotoxicologi-
cal assessments. Furthermore, there is a direct relation-
ship between the cell viability, ROS-generating capabil-
ity, and inflammatory effects of nanoparticles as
mentioned earlier. Cytokines play a key role in the
proinflammatory response. The release of three cytok-

I 10 [ 25 [ 100 &= 250 ([T 500 (ug/mL)

A-HNP50 C-HNP50 M-HNPSO_‘

Figure 10. Viability of J774A.1 treated with HNPs, which
was determined by the amount of ATP in the cells. J774A.1
was incubated with HNPs as a function of (a) diameters and
(b) surface functionalities for 24 h. Values exhibit mean *=
SD, and each experiment was performed in triplicate. The as-
terisk () denotes a statistically significant difference from a
control exposed to HNPs (P < 0.05).
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ines known as interlukin-1 (IL-1), interlukin-6 (IL-6), and
tumor necrosis factor (TNF-«) that are produced largely
by phagocytes (e.g., macrophages and neutrophiles)
was involved in determining the immune response of
HNPs. It was previously reported that TiO, nanoparticles
generated these proinflammatory cytokine releases
(5—20 times) in dendritic cells.>® Under our experimen-
tal conditions, the proinflammatory response of mac-
rophages to HNPs was investigated by analyzing the in-
duction of the cytokines via real-time PCR of extracted
RNA under lipopolysaccharides(LPS)-free conditions.
Figure 12 reveals the inflammatory cytokine gene ex-
pression of J774A.1 macrophages treated with the 25
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trol. Values exhibit mean * SD, and each experiment was
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Figure 12. Expression of IL-1, IL-6, and TNF-e in J774A.1 macrophages incubated with culture medium containing HNPs at
25 g mL~" for (a) 6 h and (b) 24 h. Positive control was treated with LPS (25 ng mL™"). Values exhibit mean £SD, and each
experiment was performed in triplicate. The asterisk (*) denotes a statistically significant difference from negative control

(P < 0.05).

g mL~" HNPs for short-term (6 h) to long-term (24 h).
The induction of IL-1 mRNA expression was observed
after 6 h-treatment with HNPs, but not after 24
h-treatment. In contrast, the TNF-a mRNA induction
was more prominent after 24 h of HNP treatment. All
HNPs did not cause considerable increase in the cyto-
kine gene expression compared to LPS (25 ng mL™").
The cationic surface (A-HNP50) was more effective for
induction of IL-1, IL-6, and TNF-« than the anionic and
neutral surfaces. The toxicity of cationic particles was
demonstrated when polycationic paint polymers in-
duced pulmonary injury in rats and hamsters after tra-
cheal instillation or inhalation exposure.3” With respect
to nanoparticle diameter, HNP50 exhibited the highest
induction of IL-1, IL-6, and TNF- « after 6 h of incubation
compared with HNPs of other sizes. It is noteworthy
that these results are consistent with the effects of the
HNPs on cell viability, uptake, and ROS generation.

Judging from these data, the innate immune response
of macrophages treated with HNPs also shows the de-
pendence on size and surface functionality.

Apoptosis and Necrosis. Apoptosis and necrosis are con-
sidered as the most preferred responses among vari-
ous mechanisms for investigating cell death.3® Annexin
V (aV) that was easily reacted with phosphatidylserin
(PS) was used as a marker of apoptosis. Propidium io-
dide (PI), which was utilized to detect plasma mem-
brane integrity, was employed for recognizing necrotic
cell death. To quantify the amount of different cell
deaths, aV and Pl assays were conducted by FACSCali-
bur flow cytometry. A statistical value was acquired
from the dot plots using WinMDI software, based on
the percentages of aV—/Pl— (viable cells), and those
with aV—/Pl+ (necrotic cells), aV+/Pl— (apoptotic
cells), and aV+/Pl+ (late apoptotic cells). The above-
mentioned results are summarized in Figure 13. After
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Figure 13. Apoptosis and necrosis ratio obtained from annexin V and PI staining. J774A.1 was incubated with HNPs (25 g
mL~") for 24 h. Each experiment was performed in triplicate. The asterisk (*) denotes a statistically significant difference from
control exposed to HNPs (P < 0.05).
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HNP100

