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There exists a knowledge gap in understanding potential toxicity of mesoporous silica nanoparticles. A critical step in assessing
toxicity of these particles is to have a wide size range with different chemistries and physicochemical properties. There are several
challenges when synthesizing mesoporous silica nanoparticles over a wide range of sizes including (1) nonuniform synthesis
protocols using the same starting materials, (2) the low material yield in a single batch synthesis (especially for particles below 60-
70 nm), and (3) morphological instability during surfactant removal process and surface modifications. In this study, we synthesized
a library of mesoporous silica nanoparticles with approximate particle sizes of 25, 70, 100, 170, and 600 nm. Surfaces of the silica
nanoparticles were modified with hydrophilic-CH,-(CH,),-COOH and relatively hydrophobic-CH,-(CH,),,—~COOH functional
groups. All silica nanoparticles were analysed for morphology, surface functionality, surface area/pore volume, surface organic
content, and dispersion characteristics in liquid media. Our analysis revealed the synthesis of a spectrum of monodisperse bare and
surface modified mesoporous silica nanoparticles with a narrow particle size distribution and devoid of cocontaminants critical
for toxicity studies. Complete physicochemical characterization of these synthetic mesoporous silica nanoparticles will permit
systematic toxicology studies for investigation of structure-activity relationships.

1. Introduction

Nanotechnology is an emerging field encompassing manu-
facture and use of materials with at least one dimension less
than 100 nanometers [1]. The incorporation of engineered
nanoparticles into household, personal care, consumer, and
industrial products is increasing the exposure of humans
and the ecosystems to these materials through production,
transportation, storage, use, and disposal. Due to their small
sizes, nanomaterials (NMs) can enter into cells and interact

with cell organelles and/or macromolecules and may thus dis-
rupt the normal cellular functions [1-4]. Various NMs have
been observed to show systemic effects when administered
into systemic circulation, either intentionally for biomedical
therapy or accidentally during environmental exposures, and
may even cross the blood/brain barrier [1, 3, 5].

SiO, is ubiquitous in our environment; human expo-
sure can occur from natural or anthropogenic sources
[6]. Advancement in nanotechnology in recent years has
expanded the synthesis of nonporous silica nanoparticles



(SiNPs) for applications in catalytic supports [7], photonic
crystals [8], and in biomedical fields including gene delivery,
photodynamic therapy, and biomedical imaging [9-15]. The
synthesis protocols can be easily optimized to produce
monodisperse SiO, particles of selected sizes (mostly in
ultrafine and micron range) and shapes. Meanwhile, the
integration of surfactant templating methods with existing
synthetic protocols of nonporous SiNPs can produce mate-
rials with different nanoscale sizes and enhanced porosity
[16-20]. Furthermore, these protocols can be engineered
to tune the pore sizes according to the requirements of
specific applications, thus producing SiNPs with the desired
structure, such as high surface area, large pore volume, and
tunable pore structure and surface [16-20]. In addition, the
surface of these SiNPs can then be easily functionalized [21].
Porous SiNPs contribute to versatility and contrast in various
imaging modalities and are useful as drug/gene carriers in
which the porous structures can be utilized to encapsulate
the chemical/biological moieties to be delivered to the target
tissue site directly [9-11, 15, 22, 23]. Another major appli-
cation of such materials includes corrosion protection in
which corrosion inhibitors are loaded into the mesopores
[16]. The major advantage of these porous SiNPs is that
they can be used as multifunctional platforms by integrating
therapeutics and diagnostic functions in a single nanoparticle
(NP) [22-24]. A successful multifunctional MS SiNP should
exhibit the following characteristics: particle size uniformity,
large pores with high pore volume, high colloidal stability
in aqueous/biologically relevant media, optimized ability to
be internalized by the target cells, good in vitro/in vivo
traceability, the ability to perform triggered drug release,
and degradation of the NPs after their designated function
is accomplished, with minimum toxicological implications
[23, 25].

