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ilica-based nanomaterials have at-
tracted much attention in biomedical
applications as cell markers, gene
transfection agents, imaging moieties, and
drug carriers." > They possess a variety of
unique properties, such as ease of synthesis,
availability of surface modification, robust
mechanical properties, and relatively inert
chemical composition.®” Synthetic strate-
gies in template fabrication have further
enabled the production of silica nanomater-
ials with distinct shape features, with in-
creasing interest in their evaluation in
biological systems®™'" Despite these ad-
vantages, the influence of physicochemical
factors such as geometry, pore size, and
surface functional groups of SiO; still needs
to be carefully examined for successful uti-
lity of these constructs in nanomedicine.'?
Emerging literature suggests that nano-
and microparticle shape can influence cel-
lular uptake and biodistribution.”>~'* For
example it has been reported that high-
aspect-ratio cationic hydrogel particles
(150 x 450 nm) were internalized by Hela
cells four times faster than corresponding
low-aspect-ratio particles (200 x 200 nm)."
Other reports suggest that uniform micro-
sized polystyrene beads with elliptical disk
shape had a longer half-life in circulation
than their spherical counterparts and less
residence time in the liver.'* We have pre-
viously demonstrated that PEGylated gold
nanorods (10 x 45 nm, 1.13 mV) had less
liver uptake, longer blood circulation half-
life, and higher tumor accumulation than
PEGylated gold nanospheres (50 nm,
—27.1 mV) in orthotopic ovarian tumor
xenograft mice.” In addition to geometry,
porosity and surface functionality of nano-
particles are also critical factors that can
influence the interaction of silica nanopar-
ticles with biological systems.'® ' The pore
size of SiO, is a key factor in determining the
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ABSTRACT Understanding the toxicity of silica nanoparticles (Si0,) on the cellular level is crucial
for rational design of these nanomaterials for biomedical applications. Herein, we explore the
impacts of geometry, porosity, and surface charge of Si0, on cellular toxicity and hemolytic activity.
Nonporous Stober silica nanospheres (115 nm diameter), mesoporous silica nanospheres (120 nm
diameter, aspect ratio 1), mesoporous silica nanorods with aspect ratio of 2, 4, and 8 (width by
length 80 x 200 nm, 150 x 600 nm, 130 x 1000 nm), and their cationic counterparts were
evaluated on macrophages, lung carcinoma cells, and human erythrocytes. It was shown that the
toxicity of Si0, is cell-type dependent and that surface charge and pore size govern cellular toxicity.
Using inductively coupled plasma mass spectrometry, the cellular association of Si0, was
quantitated with the association amount increasing in the following order: mesoporous Si0,
(aspect ratio 1, 2, 4, 8) < amine-modified mesoporous Si0, (aspect ratio 1, 2, 4, 8) < amine-modified
nonporous Stober Si0, < nonporous Stober Si0,. Geometry did not seem to influence the extent of
Si0, association at early or extended time points. The level of cellular association of the
nanoparticles was directly linked to the extent of plasma membrane damage, suggesting a
biological cause-and-effect relationship. Hemolysis assay showed that the hemolytic activity was
porosity- and geometry-dependent for bare Si0, and surface-charge-dependent for amine-modified
Si0,. A good correlation between hemolytic activity and cellular association was found on a similar
dosage basis. These results can provide useful guidelines for the rational design of Si0, in
nanomedicine.
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adsorption capacity of proteins such as
bovine serum albumin, where the adsorp-
tion capacity was elevated as the pore size
of Si0, increased.”® Maurer-Jones et al.
have demonstrated that 25 nm, nonporous
SiO, had a greater impact on cells than
25 nm porous SiO, since the former pos-
sessed higher “cell-contactable reactive
surface area” to perturb cell function.'”
Slowing et al. have reported that the uptake
of mesoporous silica nanoparticles by cervi-
cal cancer cells could be elevated by surface
functionalization with cationic functional-
ities or targeting moiety.'® Despite these
initial studies, there is a need for a systema-
ticinvestigation of the interdependent roles
of nanoparticle geometrical effect, porosity,
and surface functionality on cellular uptake
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TABLE 1. Synthetic Conditions of Nonporous and Mesoporous SiO, and Their Physical Characterization of Size, Surface

Area, and Pore Size?

composition
(CTAB:H,0:NH,0H: stirring rate  temp size by TEM
TEOS) (rpm) 0 (nm)
Stober see “Methods” 550 40 115+ 13
Meso S 0.1:1000:7:0.7 250 2 120+ 25
AR2 0.2:1000:5:0.7 230 22 77+9x198+53
AR4 0.4:1000:10:1.4 350 22 159 £ 49 x 594 £ 82
AR8 0.4:1000:10:1.4 250 22 136 £ 26 x 1028 £ 139

surface area  external surface area  pore volume  pore size
aspect ratio (mz/g) (mz/g) (cms/g) (nm)
10 2w 2u N/A N/A
1.0 663 109 0.63 2.7
25 443 102 0.59 27
3.8 191 231 1.17 238
76 284 47 0.26 2.7

“Data are mean = SD (n = 3). ® Based on theoretical calculation as shown in Supplemental Calculation 1.

and toxicity.® 2" Such studies will enable the elucida-
tion of predominant factors that determine the extent
of toxicity, which will then provide practical guidance
for rationally designing SiO, as biomedical devices
with minimum adverse effects.

