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ABSTRACT: Reactive oxygen species (ROS) generation is considered as a critical factor in
nanosilica’s cell toxicity. Herein, we present a method for controlling the ROS generation by
nanosilica toward designing safer-to-use nanosilica materials with minimal acute toxicity. The
present work demonstrates a one-step process to synthesize nanosilica materials with minimal
ROS production, using the flame spray pyrolysis (FSP) technology, which is currently used for
industrial production of SiO,. We show that controlling the temperature regime of nano-SiO,
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synthesis in the FSP process allows passivation of the nanosilica surface and, subsequently,

control of the ROS production capacity. In this context, using FSP, we have engineered in situ three types of nanosilica materials
produced either under high-temperature combustion (ordinarily fumed SiO,) or low-temperature combustion (rSiO,) as well as
their combination in a core—shell configuration (rSi0,@Si0,). Electron paramagnetic resonance and Raman spectroscopies were
used to study the correlation between ROS formation and the structure of siloxane rings of the silica network. In parallel, the acute
toxicity of the particles was monitored by Microtox (Aliivibrio fischeri). Our data show that the acute toxicity and ROS are both
correlated with the FSP temperature regime according to the sequence SiO, > rSiO,@SiO, > 1SiO,. A comprehensive
physicochemical mechanism is discussed, which relates the surface-ring structure of nano-SiO, with ROS yield and acute toxicity.
The present findings and the FSP methodology provide a more general easy-to-apply road map for safe-by-design production of

metal oxides for issues related to ROS toxicity.

KEYWORDS: nanosilica, flame spray pyrolysis, reactive oxygen species, EPR spectroscopy, nanotoxicity, silica passivation, Microtox,

Aliivibrio fischeri

1. INTRODUCTION

Silicon dioxide nanomaterials, commonly called nanosilica,
hold a critical position among the engineered nanomaterials
due to their intrinsic physicochemical characteristics, i.e.,
surface charge and reactive surface species.”” Nanosilica can be
crystalline and noncrystalline (amorphous), and its structure
may involve siloxane ring bridges (=Si—O-Si=) and
terminal silanols [=Si—OH and =Si(OH),].”>* The siloxane
bridges occur either as small three-membered rings (3MRs)
that form predominantly under high-temperature synthetic
procedures or larger rings, e.g,, four-membered rings (4MRs),
five-membered rings (SMRs), and six-membered rings (6MRs)
as specified by Zhang et al.” A 3MR is composed of three Si
atoms conjoined by three oxygen atoms. Amorphous nano-
silica is produced in tons per year through two main synthesis
technologies: [i] by molecular condensation of silanol groups
in aqueous solutions or [ii] by flame synthesis, e.g., by Evonik,
which utilizes flame spray pyrolysis (FSP) synthesis.”

FSP technology is currently widely used as an industrial-
scale technology for nanomaterials manufacturing.°”> ESP
allows control of the physicochemical and structural character-
istics of the produced nanomaterials on demand'®'' via
control of the process. Thus, high-purity and controlled-
composition materials can be produced even for bioapplica-
tions."> So far, however, there is converging evidence that
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fumed nanosilica, including FSP-made, can exhibit non- 46
negligible cell toxicity.* ' 47

Although thoroughly studied in vivo, in vitro, and in silico, the 48
toxicity of nanosilica remains a complex phenomenon until 49
today.”* It is known that crystalline forms of silica exhibit so
toxicity: cristobalite, opal, or tridymite cause toxic side effects, s1
mainly due to morphological characteristics.'” Pavan et al., in a s2
recent study concerning nanosilica crystallinity, have observed s3
that nearly free silanols can damage cellular membranes and s4
initiate inflammatory reactions.” By studying the toxicity ss
induced by nearly free silanols, their concentration and s6
chemical origin should be evaluated.'® However, noncrystalline s7
silica, composed mainly of an amorphous matrix, possesses a s8
different and more complex toxicity profile. Moreover, there so
are inconsistencies in the literature concerning each 60
physicochemical characteristic of the engineered amorphous 61
nanosilica in relation to toxicity effects. However, in all cases, 62
the generation of reactive oxygen species (ROS) can be a 63
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common factor in many adverse effects of amorphous
1920 A recent study proposed a direct connection
of cellular toxicity with nanoparticle-generated ROS.”’

In nature, ROS are chemically reactive species produced in
the cells, ie., as a byproduct of normal oxygen metabolism.
They may play critical roles in living organisms as they can
facilitate cellular signaling pathways'® and oxidative stress,
resulting in physiological redox-regulated dysfunction and
ensuing physio-pathological damage, including genotoxicity,
inflammation, or carcinogenesis.lg’22 In this context, compre-
hension of the mechanisms of ROS generation by nanosilica,
their control, and minimization is a key challenge. Ideally,
designing effective nanosilica synthesis methods for eliminating
ROS generation is a desirable safe-by-design strategy.

ROS include singlet oxygen ('O,), the superoxide anion
radical (*0,7), and hydroxyl radicals (*OH).*® In the case of
nanosilica, hydroxyl radical (*OH) generation is a common
phenomenon.”*"** Hydroxyl radicals endanger the biological
processes of the cells since they possess the highest one-
electron redox potential of all the relevant ROS.**** Herein,
our main hypothesis was that *OH generation is the crucial
factor determining the ROS-related toxicity of FSP-made
nanosilica particles. Currently, there are different theories
concerning ROS production mechanisms by nanosilica. Zhang
et al’ suggested that the strain of 3MRs enhances the
formation of surface *OH radicals via homolytic cleavage of
Si—O—Si bonds. Many research teams stated that the silanol
groups on the surface determine the surface chemistry and
influence the overall ROS production.”'®** Additionally, the
aggregation size and surface charge are two factors that may

facilitate the ROS generation capacity of nanosilica materi-
26,27
s.

nanosilica.

al

The present study proposes a novel synthesis strategy to
control ROS generation by FSP nanosilica toward minimal
acute toxicity. Our focus was on passivating the strained
siloxane matrix to a more “relaxed” one, focusing on the
siloxane rings, and studying the effect of passivation on the
ROS generation capacity. Two different passivation methods
were developed and validated herein: [i] an in situ FSP
passivation and [ii] a post-FSP passivation. Concurrently, a
detailed physicochemical characterization was carried out that
allowed us to parametrize ROS generation by FSP nanosilica
and achieve minimal acute toxicity.