Several facets of the synthesis including the design of the
particle skeleton and surface modification of MS SiNPs must
be considered carefully in order to maximize the benefits
from their multifunctional nature. Previous studies have
shown that the possible cellular internalization of SiNPs has
been influenced by particle size with ca. 50 nm being the
optimum size [26]. On the other hand, for applications as a
drug carrier, a slightly larger NP with a higher pore volume
and larger pore diameter is considered a better option. For
effective drug loading or to obtain colloidal stability or
traceability inside cells/tissues, the SiNP surface is generally
first modified with chemical moieties such as alkylamine,
alkylthiol, alkylcarboxy, fluorescein isothiocyanate, and rho-
damine B isothiocyanate [27].

The objectives of this study were (1) to synthesize MS
SiNPs with varying sizes, from a few nanometers to micron
scale, with uniform particle size within each set, as well
as with various surface functionalities and (2) to conduct
complete physicochemical characterization of these materials
in order to generate a library of reference materials for future
toxicity studies. The synthesis of MS SiNPs over a wide
particle size range entails several challenges. The first one is to
devise a synthesis protocol using the same (or, with minimum
changes in) starting chemicals to avoid the introduction of
co-contaminants from different chemical species. The second
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challenge is to optimize overall yield of the synthesis, espe-
cially for particles below 60-70 nm, to generate appreciable
amounts of materials in a single batch. The third challenge
is to maintain the particle size uniformity as well as pore
structure and pore size during the drying of powders and
the surfactant removal process. It should be noted here that
the general MS SiNP synthesis involves the micelle-templated
protocols utilizing surfactants (and sometimes additional co-
surfactants). The removal of surfactants, either using solvent
extraction or calcining the as-synthesized materials at high
temperature, is a critical step, as this can lead to undesirable
structural changes, such as collapsed pore structures and/or
disordered morphologies. The fourth challenge is to maintain
the particle size and pore structure integrity during the
postsynthesis surface modification process. Yamada et al.
reported synthesis of MS SiNPs in a size range of 20 to
700 nm by utilizing tetra alkoxysilanes with different alkoxy
groups as silica source and varying the type and amounts
of co-surfactant alcohols (methanol, ethanol, propanol, and
butanol) [19]. However, they observed relatively wide particle
size distribution in each of those materials. In terms of
toxicology studies of SiNPS, presence of co-contaminants
and wider particle size distributions can introduce additional
complexities. Another concern was the stability of pore
structures of those materials during postsynthesis surface
functionalization involving strong acid (H,SO,).

In this study, we report the synthesis and physicochemical
characterization of a library of MS SiNPs in a wide range
of particle sizes from low nanometer to micron range, and
their corresponding different surface-modified forms. The
study was designed to synthesize spherical MS SiNPs of five
different sizes varying from 25 to 600 nm. Specific attention
was given to synthesis of SINPs with narrow particle size
distributions and a minimum number of possible impurities
coming from starting materials. Furthermore, two other
sets of materials were synthesized by modifying the surface
of all five materials with hydrophilic and relatively more
hydrophobic functional groups that were relevant to intended
toxicity studies.

2. Materials and Methods

2.1. Synthesis of Mesoporous Silica Nanoparticles

2.1.1. Synthesis of Mesoporous Silica Nanoparticles ca. 600 nm
in Size (SiNP600). For the synthesis of mesoporous silica
nanoparticles ca. 600 nm in size, 3.08 g of decyltrimethylam-
monium bromide (CI0TMAB, Aldrich), and 4.56 mL of 1M
sodium hydroxide solution (Sigma-Aldrich, Oakville, ON,
Canada) were dissolved in 800 mL of water. Then, 3.04 g of
tetramethyl orthosilicate (TMOS, Aldrich) was added to the
solution with vigorous stirring. After addition of TMOS, the
clear solution gradually turned opaque finally resulting in a
white precipitate. After 8 h of continuous stirring, the mixture
was aged overnight. The white powder was then filtered out
using 0.2 micron filter paper, washed with copious amounts of
distilled water, and then dried at 318 K for 72 h. The powder
obtained was calcined in air at 823K for 6 h to remove any
remaining organic species.
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2.1.2. Synthesis of Mesoporous Silica Nanoparticles ca. 70, 100,
and 170 nm in Size (SiNP70, SiNP100, and SiNPI70, Resp.)
In a typical synthesis of SiNP170, 32 mL of distilled water,
9 g of ethanol (Reagent Grade, Sigma-Aldrich, Oakville, ON,
Canada), 5.2 g of a 25 wt% cetyltrimethylammonium chloride
(CTAC, Sigma-Aldrich, Oakville, ON, Canada) solution, and
0.1g of diethanolamine (DEA, Sigma-Aldrich, Oakville, ON,
Canada) were mixed and stirred in a water bath at 60°C
for 30 min. Then, 3.65mL of tetraethyl orthosilicate (TEOS,
Gelest, Morrisville, PA, USA) was added dropwise within
2 min under vigorous stirring. The solution gradually turned
white during this addition. After 2h of additional stirring,
the mixture was cooled to room temperature: the precipitate
was recovered by filtration using a 0.2 micron filter paper
and washed thoroughly with distilled water. The material was
dried at 318 K for 72 h and the silica nanoparticles obtained
were calcined in air at 823 K for 6 h to remove any remaining
organic species. SINP70 was synthesized by following the
same procedure as described above while varying the ethanol
amount in the initial mixture (6.5 g instead of 9 g). Similarly,
SiNP100 was synthesized by using 4.5g of ethanol and
2.5g of Na,HPO,-NaH, PO, buffer solution (Sigma-Aldrich,
Oakville, ON, Canada) instead of DEA.

