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here is currently significant world-

wide effort to fabricate and charac-

terize novel nanoscale materials, and
as researchers vary the chemical composi-
tion, size, shape, and assembly of nanopar-
ticles, the potential applications seem end-
less based on the novel size-dependent
chemical and physical properties. With this
intense focus on nanomaterial develop-
ment, there has been a boom in the num-
ber of consumer products commercially
available that exploit nanoscience. Concur-
rently, the field of nanotoxicology has
emerged in an effort to understand the in-
teraction of nanomaterials with the environ-
ment and human physiology so that this
technology can be used with minimal risk.

Nanotoxicology faces many challenges

as nanoparticles, with many novel proper-
ties, are placed into complex, dynamic bio-
logical systems."? One challenge is the limi-
tation in technology to characterize
nanoparticles throughout their interaction
with the biological system and to accurately
quantify nanoparticle uptake location and
concentration. Additionally, while a myriad
of in vivo and in vitro nanotoxicity assess-
ments have been performed to character-
ize the toxicology of engineered
nanoparticles,' 3 many of the assessment
methods were designed to study molecu-
lar toxicants, which likely have different
cellular interactions than nanoparticles. The
in vitro toxicity assays that are often em-
ployed for these studies do not necessarily
accurately predict in vivo response,**
and they may fail in the presence of
nanoparticles.® 8 To overcome these limita-
tions and gain a deeper understanding of
nanoparticle—cell interactions, we have
employed carbon-fiber microelectrode am-
perometry (CFMA) to explore fundamental
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ABSTRACT Understanding the nanoparticle—cell interaction is critical for the safe development of
nanomaterials. Herein, we explore the impact of three metal oxide nanoparticles, nonporous Stober Si0,,
mesoporous Si0,, and nonporous anatase Ti0, nanoparticles, on primary culture mast cells. Using transmission
electron microscopy and inductively coupled plasma atomic emission spectroscopy, we demonstrate that each class
of nanoparticle is internalized by the mast cells, localizing primarily in the secretory granules, with uptake
efficiency increasing in the following order: nonporous Si0, < porous Si0, < nonporous Ti0, nanoparticles. The
influence of nanoparticle-laden granules was assessed using carbon-fiber microelectrode amperometry
measurements that reveal functional changes in chemical messenger secretion from mast cell granules. Both
nonporous and porous Si0, nanoparticles cause a decrease in the number of molecules released per granule, with
nonporous Si0, also inducing a decrease in the amperometric spike frequency and, therefore, having a larger
impact on cell function. As the two classes of Si0, nanoparticles vary only in their porosity, these results suggest
that, while the mesoporous Si0, has a drastically larger total surface area due to the pores, the cell-contactable
surface area, which is higher for the nonporous Si0,, is more important in determining a nanoparticles’ cellular
impact. In comparison, exposure to nonporous Ti0, slows the kinetics of secretion without altering the number of
molecules released from the average granule. The varying immune cell response following exposure to nonporous
Si0, and nonporous Ti0, indicates that the nanoparticle—cell interactions are also modulated by surface
chemistry.
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questions regarding the impact of nanopar-
ticles on the critical cell function of
exocytosis.>'® During exocytosis, a highly
conserved cellular function across cell types
and species, intracellular granules fuse with
the plasma membrane and the granule con-
tents are released, enabling communication
between cells through secreted chemical
messengers.”” CFMA is a single-cell analysis
technique that reveals a wealth of informa-
tion regarding the biophysics of exocytosis,
and accordingly, changes in this critical cell
function should nanoparticles interfere with
any components of the exocytotic
machinery.

One cell type well-known for exocytotic
delivery of chemical messengers is the mast
cell. Mast cells are found in many tissues
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TABLE 1. Nanoparticle Characteristics

total turface pore volume
nanopartide size (nm) area (m%/g) (em*/g) C-potential (mV) arystallinity
nonporous Si0, 24+3 127 —28.16 amorphous
porous Si0, 25+4 1164 0.92 —16.94 amorphous
nonporous Ti0, 1M=*5 234 —13.58 93.5% anatase 6.5% brookite

of the body and play a critical role in immune
response,'?'> making them a good model for nanotox-
icity studies. To mimic an in vivo response with the in
vitro CFMA assay, we have chosen to co-culture primary
murine peritoneal mast cells (MPMCs) with Swiss al-
bino fibroblasts (3t3).”'° Not only does this co-culture
better simulate multicellular tissue, but it has also been
demonstrated that the MPMC/3t3 co-culture allows
the primary culture MPMCs to secrete more chemical
messenger molecules and maintain their exocytotic cell
function in culture for up to a month.™

While nanoscale particles can be fabricated with di-
verse elemental compositions, metal oxide nanoparti-
cles are of particular importance based their wide-
spread use in a variety of crystalline forms. Specifically,
silica (SiO,) and titania (TiO,) nanoparticles are the focus
of this work because they are two of the most com-
monly used materials in commercially available prod-
ucts,'® and both nanoparticles are the focus of much
forward-looking research as well. SiO,, used as an addi-
tive in various commercially available products, has also
become a critical nanoparticle in biomedical and bio-
technological fields. Particular attention has been paid
to mesoporous SiO, composites because of their poten-
tial as a multifunctional template for diagnosis, imag-
ing, targeting, and drug delivery.’®" '8 The porosity of
these particles drastically increases the total surface
area, allowing for the presence of more reactive sur-
face atoms that have the potential to contribute to cy-
totoxicity. Within the nanotoxicology community, sur-
face reactivity is of great concern as it is proposed to be
a major cause of toxic response, likely through the pro-
duction of reactive oxygen species.'®? While it is
thought that an increased surface area indicates an in-
crease in surface reactivity because there are more sur-
face atoms available to react with cells or the environ-
ment, there have been limited studies that directly
monitor the impact that highly porous structures have
on the toxicity of the nanoparticle.?’ ~2* Herein, we aim
to understand the nanoparticle—cell interactions of the
porous particles as compared to their nonporous coun-
terparts by exposing immune system cells to Stober
and mesoporous SiO, of similar diameter.