The concept behind our FSP passivation consists primarily
of altering the surface chemistry of nanosilica by lowering the
temperature of the FSP synthesis through an alternative
configuration of the FSP reactor setup. The impact of a lower
flame temperature, and different flame residence times, on
SiO,, has been previously studied.”® Thus, our specific aims
were [i] to design and test an FSP setup that allows the
production of SiO, at a high- or low-T regime, [ii] to produce
high-T' SiO,, herein codenamed SiO,, low-T SiO,, herein
codenamed rSiO,, and low-T SiO, coating on high-T SiO,,
herein codenamed rSiO,@SiO,, [iii] to monitor the ROS
generation by the nanosilica materials using electron para-
magnetic resonance”’ spectroscopy, [iv] to evaluate the acute
toxicity of the FSP-made nanosilica materials on Aliivibrio
fischeri, and finally, [v] to discuss the comprehensive
mechanism regarding the correlation between ROS toxicity
and the FSP process.

2. EXPERIMENTAL SECTION

2.1. Reagents and Solvents. HMDSO (purity, 98%), xylene
(>97%), hydrogen peroxide (30% aqueous solution), KBr (spectro-
scopic grade), ethanol (analytical grade), S,5-dimethyl-1-pyrroline N-
oxide (DMPO), NaOH (analytical grade), HNO; (analytical grade),
and buffers N-(2-hydroxyethyl)piperazine-N’-(2-ethane sulfonic acid)
(HEPES) and 4-morpholineethanesulfonic acid (MES hydrate) were
purchased from Merck and Aldrich. 2,2-Diphenyl-1-picrylhydrazyl
(DPPH) was obtained from Sigma-Aldrich and used within one
month of its purchase. O, gas (purity, >99%), N, gas (purity, >99%),
and CH, gas (purity, >99%) were purchased from Linde. Aerosil A90
nanosilica was purchased from Evonik. Ultrapure water was provided
by a Milli-Q_ system (Millipore).

2.2. Instrumentation. FT-IR spectra were recorded on a Thermo
Scientific Nicolet iS5 FT-IR spectrometer within 400—4000 cm™.
The spectra of the dried samples were obtained in KBr pellets (Merck,
spectroscopic grade).

Raman spectra were recorded with a HORIBA-Xplora Plus
instrument coupled to an Olympus BX41 microscope, equipped
with a 785 nm diode laser as an excitation source. The spectra were
recorded for 10 s with 10 accumulations to obtain a good signal-to-
noise ratio.

The specific surface area (SSA) and the pore size distribution of the
samples were determined from N, adsorption desorption isotherms.
The N, adsorption/desorption isotherms were measured at 77 K on a
Quantachrome NOVAtouch LX2. The samples were outgassed at 150
°C for 16 h under a vacuum before the measurements. The specific
surface area (SSA) was determined using adsorption and desorption
data points with the Brunauer—Emmett—Teller (BET) method. The
specific surface area (Sggr) was found using adsorption data points in
the relative pressure P/P, range of 0.1—0.3. Meanwhile, the BJH
method was used for the pore radius using the absorption data points
from 0.35—0.99 P/P,, and the total pore volume was obtained at the
0.99 P/P, points.

2.2.1. Radical Monitoring by Electron Paramagnetic Resonance
(EPR). EPR spectra were recorded with a Bruker ER200D
spectrometer at room temperature, equipped with an Agilent 5310A
frequency counter. An adequate signal-to-noise ratio was obtained
after 16 scans. Spin quantitation was done using DPPH as the spin
standard. DPPH is a stable radical used widely as an EPR
quantification standard, and its spectrum is a singlet signal (g =
20,036). EPR signals are generated by half-integer spin moieties,
which are the ®OH radicals in the present work. However, as ®OH
radicals are very short-lived, we utilize DMPO (S,5-dimethyl-1-
pyrroline N-oxide) to monitor hydroxyl radical generation.’® All EPR
experiments were carried out at least three times.

Size and surface charge measurements were obtained using a
HORIBA nanoPartica analyzer SZ-100. To choose the optimal sample
concentration for the size analysis, a series of measurements in
different concentrations were carried out. A plot of the measured size
data as a function of concentration is shown in Figure S1 in the
Supporting Information. The error bars show the standard deviation
of repeated measurements. Considering those results, dispersions of
the nanomaterials in Milli-Q water at a concentration of 1 mg/10 mL
were measured for size after mild sonication (20 W) for S min.

Regarding the zeta potential measurements, dispersions of 4 mg/
160 mL were prepared. The dispersion was (a) sonicated (20 W) for
15 min at 35 °C and (b) degassed for 15 min before titration using N,
gas. HNO; (0.1 M) and NaOH (0.1 M) were used as titrants.
Dehydration of rSiO,-p was achieved by mildly heating (40 °C) under
a vacuum for 24 h. Hydration in the case of the rSiO, nanosilica
material was achieved by placing the material in a desiccator that
contained distilled water under a vacuum for 48 h.

The material morphology was analyzed by high-resolution
transmission electron microscopy (HRTEM) using a Philips CM 20
microscope operated at 200 kV and providing a 0.25 nm resolution.
Before the measurements, the samples were ground in a mortar and
dry-loaded onto a support film (lacey carbon, 300 mesh, Cu).
Recorded pictures were analyzed by Gatan Digital Micrograph
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Figure 1. Schematic representation of our flame spray pyrolysis reactor setup (a) for the high-temperature nano-SiO,, (b) for the hybrid rSiO,@

SiO, nanosilica, and (c) for the low-temperature nano-rSiO,.

192 software. The particle size and thickness of the SiO, layer were
193 calculated using Image] software.

194  2.2.2. Microtox Tests. A Microtox LX analyzer by Modern Water
195 was used to provide acute toxicity information of the SiO, NPs
196 through bioluminescence quantification of the bacterial strain Vibrio
197 fischeri. The bacterial cultures were exposed to NPs with an initial
198 concentration of 495 mg/L for 15 min, and their luminescence
199 intensity was measured. Before use, the NPs were dispersed by mild
200 sonication (20 W) for 5 min. The effective NP concentration in which
201 a 50% decrease in luminescence intensity (ECs,) was induced was
202 calculated by linear regression. Zinc sulfate was studied as a positive
203 toxicity control.