2.1.3. Synthesis of Mesoporous Silica Nanoparticles ca. 25 nm in
Size (SiNP25). In a typical synthesis, 0.29 g of cetyltrimethy-
lammonium bromide (CTAB, Sigma-Aldrich, Oakville, ON,
Canada) was dissolved in 150 mL of ammonium hydroxide
solution (Sigma-Aldrich, Oakville, ON, Canada) at 333K
in a temperature controlled water bath. Then, 2.0 mL of
0.88 M ethanolic TEOS (Gelest, Morrisville, PA, USA) was
added to the solution under vigorous stirring. After 1h,
the solution was aged at the same temperature for 18h in
static conditions. The as-synthesized colloid was filtered (0.2
micron filter paper) and washed with 50 mL of ethanolic
ammonium nitrate solution (6 g/L, Sigma-Aldrich, Oakville,
ON, Canada) twice for complete removal of CTAB. The
sample was dried at 60°C overnight and calcined as described
above.

2.2. Surface Modification of Mesoporous Silica Nanoparticles

2.2.1. Starting Materials for Surface Modifications. The yield
of the silica nanoparticles during synthesis varied depending
on their size and the yields from each batch are presented in
Table 1. In order to obtain adequate amounts of materials for
surface modifications with either hydrophilic (-CH,-CH,-
CH,-COOH) or relatively hydrophobic (-CH,-(CH,)10-
COOH) functional groups, several batches of the same
materials were synthesized. The size distributions of the
nanoparticles (TEM/SEM) were measured to ascertain the
reproducibility between batches. Then the batches of the
same materials were combined to generate a pool, which
was then divided into three parts. Two portions were used
for surface modifications using hydrophilic and hydrophobic
functional groups, respectively, whereas the third portion was
kept unmodified.

2.2.2. Surface Modification with Carboxylic Acids. Incorpo-
ration of the organic functionality was achieved via surface
grafting of 3-cyanopropyltriethyoxysilane (C;CN) or 11-cy-
anoundecyltrimethyoxysilane (C,;CN) (Gelest, Morrisville,
PA, USA), followed by acid hydrolysis using H,SO, (Sigma-
Aldrich, Oakville, ON, Canada) to their corresponding car-
boxylic acids. A specific amount of MS SiNPs was first dried
in a vacuum oven at 120°C and then loaded into a multineck
glass flask containing 10 mL of toluene per 100 mg of material.
The contents of the flask were stirred until a homogeneous
mixture was produced. Distilled deionized water at a ratio
of 0.4 mL/g of silica was then added and the flask was left
stirring for at least 30 min. The glass flask was fitted with
a condenser and submerged in a silicon oil bath set at
85°C using a temperature controlled stirring hotplate with
an external temperature probe. The appropriate organosilane
(2mlL/g silica) was subsequently added to the mixture and
left stirring for 16 h. Then, the material was filtered (0.22
micron filter paper) and washed with copious amounts of
toluene followed by acetone. The recovered solid was dried
and treated in 48 wt% aqueous sulfuric acid (170 mL/g of
material) overnight at 95°C. The solid was recovered by
filtration (0.22 micron filter paper), washed thoroughly with
water and acetone, and then dried at room temperature
overnight.