C-HNP50

Figure 14. Live cell DIC and fluorescent images of HNP-treated J774A.1 cells (25 pg mL™"). DIC images were taken at the
same time corresponding to the cells. Green (aV) means apoptosis, red (Pl) means necrosis. Scale bars = 15 pm.

manipulating the data for apoptotic and necrotic cells,
a viability decrease from 83 (control) to 80, 79, 79, 76,
and 76 was observed for J774A.1 treated with HNP125,
HNP100, HNP75, HNP50, and HNP25, respectively,
where the decreased viability mainly involved early ap-
optosis. In the case of the surface modification, a decre-
ment in viable cells from 83 (control) to 81, 75, and 74
was observed in J774A.1 treated with C-HNP50,
M-HNP50, and A-HNP125, respectively, where early ap-
optosis affected mostly decreasing the viability of
J774A.1. Although the mechanism of J774A.1 apopto-
sis was not fully understood, the apoptosis was thought
to be caused by perturbing proton pump activity.®
This led to lysosomal rupture or damage to the mito-
chondrial outer membrane, resulting in the release of
pro-apoptotic factors.

Figure 14 displays live cell microscopic images of
cells treated with the HNPs in which the cells were
stained with aV and PI. Unstained cells define viable
cells, and green fluorescent labels/red fluorescent la-
bels are classified as early apoptotic cells/necrotic cells.
Dual stained cells are categorized as late apoptotic cells.
In Figure 14, green and red fluorescent dots increased
in inverse proportion to the size of HNPs, and green and
red fluorescent dots increased in A-HNP50-internalized

) VOL. 4 = NO.9 = OH ET AL

macrophages as compared with C-HNP50 and
M-HNP50. Some cells treated with HNPs were altered
with their own shapes mainly due to disorders in cy-
toskeletal functions. Taking these facts into account, the
apoptosis and necrosis in HNP-internalized macro-
phages were size-dependent and surface functionality-
dependent, which agrees with other experimental re-
sults. It is considered that the toxicity of nanoparticles
is related to their cellular internalization efficiency. Ac-
cordingly, 50-nm cationic hollow nanoparticles showed
the most harmful effect for both cell lines in every tox-
icity evaluation as well as representing the highest up-
take efficiency. Although in vitro toxicity research can-
not exhibit accurate toxicological analysis linked with in
vivo toxicity, these studies may be expanded to allow
the investigation of cellular nanotoxicity pathways as
well as the interaction between nanomaterials and cells.

CONCLUSION

Monodisperse hollow nanoparticles with diameters
of 25, 50, 75, 100, and 125 nm were fabricated by a dis-
solution and redeposition method, and surface-
modified with functional groups of amine, carboxylate,
and methylene. We systematically investigated the key
factors affecting cellular uptake, nanotoxicity, and im-
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mune response of HNPs with size- and functionality-
dependence in human breast cancer SK-BR-3 and
mouse alveolar macrophage J774A.1 cells. The number
of cellular uptake of HNPs was in inverse proportion of
HNP size while the weight of intercellular HNPs was in
the order of HNP75 > HNP50 = HNP100 > HNP125 >
HNP25. The highest value of mean fluorescence inten-
sity was HNP50. In the case of surface functionality, the
cellular uptake orders were A-HNP50 > M-HNP50 and
C-HNP50 in the number and weight mainly due to the
size effect and the positive charge of HNPs. In addition
the cellular uptake, the ATP production, apoptosis, and

MATERIALS AND METHODS

Synthesis of HNPs. In a typical synthesis of silica—titania hollow
nanoparticles, silica nanoparticles were first prepared according
to the Stober method. For preparing silica nanoparticles, 2.3 mL
of tetraethyl orthosilicate (TEOS; Aldrich, St. Louis, MO) was
added to the mixture solution of ethanol (60 mL), ammonium hy-
droxide solution (3.0 mL), and water (1.0 mL). Especially, a
sol—gel reaction was performed for 6 h under various tempera-
ture conditions (55, 50, 40, 35, and 20 °C) for synthesizing silica
nanoparticles and subsequent 25-nm, 50-nm, 75-nm, 100-nm,
and 125-nm hollow nanoparticles. Then, 2.9 mL of TTIP (Aldrich,
St. Louis, MO) was introduced in the above-mentioned solution
for the titania-coated layer, and the resulting solution was stirred
for 6 h at room temperature. The prepared silica—titania
core—shell nanoparticles were redispersed in 10 mL of sodium
hydroxide solution (1.0 M) and then stirred for 3 h at room tem-
perature. After the reaction, synthesized hollow nanoparticles
were collected by centrifugation (10000 rpm, 30 min). Transmis-
sion electron microscopy (TEM) images were obtained with a
JEOL EM-2000 EX Il microscope. The surface charge (zeta poten-
tial) and size distribution of HNPs were measured by ELS-8000
(Otsuka Electronics, Japan) utilizing an ELS. The nanoparticles
were dispersed in aqueous solutions at a concentration of 10 pg
mL~", and then sonicated for 3 min before measuring zeta po-
tential and size distribution.