The composition and crystallinity of a nanoparticle
are also likely to influence impacts on cell health. To
shed light on these effects, the biophysical ramifica-
tions of SiO, nanoparticles on exocytotic behavior were
compared to those of another metal oxide, TiO,. TiO,
is commonly found in cosmetics,? including sunscreen,
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and has proven to be a particularly promising technol-
ogy as a photocatalyst in pollutant remediation?®?” and
photoactive material in solar cells.?% In vitro studies us-
ing traditional toxicological assays have shown that
nanoscale TiO, induces oxidative stress, with anatase
having larger impacts than rutile, decreasing cellular vi-
ability and causing cell death.3°~32 Herein, we will com-
pare the impact of anatase TiO, nanoparticles on cellu-
lar exocytosis to the effects of the aforementioned SiO,
material.

This work demonstrates that MPMCs differentially
internalize nanoparticles with different porosities and
composition and experience variation in extent of tox-
icity, as confirmed using traditional toxicological assays.
Using CFMA on nanoparticle-exposed MPMC/3t3 co-
culture, we reveal new insights regarding the biophysi-
cal impact of nanoparticles with varying porosity and
material on exocytotic cell function of MPMCs, illumi-
nating details about how a surviving cell adapts to the
presence of metal oxide nanoparticles.

RESULTS AND DISCUSSION

Nanoparticle Characterization. Nonporous SiO,, porous
SiO,, and nonporous TiO, were synthesized and then
characterized using transmission electron microscopy
(TEM), X-ray diffraction (XRD), {-potential analysis, and
nitrogen adsorption-desorption isotherms, with results
summarized in Table 1. On the basis of TEM analysis
(Figure 1), nonporous and porous SiO, are 24 = 3 (n =
220) and 25 = 4 nm (n = 250) in diameter, respec-
tively, whereas the nonporous TiO, particles are 11 =
5 nm (n = 306). While it would be ideal, for compari-
son purposes, for the nonporous SiO, and TiO, to be the
same size, it is difficult to maintain the monocrystallin-
ity of TiO, nanoparticles when they are larger than ~12
nm diameter.?® The state of nanoparticle—nanoparticle
association ahead of cell interaction is likely critical in
determining extent of uptake. Herein, nanoparticles are
considered to be agglomerated if they experience re-
versible adhesion, whereas aggregation is considered
to be the irreversible bonding of nanoparticles. On the
basis of sonication of nanoparticle suspensions leading
to a disassembly of nanoparticle groupings, it can be as-
sumed that the studied nanoparticles are reversibly ag-
glomerated. It is evident from Figure 1C and dynamic
light scattering measurements (see Table S1 in Support-
ing Information) that the TiO, nanoparticles tend to ag-
glomerate more than either class of SiO, nanoparticles
(Figure 1A,B); among the silica nanoparticles, the light
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Figure 2. TEM images of MPMCs used in experiments showing
nanoparticle uptake after 24 h exposure to 100 pug/mL of

(A) nonporous SiO,, (B) porous SiO,, and (C) nonporous TiO, nano-
particles. Nanoparticles appear to localize within the granules. Each
scale bar = 2 pm.

100 nm

control this aggregation state because it reflects more
Figure 1. TEM images of (A) Stéber nonporous SiO,, (B) po- relevant conditions of industrially produced material.
rous Si0,, and (C) nonporous TiO;. The XRD analysis of crystallinity showed that the non-
porous and porous SiO, particles are amorphous, but
scattering measurements indicate that porous SiO, ag-  the nonporous TiO, particles are crystalline, with 93.5%
glomerates slightly more than nonporous SiO,. Al- anatase and 6.5% brookite composition, as determined
though it is common for these nanomaterials to be syn- by the Rietveld method of refinement.3* Using
thesized as aggregates, this study deliberately did not Brunauer-Emmet-Teller (BET) modeling of nitrogen
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adsorption-desorption isotherms (see Supporting Infor-
mation Figure S1) to determine total nanoparticle sur-
face area, the porous SiO, nanoparticles have a consid-
erably higher surface area (1164 m?/g) than the
nonporous SiO, (127 m?/g). The increased surface area
can be attributed to the porous nature of the nanopar-
ticles; however, the majority of the surface area in the
porous nanoparticles is on the inside of the cylindri-
cal pores, and therefore, there is a limited con-
tactable surface area for cell-bound molecules and
proteins to interact. In fact, since the nonporous and
porous SiO, are of similar size, it can be assumed
that the nonporous SiO; has a greater external sur-
face that is accessible to cells than the porous nano-
particles because the pores decrease the external
surface area.?* The calculated surface area of the
nonporous TiO, was 234 m?/g and presents a solid
surface comparable to the nonporous SiO,, facilitat-
ing comparison between the effects of SiO, and TiO,
surfaces. All {-potentials were negative, indicating
relative stability within a suspension. TiO, has the
lowest magnitude {-potential, which is consistent
with TiO, nanoparticles having the greatest extent
of agglomeration, followed by porous SiO, and then
nonporous SiO,. Because all three classes of nano-
particles have a {-potential with smaller magnitude
than —30 mV, they are considered to have a similar
relative stability,®> making aggregation state an un-
likely determinant of cellular toxicity. While the
aforementioned characteristics are the best esti-
mate of the state of the nanoparticles as “seen” by
the cells, it is likely that the surface of the nanopar-
ticle will change en route to and following cellular
uptake.'?3¢