In this study, multiple physicochemical parameters
of SiO, were evaluated for their effects on cellular
toxicity and hemolytic activity. In order to compare
the effect of pore size, mesoporous and nonporous
spherical SiO, of the same diameter (ca. 110 nm) were
synthesized and evaluated. To demonstrate the effect
of geometrical feature (represented as aspect ratio,
ratio of length over width), silica nanorods were pro-
duced with similar diameters along the short axis
(around 100 nm) and different lengths along the long
axis (approximately 200, 600, and 1000 nm). SiO, of
different porosities and aspect ratios were modified
with primary amine silane groups to generate cationic
charge, which is dramatically different from the anionic
charge of bare silica nanoparticle counterparts, to
assess the impact of surface charge. SiO, with the
engineered physicochemical features as mentioned
above were subject to a series of toxicity assays on
two model cell lines, namely, RAW 264.7 (a model
macrophage commonly used to represent the physio-
logical scavengers of foreign nanoparticles exposed to
in vivo systems?2) and A549 (non-small-cell lung cancer
epithelial cells). These cells were selected as model
cells for potential targeted delivery of bioactive and
imaging agents. We further characterized the hemoly-
tic activity of SiO, as an initial step to evaluate ex vivo
blood biocompatibility.

RESULTS AND DISCUSSION

Nanoparticle Synthesis and Characterization. Nonporous
5i0,%% and mesoporous SiO, of different geometrical
features were synthesized and characterized using
transmission electron microscopy (TEM), X-ray diffrac-
tion (XRD), and nitrogen adsorption—desorption anal-
ysis for size, mesopore arrangement, surface area, and
pore size measurement (Table 1). Mesoporous SiO, of
different shapes were synthesized by a one-step con-
densation and aging method.'®?*~?? In the first step,
mesoporous SiO, was formed by condensation under
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dilute silica source and low surfactant concentration
conditions with ammonium hydroxide as the base
catalyst. The shape and polydispersity of SiO, were
mainly controlled by molar composition of reaction
agents®*~2® and stirring rate.?® By changing the con-
centration of tetraethyl orthosilicate (TEOS), cetyltri-
methylammonium bromide (CTAB), and aqueous
ammonia and reaction stirring rate, mesoporous SiO,
with targeted diameters (ca. 100 nm), lengths, and
aspectratios (1, 2,4, 8) were synthesized. In general, the
width of mesoporous SiO, was controlled by adjusting
the ammonia concentration in the reaction mixture,19
with larger width obtained at increased ammonia
concentration, while the length of mesoporous SiO,
increased with increased TEOS concentration, in-
creased CTAB concentration, increased ammonia con-
centration, and reduced stirring speed.’®? In the
second step, mesoporous silica nanoparticles were
subject to autoclaving at 100 °C for 24 h to promote
silica matrix cross-linking and to enhance the stability
of mesopore structure.3%'

Evident from TEM image analysis (Figure 1), non-
porous silica nanospheres (Stdber) and mesoporous
silica nanospheres (Meso S) were 115 + 13 and 120 +
25 nm in diameter, respectively. Mesoporous silica
nanorods were produced with distinctly different geo-
metrical features. They possessed similar diameter to
that of nanospheres (around 100 nm), yet the aspect
ratios were different (mesoporous SiO, with aspect
ratios 2, 4, and 8 are abbreviated as AR2, AR4, and ARS,
respectively). The aspect ratio distribution histogram
showed that each type of mesoporous SiO, possessed
distinct shape characteristics compared with any other
type of mesoporous SiO, (Figure 1G), except AR2 and
AR4 had a certain portion of overlapped aspect ratios.
However, they still possessed distinct geometrical
features considering their dimensions were signifi-
cantly different from each other along the short or
long axes.

Figure 2A—D presents the nitrogen adsorption—
desorption isotherms for mesoporous SiO, of different
shapes. Mesoporous SiO, exhibited type IV isotherms,
which were typical of a mesopore structure. The filling
of mesopores occurred at relative pressure (P/P,) of 0.3
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Figure 1. Transmission electron microscopy images of (A) Stober SiO, with average diameter of 115 nm (referred to as

Stober), (B) mesoporous SiO, with average diameter of 120 nm (Meso S), (C) mesoporous silica nanorods with aspect ratio 2
(AR2), (D) mesoporous silica nanorods with aspect ratio 4 (AR4), (E) mesoporous silica nanorods with aspect ratio 8 (AR8), and
(F) high-resolution image of a single particle in B. (G) Percentage distribution histogram as a function of aspect ratio. Scale

bars in A—E = 200 nm, scale bar in F = 50 nm.

to 0.5. Each type of nanoparticles also exhibited an
additional capillary condensation at high relative pres-
sure (P/Py > 0.90), which was characteristic of a high
degree of textural porosity.m'21 Mesoporous SiO, pos-
sessed relatively high surface area (280—1190 m?/g) as
calculated by the Brunauer—Emmet—Teller method
(Table 1)."?! The external surface areas of mesoporous
SiO,, which referred to cell-contactable surface area,
were calculated from the t plots of their N, adsorption
isotherms (Table 1).32 Different mesoporous nanopar-
ticles displayed a narrow distribution of pore size,
which centered around 2.7—2.8 nm in diameter, as
determined by the Barrett—Joyner—Halenda method
(Table 1)."°2" Meso S possessed typical MCM-41 type
mesopore arrangement, as reflected by the distinct
peaks (100, 110, 200, 210) in the XRD measure-
ment (Figure 2E), which was in good agreement with
its high-resolution TEM image (Figure 1F), showing

YU ET AL.

2D-hexagonal mesopores in the close-packing struc-
ture for this type of Si0,.® The mesopore structure of
Meso S was also well maintained post amine modifica-
tion (Figure 2F). Therefore, Meso S was compared with
nonporous Stéber nanoparticles to study the pore size
effect on cellular toxicity and hemolytic activity.