2.3. Physicochemical Characterizations of SiNPs

2.3.1. Imaging of Materials by Scanning and Transmission Elec-
tron Microscopy. Scanning and transmission electron micro-
scopy (SEM and TEM) images were recorded to determine
the average particle size and the morphology of the materials.
A JSM-7500F FESEM instrument (JEOL, Peabody, MA, USA)
was used for SEM analysis of all SiNPs except SiNP25.
For TEM imaging of SiNP25, the sample was dispersed in
ethanol using an ultrasonic bath, and a drop of the slurry
was deposited on a carbon-coated copper grid and then
dried in air. The images were recorded using a JEM-2100F
FETEM (JEOL, Munich, Germany) instrument operated at
beam strength of 200 kV. For both types of measurement, the
average particle size was determined from the mean size of at
least 50 individual particles using ImageJ 1.47 software.

2.3.2. Fourier Transformed Infrared Spectroscopy. Fourier
transformed infrared (FTIR) analysis of all MS SiNPs was
performed on a Nicolet 6700 FTIR spectrometer (Thermo
Scientific, Waltham, USA) using KBr pellets following the
method reported by Das et al. [28].

2.3.3. Analysis of BET Surface Area, Pore Volume, and Pore
Size Distribution. All SiNPs were characterized by nitrogen
adsorption at 77K to measure their structural properties
using an ASAP 2020 Physisorption Analyzer (Micromeritics,
Norcross, GA, USA). Before adsorption measurements, all
silica samples were degassed under vacuum (1 x 107° Torr) at
150°C for 3 h. Organically modified materials were outgassed
at 100°C. The BET surface areas were calculated from the
adsorption isotherm in the relative pressure range from 0.06



to 0.2. The pore size distributions (PSD) were calculated
from the nitrogen adsorption data using the Barrett-Joyner-
Halenda (BJH) method with Kruk-Jaroniec-Sayari (K]JS)
correction, and the peak maximum value of the PSD was
reported as the average pore size. The pore volume was
reported as the volume of liquid nitrogen adsorbed at P/P, =
ca. l.

2.3.4. Thermogravimetric Analysis. The organic content was
determined by thermogravimetric analysis (TGA) using a
TA Q-500 (TA Instruments). The sample was heated at
10°C/min under flowing nitrogen up to 800°C, followed by
decomposition in the presence of air at the same heating
rate from 800°C to 1000°C. The weight loss below 200°C
was attributed to loss of adsorbed water, solvent, and any
alcohol associated with the nonhydrolyzed alkoxy groups,
if any. The organic content was calculated based on the
weight loss beyond 200°C. Surface densities of the carboxylic
groups were calculated with respect to the surface area of the
unmodified SiNPs relative to their respective size group using
the following formula:

_ OC/MW (08)

=T 0)

x 10°, 1)

where SD is the surface density of the organic groups (ymol/
m?), OC is the organic content (moles) per gram of SiNP,
MW(OS) is the molecular weight of the organic substrate, and
SA(p) is the surface area (m?*/g) of unmodified SiNP.

2.3.5. Particle Size Measurement in Liquid Media by Dynamic
Light Scattering. The hydrodynamic diameter of the synthe-
sized and functionalized SiNPs was determined by dynamic
light scattering (DLS) measurements. Nanoparticles were
suspended in double distilled water at 1 mg/mL concen-
tration, vortexed for 10s, and sonicated for 15 min. After
sonication, the SiNPs were diluted to 0.15 mg/mL and again
sonicated for 15 min, followed by size measurements using a
Zetasizer Nano ZS (Malvern Instruments, UK) employing a
nominal 5mW HeNe laser operating at a 633 nm wavelength;
the scattered light was detected at 173°. The refractive index
(1.33) and the viscosity (0.89) of ultrapure water at 25°C were
used in the data analysis performed in automatic mode using
the instrument software (DTS 6.0). All measurements were
performed in duplicate in three independent experiments
with each of the duplicates measured 15 times to obtain an
average particle size measurement. The particle size reported
as hydrodynamic diameter was obtained from the intensity
distribution by cumulant analysis. These nanoparticles were
further subjected to zeta potential measurements on the
same instrument by employing disposable zeta cells where
laser Doppler velocimetry was used to calculate the zeta
potential from the electrophoretic mobility. Zeta potential
measurements were also carried out in duplicate in three
independent experiments in automatic mode with the aver-
age of 15 measurements used for each sample within the
duplicates.
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TABLE 1: Yield of SiNPs during the synthesis process.