204  2.3. Materials Synthesis. 2.3.1. SiO, Nanopatrticle Synthesis by
205 FSP. 2.3.1.1. FSP Process Setup. Our single-nozzle FSP reactor setup
206 was described in detail previously.’’ The three types of silica
207 nanoparticles, SiO,, rSiO,@Si0O,, and rSiO,, were prepared via three
208 different configurations of the FSP reactor, see Figure 1. This
209 commonly used FSP setup results in high-temperature SiO,, i.e.,
210 injecting and combusting the liquid HMDSO precursor via the flame
211 (Figure la).> The low-temperature silica rSiO, was prepared by
212 injecting the liquid HMDSO precursor at a distance above the flame
213 (see Figure 1c) via an injection ring. The ring injection method was
214 previously developed by Pratsinis’ group®>** and successfully used to
215 coat FSP-made particles, e.g,, TiO,, with SiO, nanolayers. In our FSP-
216 ring setup (Figure 1c), the flame was generated by combusting a high-
217 enthalpy solvent (xylene) without any metal precursor. Thus, the
218 combustion flame provides only an upward thermal field. At the same
219 time, the Si precursor (HMDSO) was sprayed via the ring at a height
220 above the flame, see Figure 1, where the temperature was significantly
221 lower. This resulted in low-T (<600 °C) combustion of HMDSO that
222 provided the rSiO, collected in a glass-fiber FSP filter. Lastly, a mixed,
223 core—shell-type nanosilica hybrid was produced by combining
224 processes (a) and (c), ie., ring injection of HMDSO on the flame-
225 produced stream of SiO, particles (Figure 1b) producing the hybrid
226 1Si0,@SiO, material. In this configuration, we achieved rSiO,@SiO,
227 nanosilica composed of a SiO, core coated by an rSiO, shell, as
228 depicted in Figure 1b.

229 2.3.1.2. High-Temperature SiO,. A high-temperature flame was
230 used to engineer flame SiO, (Figure 1a). The precursor solution was
231 prepared by dissolving 0.5 M HMDSO (hexamethyldisiloxane) in
232 ethanol. Then, the solution was fed through a capillary at 5.0 mL/min

—

and dispersed by 5.0 L/min O, (Linde; purity, >99%) to a 233
stoichiometric, self-sustained oxygen—methane (5.0 and 2.5 L/min) 234
pilot flame to start combustion, resulting in the formation of the 235
nanoparticles. The pressure drop at the nozzle tip was fixed at 2.0 bar, 236
and an added 5.0 L/min sheath O, was used. Using a vacuum pump 237
(Busch V40), the powder product was collected on a glass microfiber 238
filter. 239

The combustion enthalgy was calculated based on eq 1 described 240
previously by Jossen et al.”* and others.”*** 241

combustion enthalpy

total inlet mass flow

Ao s AHT + Angy / ALAHPY + Ancyy o AHS

solv

Amprec/At + Arndisp—OZ/At + mCH4—ﬂame + AmOZ—ﬂame/At
(1) 242

In eq 1, An/At and Am/At stand for the inlet flow rate in mol/min 243
and kg/min, respectively, and AH, (MJ/mol) is the combustion 244
enthalpy of each component, considering the total combustion of the 245
component and enthalpy of product formation. Herein, for the 246
nanoparticle produced by our “hot flame” using 0.64 M precursor 247
HMDSO and a feed ratio of 5.0 mL/min, the calculated combustion 248
enthalpy was 9.2 MJ/min. We clarify that the term “high-temperature 249
SiO,” that we use herein refers relatively to our ring-sprayed “low- 250
temperature” SiO,. In the work of Spyrogianni et al., the terms “hot” 251
and “cold” were used to distinguish SiO, particles made by FSP under 252
total combustion enthalpy of >15 MJ/kg vs <11 MJ/kg, 253
respectively,”® produced by varying the precursor-to-dispersion 254
oxygen flows. 285

2.3.1.3. Low-Temperature rSiO, and rSiO,@5i0,. The coating of 256
SiO, NPs with SiO, was engineered in a modified enclosed FSP 257
reactor, initially described by Sotiriou et al.'"*****>*¢ Flames were 258
enclosed by a 22.0 cm-long metallic tube, schematically shown in 259
Figure 1b with a metal spraying ring at the top. Our spraying ring 260
(diameter = 4.3 cm) had 12 equidistant holes of a 500 ym diameter, 261
each directed away from the centerline of the ring and pointing 262
upstream to avoid stagnation of flow. A gas stream carrying the Si 263
precursor (HMDSO, Aldrich, 98%) was injected through these 264
openings. This stream was further conveyed to the spraying ring using 265
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266 an additional N, stream, with a flow rate of 15.0 L/min N, at room
267 temperature. In this setup, the HMDSO vapor was conveyed by
268 bubbling N, gas through a glass flask (3.0 L/min N, (Linde; purity,
269 >99%)) containing an HMDSO:ethanol mixture (70:30 v:v),
270 according to the method by Teleki et al’**” and our previous
271 work."' To produce rSiO, via the spraying ring, the same spraying
272 ring FSP setup was used. In this case, the FSP flame was created by
273 the combustion of xylene alone, fed through the FSP nozzle capillary.
274 To calculate the combustion enthalpy of the “low-temperature
275 particles”, the concentration of the Si precursor feed ratio via the ring
276 was calculated theoretically using the Antoine equation, according to
277 Teleki et al*>>*” for SiO, coatings by FSP. The so-called Antoine
278 equation (eq 2) describes the relation between vapor pressure and
279 temperature for pure substances:*®

5o log(P) = A —[B/(T + O)] @)

281 where P is the calculated vapor pressure (bar) and T is the
282 temperature in Kelvin. Using the reference values for A, B, and C for
283 our Si precursor as listed in the handbook of Yaws,*® we estimated the
284 vapor pressure according to eq 2. Using the ideal gas law,”> the P of
285 HMDSO was converted to mol of HMDSO. Then, using eq 1, the
286 combustion enthalpy was calculated to be 6.8 MJ/mol.

287  Here, we assumed that for the high-T configuration (Figure la),
288 silica particle formation occurs in the gas phase at T in the range of
289 1800—2500 K, as the precursor fully evaporates and forms }groduct
290 particles by chemical reaction, coagulation, and sintering.'"*"** In the
291 case of ring-sprayed particles, see Figure lc, the temperature was
292 lowered significantly, i.e., it was measured by a probe to be in the
293 range of 700—900 K. Apart from the typical thermal dissipation, the Si
294 carrier N, gas contributed to the cooling.