Nanoparticle Uptake. To accurately assess nanoparti-
cle impact on cell function, it is essential to first char-
acterize the internalization of nanoparticles. In the
literature, nanoparticle uptake has been shown to
depend on nanoparticle size and surface
chemistry.3” 3% Herein, TEM was employed to quali-
tatively characterize nanoparticle uptake, while
atomic emission spectroscopy (ICP-AES) was used
to quantify nanoparticle uptake. Using TEM after a
24 h exposure to 100 wg/mL of nanoparticles, the
nanoparticles are apparent within the cell regardless
of the particle type and generally seen localized
within the secretory granules of the MPMCs (Figure
2). On the basis of the TEM images, neither nonpo-
rous nor porous SiO, nanoparticles tend to agglom-
erate outside the cell during uptake; however, the
TiO, nanoparticles are seen both inside and outside
the plasma membrane in agglomerates of tens of
nanoparticles. Qualitatively, the TEM images of non-
porous TiO, uptake indicate that about half of the
nanoparticles are taken up by the MPMCs. Because
sectioned TEM images are not appropriate for quan-
titation, the complementary technique of ensemble-
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TABLE 2. ICP-AES Uptake Data in MPMCs after 24 h
Exposure to 100 and 200 p.g/mL Nonporous SiO,, Porous
SiO,, and Nonporous TiO,°

. 100 pg/mL dose 200 jg/mL dose
nanoparticle (nanoparticles/cell) (nanoparticles/cell)
nonporous Si0, 45 % 10* 1.1 %10
porous Si0, 2.0 X 10° 35 %107
nonporous Ti0, 7.2 X107 1.5 X 108

“All nanoparticle types are internalized significantly different than the others (p <
0.05), and MPMCs internalize nanoparticles at 100 p.g/mL significantly less than
when cells are exposed to 200 pug/mL (p < 0.05).

averaged atomic spectroscopy has also been em-
ployed herein.

ICP-AES allows for quantification of cellular nanopar-
ticle uptake by detection of titanium or silicon atomic
emission, which can be converted to the number of
nanoparticles internalized by each cell as described in
the Methods and Supporting Information. From the re-
sults shown in Table 2, where cells were exposed to
nanoparticles in varying concentrations (100 and 200
rg/mL) for 24 h, we observed that cells take up signifi-
cantly (p < 0.05) more nanoparticles when exposed to
higher concentrations. It follows that decreasing the ex-
posure concentration would likely yield a decrease in
the number of nanoparticles internalized by the cells.
This supports many literature examples where an in-
crease in nanoparticle dose has a greater influence on
cell function and viability.2"?24° The ICP-AES data also
reveal that nanoparticles are internalized differently
based on the type of nanoparticle. It is readily appar-
ent that mesoporous SiO, is more efficiently incorpo-
rated into cells than its nonporous counterpart of the
same size, potentially due to a higher degree of ag-
glomeration. This result is similar to a recently pub-
lished paper where the authors showed that mesopo-
rous SiO, nanoparticles exhibited higher cellular
labeling efficacy than nonporous SiO, nanoparticles.*'
In addition, it appears that the smaller diameter and
higher degree of agglomeration of the TiO, nanoparti-
cles facilitate more extensive interaction with the cells
than either of the SiO, nanoparticle classes; however,
because ICP-AES data do not reveal nanoparticle local-
ization within a cell, much of this could be due to extra-
cellular adhesion rather than internalization. Even if, as
indicated by TEM, half of the TiO, nanoparticles are out-
side the cell, TiO, uptake is still more efficient than ei-
ther of the SiO, nanoparticle classes considered at both
100 and 200 p.g/mL concentrations (p < 0.05). The com-
bined picture of TEM-based localization information
and ICP-AES nanoparticle count reveals important
trends about cellular uptake of nanoparticles in and of
itself. More important to this work, however, is the abil-
ity to correlate nanoparticle uptake with both cell viabil-
ity and cell function.
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Figure 3. Hemolysis after 3 h exposure to varying concen-
trations of nonporous SiO,, porous SiO,, and nonporous TiO,
nanoparticles. Both nonporous and porous SiO, nanoparti-
cles cause a concentration-dependent lysis of RBCs. Nonpo-
rous TiO, exhibits minimal to no hemolysis in RBCs (n = 3).

Effects of Porosity and Surface Area. Studies have shown
that mesoporous SiO, induces varying degrees of
toxicity. That is, in vitro viability assays have shown
decreased cell viability upon exposure to mesopo-
rous Si0,.2'~2 It has also been demonstrated that
mesoporous SiO, inhibits cellular and mitochondrial
respiration*®? and causes oxidative stress within the
exposed cells.*® To our knowledge, however, these
studies have not isolated the variable of porosity on
the effects of toxicity and therefore are missing im-
portant information on a nanoparticle class with
growing use.