Sample name Yield per batch (%)
SiNP25 <40
SiNP70 80
SiNP100 48
SiNP170 78
SiNP600 85

3. Results and Discussions

In this study, five mesoporous SiNPs with approximate
unit particle sizes of 25 nm (SiNP25), 70 nm (SiNP70), 100
nm (SiNP100), 170 nm (SiNP170), and 600 nm (SiNP600)
were synthesized using the surfactant template methods as
described above. All SiNPs were prepared from the same
source of silica (TEOS), except SINP600 (in which TMOS
was used), and by varying the amount of the same co-
surfactant ethanol. However, as described in the experimental
section (Section 2.1.2), Na,HPO,-NaH,PO,, buffer solution
was used instead of DEA in order to synthesize SiNP100.
In a recent report, Yamada et al. synthesized MS SiNPs in
a size range of 20 to 700 nm utilizing a micelle-templated
protocol by varying the silica source (tetra alkoxysilane
with different alkoxy group) and the type and amounts
of co-surfactant alcohols (methanol, ethanol, propanol, and
butanol) [19]. The authors adopted dialysis as the surfactant
removal process rather than calcination (which may result
in collapsed pores) in order to retain pore structure integrity
and high dispersibility of MS SiNPs in water. The utilization
of silanes with different alkoxy groups as silica source and
alcohol types as co-surfactants may produce materials with
different alcohol impurities retained inside the material
structures, which, in turn, could influence the toxicological
studies downstream. This is especially true because Yamada
et al. adapted dialysis for removing surfactant instead of
high temperature calcination, which would have removed
alcohols during heating. Another concern was the stability
of pore structures for postsynthesis surface functionalization
involving strong acid (H,SO,) at 95°C (see Section 2.2.2).
Moreover, they obtained relatively wide particle size dis-
tributions [19]. In our case, the surfaces of all MS SiNPs
were modified with hydrophilic C;~COOH and relatively
hydrophobic C,;,-COOH surface groups to produce mate-
rials named as SINPXC, or SiNPXC,,, respectively, where
X is the corresponding mean particle diameter (e.g., X =
25, 70, 100, 170, and 600). The surface-modified SiNPs were
included in the list of materials to be synthesized since it is
known that these functionalities can modify nano-particle-
cell interactions. There are reports on the impact of surface
modifications on cellular uptake mechanisms, reactive oxy-
gen species formation, and inflammatory response [23, 29-
31].

The physicochemical properties of all SiNPs, including
the two surface modified forms, were analyzed using various
techniques. The TEM or SEM images of SiNPs in their dry
form exhibited unmodified SiNPs to be nearly monodisperse
with spherical morphologies (Figures 1(a)-1(e)) and narrow
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FIGURE 1: SEM images of SINP600 (a, scale bar 1um); SiNP170 (b, scale bar 100 nm); SiNP100 (c, scale bar 100 nm); SiNP70 (d, scale bar

100 nm); and TEM image of SiNP25 (e, scale bar 50 nm).

particle size distribution (Table 2). Surface modifications of
the SINP600 with either C;—-COOH or C,,-COOH groups
did not alter the size and morphology of the original pristine
particles (Figure 2(a) versus Figures 2(b) and 2(c)). Similar
results were obtained with all other nanoparticle sizes (data
not shown).