The dynamic light scattering measurements showed
that the Meso S tended to agglomerate to a higher
extent (257.8 = 0.9 nm) and was thus more polydis-
perse in size distribution than nonporous Stéber na-
noparticles (148.0 = 0.4 nm) (Table 2). Due to the
method limitations, dynamic light scattering measure-
ments are not applicable to the mesoporous silica
nanorod structure because this measurement model
assumes a spherical shape of nanoparticles in sus-
pension.?® Zeta potential measurements showed that
Stober nanoparticles were highly negatively charged
(—50.4 £ 1.0 mV), indicating a fairly stable suspension

VOL.5 = NO.7 = 5717-5728 = 2011 A@W)

WWww.acsnhano.org

J1D]Le

5719



gm Meso S
A <
§au<
= 800+ ® 0104
2 i
% 2 oos
S eo0{ §
§ i 2 © © [) 100
]
?
k-]
©
:
o
> o )

0.0 0.2 0.4 06 08 1.0
Relative pressure (P/P,)

3 AR4
c 50.5
12004 £
1000- i:z
I e

Volume adsorbed (cm®/g)
8

00 02 04 06 08 10
Relative pressure (P/P,)

E Meso S
25000-
100
20000
2 15000
=
3
O 10000
5000 110 200
0 T T T T J
2 4 6 8 10

2 theta degree

3 AR2
B 5
5500- %o,u
i
E 3004 2 ®» & ® ® w0
S
3 200-
©
g 100
°
> c L) L) T L) 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)
2 ARS8
D 1
g
4004 3 °%
i
300 EO,OI
2 20 “© 0 L 100

Volume adsorbed (cm"’lg)

00 02 04 06 08 10
Relative pressure (P/P,)

F MA
15000+
100
P 10000+
c
3
8
5000+
110 200
3 T T T T 1
2 4 6 8 10

2 theta degree

Figure 2. Nitrogen adsorption—desorption isotherms of (A) Meso S, (B) AR2, (C) AR4, and (D) AR8 mesoporous SiO,. Insets are
pore size distribution plots for each type of SiO,. X-ray diffraction patterns of (E) Meso S and (F) MA. Both Meso S and MA exhibited
the typical diffraction patterns of MCM-41 type mesoporous SiO, with hexagonal symmetry. The reduction in intensity of the MA
diffraction pattern and the missing 210 peak might be due to the pore-filling effects caused by silane modification.?’

TABLE 2. Hydrodynamic Size and Surface Charge of SiO,
before and after Primary Amine Modification in Aqueous
Suspension at pH 7.0?

before APTES modification post APTES modification
size by DLS zeta potential size by DLS zeta potential
(nm)/PDI (mV) (nm)/PDI (mV)
Stober 148.0 £ 0.4/0.043 —504+1.0 1742+ 1.9/0.102 17.0+0.7
Meso S 257.8 & 0.9/0.219 —394405 233.8 +2.2/0.145 324409
AR2 N/A —3354+05 N/A 320+ 1.0
AR4 N/A —340+12 N/A 403+1.0
AR8 N/A —3661+06 N/A 36.7 £ 0.5

“Data are mean = SD (n = 3).

in aqueous medium.>* Amine-modified Stober (SA)
nanoparticles had a relatively lower positive zeta
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potential (17.0 & 0.7 mV), which implied a moderate
stability in aqueous suspension (Table 2).3' Mesopor-
ous SiO, was highly negatively charged (<—30 mV) as
bare nanoparticles and was highly positively charged
(>30 mV) post amine modification, which indicated a
high stability within suspension (the amine-modified
mesoporous nanospheres or nanorods with aspect
ratios of 2, 4, and 8 are abbreviated as MA, 2A, 4A,
and 8A)33 The absence of a carbon chain band
(wavenumber 3000—2800) in the FT-IR spectrum of
surfactant-removed nanoparticles confirmed the com-
plete removal of CTAB from the products by the acidic
ethanol extraction method (Supplemental Figure 1).
The end point chromogenic Limulus Amebocyte
Lysate (LAL) test (Lonza, Walkersville, MD) showed that
there was no detectable Gram-negative endotoxin on
any type of nanoparticles at 1 mg/mL (the detection
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Figure 3. (A) Acute cytotoxicity assay of indicated cells incubated with bare and amine-modified SiO, at 500 «g/mL. (B) Acute
cytotoxicity assay of RAW 264.7 cells after incubating with bare SiO, at 500, 250, and 100 «g/mL for 24 h. ***Relative viability
of bare silica nanoparticle-treated cells was significantly lower than that of amine-modified counterpart-treated cells (p < 0.001).

Data are mean + SD (n = 3).

limit was less than 0.1 EU/mL), which was the highest
concentration of nanoparticles used in the in vitro and
ex vivo studies.

Acute Cytotoxicity. The ability of SiO, with the engi-
neered physicochemical features to induce acute cel-
lular toxicity response was tested on RAW 264.7 and
A549 cells by WST-8 assay. Results demonstrated that
toxicity of SiO, was highly cell-type- and nanoparticle-
concentration-dependent (Figure 3). All types of SiO,
at concentrations as high as 500 ug/mL did not affect
the relative viability of A549 cells after 24 h exposure.
For RAW 264.7 macrophages, nonporous or mesopor-
ous SiO, caused dramatic toxicity post 24 h incubation,
leaving only ca. 20—40% viable cells compared with
controls, while amine-modified counterparts caused
limited toxicity with approximately 64—85% relative
viability (Figure 3A). Since bare SiO, showed higher
cytotoxicity on RAW 264.7, doses that led to reduced
toxicity (250 ug/mL with ca. 70% viability) or nontoxi-
city (100 ug/mL with ca. 100% viability) have been
identified (Figure 3B) to be used in the following
plasma membrane integrity assay or nanoparticle cel-
lular association quantitation assay.