To examine the impact of nanoparticle porosity on
cellular toxicity, the mast cells were exposed to one of
two types of SiO, nanoparticles, where the only signifi-
cant difference between the types was the porosity.
Overall viability was measured by monitoring hemoly-
sis of isolated human red blood cells (RBCs) as well as
mitochondrial activity in mast cells. The hemolysis be-
havior (Figure 3) is significantly different, with the non-
porous SiO, particles damaging RBCs at much lower
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Figure 4. MPMC/3t3 cell viability, as measured with the MTT
assay, following exposure to different conditions: control,
100 pg/mL nonporous SiO, nanoparticles, 100 pg/mL po-
rous SiO, nanoparticles, and 100 pg/mL nonporous TiO,
nanoparticles for 24 h; *** indicates p < 0.005 (n = 4) com-
pared to the control (n = 4).
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Figure 5. Representative amperometric traces from MPMCs
co-cultured with 3t3 fibroblast following exposure to differ-
ent conditions: control, 100 pwg/mL nonporous SiO, nanoparti-
cles, and 100 pg/mL porous SiO, nanoparticles for 24 h. The
bold line on each trace indicates the three second bolus of
stimulant delivered to the cell. Traces were chosen that best
represented averages per condition.

concentrations than their porous counterparts. In fact,
50% hemolysis requires 270 pg/mL porous SiO, but
only 20 wg/mL nonporous SiO,. Similarly, the MTT (3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) viability assay reveals that porous SiO, nanoparti-
cles do not influence mast cell viability (compared to
control cells) but that cell viability drops significantly to
72% in the presence of nonporous SiO, of the same
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Figure 6. Average amperometry spike parameters from MPMCs in a co-culture with fibroblasts after 24 h exposure to control condi-
tions, 100 pwg/mL nonporous SiO, nanoparticles, and 100 pg/mL porous SiO, nanoparticles. (A) Exposure to both nonporous and po-
rous SiO, nanoparticles causes a decrease in average spike area (Q) as compared to control conditions but (B) does not affect the aver-
age half-width (t,) of the amperometric spikes. (C) Nonporous SiO, causes a decrease in frequency of spike release as compared to the
control. Error bars represent SEM, * indicates p < 0.05, and *** indicates p < 0.005.

dose (100 pg/mL) (Figure 4). In both cases, it is clear
that at least a portion of the mast cells survive nanopar-
ticle exposure for functional assessment.

To reveal potential functional changes in surviving
nanoparticle-exposed mast cells, real-time measure-
ment of exocytotic function was performed following
cell exposure to either porous or nonporous SiO, nano-
particles. Representative amperometric traces from the
MPMC/3t3 co-culture can be seen in Figure 5. Analyzing
the spike parameters, it is clear that both nonporous
and porous SiO, cause a decrease in amperometric
spike area (Figure 6A). That is, there is a 23 and 22% de-
crease in the number of molecules released from an av-
erage granule during MPMC exocytosis when exposed
to nonporous and porous SiO, nanoparticles, respec-
tively. This difference corresponds to a drop from an av-
erage of 1.09 X 107 serotonin molecules per granule
to 8.40 X 10° and 8.42 X 10° serotonin molecules per
granule, respectively. Interestingly, the porous and non-
porous SiO, nanoparticle-exposed cells are not distin-
guishable from one another (p > 0.05) in regard to the
number of chemical messenger molecules released,
suggesting that it is the nanoparticle itself, not the po-
rosity, that induces a change in chemical messenger
storage/delivery. While neither nonporous nor porous
SiO, nanoparticles significantly alter the kinetics of indi-
vidual granule fusion or molecule secretion (i.e., no sig-
nificant change in the t/,; Figure 6B), the nonporous
particles do cause a significant alteration to the fre-
quency of granule release (decrease of 18%) as com-
pared to the control (Figure 6C), indicating some dis-
ruption of granule trafficking, docking, or lipid
membrane fusion that is avoided when mesoporous
nanoparticles are used instead. While this characteris-
tic of depressed molecular secretion is similar to that
measured in previous work with Au nanoparticle-
exposed mast cells,'® the lack of a correlated change in
kinetics suggests that the presence of SiO, nanoparti-
cles influences the serotonin content of the granule
rather than the heparin proteoglycan sulfate matrix’s

A“t%\&) VOL. 4 = NO.6 = MAURER-JONES ET AL.

ability to unfold and release the serotonin. In addition,
the alteration of secretion frequency suggests that non-
porous SiO, nanoparticles interfere with the cytoskele-
tal machinery, fusion machinery, or membrane charac-
teristics; this interference is unprecedented in
measurements made using Au nanoparticles. There-
fore, it is clear that nonporous SiO, particles have an
overall greater impact on the cell function of MPMCs
than either their porous counterpart or nonporous Au
nanoparticles of similar size. These data suggest that
both surface chemistry and surface area influence nano-
particle toxicity. Surface area is generally considered to
be one of the greatest contributors to nanoparticle tox-
icity with an oft made simple assumption that larger
surface area leads to more toxicity;***> however, the re-
sults presented herein indicate that porous particles,
with large internal surface areas, defy this trend. The
more relevant measure is cell-contactable surface area,
or the area with which cell membrane, cell-bound pro-
teins, and cell-associated molecules can interact. While
small, liberated proteins and molecules may adsorb
within the nanoparticle, only cell-bound species are of
interest in this case because they are involved directly in
the exocytosis function. For these cell-bound species
to adsorb into the pores of the mesoporous SiO,, the
nanoparticle and cell would have to align perfectly, and
even then, the contactable surface by these species is
minimal. Therefore, it appears that the greater external,
cell-contactable surface area of the nonporous SiO,
yields a greater impact on cellular function. A compari-
son of the hemolytic activity between nonporous and
porous SiO, nanoparticles of varying size also concludes
that nanoparticle toxicity correlates to the cell-
contactable surface area as opposed to total surface
area.*

Material Effects. On the basis of the apparent differ-
ences between the Au nanoparticles explored in previ-
ous work®'® and the SiO, nanoparticles included herein,
a similar set of analyses were also employed to further
explore the impact of nanoparticle composition on cell
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Figure 7. Average amperometry spike parameters for MPMC/3t3 co-culture after exposure to control conditions, 100 pg/mL non-
porous SiO, nanoparticles, and 100 wg/mL nonporous TiO, nanoparticles. (A) Nonporous SiO, nanoparticles cause a decrease in the
spike area (Q) as compared to the control, whereas nonporous TiO, does affect the number of molecules released. (B) Nonporous
TiO, significantly increases the average half-width (t;),) of spikes, but nonporous SiO, does not as compared to the control. (C) Non-
porous SiO, significantly decreases the average spike frequency as compared to the control. Error bars represent SEM, * indicates

p < 0.05, and *** indicates p < 0.005.