The N, adsorption-desorption isotherms (Figure 3) for
all unmodified SiNPs showed sharp steps typical of ordered
mesoporous materials. The appearance of these steps at
different relative pressures (P/P, in Figure 3) for different
SiNPs was due to the capillary condensation/evaporation
of nitrogen molecules inside the pores depending on the
pore sizes of the material. All MS SiNPs were found to be

highly porous with large surface areas and high pore volumes
(Table 2). For instance, the BET analysis of SiNP25 exhibited
a surface area of 1028 m*/g and pore volume of 2.1cm’/g.
Surface area and pore volume values associated with SINP100
were 458 m*/g and 0.5cm’/g, respectively, which were the
lowest among all five unmodified SiNPs. The surface mod-
ifications of SiNPs of all sizes resulted in decreased surface
areas and pore volumes compared to the corresponding
unmodified SiNPs (Table 2), indicating partial blockage of
pores due to the presence of organic functional groups on the
surface. Similar observations of decreased surface area upon
surface functionalization have been reported in the literature,
in which various types of surface modifiers have been used
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FIGURE 2: SEM images of SiNPs before and after surface modification: unmodified (a); C;~COOH (b); and C,;-COOH modified SiNP600

(c). Scale bar is 1 um in each case.

TaBLE 2: Physicochemical and surface properties of both pristine and surface-modified SiNPs.

Sample Particle diameter® (nm) Surf'ace BET surzface Pore vg)lume Organic content”  Surface density Ot; -COOH
name modifier area (m°/g) (cm’/g) (wt%) (umol/m?)
— 1028 2.1 — —
SiNP25 27+43 C,-COOH 607 121 16.6 1.85
C,-COOH 495 1.05 22.0 116
— 722 0.62 — —
SiNP70 67+9 C,-COOH 456 0.35 10.6 1.69
C,,-COOH 37% 0.17° 21.0 1.57
— 458 0.50 — —
SiNP100 99£10 C,-COOH 257 0.30 5.6 1.40
C,-COOH 183 0.15 10.4 1.23
— 1011° 0.73° — —
SiNP170 177+ 12 C,-COOH 522° 0.48° 112 1.30
C,-COOH 185° 0.29° 12.2 0.61
— 850° 0.51° — —
SiNP600 596 £ 29 C,-COOH 342° 0.41° 1.5 1.59
C,,~-COOH 149° 0.25° 9.8 0.58

*Size determined from SEM/TEM analysis; *organic content was measured by TGA.
SBET surface area and pore volume are the average of results obtained from two different laboratories. The variance of the measurements was within 10%.

[32]. In general, C;;-COOH modified SiNPs showed lower
surface areas and pore volumes relative to the C;-COOH
modified SiNPs (Table 2). This may be due to a higher degree
of pore blockages due to the bulkier C;;—~COOH groups.
The Fourier transformed infrared spectra (FTIR) of both
C;-CN and C,;;-CN modified SiNP100C;-CN showed a
peak at 2247 cm™! (Figure 4), which was assigned to the
stretching vibration of C=N group. The same peak was
also observed for SiNP100C,,-CN (data not shown). Upon
acid hydrolysis, this peak disappeared and a new peak was
observed at 1713 cm™" for all of the carboxyl functionalized
materials (Figure 4), which was assigned to the C=0 stretch-
ing vibration in the carboxylic group. FTIR spectrum of a
mixture of silica and malonic acid (2nd spectrum from top
in Figure 4) showed the same peak further confirming the
presence of C=0 stretching vibration. These results provide

evidence to support the successful incorporation of C=N
groups on the SiNP surface and their subsequent oxidation
to ~-COOH groups using the acid hydrolysis process. Sim-
ilar spectra were obtained for the other SiNPs (data not
shown), indicating the successful surface modifications of
those nanoparticles. It should be noted here that the acid
hydrolysis is a harsh process involving the strong mineral
acid H,SO,, which can potentially have an impact on the
structural properties of the silica matrices [33]. However, our
results from the SEM images (Figures 2(a)-2(c)) indicated
that no such changes occurred in the morphology of any of
the surface-modified SiNPs in this study.

Figure 5 depicts the thermogravimetric analysis (TGA)
of the surface-modified SiNPs functionalized with carboxyl
groups. The weight loss below 200°C was attributed to the
removal of physically adsorbed water and any remaining
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FIGURE 3: Nitrogen adsorption/desorption isotherms of unmodified SiNPs.
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FIGURE 4: Fourier transformed infrared (FTIR) spectra of SiNP100
along with the C;-CN and C;-COOH surface modified materials.
The spectra are expanded in Y-axis in the regions to show the
stretching vibrations of C=N at 2247 cm™' and C=0O at 1713cm™"
for C;—-CN and C;-COOH surface modified materials, respectively.
Malonic acid adsorbed on silica surface is used as an internal
reference.