Proliferation Inhibition. The ability of nanoparticles to
inhibit cell proliferation was cell-type-dependent
(Figure 4). Cancer epithelial cells were resistant to all
types of nanoparticle treatment up to 500 xg/mL post
72 h exposure, and only cells treated with 2A and 8A at
1000 ug/mL exhibited a moderate toxicity response,
resulting in 60—70% viable cells compared with con-
trols (Figure 4A,B). For macrophages, the nanoparticle
concentration that led to 50% inhibition on cell growth
(ICsp) ranged approximately from 50 to 100 ug/mL post
3-day exposure for bare SiO, (Figure 4C), and the ICsq
values of bare nonporous and mesoporous SiO, were
not distinguishable from one another (p > 0.05). Inter-
estingly, the reduction of ICsq was not observed for
nanoparticles post amine modification. Instead, a several
fold increase in IC5o was detected for amine-modified
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nanoparticles (Figure 4D, Table 3). For example, the
IC50 values of AR4 and 4A were 91.6 &= 5.9 and 184.2 +
17.1 ug/mL, respectively, and the ICso values of AR8
and 8A were 73.7 &+ 17.0 and 2249 + 28.2 ug/mL,
respectively. Changes in cell morphology were ob-
served in RAW 264.7 post nanoparticle exposure for
24 h (Supplemental Figure 2) or 72 h (Supplemental
Figure 3). Reduced cell density and rounded cells were
observed for bare SiO, treated macrophages, while
swollen vacuoles in cells were frequently observed in
amine-modified SiO, treated macrophages.

To assess whether toxicity was due to soluble
factors that were released from nanoparticles,'? the
toxicity assay was performed on the supernatant of
nanoparticle stock aqueous suspension. Results showed
that the supernatant did not affect the relative viability
compared with controls (data not shown). To evaluate
whether toxicity was due to adsorbed endotoxin on
nanoparticles®* that was below the detection limit of
the LAL assay (<0.1 EU/mL), endotoxin from reference
standard E. coli stock was added to make 0.1 EU/mL
concentration in the 500 xg/mL nanoparticle suspen-
sion. Results showed that the relative viability post 24 h
incubation and 1Csy of nanoparticles post 72 h expo-
sure were not changed in the presence of added endo-
toxin compared with nanoparticle treatment without
addition of endotoxin (data not shown). These results
support the fact that the toxicity of SiO, was due to
cellular interaction with nanoparticles themselves,
rather than a product of degradation or any associated
contaminants. In order to look into the cause for
reduced toxicity of amine-modified SiO,, we conducted
inductively coupled plasma mass spectrometry (ICP-MS)
analysis on cells treated with nanoparticles, and the
results are discussed in Cellular Association section.

Plasma Membrane Integrity. Plasma membrane da-
mage is an important aspect of cellular toxicity upon
nanoparticle treatment. When cells have plasma mem-
brane damage, the propidium iodide in the solution
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Figure 4. Proliferation inhibition assay of A549 (A, B) and RAW 264.7 (C, D) cells after continuous 72 h incubation with bare
(A, C) and amine-modified (B, D) SiO,. Data are mean =+ SD (n = 3).

TABLE 3. Summary of ICs, Values of SiO, on RAW 264.7
Macrophages?

1C5o values (i.g/ml)
Stober Meso S AR2 AR4 ARS8
bare nanopartides” 73+ 3 89+4 72412 92+6 T74+18
amine-modified 25415 18238 4717 18417 225+28

nanoparticles

“Data are mean = SD (n = 3). ® There was no significant difference in 1Cso among
all types of bare Si0;, (p > 0.05); however, statistically significant differences were
observed between ICsy's of each type of bare Si0, and that of their amine-modified
counterparts (p < 0.001).

passively diffuses into the cytoplasm and binds with
intracellular DNA or RNA. By quantitating the percen-
tage of propidium iodide positive cells, one could
deduct the percentage of cells experiencing plasma
membrane damage in the total cell population.®®> The
results show that the ability of nanoparticles (250 xg/mL)
to compromise the integrity of plasma membrane after
24 h incubation was cell-type-dependent (Figure 5).
For cancer epithelial cells, the percentage of propidium
iodide positive cells was less than 3% for all types of
SiO, treatment. For macrophages, Stober nanoparti-
cles caused plasma membrane damage in 53% of the
cell population, while all mesoporous SiO, selected for
this study caused plasma membrane damage in 6—
15% of the RAW 264.7 cell population. Stéber nano-
particles caused the highest percentage of propidium
iodide positive cells probably due to their high silanol

YU ET AL.

% Cells stained

L S 13 > C (ol
AV
Nanoparticle treatment
EA RAW 264.7 ES A549

Figure 5. Percentage of propidium iodide stained cells in
RAW 264.7 cells (blue bars) or A549 cells (red bars) after
incubating with 250 ug/mL SiO, for 24 h. ***Meso S led to
significantly decreased percentage of propidium iodide
positive cells compared with Stéber or MA (p < 0.001). Data
are mean + SD (n = 3).

density on the external surface that was accessible to
the cell membrane, which caused significantly higher
cellular impact than mesoporous Si0>.¢ Amine-mod-
ified mesoporous SiO, generated a higher extent of
plasma membrane damage in ca. 38% of the cells than
their bare mesoporous counterparts. Plasma mem-
brane damage in cells was probably not due to the
sedimentation of the nanoparticles, as this experiment
was repeated with nanoparticles being added before
cells were carefully plated on top of the nanoparticles,
and the observed results were very similar (Supple-
mental Figure 4). Combining the results above, it
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Figure 6. Inductively coupled plasma mass spectrometry (ICP-MS) analysis of cellular association of SiO, in (A) RAW 264.7 and
(B) A549 cells post-incubation with nanoparticles at 100 «g/mL for 24 h. The graph shows the mass of silicon per 100 «g
protein content versus different nanoparticle treatments. ***The level of cell-associated silicon was significantly higher in
Stober or SA-treated cells than in the mesoporous counterpart treated cells (p < 0.001). *#The level of cell-associated silicon
was significantly higher in high aspect ratio, 8A-treated cells than in MA-, 2A-, or 4A-treated cells (p < 0.001). N.D. means “not
detected”. (C) Cellular association of SiO, after RAW 264.7 cells were incubated with 100 xg/mL selected SiO, at 4 °C (1 h) and
37 °C (1 or 24 h). The level of cellular-associated silicon was significantly higher at 24 h than at 1 h post-incubation with Stober
(***, p < 0.001), Meso S (***, p < 0.001), or AR8 (**, p < 0.01) at 37 °C. One-hour incubation with Stéber at 37 °C led to

significantly higher silicon association than incubation at 4 °C (***, p < 0.001). Data are mean =+ SD (n = 3).

seems that porosity and surface charge are the major
factors that determine the extent of plasma membrane
damage in cells.