function with crystalline TiO, nanoparticles. It can be
seen from the hemolysis assay (Figure 3) that nonpo-
rous SiO, nanoparticles cause the greatest percentage
of RBC lysis and nonporous TiO, particles demonstrate
almost no impact on RBCs. The difference in hemolytic
activity between nonporous SiO, and nonporous TiO; is
an early indicator that the material in contact with the
cell plays a critical role in toxicity. The MTT assay was
performed on the MPMC/3t3 co-culture following TiO,
exposure (Figure 4), and the results reveal that nonpo-
rous TiO, nanoparticles do not affect the viability of the
cells, despite the significantly enhanced cellular uptake
of the smaller TiO, nanoparticles compared to the larger
SiO, nanoparticles. However, in a comparison between
nonporous amorphous SiO, and nonporous crystalline
TiO,, we see different effects on the biophysics of exo-
cytosis in a MPMC/3t3 co-culture after 24 h exposures at
the same mass concentration. Figure 7A shows that
SiO, causes a significant decrease in Q or the number
of molecules released, but Q is maintained after expo-
sure to TiO, as compared to the control. Conversely,
TiO, causes a 17% slowing in the kinetics of chemical
messenger release (i.e., larger ti,,), as can be seen in Fig-
ure 7B, whereas SiO, does not alter this biophysical
property. This change in kinetics of secretion may be
due to the fact that TiO, has a higher affinity for pro-
tein adsorption than SiO,,* and since MPMC granules
contain many proteinaceous mediators,* internalized
TiO, delays content release from the granules. It also ap-
pears, based on the unchanging granular secretion fre-
quency (Figure 7C), that the TiO, nanoparticles do not
alter the cellular machinery that controls granule trans-
port, docking, or fusion unlike their nonporous SiO,
counterparts. On the basis of the varying biophysical re-
sponse from MPMC/3t3 co-culture, it can be concluded
that the mechanism of interaction between nanoparti-
cles and cells is dependent on the material, which has
been implicated in other studies.*>*° This difference
likely arises from the difference in surface chemistry be-
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tween particles of different composition, due in part to
the surface species (hydroxyl/water groups for TiO,>"*2
and silanol for Si0,>3), the surface atoms (Ti or Si), and
the structure in which they are present on the surface
of nanoparticles (highly ordered for anatase crystals and
amorphous in the case of SiO,). More work is being pur-
sued on a variety of other materials with systematically
varied properties in order to arrive at more generaliz-
able conclusions about the toxicity of nanomaterials.
Toward this goal, work will be aimed at understanding
the mechanism of impact the nanoparticles have on cell
function, such as determining the concentration of re-
active oxygen species present upon nanomaterial
exposure.

CONCLUSIONS

Safe implementation of nanotechnology requires
an intimate understanding of biological materials inter-
actions. A significant portion of nanotoxicology effort
has focused only on in vitro cell survival following nano-
material exposure. The work presented herein goes
one major step further, examining cell function in cells
that have survived the internalization of metal oxide
nanoparticles. With an in vitro MPMC/3t3 co-culture, we
have demonstrated that nonporous SiO,, porous SiO,,
and nonporous TiO, are internalized by the cells and in-
terfere with cell function. From CFMA results, nonpo-
rous SiO, causes the greatest impact on exocytotic cell
function through a decrease in molecules released per
exocytotic granule and a decrease in the frequency of
release as compared to porous SiO,. Common viability
assays support this trend as both MTT and hemolysis as-
says show nonporous SiO, having a greater impact on
cells. Our results indicate that, while other properties
may have toxic impacts, a major feature in predicting
nanoparticle toxicity is the external surface area of the
nanoparticle, and that while porous SiO, are more
readily taken up by cells, there is less cell-contactable
reactive surface area to perturb cell function.
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Not only is the area of reactive surface available im-
portant for understanding nanoparticle toxicity, but
our results suggest that the surface chemistry is also
critical in determining the nanoparticle—cell interac-
tion. That is, SiO, causes significant impact on cell viabil-
ity and hemolysis as well as disturbing the exocytotic
cell function. Interestingly, however, while TiO, does
not appear to affect the toxicity as predicted with
the traditional ensemble assays, it is internalized by
cells and causes changes in the exocytotic cell func-

METHODS

Nanoparticle Fabrication. Stober Nonporous $i0, Nanoparticles: Nonpo-
rous SiO, nanoparticles were synthesized using a modified St6-
ber method** as shown in related work.> Briefly, 0.75 mL of
28—30% ammonium hydroxide (Mallinckrodt, Phillipsburg, NJ)
was added to 40 mL of 95% ethanol (Pharmco-Aaper, Brookfield,
CT) held at 40 °C, followed by the addition of 0.5 mL of tetra-
ethyl orthosilicate (TEOS) (Sigma-Aldrich, Milwaukee, WI). The
mixture was continuously stirred at 40 °C for 12 h to form the ul-
trafine SiO, nanoparticles. The nanoparticles were purified
through centrifugation, rinsed with ethanol between centrifuga-
tion steps, and finally stored in ethanol. Nanoparticles were
rinsed and resuspended in calcium- and magnesium-free PBS
(Sigma-Aldrich, Milwaukee, WI) for at least a week prior to
exposure.