295 2.3.2. Post-FSP Passivation of SiO,. To further investigate the
296 surface properties and the role of the siloxane rings in ROS
297 generation, we have developed a post-FSP treatment protocol to
298 passivate the silica surface, as depicted schematically in Figure 2. Our

120 min 24h
P— —_—

Aqueous solution
pH=8

Figure 2. Schematic representation of the post-FSP alkaline treatment
protocol.

299 specific hypothesis was that we could passivate the SiO, surface using
300 a sol—gel-type chemical treatment to promote the condensation of the
301 surface silanol groups according to the fundamental polycondensation
302 reactions 3 and 4.> In this way, larger siloxane rings would form on
303 the surface, leading to a more “relaxed” and, therefore, less reactive
304 nanosilica surface. In this context, aqueous suspensions of the
305 nanomaterials (2.0 g/L) were first stirred for 120 min at pH = 8.0
306 (stabilized with an MES (10 mM)—HEPES (10 mM) buffer
307 solution). The obtained nanomaterials were thoroughly washed
308 with water (pH = 7.0) and freeze-dried overnight. The final materials
309 were coded as SiO,-p, rSiO,@SiO,-p, and rSiO,-p (“p” stands for
310 post-treatment).

=SiOH + =SiOH — =Si — O — Si= + H,0 (3)

—_

~

311

32 =Si0 + =SiOH — =Si — O — Si= + HO 4)

3. RESULTS AND DISCUSSION

3.1. Particle Morphology. The TEM images of the SiO, 313
nanomaterials are depicted in the top row of Figure 3. The hot- 31413

Si{ery 1onm
SiO2-p
rSiO2@SiO2
—_ 2 rSi02@SiO2-p
D300 rSioz
N rSiO2-p e
E200 =

<C 100 -
]
0 T T T T T ; T T T T !
. g O 0r° g
g0 gorP ‘5-‘0'1@5\‘5\01 o ©\°” ‘s'\O”L‘>

Figure 3. (Upper row) TEM images of the as-prepared SiO,, rSiO,@
Si0,, and rSiO, nanoparticles. (Lower row) Specific surface areas
(m*/g) of SiO,, rSiO,@Si0, and rSiO, and their passivated
counterparts SiO,-p, rSiO,@SiO,-p, and rSiO,-p.

flame SiO, particles (Figure 3, upper left) are quasi-spherical 315
and form chain-like agglomerates, typical of FSP-made SiO,.” 316
The specific surface area (Figure 3, lower row) is 260 m*/g, 317
agreeing with spherical particles seen on the TEM images. The 318
N, adsorption/desorption isotherm plots are presented in 319
Figure S2, and the pore analysis is shown in Figure S3 in the 320
Supporting Information. 321

The rSiO, particles (Figure 3, upper right) show diffused 322
structures forming soft agglomerates. Their SSA is 39 m?®/g, 323
almost six times lower than the SSA of SiO, particles. Thus, 324
according to the present SSA and TEM data, the formation of 325
rSi0, at lower temperatures results in soft agglomerates of 326
more diffused SiO, formations. The hybrid rSiO,@SiO, 327
particles have an SSA of 117 m?/g, intermediate to SiO, and 328
1SiO,. According to TEM, see Figure 3, the rSiO,@SiO, 329
particles have a core—shell-type structure with a compact/ 330
spherical SiO, core and a more distorted, less compacted 331
SiO,-type shell. 332

The post-FSP treatment exerts a significant influence on the 333
SSA of the particles, see Figure 3. After FSP liquid treatment, 334
the SiO,-p particles have an SSA of 209 m*/g, lower than the 335
SSA of 260 m*/g of SiO,. TEM data (not shown) and pore 336
size analysis (Figure S3 in the Supporting Information) show 337
that after the liquid treatment, the particles have a more 338
diffused/less porous structure resembling that of the as- 339
prepared rSiO,. The post-FSP treatment of rSiO,@SiO,-p 340
induces an increase of its SSA = 173 m?/g vs the as-prepared 341
rSiO,@Si0,, see Figure 3. The SSA of rSiO,-p was 342
significantly increased to 135 m”/g, i.e., about 3 times vs the 343
as-prepared rSiO,, see Figure 3. The pore size distribution data 344
(Figure S3 in the Supporting Information) indicate that the 34s
post-ESP treatment in all cases induces shrinkage of the pore 346
size, attributed to condensation of silanols during the liquid 347
alkaline treatment. 348

3.2. DLS and BET Study: The Aggregation Degree. 349
The as-prepared SiO,, rSiO,@SiO,, and rSiO, nanosilica 350
particles form aggregates, which define their hydrodynamic size 351
in solution. The hydrodynamic sizes of the aggregates have 352
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been monitored by dynamic light scattering (DLS) in aqueous
suspensions at different pH values. The DLS data, see Figure 4,
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Figure 4. Aggregate size, measured with dynamic light scattering, of

the nanosilica materials of the as-prepared and passivated nanosilica
materials (A) in acidic pH, (B) in neutral pH, and (C) in alkaline pH.

indicate that the as-prepared high-temperature SiO, forms two
classes of aggregates in acidic pH (Figure 4A), with mean sizes
of 235 (41%) and 3130 nm (59%). At neutral pH = 6.0
(Figure 4B), SiO, exists in only one aggregation state with a
size of 170 nm (100%), whereas at alkaline pH (Figure 4C),
SiO, again forms two aggregation states, namely, 140 (59%)
and 500 nm (41%). The hybrid rSiO,@SiO, at acidic pH
(Figure 4A) forms two families of aggregates with mean sizes
of 180 (38%) and 530 nm (62%). At neutral pH (Figure 4B),
only one aggregate state of 180 nm (pH = 6.0) exists. At
alkaline pH (Figure 4C), rSiO,@SiO, forms two different
aggregates, namely, 140 (79%) and 460 nm (21%). Lastly,
rSiO, exists in two aggregation states only at alkaline pH
(Figure 4C) with 186 (37%) and 1130 nm (63%). At acidic
and neutral pH, rSiO, forms monodisperse aggregates with
sizes of 570 (pH = 3.5) and 280 nm (pH = 6.0). For
comparison, the commercial Aerosil A90 forms two aggregate
sizes in acidic pH (Figure 4A), 740 and 2400 nm, at 56 and
44%, respectively. At neutral pH (Figure 4B), A90 forms a

single aggregate with a size of 290 nm. Finally, in alkaline pH
(Figure 4C), A90 forms three different aggregation states, 170
(18%), 450 (45%), and 6600 nm (36%). We notice that all our
FSP nanosilica materials and the commercial A90 nanosilica
create monodisperse aggregates at nearly neutral pH = 6.0.