TABLE 3: Particle size and zeta potential of SiNPs as measured by
dynamic light scattering (DLS) in deionized water at pH 6.5 (SiNP
concentration 150 yg/mL).

Particles DLS size + SD pp]  Zeta potential + SD
(nm) (mV)
SiNP25 406 + 147 0.49 -27.1+0.9
SiNP25C3 386 £ 51 0.41 -28.6+1.3
SiNP25C11 330 =49 0.41 -32.8+22
SiNP70 253 £ 61 0.4 -223+25
SiNP70C3 219+ 17 0.25 -303+4.1
SiNP70C11 217 £ 28 0.3 -31.8+0.8
SiNP100 191 + 23 0.23 -37.6 6.4
SiNP100C3 185+ 15 0.17 -435+2.1
SiNP100Cl11 190 £ 6 0.17 -39.5+58
SiNP170 266 £ 13 0.28 -382+1.1
SiNP170C3 319 + 36 0.34 -458 £ 1.1
SiNP170C11 213 +10 0.18 -440+1.3
SiNP600 709 + 76 0.4 -40.1+1.7
SiNP600C3 768 + 126 0.38 -48.0+ 0.7
SiNP600C11 612 £ 65 0.4 -43.6+ 14

solvent molecules from the synthesis and functionalization
processes, as well as nonhydrolysed alkoxy groups from
the SiNP surface. There was a gradual weight loss in the
temperature range of 200 to 600°C, which could be attributed
to the loss of organic groups under the nitrogen atmosphere.
There was a sudden weight loss near 800°C, likely due to the
combustion of the surface organic functional groups under an
air atmosphere. The weight loss between 200 and 1000°C was
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utilized in the calculation of the surface density of carboxylic
groups on the functionalized SiNPs, the results of which are
presented in Table 2. As can be observed from Column 7of
Table 2, the surface density of the C,;-COOH groups was
lower than that of C;—-COOH, irrespective of the size of the
SiNPs. This could be attributed to the bulkier C,;,-COOH
organic groups leading to a less efficient grafting process than
C;-COOH.

Biomedical application of SiNPs is influenced by the
interactions of the NPs with the lipid bilayers and cells
in tissues. Moreover, the interactions of SiNPs with the
constituents of the media used as a vehicle to administer
the SiNPs can also potentially influence their interactions
with the biological tissues/cells. These interactions are almost
entirely dictated by the surface properties of SiNPs. Thus, it is
important to characterize the surface properties of the SiNPs
both in their dry state and also dispersed in the liquid phase.

SiNPs, like any other NMs, tend to form agglomer-
ate/aggregates when dispersed in water or any other liquid
media [34, 35]. In order to measure the degree of agglom-
eration/aggregation of the SiNPs in the aqueous phase and
the influence of surface C;—~COOH and C,;-COOH groups
on these properties, particle sizes of pristine and surface-
modified SiNPs were measured using the dynamic light
scattering (DLS) technique. Our results revealed that all
SiNPs were dispersed up to the concentration of 300 yg/mL
with no sign of particle settling when allowed to stand for
6h. In order to avoid any settling of particles during the
particle size and zeta potential measurements, a concen-
tration of 150 ug/mL was selected for all fifteen variants
of the SiNPs. Particle size measurement by DLS revealed
that stable particle dispersions remained in water up to 48
hours at room temperature (Figure 6). The polydispersity
index (PDI) values (Table 3) in DLS measurement for all
SiNPs were below 0.5, further indicating that the dispersions
were stable. As can be observed from Table 3, the smaller
SiNPs were associated with larger hydrodynamic diameters
relative to their dry state unit particle size measurements
by SEM/TEM. For instance, SiNP25 exhibited the largest
increase in hydrodynamic diameter. This can be attributed
to a relatively higher tendency of smaller nanosized particles
to form agglomeration/aggregation [36]. Furthermore, the
surface-modified forms of smaller SiNPs (e.g., SINP25 and
SiNP70) showed smaller hydrodynamic diameters relative to
their corresponding unmodified pristine counterparts, which
can be due to increasing hydrophobic nature of the surface
organic moiety (Table 3) preventing their agglomeration. The
surface modifications in the other three larger sized SiNPs
(i.e., SiNP100, SiNP170, and SiNP600) did not show any
appreciable changes in hydrodynamic diameters (Table 3).
Negative zeta potentials were observed for all SiNPs and the
values varied between —27 and —48 mV, except for SiNP70
(—22mV) (Table 3). These results revealed stable SiNP dis-
persions in water with negatively charged surfaces. In the
surface-modified SiNPs, the organic groups can act as surface
stabilizers. This can be further supported by the low negative
zeta potential for smaller sized SiNPs (nearly at =30 mV) and
associated relatively larger hydrodynamic diameter for charge
stabilization (Table 3). Since, it is known that the solids with
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FIGURE 5: Thermogravimetric analysis (TGA) of surface modified SiNPs.