Mesoporous Si0, Nanoparticles: Porous SiO, nanoparticles were pre-
pared in highly dilute and base-catalyzed conditions as de-
scribed in a recently published paper.*® Typically, 0.29 g of
n-cetyltrimethylammonium bromide (CTAB, 99%) was dissolved
in 150 mL of 0.128 M ammonium hydroxide solution at 60 °C.
Then, 2.0 mL of 0.88 M ethanolic TEOS was added to the solu-
tion under vigorous stirring (600 rpm). After 1 h, the mixture so-
lution was aged for another 12 h. The as-synthesized colloids
were transferred to 50 mL of ethanolic ammonium nitrate solu-
tion (6 g/L) and kept under stirring at 60 °C for 1 h to remove sur-
factants. The surfactant extraction step was repeated twice. The
extracted nanoparticles were washed with ethanol twice and
suspended in absolute ethanol. Nanoparticles were transferred
and resuspended in PBS for a minimum of a week prior to
exposure.

Nonporous Ti0, Nanoparticles: Nanoparticles were synthesized in
an acid-catalyzed sol—gel synthesis as described previously by
Isley and Penn.*® Briefly, 125 mL of isopropyl alcohol (BDH, West
Chester, PA) and 12.5 mL titanium(lV) isopropoxide (Sigma-
Aldrich, Milwaukee, WI) were stirred in an ice bath for 30 min af-
ter which 7.4 mL of 3.2 M nitric acid (BDH, West Chester, PA)
was added dropwise. The mixture was allowed to come to room
temperature and then refluxed for 24 h. The as-synthesized
nanoparticle suspension was dialyzed in regenerated cellulose
tubing (nominal MWCO 3500, Fisher Scientific, Pittsburgh, PA)
against Milli-Q purified water (Millipore Corporation, Burlington,
MA) for 5 days, changing the water at least 10 times. Following
dialysis, an aliquot of nanoparticle suspension was placed in an
acid digestion bomb with water (3:5 nanoparticle suspension/
Milli-Q water) and put in a 200 °C oven for 48 h.

Nanoparticle Characterization. TEM: Transmission electron micro-
scope (TEM) images were taken on a JEOL 1200 EXII (JEOL, To-
kyo, Japan) at 100 kV. Specimens were prepared by evaporating
one drop of ethanolic nanoparticle solution on a Formvar-coated
copper grid (Ted Pella, Redding, CA).

XRD: Powder X-ray diffraction (XRD) for porous SiO, was per-
formed on a Bruker-AXS D-5005 (Siemens) with Cu Ka radiation
at 45 kV and 40 mA. Spectra were collected from 1.5 to 8° by step
scan with a step size of 0.04° and a dwell time of 1.0 s. XRD of
TiO, was performed on a PANalytical X'Pert Pro diffractometer
(Almelo, The Netherlands) with a high speed X'Celerator detec-
tor and a Co Ka radiation source at 45 kV and 40 mA. Spectra
were collected from 25 to 95° by continuous scan with a step size
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tion. In addition to supporting the role of surface
chemistry in determining the nanoparticle—cell in-
teraction, these data support the need for alterna-
tive methods of assessing cellular impact of nano-
particles as the bulk assays did not reveal the altered
cell function. Along with developing CFMA as a toxi-
cological tool, continued work is needed to under-
stand the causes of change in exocytotic cell func-
tion so that we may better control nanoparticle
toxicity.

of 0.017° and a dwell time of 250 s. TiO, phase compositions
were determined by the Rietveld method** using X'Pert High
Score Plus (version 2.0.1) software (PANalytical, Aimelo, The
Netherlands) and the known crystal structures of anatase, broo-
kite, and rutile as starting points. The parameters that were re-
fined were the scale factor, specimen displacement, background,
unit cell parameters, extinction coefficients, preferred orienta-
tion, and W, U, and V profile parameters.

Zeta-Potential Analysis: Nonporous SiO,, porous SiO,, and nonpo-
rous TiO, were suspended in PBS (Sigma-Aldrich, Milwaukee,
WI) at a concentration of 100 pg/mL. Zeta-potential was deter-
mined using ZetaPALS Zeta Potential Analyzer (Brookhaven In-
struments Corporation, Holtsville, NY) with 5 runs, 10 cycles per
run.

Cell Culture and Nanoparticle Exposure. 3t3-Swiss albino fibro-
blasts, obtained from the American Type Culture Center (Manas-
sas, MA), were grown in Dulbecco’s Modified Eagle’s Medium
(HyClone, Logan, UT) with 4.5 g/L glucose, 110 p.g/mL sodium
pyruvate, and 4.00 mM L-glutamine and supplemented with 10%
bovine calf serum (HyClone, Logan, UT), 100 pg/mL streptomy-
cin, and 100 U/mL penicillin (Gibco, Carlsbad, CA). Fibroblast me-
dium was replaced every 2 days, and cells were passaged every
3—4 days. Before experiments, fibroblasts were plated onto un-
coated 35 mm Petri dishes and allowed to grow to confluence
prior to the mast cell collection.

MPMCs were harvested from male wild-type C57BL\6J mice
(Jackson Laboratories, Bar Harbor, ME) by peritoneal lavage. Be-
fore the peritoneal lavage, mice were euthanized according to
protocol #0807A40164 as approved by University of Minnesota
Institutional Animal Care and Use Committee. Then, 5 mL of cold
growth culture media (same media and additives as described
for fibroblast culture) was injected into the peritoneal cavity, and
the abdomen was vigorously massaged for 2 min to loosen the
mast cells from the tissue. The media was recovered, and the
peritoneal cavity was rinsed twice with 2 mL of cold growth me-
dia. The collected media was centrifuged at 300g for 6 min to iso-
late the cells; the supernatant was removed, and the cells were
resuspended in fresh, warmed growth media. Harvested MPMCs
were then plated onto fibroblasts that had grown to conflu-
ence and allowed to set for at least 1 h without disturbance.
Both the MPMC/3t3 co-culture and fibroblasts alone were kept
at 37 °C with 5% carbon dioxide.