The alkaline post-FSP treatment exerts relatively moderate
changes in the aggregate size. Specifically, SiO,-p forms one
primary aggregate in acidic pH (Figure 4A), with a mean size
of 1070 nm (91%) and a minor fraction (9%) of 200 nm. At
neutral pH = 6 (Figure 4B), SiO,-p forms two aggregation
states, namely, 220 (35%) and 1540 nm (65%), whereas in
alkaline pH (Figure 4C), the two aggregate sizes change to 180
(45%) and 1050 nm (55%).

Considering all the agglomeration dynamics data vs pH, we
conclude that [i] the dominant aggregate size of high-
temperature SiO, and SiO,-p is near 190 + SO nm, and [ii]
regarding the passivated hybrid rSiO,@SiO,-p, it forms one
aggregate with a size of 195 + 15 nm at acidic pH, three
aggregates with sizes of 125 + 15 (52%), 550 + 100 (28%),
and 7800 =+ 1200 nm (20%) in neutral pH, and two aggregates
with sizes of 140 + 15 (69%) and 1420 + 120 nm (31%) in
alkaline pH. Again, we notice that rSiO,@SiO, and rSiO2@
SiO2-p form a stable aggregate with a mean size of 160 + 50
nm, and [iii] the low-temperature nanosilica materials, rSiO,,
and rSiO,-p form stable monodisperse aggregates in all three
pH values, namely, 590 + 35 (pH = 3.5), 325 + 95 (pH = 6),
and 300 + 70 nm (pH = 9). Table S1 in the Supporting
Information lists the complete data on aggregate size
distribution.

3.3. Vibrational Spectroscopy. Raman spectroscopy is a
well-established tool in defining the siloxane matrix since the
different siloxane rings exhibit distinct vibrations. Figure §
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Figure 5. FT-IR and Raman spectra of the SiO, nanomaterials vs the
A90 material. (A) SiO, Raman (green), IR (blue), and A90 Raman
(black) spectra, (B) rSiO,@SiO, Raman (green), IR (blue), and A90
Raman (black) spectra, and (C) rSiO, Raman (green), IR (blue), and
A90 Raman (black) spectra.
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presents the FT-IR and Raman spectra of the as-prepared
nanosilica materials.” The FT-IR and Raman spectra of the
FSP-made nanosilica materials show characteristic bands
attributed to various structural components of the present
materials: the vibrations of the siloxane matrix and the
vibrations of the surface silanol groups.'” Characteristic

spectroscopy are listed in Table 1.

Table 1. Characteristic Raman and FT-IR Peaks and Their
Assignment

Raman
IR (cm™)  (em™) assigned peaks ref.
~1090 ~1090  v(Si—O—(Si)) asym. nonbridging O 42, 43
atoms

~950 ~974 isolated v/(Si—O(H)) S, 42,
44

~800 ~800 v(Si—0—(Si)) sym. S, 42

~600 ~604 3MR §(Si—O—Si) breathing modes S

broad
494-423  ~494  §(Si—O—Si) asym. 4MR, SMR, and 6MR 5, 43

breathing modes

3.3.1. FT-IR Spectroscopy. All nanosilica materials display
FT-IR bands assigned to the vibrations of the SiO, matrix and
oxygen surface groups: the bands at ~1090, ~800, and ~490
cm™! are due to the Si—O—Si bond vibrations, and the band at
~945 cm™ is due to the Si—OH stretching vibration.”” The
O—H stretching motions appear as a broad peak around
~3430 cm™! (Figure S4 in the Supporting Information).*' The
peaks assigned to, purportedly toxic,” isolated silanol groups
(~3750 cm™') are negligible.4 Fumed nanosilica exhibits
additional peaks assigned to trace amounts of carbon residues
formed during combustion, namely, ~2918 and ~2948 cm™!

for v(C—H) and ~1627 cm™! for §(O—H) (Figure S4 in the
Supporting Information).'” The decrease in v(C—H) peak
intensity in rSiO,@SiO, and rSiO, compared to SiO, proves
the success of the ring passivation method, also evident in the
coated nanomaterial (Figure S4 in the Supporting Informa-
tion). Lastly, control FT-IR data of the precursor HMDSO
(Figure SS in the Supporting Information) confirms the
assignment of the peak at ~1270 cm™" to the Si—CH; moieties
from HMDSO. Table 1 provides a list of assignments of the
characteristic peaks of nanosilica.

3.3.2. Raman Spectroscopy. Typically, the Raman spec-
trum of SiO, materials is characterized by features in the region
of 400—600 cm™", see Figure 5, which correspond to different
configurations of the siloxane rings.5 In our materials,
differences in the Raman spectra are noticed upon passivation
by alkaline treatment (see Figure S and Figure S6 in the
Supporting Information). New peaks appear (below ~400
ecm™), which are assigned to bigger-than-four-membered
siloxane rings in the matrix after the alkaline pH-induced
condensation, namely, toward SMRs and 6MRs.” The
noticeable difference between as-prepared SiO, and SiO,-p
indicates that the liquid treatment modified the siloxane
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framework toward larger rings. In this aspect, the formation of 447

larger siloxane rings indicates a less strained network toward
more “relaxed” configurations. In the same context, larger,
more “relaxed” siloxane rings are formed in the hybrid rSiO,@
SiO, and the low-T rSiO, during the alkaline passivation.
Additionally, multiple downshifts of peaks are noticed in
Figure 5, indicative of less strained lattices. The red arrow in
Figure S indicates that the bump at ~974 cm™ in the
commercial A90 shifted to ~965 cm™ in the low-T 1SiO,, the
same for the ~837 cm™' peak, which shifted to ~797 cm™,
and the 600 cm™ peak downshifted to ~542 cm™. The band
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Figure 7. (A) Water adsorption during hydration of the nanosilica powder, placed in a desiccator with water under a vacuum, (B) deprotonation,
ring opening, condensation, and water adsorption during the alkaline post-FSP treatment, (C) zeta potential (mV) of the as-prepared and hydrated
rSiO, for 48 h, and (D) zeta potential (mV) of the as-prepared and dehydrated rSiO,-p for 24 h.