Surface Modification of HNPs. The proper silanes were used in
the surface modification of HNPs in order to explore the effect
of surface functionalities. The silane coupling agents (0.5 wt %)
including 3-aminopropyltriethoxysilane for amine treatment (A-
HNP50), carboxylethylsilanetriol sodium salt for carboxylate
treatment (C-HNP50), and 3-methacryloxypropyltrimethoxy-
silane for methylene treatment (M-HNP50) were introduced into
ethanol solution with HNPs. The mixture solutions were magneti-
cally stirred overnight and then thoroughly washed to gain
surface-modified HNPs with different functionality.

Cell Culture and Experimental Overview. Human breast cancer SK-
BR-3 and mouse alveolar macrophage J774A.1 cell lines were
purchased from American Type Culture Collection (ATCC, Manas-
sas, VA). SK-BR-3 and J774A.1 were cultured with RPMI-1640 me-
dium, with 10% fetal bovine serum, 1% penicillin-streptomycin
solution, 300 mg L™ L-glutamine, 25 mM sodium bicarbonate,
and 25 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid
(HEPES). The cell lines were incubated in a 5% CO, incubator at
37 °C and 100% humidity. Cells were placed in 75T flask and
maintained between 1 X 10° and 1 X 10° cells mL™" of me-
dium. In addition, all experiments were conducted in a clean at-
mosphere to avoid the endotoxin contamination which might
affect to the toxicity tests of the HNPs. Stock solutions of differ-
ent HNPs (10 mg mL~") were diluted to the required concentra-
tions (10, 25, 100, 250, 500 pg mL™").

Quantification of Incorporated HNPs into Cells. To incorporate HNPs
into cells, the surfaces of the HNPs were modified using
3-aminopropyl-trimethoxysilane. And then, amino-modified
HNPs with different diameters were tagged with FITC (Sigma,
St. Louis, MO). Cells were seeded at a density of 2000 cells per
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ROS revealed size- and surface functionality-dependent
toxicity of HNPs toward macrophages. Among the vari-
ous HNPs, 50-nm cationic HNPs represented the most
harmful to macrophages. The innate immune response
also showed that J774A.1 treated with 50-nm cationic
HNPs generated the highest cytokine release of IL-1,
IL-6, and TNF-a compared with other HNPs. In addi-
tion, this methodology may provide the systematical in-
vestigation for size and functionality parameters of
HNPs with respect to cellular uptake and nanotoxicity
and the application of various HNPs to biomedical
fields.

well, in 8-well Lab-TekTM Il Chambered Coverglass (Nunc,
Thermo Fisher Scientific) and treated with FITC-tagged HNPs
(10 wg mL™"). After 24 h incubating, the live cells were imaged
by DeltaVision RT imaging system (Applied Precision, Issaquah)
with controlled temperature (37 °C) and CO, concentration (5%).
To obtain live cell images, a 40X oil immersion objective was
employed with Cascade Il EMCCD camera. A A\ Of 494 nm was
used for fluorescence imaging of cells treated with FITC-tagged
HNPs.

Cellular uptake measurement was carried out via flow cyto-
metric measurement. Cells were seeded in a 6-well plate (Fal-
con, USA). After 25 g mL™" of FITC-tagged HNPs treatments for
24 h, the medium was aspirated and cells were washed to elimi-
nate floating HNPs. Cells were collected and centrifuged. The
cells were then rinsed with 0.1 M phosphate buffered saline (PBS)
and resuspended in PBS at the concentration 1 X 10° cells mL™".
Flow cytometry analysis was performed with FACSCalibur flow
cytometry at an emission wavelength of 530 nm for FITC.