The MPMC/3t3 co-culture was exposed to nonporous SiO,,
porous SiO,, and nonporous TiO, passively for 24 h through the
addition of PBS-suspended nanoparticles directly to the culture
dish media so that the final nanoparticle concentration was 100
ng/mL, a median dose given in previous studies.?**” Control ex-
posures were performed by adding PBS to the cell culture in the
same volume as the nanoparticle suspension to account for me-
dia dilution effects.

Nanoparticle Uptake: Biological TEM and ICP-AES. TEM: MPMCs were
harvested, plated, and exposed to nanoparticles as detailed in
the cell culture section, except that they were not co-cultured
with fibroblasts. After 24 h exposure to nanoparticles, cells were
removed from the plate through vigorous rinsing with media
from the plate and collected by centrifugation at 555g for 5 min.
Cell pellets were rinsed three times with 0.1 M sodium cacody-
late buffer (Sigma-Aldrich, Milwaukee, WI), centrifuging at 89g
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between each rinse. Upon rinsing, cells were fixed using 2.5%
glutaraldehyde (Sigma-Aldrich, Milwaukee, WI) in 0.1 M sodium
cacodylate buffer for 1 h. Cells were postfixed for 1 h using 1%
osmium tetraoxide (Sigma-Aldrich, Milwaukee, WI) in 0.2 M so-
dium cacodylate buffer with minimal light exposure. The cells
were dehydrated against a series of solutions with increasing
ethanol concentration in water followed by exposure to propy-
lene oxide (Sigma-Aldrich, Milwaukee, WI). Finally, samples were
infiltrated with 50% propylene oxide/50% Epon resin for 2 h
and subsequently 100% Epon resin for 48 h, refreshing the resin
five times within the 48 h period. The resin was cured at 45 °C
for 24 h followed by 60 °C for 48 h. Samples were sectioned us-
ing a diamond knife (Delaware Diamond Knives, Inc., Wilming-
ton, DE) on an ultramicrotome (Reichert, Wien, Austria) into 60
nm thick sections. The sections were collected and stained with
uranyl acetate and lead citrate on Formvar-coated copper TEM
grids (Ted Pella, Redding, CA). Sections were imaged using a
JEOL JEM-1200 EXII TEM (JEOL, Tokyo, Japan) with a 60 kV accel-
erating voltage.

ICP-AES: After harvesting and isolating the MPMCs from the
peritoneal cavity, cells were resuspended in RBC lysis buffer pre-
pared in-house followed by at least two rinses with PBS. RBC ly-
sis buffer solution of 0.15 M NH,CI (Sigma-Aldrich, Milwaukee,
WI), 70 mM KHCO; (Sigma-Aldrich, Milwaukee, WI), and 0.1 mM
EDTA (Acros Organics, Morris Plains, NJ) was made with Milli-Q
water, pH adjusted to 7.3, and filtered. Finally, the cells were re-
suspended in warm, fresh growth media and plated at a density
of 1 X 10° cells per well without fibroblasts in a 24-well plate.
Nanoparticle exposures were performed in triplicate as de-
scribed in the cell culture section at both 100 and 200 wg/mL
concentrations, after which wells were rinsed twice with PBS.
Cells were removed from the well using a 0.25% trypsin solu-
tion (Gibco, Carlsbad, CA), and the sample volume was diluted
to 5 mL with an aqueous acid solution (5:1% HCI/HNOs). Prior to
injection onto the ICP-AES instrument, nonporous and porous
SiO, samples were sonicated for 1 h. To complete the digestion
of TiO, nanoparticles, an aliquot of cell—nanoparticle suspension
was mixed in a 1:1 ratio with HF (Mallinckrodt Baker, Phillips-
burg, NJ) and allowed to incubate overnight. A Perkin-Elmer Op-
tima 3000DV ICP-AES system (Waltham, MA) was used to mea-
sure Si and Ti content of the SiO, and TiO, samples, respectively,
monitoring Si emission at 251.611 nm and Ti emission at 334.940
nm.

ICP-AES data, reported in mg/L, were converted to the num-
ber of nanoparticles internalized by the mast cells by first deter-
mining the mass of Si or Ti per nanoparticle (calculations in Sup-
porting Information). The conversion of mg/L to nanoparticles
per cell was completed according to eq 1:

nanoparticles _ ICP-AES result % volume of sample X
cell 1000 P
1 1

- n " X
mass of Si or Ti per particle = cells per sample

Hemolysis Assay. Whole, EDTA-stabilized human blood was ob-
tained from Memorial Blood Center (St. Paul, MN) and used
within 3 h of being drawn. First, 5 mL of blood was washed five
times with 10 mL of PBS, centrifuging at 10 016g for 5 min be-
tween rinses, to isolate the RBCs, after which the RBCs were di-
luted to 50 mL with PBS. Then, 0.2 mL of RBC cell suspension was
added to 0.8 mL of nanoparticle suspension with concentra-
tions ranging from 12.5 to 400 pwg/mL, mixed by vortexing, and
incubated for 3 h at room temperature. PBS and Milli-Q water
were used as negative and positive controls, respectively. After
incubation, samples, all run in triplicate, were vortexed again fol-
lowed by centrifugation at 10 016g for 3 min. The samples’ su-
pernatants were transferred to a 96-well plate, and optical den-
sity was measured at 570 nm with subtracted reference at 655
nm. The absorption at 570 nm is attributable to hemoglobin re-
leased upon rupture of the RBC. Hemolysis percentage was cal-
culated using eq 2:

hemolysis percentage =
(sample abs — negative control abs
sample abs — positive control abs