CH; moiety from HMDSO. This is observed only in the low-T
rSi0,, 1Si0,@Si0,, and their passivated counterparts. It is
absent in the high-T SiO, and A90. This indicates that the
lower-temperature process in rSiO, and rSiO,@SiO, allows
some Si—CHj; moieties from HMDSO to be present in low-T
rSiO, and rSiO,@Si0,, and these moieties are not altered by
the liquid treatment.

3.4. SiO, Surface Charge: A Zeta Potential Study. In
nanosilica materials, the types of silanols on the surface
determine the pK, values of the surface reactions.” In a water
dispersion, the surface silanols (=Si—OH) determine the
surface charge of the nanomaterials via the protonation/
deprotonation reactions S and 6.**

pK,

{=SiOH} + OH™ &3 (=8i07} + H,0 ()
{=Si — OH,*} 22 (=SiOH} + H' (6)

The symbol {=} signifies that the species are formed on the
surface of the silica particles via interactions with the liquid
phase, H and OH™. In this context, the concentration of H*
and OH™ is determined by pH. The equilibrium in reactions 5
and 6 is dictated by the pK,; and pK, values, determining the
surface protonation/deprotonation mechanisms.*” Typically,
the pK, value is ~2.0.*° Therefore, the SiO, surface is
nonprotonated at pH > 2.0, ie., reaction 6 makes a minor
contribution at the typical pH range of 3.0—9.0. On the other
hand, the pK, value is typically 6.0—7.0. Reaction 5 therefore
prevails at all physiological pH values. In this context, it is well-
anticipated that silica would be either noncharged at pK, < pH
< pK; or negatively charged at pH > pK,.

Different titration protocols have been followed to study
how consecutive alterations of pH affect the dissociation of the
surface groups. Figure 6 presents the zeta potential profile vs
pH of our three types of nanosilica particles. When increasing
the pH from acidic to alkaline values, the isoelectric point
(IEP) of the as-prepared SiO, and rSiO,@SiO, NPs was pHygp
= 3.0. In comparison, the commercial A90 nanosilica had a
pHygp of ~3.0. These values (IEP ~ pH = 2.0—3.0) are typical
of flame-engineered nanosilica materials.* After reaching the
pH = 9.0 value, the particles were incubated for 15 min and
back-titrated toward acidic pH. In this titration process, the
IEP of the as-prepared SiO, shifted from pHgp = 3.0 to pHigp
= 4.8 (Figure 6, panel a), with a concurrent decrease in the
zeta potential values (less negative). Subsequent acid-to-
alkaline pH titrations show no further changes in the IEP or
zeta potential (data not shown). As described by reaction 5, =
Si—OH groups get deprotonated to form =Si—O~ groups
during the pH increase toward alkaline values, while they get
reprotonated in the back-titration. In this context, after
exposure to alkaline pH, the pK, of the =Si—OH groups
increases, namely, the pHygp = 3.0 increases to pHygp = 4.8.

After a short alkaline incubation, it is probably more difficult
for the deprotonation of the surface =Si—OH groups to
occur, i.e., the association of surface =Si—O~ units with the
interfacial H* becomes stronger. This phenomenon was
observed for all our FSP-made particles. The pH titration
data of rSiO,@SiO, (Figure 6, panel b) reveals that the surface
charge distribution is slightly altered when the pH decreases
from alkaline to acidic, evidenced by the more negative zeta
potential. However, the pHygp value of rSiO,@SiO, did not
change. The zeta potential of rSiO, increases slightly (more
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negative values) in pH values greater than the pHjgp. The
pHigp remained unchanged at a value of $.8.

Overall, the present surface charge results can be
summarized as follows: [i] the as-prepared rSiO, material
has a =Si—OH pK, value of 5.8, which is not changed upon
exposure to alkaline pH, and [ii] the as-prepared SiO, material
has =Si—OH with a more acidic pKa value (2.3), which is
strongly upshifted upon exposure to alkaline pH. An
explanation for this could be the presence of different groups
on the surface that have been created during the FSP synthesis.
The ring-sprayed silica facilitates the formation of less pH-
dependent =Si—O—Si= siloxane bridges that coexist on the
surface with silanols. The presence of mainly =Si—O0-Si=
moieties on the surface of rSiO, can additionally explain the
minor alteration in the line shapes of the consecutive pH
titrations compared to SiO,. Moreover, the lower FESP
temperature could facilitate the presence of protonated silanols
(=Si—OH), whereas the high-temperature nanosilica seems to
generate mainly Si—O~ moieties. The zeta potential analysis
provides vital information about the hydroxyl groups on the
surface in terms of affinity and pK,. Based on the results, it is
clear that the strained, high-temperature SiO, has a more
hydroxylated surface than the passivated/low-temperature
nanosilica, where (a) the siloxane structures prevail and (b)
the presence of aliphatic carbon traces possibly alter the pK, of
the surface groups toward more alkaline values.

Since the short exposure of the particles to alkaline pH, i.e.,
during the pH titration, was able to induce alterations on the
surface groups of the FSP silica, our hypothesis was that a
more elaborated liquid passivation, i.e., the “p”-labeled
materials, is expected to impact the siloxane rlng opening
and consequently the condensation of silanol groups to
siloxanes. As depicted in Figure 6, [i] the changes in the
successive acid—base titrations of all p-nanosilica materials
were insignificant since the acid-to-alkaline or the back-
titration curves are practically identical, and [ii] the formed
outer shell of p-nanosilica materials leads to a consistency
between the pHjgp values, which is pHygp = 3.0 in all cases. As
supported by the Raman analysis, the p-treatment promotes
the formation of bigger =Si—O—Si= siloxane bridges of the
FSP silica materials.”””*® Moreover, as shown in the titration
curves in Figure 6, the zeta potential reaches significantly more
negative values, i.e., compared to the as-prepared nanomateri-
als, indicating that the p-layer may also interact with water
molecules.