FIGURE 6: Dispersion of two selected SiNPs in water at a concentration of 150 yg/mL.

stable surfaces produce zeta potential values between —30 and
—-50 mV in deionized water at neutral pH [37], the borderline
values of ca. =30 mV observed for smaller sized SiNPs, irre-
spective of the presence or absence of surface modification,
indicate that the surfaces of the smaller particles are relatively
less stable than those of the larger SiNPs in water dispersions.
The agglomeration/aggregation state, expressed as the ratio
of the DLS size to the mean dry particle size measured by
TEM/SEM for all SiNPs, is illustrated by Figure 7. Overall,
larger aggregates/agglomerates were observed for smaller
sized SiNPs. The hydrodynamic diameter for SiNP25 was
~16 times that of its mean dry particle diameter measured
by TEM. It is well known that the hydrodynamic diameters
are always larger than unit particle sizes measured in dry
state. For example, Lu et al. [36] observed an increase in
size of ~5 times in water for MS SiNPs of ~30 nm. However,
it should be noted that the authors used solvent extraction
for the removal of surfactants. The higher size ratio in our
case could be due to the use of calcination procedure for the
removal of surfactant, which may influence particle aggre-
gation/agglomeration [36]. It should be noted that the TEM
analysis (Figure 1(e)) in our case does not show aggregation of
these particles. We observed higher difference for SiNP25 in

aqueous suspensions, which could, therefore, be attributed to
agglomeration of hydrated particles. Meanwhile, the SINP70
particles appear to exhibit moderate agglomeration (4 times
of mean dry particle diameter) and SiNPs of particle sizes
>100nm do not show much agglomeration. For instance,
the TEM and DLS size of SiNP600 are almost identical
within the analytical variability of the latter measurement.
We also observed the impact of surface functionality on
the DLS sizes of SiNPs <70 nm, implying that the surface
groups may be assisting in dispersion. As opposed to particle
aggregations, agglomerated particles are held together by
weak attractive forces. These agglomerates can thus easily
dissociate in the presence of small amounts of surfactants that
are typically encountered in toxicological exposures. Thus
these particles are useful for the purpose of toxicological
studies as envisioned by the authors.

4. Conclusions

Five unmodified mesoporous silica nanoparticles (SiNPs) in
the size range of ca. 25 nm to 600 nm were successfully syn-
thesized. The synthesis conditions were optimized such that
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FIGURE 7: The ratio of agglomerated/aggregated particle size in
water (measured by DLS) to the dry state particle size (measured
by SEM/TEM) of unmodified and surface modified SiNPs.

SiNPs of different sizes are produced with monodispersed
spherical morphologies, yet devoid of co-contaminants orig-
inating from sources. C;-COOH and C,;-COOH groups
were grafted onto the surfaces of the corresponding pristine
SiNPs to produce hydrophilic and relatively more hydropho-
bic surfaces. Physicochemical characteristics of all 15 pristine
and surface-modified SiNPs were analysed to determine the
surface area, porosity, particle size distribution in the dry state
and in aqueous dispersion, surface functionality, and surface
charge. Establishment of this library of well characterized
mesoporous SiNPs will enable the systematic analysis of toxi-
city of unmodified and surface-modified SiNPs for estimation
of risk associated with such nanomaterials.
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