)>< 100 (2)
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MTT Assay. MPMC/3t3 co-culture cells were plated on a 24-
well plate and exposed to nanoparticles as described in the
cell culture section. After a 24 h exposure time, cells were
rinsed twice with PBS and incubated for 2 h in a 0.5 mg/mL
MTT solution (Invitrogen, Eugene, OR) in growth media lack-
ing bovine calf serum and antibiotics. The MTT solution was
removed, and 0.4 mL of dimethyl sulfoxide (Sigma-Aldrich,
Milwaukee, WI) was added to dissolve the formzan crystals
that form upon interaction with active mitochondria in live
cells. Optical density of the samples was measured at 570 nm
with a reference wavelength of 655 nm. Equation 3 was used
to calculate the cellular viability:

sample abs.,, — sample abs,
cell viability = ( P 570 p 655) 00

control absg;, — control absggs

®3)

Carbon-Fiber Microelectrode Fabrication and CFMA. Carbon-fiber mi-
croelectrodes were fabricated as outlined by Wightman and co-
workers,*® where carbon fibers of 7 um diameter were aspirated
into 4 in. glass capillaries (1.2/0.68 mm od/id) and pulled with a
micropipet puller (Narishige, Tokyo, Japan) to form a seal around
the fiber. The fiber was secured using Epo-Tek 301 epoxy (Ep-
oxy Technology, Billerica, MA), and electrodes were polished to
a 45° angle using a diamond polishing wheel (Sutter Instruments,
Novato, CA) and placed into isopropyl alcohol immediately be-
fore experiments. Electrodes were pretreated in a 0.1 M NaOH so-
lution (Mallinckrodt Baker, Phillipsburg, NJ) by cyclically scan-
ning from —0.4 to 1.0 V versus Ag/AgCl (BASi, West Lafayette,
IN) with a waveform frequency of 60 Hz for 15—30 s. For the
CFMA experiments, cell media was replaced with Tris buffer, and
the cell plate was maintained at 37 °C by DH-35 Petri dish
warmer (Warner Inst., Hamden, CT) on a Nikon Eclipse TE2000U
inverted microscope (Nikon USA, Melville, NY). Tris buffer solu-
tion consisted of 12.5 mM Trizma hydrochloride (Sigma-Aldrich,
Milwaukee, WI), 150 mM NaCl (Mallinckrodt Baker, Phillipsburg,
NJ), 4.2 mM KCI (Mallinckrodt Baker, Phillipsburg, NJ), 5.6 mM
a-D-(+)-glucose (Acros Organics, Morris Plains, NJ), 1.5 mM CaCl,
(Sigma-Aldrich, Milwaukee, WI), and 1.4 mM MgCl, (Sigma-
Aldrich, Milwaukee, WI), with pH adjusted to 7.3 using NaOH.
The carbon-fiber microelectrode was held at +700 mV versus
Ag/AgCl, which is sufficient to oxidize serotonin released from
MPMCs, and placed directly on the surface of a single MPMC. To
stimulate the MPMC to exocytose, a micropipet made from an
empty 4 in. glass capillary pulled to a diameter of 15—20 um and
filled with 10 wM A23187 (Sigma-Aldrich, Milwaukee, W), a cal-
cium ionophore, was placed 20—100 pm from the cell of inter-
est. A Picospritzer Ill (Parker Hannifan, Cleveland, OH) was con-
nected to the stimulant micropipet that enabled projection of a
3 s bolus of the ionophore onto the cell. A LabView module (Na-
tional Instruments, Austin, TX) and a breakout box made in-
house were utilized for control of experimental parameters and
data acquisition. Data were collected for 90 s, starting 3 s prior to
stimulant projection. Electrodes were pretreated, as described
above, after every cell and discarded after six cell measurements.

Amperometry Data Analysis. Amperometric traces were analyzed
using MiniAnalysis Software (SynaptoSoft Inc., Fort Lee, NJ). A
typical amperometric trace of MPMCs on fibroblasts contains
~150 current spikes where each spike reveals secretion from a
single serotonin-filled mast cell granule.™ The spike discrimina-
tion value was set at 5 times the root-mean-square of the current
noise with an area threshold for each spike of 60 fC. Automated
peak selection was performed followed by manual inspection of
each spike to ensure accuracy of peak selection. The mean val-
ues of various spike parameters were combined for all cells
within a given culture condition, excluding those cells with val-
ues 2 times the logarithmic standard deviation away from the
logarithmic mean. While amperometric spike analysis reveals a
myriad of information about the biophysics of exocytosis, two
spike parameters of particular interest are the area under each
spike (Q) and the amperometric spike half-width (t;,). Q can be
used to determine number of molecules being released from
each granule based on Faraday's law, Q = nfN, where Q is the
charge, n is the number of electrons gained or lost in the oxida-
tion or reduction reaction, F is Faraday’s constant, and N is the
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number of moles of the secreted electroactive molecules. The
ty/, reveals the rate at which granules expel their contents. Spike
frequency indicates the efficiency with which a cell transports,
initiates, and completes granule—cell membrane fusion. In all
cases, amperometric traces were measured from a minimum of
16 cells in each condition, and the average of the each cell’s av-
erage spike parameter (Q and t,, only since each cell trace yields
a single frequency value) was compared using pairwise stu-
dent’s t-tests (p < 0.05) (Microsoft Excel, Microsoft Corp, Seattle,
WA). Significant changes in any of these parameters following
nanoparticle exposure not only reveals nanoparticle-induced
functional changes but also gives insight into the biophysics of
these changes, creating the potential for informed nanoparticle
redesign to control toxicity.
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