Cellular Association. The amount of cellular-asso-
ciated SiO,, which included internalized nanoparticles
or nanoparticles adhering to the extracellular matrix,
was quantitated by ICP-MS.'® Results show a similar
pattern of cellular association of SiO, with macro-
phages and cancer epithelial cells. However, the
amount of silicon associated with macrophages was
10—15 times higher than that of the cancer epithelial
cells (Figure 6A,B). Nonporous Stéber nanoparticles led
to much higher cellular association than mesoporous
nanoparticles both on a particle mass basis and on a
particle number basis (Table 4). The level of cellular
association was also highest for Stéber nanoparticles
among all types of SiO; including the amine-modified
counterparts SA. This observation was possibly due to
the highest silanol density on the continuous external
surface of Stober nanoparticles, which was reflected by
the highest magnitude of negative charge (—50 mV)
for these particles.® The formation of porous structure
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TABLE 4. Average Cellular Association of Bare SiO,
Detected by ICP-MS on RAW 264.7 Post-incubating with
Nanoparticles at 100 zg/mL for 24 h°

silicon content no. nanoparticles/

nanoparticle treatment (1¢9)/100 1.g protein 100 g protein
Stober 212 26 x 10"
Meso S 0.7 16 x 10"
AR2 08 2.2 x 10"
AR4 0.5 1.8 % 10°
AR8 0.5 6.1 % 10°

“There was no significant difference in the amount of cellular-associated silicon
content per 100 1g of protein among various types of mesoporous Si0, (p > 0.05).
Stober nanoparticles were associated with RAW 264.7 at significantly higher levels
than mesoporous Si0, of all types either in mass concentration or in number
concentration (p < 0.001). Data are mean of triplicates.

or modification with primary amine groups led to
reduced silanol density on the external surface of the
particles (—33 to —39 mV for mesoporous SiO,) or
shielding of surface silanol by amine functionalities,
which reduced the accessibility of silanol groups to cells
and in turn decreased the level of cellular association.*®
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On the other hand, amine-modified mesoporous
SiO, (32—40 mV) showed significantly higher cellular
association than their bare mesoprous counterparts
(p < 0.05), which appeared to contradict the aforemen-
tioned phenomenon with SA (17 mV) and Stober
nanoparticles. This indicated that there could be a
surface charge “threshold” (>30 mV) above which the
amine functionalities facilitated nanoparticle—cell in-
teraction through electrostatic interaction of positively
charged amine groups with negatively charged cell
membrane, whereas below the “threshold”, there were
less surface amine groups available and they had
electrostatic interactions with surface silanols and
covered the sites of silanol,>” which eventually reduced
the level of cellular association.

Bare mesoporous SiO,, irrespective of their shape
features, exhibited a similar level but the lowest
amount of cellular-associated silicon. For A549 cells,
the level of cell-associated silicon from mesoporous
SiO, exposure was even below the detection limit of
ICP-MS (<0.1 ug/mL for silicon element). There was no
significant difference in the level of cellular association
among all types of mesoporous SiO, (p > 0.05). There
was also no significant difference in the cellular asso-
ciation among all mesoporous SiO, post amine mod-
ification on both cell lines (p > 0.05), except that 8A
had a significantly higher cellular association than
other amine-modified mesoporous SiO, on A549 cells
(p < 0.001). This suggests that the curvature of cationic
SiO, could influence the wrapping by the cell mem-
brane and affect the cellular association with nonpha-
gocytic cells.'®

In order to test if porosity, geometry, and surface
modification can influence the cellular association at
earlier time points, selected SiO, including Stober,
Meso S, AR8, and MA were incubated with RAW 264.7
cells for 1 h, and the level of cellular association was
detected by ICP-MS. The experiment was done at 4 or
37 °Cto differentiate the amount of membrane-bound
SiO, from that of internalized SiO,, as incubation at low
temperature (4 °C) drastically reduces the energy-
dependent internalization process in cells.3® Consider-
ing that the viability of cells could be affected upon
incubation at 4 °C, which subsequently could influence
the protein content recovered, the relative viability of
cells post 70 min incubation (10 min preincubation and
60 min incubation with nanoparticles) at 4 °C was
measured, and the results show that the percentage
of viable cells was 94 + 8% compared with control cells
treated at 37 °C for the same time duration. As shown
in Figure 6C, Stober nanoparticles led to a significant
increase in cellular association 24 h post-incubation at
37 °C compared with 1 h incubation at 37 °C (p < 0.001)
or at 4 °C (p < 0.001), indicating that there was exten-
zsive internalization of nonporous nanoparticles over
24 h. There was no significant difference in cellular
association between Meso S and AR8 post 1 h incubation
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at 37 °C(p > 0.05). Geometry did not seem to affect the
level of cellular-associated nanoparticles for mesopor-
ous SiO, at the early time points as well. Most meso-
porous SiO, seemed to bind to the cell membrane
instead of being internalized into the cytoplasm within
an hour, as the level of silicon association from Meso S
or AR8 exposure was similar for cells incubated at 4 or
37 °C for one hour. However, the level of cellular
association significantly increased post-incubation for
24 h compared with incubation for 1 h at 37 °C for Meso
S (p < 0.001) and AR8 (p < 0.01), which indicated that
internalization of mesoporous SiO, had occurred. On
the contrary, there was no significant difference in
cellular association between 1 h incubation and 24 h
incubation with MA at 37 °C (p > 0.05), which implied
that the cellular association of MA almost reached a
plateau within 1 h post-incubation. The cellular asso-
ciation of MA post 1 h incubation at 37 °C was not
significantly higher than that at 4 °C (p > 0.05). The
combined results suggest that there was limited inter-
nalization over 24 h post-incubation with MA, which
probably explained why there was a reduction in
toxicity of amine-modified SiO, compared with that
of bare SiO,. It has been suggested that the strong
association of cationic SiO, with negatively charged
cell membranes, which made the cationic SiO, adhere
to the cell membrane instead of bringing them into the
cytoplasm, led to the reduction in internalization and
the resultant decreased toxicity based on transmission
electron microscopy analysis**~*' or confocal micro-
scopy analysis.*> Our results provide quantitative evi-
dence by ICP-MS that there was limited internalization
of amine-modified SiO,.