After the liquid passivation, H,O molecules are expected to
be adsorbed in the amorphous nanosilica surface, as shown in
Figure 7b; these weak hydrogen-bond interactions can form a
surface—water interface that could contribute to the pHygp and
the total surface charge. This way, particles show a unified and
stable pHjzp = 3.0 and become more negatively charged than
their homologous as-prepared materials.

The commercial flame nanosilica A90 remained inert as we
observed no significant changes in the two consecutive
titrations. The exposure to alkaline pH or liquid passivation
had no impact on the surface charge of A90. An explanation for
this could be the formation of stable, hydrated structures on
the surface of A90 due to the aging of the particular nanosilica
batch since it was not a freshly prepared nanomaterial (shelf
time > 1 year). However, more research is needed for this
evaluation.

3.4.1. Effect of Water Adsorption. A series of experiments,
including hydration/dehydration, have been additionally

carried out to investigate further the effect of water
adsorption/desorption on the surface charge. As depicted in
Figure 7, hydration of the as-prepared rSiO, after exposure to a
H,O-saturated atmosphere leads to water physisorption and a
pHigp = 3.0. In this aspect, after mildly heating (40 °C) rSiO,-
p under a vacuum for 24 h, the IEP of dehydrated rSiO,-p
shifted from pHp = 3.0 to pHyp = 6.7. Apparently, under
mild heating (40 °C) under a vacuum, physisorbed H,O
molecules were removed. To summarize, the IEP of the of-
industrial-interest (as-prepared) nanosilica materials seemed to
[i] increase by design (during the FSP-ring passivation) and
[ii] be altered under liquid alkaline and/or hydration
treatment.

3.5. Reactive Oxygen Species Generation. Electron
paramagnetic resonance (EPR) spectroscopy detects free
hydroxyl radicals that lead to oxidative stress and cell damage.
A spin-trap molecule is needed to monitor hydroxyl radical
generation in our systems. Here, we use $,5-dimethyl-1-
pyrroline N-oxide (DMPO) as a spin trap and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) as a spin standard.”"*’

The typlcal signal of the DMPO-OH adduct is presented in
Figure 8.2 The as- prepared SiO,, rSiO,@SiO,, and rSiO,

pH=9

i
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rSiO2
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e
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Figure 8. EPR signals (typical of the DMPO-OH adduct) of the ROS
produced by FSP-made nanosilica materials in (A) pH = 9.0, (B) pH
= 6.0, and (C) pH = 3.5.

generate ®OH radicals in the presence of H,0,. No radicals
were detected in the absence of the nanoparticles. Thus, the
generation of ®OH radicals is a surface-initiated phenomenon.
The first observation is that the high-T strained SiO, nanosilica
produces more hydroxyl radicals than rSiO,@SiO, and rSiO,.
The hybrid rSiO,@SiO, ®OH radical generation was between
the generation capacity of rSiO, and SiO,. The ring-made
rSiO, nanosilica, on the opposite, produces a lower, almost
insignificant, amount of ®OH radicals. A second observation is
that the general trend of radical generation, which follows the
order SiO, > rSiO,@SiO, > rSi0O,, was not affected by the pH
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and rSiO,@SiO,-p (nonhatched bar), and group (c) to rSiO, (nonhatched bar) and rSiO,-p (hatched bar).

614 alteration but could probably match the surface area decrease
615 (Figure 3). This way, the small specific surface area of rSiO,
616 results in a reduced interaction with H,O, and thus lowers
617 ROS production.

618 Acidic pH seems to decrease the ROS generation capacity in
619 all materials. An increase in the pH facilitates the homolytic
620 cleavage of H,0, and, therefore, the ®OH generation ability.>
621 Our results confirm that the hydroxyl radicals’ generation
622 increased in all cases at neutral and alkaline pH in the as-
623 prepared nanosilica materials as well as in their post-FSP
624 passivated counterparts. More specifically, at acidic pH, the
625 radical generation capacity of the as-prepared composite
626 1Si0,@SiO, was lower, i.e, by 37.0%, whereas the decrease
627 was more prominent in rSiO, (79.0% lower ROS generation).
628 Accordingly, the radical generation capacity was reduced at
629 neutral pH values by 54.7% in rSiO,@SiO, and by 83.2% in
630 the passivated rSiO,. Finally, the observed decreases were 46.3
631 and 83.2% at alkaline pH for rSiO,@SiO, and rSiO,,
632 respectively.

633 The high-T strained SiO, nanosilica produced the same
634 amount of hydroxyl radicals at neutral and alkaline pH and
635 fewer at acidic pH (as depicted in Figure 9). After liquid
636 passivation, the hydroxyl radical generation capacity of SiO,
637 decreased significantly at acidic (80.4%) and neutral pH
638 (71.6%) but remained practically the same in alkaline pH
639 (2.1% decrease). As mentioned above, more ROS were
640 generated by the as-prepared hybrid rSiO,@SiO,, while they
641 were significantly decreased after the liquid treatment at all pH
642 values. In fact, after the alkaline liquid treatment, the hydroxyl
643 radical generation capacity of rSiO,@SiO, decreased by the
644 same degree at acidic (65.6%) and neutral pH (65.1%) and less
645 in alkaline pH (39.3% decrease). Lastly, the low-T rSiO,
646 generated the same amount of hydroxyl radicals in neutral
647 and alkaline pH and less in acidic pH. Moreover, we notice no
648 significant change in the ROS generation after the liquid
649 passivation; this is attributed to the increase in the SSA from
650 39 + 15 m?*/g for rSiO, to 135 + 45 m*/g for rSiO,-p, which
651 probably counterbalances the positive effect of passivation.