ICP (JP/ICPS-7500, Shimdzu) measurement was used for
quantifying HNPs incorporated into cells. The cells were seeded
in a 6-well plate and treated with 25 g mL™" of the HNPs for
24 h. The cells were washed and collected. The cells were resus-
pended in distilled water and centrifuged again. After the cells
were dried overnight, 48—51 wt % HF was added to allow disso-
lution of HNPs. Then, 2 wt % HNO; in aqueous solution was
added to allow dissolution of the cells with ultrasound. The mass
of HNPs in the cells was measured by detecting the titanium con-
centration with ICP. The weight of intracellular HNPs based on
particle numbers in TEM images was calculated by using the fol-
lowing formula:

intercellular HNP weight = gn(R3 — Ppn

where R is the outside radius of the HNP, r is the inside radius, p
is the density of the HNPs, and n is the average number of intra-
cellular HNPs.

TEM of HNP-Treated Cells. The cellular uptake of the HNPs into SK-
BR-3 and J774A.1 cell lines were observed with TEM (JEM-
2000EXII, JEOL). SK-BR-3 and J774A.1 cells were cultured in Lab-
Tek Il chamber slides until 80% confluence. After incubation with
10 g mL~" HNPs for 24 h, cells were prefixed with 2% paraform-
aldehyde and 2% glutaraldehyde at 4 °C for 4 h. After being
washed with 0.05 M cacodylate buffer, cells were postfixed with
1% osmiumtetraoxide at 4 °C for 2 h, washed with distilled water,
and then stained with 0.5% uranyl acetate at 4 °C. The cells were
dehydrated through a series of ethyl alcohol concentrations
(30%, 50%, 70%, 80%, 90%, 100%, 100%, and dry alcohol). Then,
the cells were treated with propylene oxide followed by 1:1 pro-
pylene oxide:spurr’s resin for 2 h. The cells were infiltrated in
spurr’s resin at 70 °C for 24 h and ultramicrotome was conducted.
Then, the samples were observed with the TEM at 150 kV.

Cell Viability. The viability of HNP-treated J774A.1 was mea-
sured using CellTiter glow luminescent cell viability assay
(Promega, Madison, WI). This assay is able to estimate the num-
ber of viable cells based on quantification of the ATP concentra-
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tion in cells. This assay detects a luminescent signal in propor-
tion to the amount of ATP present in cells. The luminescence
comes from the change of beetle luciferin to oxyluciferin by a
thermostable luciferase in the presence of ATP. The experiments
were performed in a 96-well plate. For the assay, 5000 cells per
well were plated and treated with different concentrations of
HNPs (10, 25, 100, 250, and 500 p.g mL™") for 24 h. The protocol
of this assay followed manufacturer’s instructions. The lumines-
cence of the HNP-treated cells were detected by Victor® Multila-
bel Readers at an emission wavelength of 595 nm.

Reactive Oxygen Species. The generation of ROS was evaluated
by using DCF-DA (Invitrogen, Grand Island, NY) staining. In the
presence of a H,0, or hydroxyl radicals, DCF-DA is converted to
DCF, a highly fluorescent derivative. The ROS assay was per-
formed by supplier’s instructions. Approximately 5000 J774A.1
cells incubated with HNPs (10, 25, 100, 250, and 500 p.g mL™") for
24 h in 96-well plate were treated with 10 uM DCF-DA for 20
min at 37 °C. H,0, (0.02%) was used as a positive control. Cells
were analyzed by Victor® Multilabel Readers at an emission wave-
length of 535 nm.