In summary, it appears that surface charge and
porosity mainly influenced the extent of cellular asso-
ciation, while geometry did not seem to influence
cellular association within the aspect ratio range of
1—8 studied. These observations are consistent with
the experiments examining plasma membrane integ-
rity post nanoparticle treatment. The level of plasma
membrane damage by nanoparticles was directly
related to the extent of nanoparticle cellular associa-
tion, which indicated a biological cause-and-effect
relationship between cellular association and cell
membrane damage on both cell lines.

Hemolysis. The impact of nanoparticle porosity, geo-
metry, and surface functionality on human red blood
cells (RBCs) was evaluated by a hemolysis assay. The
quantitation of hemoglobin in the supernatant of a
nanoparticle—RBC mixture was done by recording the
absorbance of hemoglobin at 577 nm with a reference
wavelength of 655 nm (Supplemental Figure 5).3643
Results show that the extent of hemolysis was con-
centration-, porosity-, and geometry-dependent for
bare SiO, (Figure 7). Stober nanoparticles caused an
immediate onset of hemolysis that soon reached a
plateau of 17% hemolysis at ca. 250 ug/mL probably
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Figure 7. Hemolysis assay on bare SiO,. (A) Relative rate of hemolysis in human RBCs upon incubation with nanoparticle
suspension at incremental concentrations. The presence of hemoglobin in the supernatant (red) was observed in (B) Stober
suspension, (C) Meso S suspension, (D) AR2 suspension, (E) AR4 suspension, and (F) AR8 suspension. The tubes are lined up
(from left to right) as negative control (PBS), positive control (water), 10 «g/mL suspension, 50 xg/mL suspension, 100 xg/mL
suspension, 250 ug/mL suspension, and 500 #g/mL suspension. Data are mean =+ SD (n = 3).
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Figure 8. Hemolysis assay on amine-modified SiO,. (A) Relative rate of hemolysis in human RBCs upon incubation with amine-
modified nanoparticle suspension at incremental concentrations. The presence of hemoglobin in the supernatant (red) was
observed in (B) SA suspension, (C) MA suspension, (D) 2A suspension, (E) 4A suspension, and (F) 8A suspension. The tubes are
lined up (from left to right) as negative control (PBS), positive control (water), 10 #g/mL suspension, 50 «#g/mL suspension, 100

ug/mL suspension, 250 ug/mL suspension, and 500 #g/mL suspension. Data are mean =+ SD (n = 3).

due to its high negative charge, which might prevent
RBCs (—15 mV)** from interacting at further increased
nanoparticle concentration. For mesoporous SiO, of all
geometries tested, no hemolytic toxicity was observed
below 100 ug/mL. The impact of nanoparticle geome-
try became pronounced as the concentration further
increased. Mesoporous SiO, with high aspect ratio
demonstrated lower hemolytic activity than spherical
or low aspect ratio mesoporous SiO,. It has been
reported that the external surface area and the curva-
ture of SiO, influence their hemolytic activity by affect-
ing the magnitude of binding energy of particles with
RBCs or bending energy of the membrane to wrap
around the nanoparticles.?” Large external surface area
and small curvature (i.e., 1/r* for spheres) rendered the
hemolysis process thermodynamically favorable.” In
this case, the external surface areas of Stéber and Meso
S were 24 and 109 m?/qg, respectively, which agreed
well with previous similar calculations,>** and had
similar curvature due to the similar size they possessed.
However, Meso S did not lead to a higher hemolytic
rate than Stéber until the mass concentration exceeded
beyond ca. 190 ug/mL. This indicates that there could
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possibly be a threshold in the density of silanol groups
on each nanoparticle only above which it could cause
immediate cell membrane damage upon exposure.
Hence, the hemolytic activity depends not only on
external surface area and curvature but also on silanol
density of each nanoparticle exposed to RBCs.

The hemolytic activity of amine-modified SiO, was
surface charge- and concentration-dependent (Figure
8). As the concentration increased, there was a rapid
onset of hemolysis for all types of nanoparticles. SA led
to the lowest extent of hemolysis possibly because of
its lowest surface charge, whereas amine-modified
mesoporous SiO, caused similar rates of hemolysis.
The concentrations of SiO, leading to 10% hemolysis
(LC,0) are summarized in Table 5. Zhao et al.>’ revealed
that the affinity of SiO, to RBCs decreased with increas-
ing degree of surface functionality independent of
surface charge (—43 to 7 mV). Results from our study
as shown in Table 5 suggest that increasing the surface
charge beyond a certain threshold (>30 mV) might
lead to an opposite effect including enhanced interac-
tion of nanoparticles with RBCs and the resultant
elevated hemolysis by amine-modified mesoporous
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TABLE 5. Summary of LC,, Values of SiO, in Human
Erythrocytes”

LGy values (1g/mL)
Stober Meso S AR2 AR4 ARS8
bare nanopartides” 361 1544 1151 15242 302+3
amine-modified 97+4 301 40+1 B+1 $B+1

nanoparticles

“Data are mean =& SD (n = 3). ® There was a significant difference between the
LGy value of bare Si0, and that of amine-modified counterparts (p < 0.001).