—

g

=

This fact states that the low-T ESP synthesis of rSiO, results in 652
a passivated configuration, namely, a fumed nanosilica with low 6s3
ROS generation, which does not need further liquid ss4
passivation. In general, liquid passivation induced no 6ss
significant decrease in the radical generation capacity of 656
1Si0,, i.e, by ~6.2% at pH = 6.0 and pH =9.0. 657

As a control, the as-received reference commercial A90 658
generally produced the same ®OH radicals as the low-T rSiO, 659
(see Table S2 in the Supporting Information). We considered 660
that this commercial material had been exposed to ambient 661
humidity for an extended period; therefore, its surface had 662
been modified. We have treated A90 at 350 °C for ¢ = 300 min 663
to test this hypothesis. This resulted in a significant increase in 664
the ROS generation capacity (data not shown). 665

Based on the present EPR and Raman data, we conclude 666
that [i] the high-temperature SiO, consists of a predominantly 667
strained siloxane matrix and produces more ®OH radicals. [ii] 6ss
Coating high-temperature SiO, with a low-temperature rSiO,, 669
which bears a more “relaxed” inert siloxane matrix, results in a 670
hybrid rSiO,@SiO, nanomaterial with a lower ®OH radical 671
generation capacity. [iii] In low-temperature rSiO,, the ®OH 672
radical production is insignificant. The elimination of ®OH 673
radical production in rSiO, happens because larger, less 674
strained siloxane rings prevail, which is a crucial finding of the 675
present study. Hereafter, the findings on the ROS generation 676
are correlated with the acute toxicity of the FSP nanosilica 677
materials. 678

3.6. Acute Toxicity and Microtox Evaluation. To 679
strengthen our overall understanding of the physicochemical 6s0
profile of the engineered nanosilica materials, we carried out a 681
series of acute toxicity tests. We used a Microtox LX analyzer 632
by Modern Water to assess the acute toxicity through es3
bioluminescence quantification of the nonpathogenic, marine 684
bacterial strain Allivibrio fischeri (Vibrio fischeri). The acute 6ss
toxicity is calculated after short-term exposure, in this work sss
after 1S min, to study potential toxic effects that appear 687

immediately after direct exposure. The data in Figure 10 show sss f10

that the effective concentration (ECs,) that induces a S0% 689
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Figure 10. Effective concentration (ECs,) of (A) as-prepared SiO,,
rSiO,@Si0,, and rSiO,, (B) post-synthetically passivated SiO,-p,
rSi0,@Si0,-p, and rSiO2-p, (C) commercial A90 and hydrated as-
prepared rSiO, nanosilica materials, and (D) reference toxicant zinc
sulfate (value multiplied by 1000).

690 decrease in the luminescence intensity was 3.3 (as-prepared
691 Si0,), 6.8 (as-prepared rSiO,@SiO,), and 152 g/L (as-
692 prepared rSi0,). Thus, we conclude that the low-T rSiO, has a
693 significantly lower acute toxicity potential than high-T SiO,.
694 The post-FSP-treated materials showed a dramatic decrease in
695 acute toxicity toward Allivibrio fischeri, i.e., 30.7 (SiO,-p), 42.5
696 (rSiO,@Si0,-p), and 44.7 g/L (1rSiO,-p). The ECs, values
697 indicate that the as-prepared high-T SiO, induces a
698 considerably more significant acute toxic effect on the bacteria
699 than the post-synthetically passivated SiO,-p. The reference
700 zinc sulfate toxicant gave an ECs, of 4.26 mg/L (~0.004 g/L),
701 ie., due to Zn®* ions.'®

702 Interestingly, the ECy, value of A90 reached 148.63 g/L. As
703 mentioned above, we assume that stable, hydrated structures
704 form on the surface of A90 due to long shelf-time. Thus, to
705 confirm our hypothesis, we measured the acute toxicity of
706 hydrated rSiO, (as described in Section 3.4) that gave an ECy,
707 of 94.5 g/L, which is less toxic than its liquid passivated
708 counterpart (rSiO,-p). We conclude that long-term exposure
709 to ambient humidity can lead to more passivated, less toxic
710 silica structures.
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4. DISCUSSION

711 So far, it is anticipated that multiple factors can modulate the
712 toxicity of engineered nanoparticles; however, ROS generation
713 holds a critical position among them, especially in the case of
714 nanosilica.*” Zhang et al. correlated the ROS-induced toxicity
715 of nanosilica to the strain of the siloxane rings.” Our findings
716 confirm that the presence of larger, less strained, siloxane rings
717 leads to a decrease in ROS generation and acute toxicity. The
718 present data also corroborate the work of Spyrogianni et al.”®
719 as we directly connect the FSP flame temperature to the silica
720 matrix formation and the surface characteristics”® and prove a
721 direct correlation with ROS generation capacity and acute
722 toxicity of nanosilica. Furthermore, our Raman data show that
723 in low-T rSiO,, the siloxane rings are more easily converted to
724 bigger/less strained siloxane rings, ie., 4MRs, SMRs, and
725 6MRs, while in the high-T SiO,, the strained 3MRs prevail.
726 Technology-wise, the low-temperature FSP process for the
727 production of rSiO, leads to a nanosilica matrix consisting of
728 less strained siloxane rings (depicted in Figure S6 in the
729 Supporting Information). The ROS generation capacity
730 decrease is analogous to the [i] increase in siloxane ring size

—

and [ii] the SSA decrease, whereas the siloxane ring formation 731
seems to be the dominant beneficial mechanism. According to 732
the present DLS data, the aggregate sizes of our FSP nanosilica 733
materials appear to be in the same size range at neutral pH 734
values. Considering this, the characteristic toxicity differences 735
detected in the present Microtox analysis indicate that 736
aggregate sizes do not seem to be the major factor in the 737
toxicity profile of the FSP nanosilica materials. Acute toxicity is 738
correlated with ROS generation, as shown by EPR. Given the 739
industrial-scale character of our FSP protocols, in future 740
studies, it would be helpful to further evaluate the toxicity of 741
FSP silica nanostructures on mammalian and/or other types of 742
cells in order to eliminate chronic toxic effects.”” 743

5. CONCLUSIONS

Herein, we exemplify two possible strategies for the production 744
of more passivated/less toxic nanosilica: a one-step, low- 745
temperature FSP process and a two-step process that includes 746
a post-FSP liquid treatment protocol. Structurally, both lead to 747
the same result, which is forming larger siloxane rings, which in 748
turn lead to a decrease in ROS generation and acute toxicity. 749
Among the silica materials engineered herein, the low-T rSiO, 750
can be considered as an optimal material, ie., either as- 751
prepared by FSP or even better after a simple hydration step. 752
Technology-wise, using the FSP technology, we can engineer 753
nanosilica materials in one step, safer-by-design, ie., we can 754
skip post-synthetic liquid treatments by utilizing a simple-to- 7ss
adopt low-T FSP configuration. Thus, the present study 7s6
demonstrates a cost-effective approach, specifically appropriate 757

for producing low-toxicity nanosilica at an industrial scale. 758
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