RNA Extraction and Real-Time PCR Analysis. Cells (1 X 10° cells)
with HNP (25 pg mL™") treatment were collected at 6 and 24 h
treatments and the total RNA was extracted by disrupting cells in
1.0 mL Trizol reagent (Invitrogen, Carlsbad, CA) after gentle shak-
ing for 10 min. Chloroform was added in the solution at room
temperature for 10 min and centrifuged at 12000g at 4 °C for 15
min. The upper layer (aqueous phase) was moved into 0.5 mL
of isopropyl alcohol and incubated for 30 min, then centrifuged
at 12000g at 4 °C for 20 min. The supernatant was aspirated, and
the pellet was rinsed with 1 mL of cold 75% ethanol/diethyl py-
rocarbonate (DEPC) solution. The pellet was centrifuged and
dried for 10 min. The extracted RNA that was diluted 40 times
was determined using NanoDrop 2000 (Thermo Scientific, Wilm-
ington, DE) at 260 and 280 nm in order to verify the purity of
the extracted RNA. Afterward, the extracted RNA was reverse-
transcribed to cDNA. Briefly, cDNA synthesis and amplification
via real-time PCR were conducted using the SuperScript First-
Strand Synthesis System for real-time PCR (Invitrogen, Carlsbad,
CA) as per supplier’s instructions. Each sample for real-time PCR
analysis contained 100 ng of cDNA, SYBR Premix Ex Taq (Takara,
Shiga, Japan), and 0.2 wM of each custom primer. The B-actin
was employed as a reference housekeeping gene. LPS (Sigma,
St. Louis, MO) was used for a positive control. The cDNA was used
for detecting the expression of IL-1, IL-6, and TNF-« cytokines.
The reactions were performed using the following primer pairs:

5'-CCC AAG CAA TAC CCA AAG AAG AAG-3' and 5'-TGT
CCT GAC CAC TGT TGT TTC C-3’ for IL-1, 5’-TTC CAT CCA GTT
GCCTTCTTG-3" and 5'-TCA TTT CCA CGA TTT CCC AGA G-3’ for
IL-6, 5'-CGA GTG ACA AGC CTG TAG CC-3’ and 5'-TTG AAG AGA
ACC TGG GAG TAG AC-3’ for TNF-a, and 5'-TCC TGT GGC ATC
CAC GAA ACT-3" and 5'-GGA GCA ATG ATC CTG ATC TTC-3' for
B-actin.

The PCR amplification and real-time fluorescence quantifica-
tion were performed by using LightCycler 480 plate-based real-
time PCR System (Roche Appiled Science, Penzberg, Germany).
The cDNA was denatured at 95 °C for 5 min. This was followed by
amplification of the target DNA through 40 cycles of denatur-
ation at 95 °C for 20 s and elongation at 60 °C for 20 s and 72 °C
for 20 s.

Apoptosis and Necrosis. Annexin V and PI staining was con-
ducted to differentiate apoptosis from necrosis induced by HNPs.
After an apoptotic stimulus, PS moves from the inner leaflet of
the plasma membrane to the outer leaflet of plasma membrane,
and the secreted amount of PS indicates the amount of apopto-
sis.3® Cells were counterstained with Pl, a nonpermeable stain
for nucleic acids, to recognize necrotic cell death. Annexin V as-
say provides a simple and effective method to detect apoptosis
at a very early stage. Annexin V conjugated to AlexaFluor488 (aV;
Vlybrant apoptosis assay kit, Molecular Probes, Invitrogen, Grand
Island, NY) makes the observation possible by an image restora-
tion microscope. Pl stains dead cells with red fluorescent, bind-
ing to the nucleic acids in the cells. In addition, aV stains apop-
totic cells with green fluorescent. Cells were spread at a density
of 3000 cells per well, in 8-well Lab-Tek Il Chambered Coverglass
(Nunc, Thermo Fisher Scientific, USA) and treated with HNPs (25

wg mL™"). After 24 h incubation, the aV and Pl staining were per-
formed as per manufacturer’s instructions. Live cell imaging
was obtained by DeltaVision RT imaging system with tempera-
ture (37 °C) and CO, (5%) control. aV was excited with a 488 nm
laser line and Pl was excited by a 543 nm laser line.

Apoptosis and necrosis quantification was conducted using
aV and Pl staining followed by flow cytometry analysis. Approxi-
mately 1 X 10° cells were seeded in 6-well plate (Falcon, USA).
After 25 wg HNP treatments for 24 h, the aV and PI staining was
carried out as per manufacturer’s instructions. Flow cytometry
analysis was carried out using FACSCalibur flow cytometry (Bec-
ton Dickinson, USA) at an emission wavelength of 530 nm for aV
and 585 nm for PI. Statistical data was obtained from the dot
plots using WinMDI software.

Statistical Analysis. Measured values were expressed as mean-
_standard deviation. Results in the above-mentioned assays
were evaluated by means of one-way analysis of variance
(ANOVA) with a Duncan’s test for the multiple comparisons; p
< 0.05 is judged as statistically significant.
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