SiO,, in agreement with the cellular association results
(Figure 6A,B). It must be noted that a good correlation
with results of different experiments is based on a
similar dose (ca. < 100 ug/mL SiO,). As the dose changes
beyond a certain range, the pattern from different
experiments shifts, and the correlation of various experi-
ments at that dosage needs to be further validated.

CONCLUSION

In summary, nonporous Stober silica nanospheres,
mesoporous silica nanospheres, mesoporous silica
nanorods with aspect ratios of 2, 4, and 8, and their
cationic charged counterparts were synthesized and
characterized. The porosity, shape, and surface mod-
ification effects on cellular toxicity or hemolytic activity
were evaluated on macrophages, cancer epithelial

METHODS

Synthesis of Nonporous and Mesoporous Si0,. Nonporous silica
nanoparticles (Stober) were produced using the modified Sto-
ber method.?*> Water (34.82 mL), 3.25 mL of ammonium hydro-
xide (29.7%), and 100 mL of ethanol were mixed and stabilized
at 40 °C. Tetraethyl orthosilicate (6.20 mL) was added at an
injection rate of 5 mL/min upon stirring at 550 rpm. The reaction
was conducted for 1 h, and the product was washed twice by
ethanol and stored in ethanol. Mesoporous SiO, of different
shapes were synthesized through a one-step condensation
under dilute silica source and low surfactant concentration
conditions with ammonium hydroxide as the base catalyst.**~°
Generally, cetyltrimethylammonium bromide was dissolved
in aqueous medium with mild heating (30 °C). After the
solution was cooled to room temperature (22 °C), aqueous
ammonia was introduced and the mixture was stirred for an
hour. TEOS was added at the rate of 5 mL/min while the
stirring continued. The mixture was further stirred for 4 h, and
the product was autoclaved at 100 °C for 24 h.3>3! Subse-
quently the product was collected by centrifugation at
15000 rpm for 20 min. As-synthesized nanoparticles were
suspended in ethanolic HCI (1.5 mL of HCl in 150 mL of
ethanol) and heated at 60 °C for 6 h to remove the surfactant.
The complete removal of CTAB was confirmed by Fourier
transform infrared (FT-IR) spectroscopy.

Surface Functionalization. To modify the surface of SiO, with
primary amine functionalities,** 100 mg of SiO, was resus-
pended in 100 mL of anhydrous ethanol. (3-Aminopropyl-
)triethoxysilane (APTES) was introduced dropwise to the SiO,
suspension upon stirring at 500 rpm under nitrogen flow. The
mixture was stirred at room temperature for 20 h. Amine-
modified SiO, were collected by centrifugation and washed
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cells, and human erythrocytes. The toxicity of SiO,
was found to be cell-type-dependent. Cancer epithelial
cells were highly resistant to nanoparticle treatment,
while the toxicity on macrophages was predominantly
surface-charge-dependent. The difference in toxicity
between the two cell types could be due to the
difference in the physiological function of each. Por-
osity and surface characteristics of the nanoparticles
were the major factors that influenced the cellular
association of the nanoparticles. Geometry did not
seem to influence the extent of cellular association of
the nanoparticles either at the early time point or over
extended duration. Initial comparison of blood bio-
compatibility of nonporous and mesoporous SiO, with
varied shapes and surface characteristics has been
demonstrated using the hemolysis assay. Bare SiO,
showed a porosity- and geometry-dependent hemo-
lytic activity on RBCs with mesoporous SiO, at high
aspect ratio exhibiting a reduced hemolytic activity.
The extent of hemolysis was highly zeta-potential-
dependent among the amine-modified SiO,, and re-
sults indicated that there could be a surface charge
“threshold” below which the amine modification on
SiO, could lead to reduced hemolysis compared with
their bare counterparts. Further studies evaluating the
in vivo toxicity of SiO, in animal models are needed to
establish an in vitro—in vivo correlation for better
prediction of toxicity in biological systems.

extensively with ethanol and water. SiO, were stored in ethanol
at 4 °C and transferred to water immediately before use.

Nanoparticle Characterization. Transmission electron micro-
scopy images were taken with a Philips Tecnai microscope
operating at 120 kV. FT-IR spectra were recorded on a Varian
Cary FT-IR 1000 spectrometer using KBr pellets. X-ray diffraction
patterns of SiO, were analyzed on a Philips PANalytical X'Pert
X-ray diffractometer (Spectris, England) using Cu Ka radiation
(A = 0.1542 nm) at 45 kV and 40 mA. The XRD spectra were
recorded in the 260 range of 2—10 with a step size of 0.02° ina 20
scattering angle and a scanning speed of 0.01 deg/s. The slit
sizes and specimen length were also adjusted for divergence
slit, antiscattered slit, and receiving slit to suit the low-angle
detection. Nitrogen adsorption—desorption isotherm measure-
ments were completed on a Micromeritics ASAP 2010 (Norcross,
GA) accelerated surface area analyzer at —196 °C. The SiO, were
dried at 100 °C overnight before analysis. The Brunauer—
Emmett—Teller specific surface areas were calculated by using
adsorption data at P/P, = 0.05—0.20."%%" The external surface
areas of mesoporous SiO, were calculated from the t plots of
their N, adsorption isotherms.3> Pore volume and pore size
distributions were obtained from an adsorption branch by using
the Barrett, Joyner, and Halenda method.'**'

Acute Cytotoxicity Assay. The acute toxicity effect of SiO, was
determined by the WST-8 assay on A549 cells or RAW 264.7
macrophages (ATCC, Manassas, VA). Cells from passages 5
through 20 were used with medium changing once every three
days. A549 cells or RAW 264.7 macrophages were seeded at
8000 cells/well or 16000 cells/well in a 96-well plate in F-12k
medium or DMEM supplemented with 10% FBS and maintained
in a humidified incubator for 24 h. SiO, at incremental concen-
tration of 100, 250, or 500 «g/mL were added to cells. Supernatants

VOL.5 = NO.7 = 5717-5728 =

ACH AN

WWww.acsnhano.org

J1O1LdV

5726



from nanoparticle stock solutions and respective growth med-
ium served as controls. Post 24 h, old medium was aspirated,
and cells were washed three times with PBS. A 100 uL amount of
complete medium containing 10% (v/v) Cell Counting Kit-8
(Dojindo, Rockville, MD) was added to each well and incubated
with cells for 2 h. The absorbance of the plate was recorded at
450 nm on a UV/vis reader with a reference wavelength of
650 nm.

Proliferation Inhibition Assay. The cytotoxicity of SiO, was
evaluated by the WST-8 viability assay on A549 cells or
RAW264.7 macrophages. Initially, A549 or RAW cells were
seeded at 2000 or 4000 cells/well in a 96-well plate and allowed
to settle for 24 h. Then 10, 50, 100, 250, 500, or 1000 xg/mL of
bare SiO, or amine-modified SiO, was added into the 96-well
plate in triplicates. Supernatants from nanoparticle stock solu-
tions and respective growth medium served as controls. Post
72 h, old medium was aspirated, and the following steps were
the same as the procedures for the acute cytotoxicity assay
described above.

Plasma Membrane Integrity Assay. Determination of propidium
iodide uptake was used to assess the integrity of the plasma
membrane of nanoparticle-dosed cells. A549 cells or RAW cells
were seeded at 8 x 10% or 1.6 x 10° cells/well on a 12-well plate
in triplicate. After 24 h, selected nanoparticles were added into
each well at the concentration of 250 1g/mL. Twenty-four hours
later, cells and medium from each well were collected into a
5 mL flow cytometry tube. The cell suspension was centrifuged
at 1000 rpm for 5 min, the supernatant was decanted, and the
cells were resuspended in 100 uL of PBS. A 5 ulL portion of
propidium iodide solution (50 ug/mL in water) was added to
each tube. The tube was gently vortexed and incubated for
15 min at room temperature in the dark. Then 400 uL of PBS was
added into each tube, and the samples were analyzed by flow
cytometry (FACScan analyzer, Becton Dickinson, Franklin Lakes,
NJ) within an hour.

Quantitation of Cellular Association. Cellular association of SiO,
was evaluated on A549 and RAW264.7 cells. A549 or RAW cells
were seeded at 8 x 10%or 1.6 x 10° cells/well on a 12-well plate
in triplicate, 24 h before the addition of particles. Cells were
incubated with 100 xg/mL of SiO, for 24 h (37 °C, 5% CO,). After
cell/particle incubation, the old medium was aspirated and the
cells were washed three times with PBS. Then the cells were
treated with 0.5 mL of 0.1% (v/v) Triton X-100 solution in water
for 15 min. After that, the cell lysate was collected into a
centrifuge tube, and the wells were further washed with
0.5 mL of water. The wash was also collected into the same
centrifuge tube. Aliquots of 100 uL of cell lysate were used for
protein content measurement by BCA assay (Thermo Scientific,
Rockford, IL). The concentration of silicon in the cell lysate was
measured by direct Si measurement using inductively coupled
plasma mass spectrometry (Agilent 7500, Agilent Technologies,
Santa Clara, CA). The amount of cellular-associated SiO, post 1 h
incubation at 4 or 37 °C was also measured. RAW cells were
seeded at 3.2 x 10° cells/well on a 12-well plate in triplicate and
incubated for 24 h. After that, cells were preconditioned to 4 °C
by incubating at 4 °C for a brief period of 10 min. Then silica
nanoparticles were added to the cells at a concentration of
100 ug/mL, and the cells were further incubated at 4 °C for
another hour. The treatment that followed was the same as
mentioned above. To make sure that relative cell viability in the
4 °C treated plate was not dramatically influenced by exposure
to cold temperature for the experimental duration, the relative
viability from the 4 °C treated plate was compared with cells
incubated at 37 °C for 70 min by the WST-8 assay.

Hemolysis. Heparin-stabilized human blood was freshly col-
lected according to an approved University of Utah Institutional
Review Board protocol and used within 3 h of being drawn 3%
A 4 mL sample of whole blood was added to 8 mL of Dulbecco's
phosphate-buffered saline (D-PBS), and the RBCs were isolated
from serum by centrifugation at 10016g for 5 min. The RBCs
were further washed five times with sterile D-PBS solution.
Following the last wash, the RBCs were diluted to 40 mL of
D-PBS. Then 0.2 mL of the diluted RBC suspension was added to
0.8 mL of the silica nanoparticle suspension in D-PBS at a
concentration of 12.5, 62.5, 125, 312.5, or 625 ug/mL to make

YU ET AL.

the final nanoparticle concentration 10, 50, 100, 250, or 500 ug/mL.
All samples were prepared in triplicate, and the suspension was
briefly vortexed before leaving at static conditions at room
temperature for 4 h. After that, the mixture was briefly vortexed
again and centrifuged at 100164 for 3 min. A 100 «L amount of
supernatant from the sample tube was transferred to a 96-well
plate. The absorbance value of hemoglobin at 577 nm was
measured with the reference wavelength of 655 nm. A 0.2 mL
amount of diluted RBC suspension incubated with 0.8 mL of
D-PBS and 0.8 mL of water was used as the negative or positive
control. The percent of hemolysis was calculated as follows:
Hemolysis % = [(sample absorbance — negative control)/
(positive control — negative control)] x 100%.

Statistical Analysis. The difference between multiple groups
was analyzed by one-way ANOVA. The Tukey post test was used
where a difference was detected. For two-group comparison,
Student's t-test was used. The difference between two groups
was considered significant when p < 0.05. The LC;q values in
the hemolysis assay were determined by using ED50plus v1.0
software.
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