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Abstract

Understanding of the synthesis kinetics and our ability to modulate medium conditions allowed us
to generate nanoparticles via an ultra-fast process. The synthesis medium is kept quite simple with
tetraethyl orthosilicate (TEOS) as precursor and 50% ethanol and sodium hydroxide catalyst.
Synthesis is performed under gentle conditions at 20 °C for 20 min Long synthesis time and
catalyst-associated drawbacks are most crucial in silica nanoparticle synthesis. We have addressed
both these bottlenecks by replacing the conventional Stober catalyst, ammonium hydroxide, with
sodium hydroxide. We have reduced the overall synthesis time from 20 to 1/3 h, ~60-fold
decrease, and obtained highly monodispersed nanoparticles with 5-fold higher surface area than
Stober particles. We have demonstrated that the developed NPs with ~3-fold higher silane can be
used as efficient probes for biosensor applications.
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Introduction

Silica nanoparticles (SiNPs) constitute an important fraction of research and product
development. The applications of SiNPs range from biosensors to drug-delivery vehicles [1-
5]. Therefore, a fine-tuning of NP properties is sought. These physico-chemical properties
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include surface charge, colloidal dispersivity, surface roughness, and better functional-
customization [6, 7]. These properties are reliant on the size and morphology of NPs. SiNPs
are synthesized mainly by base-catalyzed nucleation of precursor silanes in colloids, reverse
microemulsions, chemical vapor condensation, and other methods, which are summarized in
supplementary table 1 along with their advantages and disadvantages. Colloidal synthesis
using ammonium hydroxide (NH4OH) as a catalyst is by far the most common method for
making SiNP due to the advantage of manipulating reaction conditions and parameters to
achieve desired NP sizes and shapes [8, 9]. However, the inherent drawbacks of these
methods are high polydispersity and the requirement of excessive washing to remove
ammonia from the sample [10], which we also have observed during our experiments. There
are several modifications performed on the basic Stober approach for NP synthesis, which
included mainly using cationic aminoacids, organic ligands, variable alkoxy chain-length
silanes [11-15]. These methods enabled rapid synthesis with more control on the size and
shape manipulation of such NPs. However, reverse microemulsion approaches provide high
degree of monodispersity comparative to the modified Stober methods by allowing a
controlled formation of nanoparticles within the micellar cores. The sizes of micelles can be
controlled by adjusting the ratio of surfactant to polar solvent which will eventually govern
the amount of reactant entrapped, and thus the size of the nanoparticle [16]. Extensive post-
processing for removing the surfactants from the synthesis medium makes microemulsion
approaches relatively expensive. Industrially, SiNPs are prepared as powder by gas-phase
methods. This approach is relatively faster to create NPs as compared to wet methods, with
at least a 3-fold higher magnitude of diffusion and thus faster reaction times. Controlling the
size and morphology of NPs is challenging with this approach in addition to the higher
tendency of aggregation of particles during synthesis [12]. The instrumentation itself is also
very costly and requires technical expertize [17]. Also, this approach presents a health
hazard where workers are exposed to the nano-powders synthesized by this process.
Microwave-assisted SiNP synthesis has been reported for fast synthesis within minutes [18].
This approach can be industrially favorable but the restrictions outweigh the advantages. The
restrictions of microwave method include mainly costly instrumentation [19], high operating
cost, expertize required for operation, and strong dependence of particle morphology on the
microwave energy that may cause wrong nanoparticle size with a slight change in the
introduced energy. In addition, extensive optimization is required to understand this
dependence of microwave energy and nanoparticle size [20]. Also, it poses a health hazard if
the operator is exposed to microwave [21].

Therefore, even with a wider size distribution obtained with sol—-gel synthesis process, it is
still a preferable method due to its simplicity which allows for the manipulation of reaction
parameters to achieve control of the size and morphology simply by adjusting the reaction
parameters. In this process, SiNPs are formed by hydrolysis and condensation of silicon
alkoxides, such as tetraethyl orthosilicates (TEQS), in the presence of mild acids
(hydrochloric acid) or base (ammonium hydroxide). A plausible reaction mechanism is
depicted in figure 1. Base-catalyzed condensation-mediated synthesis is very fast in
comparison to the acid-catalyzed reaction because latter proceeds through hydrolysis and
requires an additional step of condensation for nucleating.
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The main challenges of the classical colloidal synthesis of SiNP that we have addressed in
this report are (i) longer reaction times ~20 h, and (ii) use of NH4OH as a catalyst, which
being volatile may not provide appropriate nucleation resulting in polydispersed particles
[22-24]. Stober in his original report (1968) claimed to have achieved completion of particle
formation within 15 min only for few instances but his method advocated to perform
polymerization for at least 2 h [25]. However, later reports have employed several reaction
times but 2 h [26, 27]. Ammonia released by the decomposition of NH4OH during the
synthesis may also either get entrapped in the material or get adsorbed to the surface of the
particle thus interfering with the analysis and further processing [10, 28]. We have replaced
NH4OH with sodium hydroxide (NaOH) as a catalyst. Dingsoyr and Christy (2000) in a
seminal work has described NaOH as potential base catalyst [29]. They have employed a
multiparametric mathematical regression modeling approach to perform design of
experiment for exploring the SiNP synthesis. We have employed NaOH as the catalyst for
our study with a completely different approach where focus was mainly kept at the
experimental understanding of the methodology rather than the theoretical modeling.
Recently, Hyde and colleagues has employed NaOH for synthesis but they have directed
their work on a two-step approach based on an acid-catalysed hydrolysis followed by
NaOH-catalysed condensation [30]. Addition of the hydrolysis approach complicates the
whole procedure itself with increased synthesis time.

In the current work replacing NH4OH with NaOH has allowed us to reduce synthesis time
from ~20 to ~1/3 h (a 60-fold reduction), and this has tremendously increased the surface
area (~5-folds increase) enabling us to significantly increase the amount of grafted
functional groups (3-fold increase). In addition, stable and highly monodispersed SiNPs in a
size range of 60-550 nm were obtained. In addition, our approach has covered all the
aspects of an optimized process development, which were lacking in similar previous studies
by Dingsoyr [29] and Hyde [30]. The work described in this report has tremendous potential
as being adapted for industrial synthesis after scaling up. In addition, the NPs synthesized
via this route are of superior quality and may have extensive use in disease diagnostics,
therapeutics, and /n vivo imaging.

Experimental

Chemicals and materials

Tetraethylorthosilicate (TEOS, =99%), (3-aminopropyl)-triethoxysilane (APTES, =98%),
ethanol (200 proof), ammonium hydroxide, sodium hydroxide, ninhydrin, sodium phosphate
dibasic and sodium phosphate monobasic were from Sigma-Aldrich. The silica wafer for
scanning electron microscopy (SEM) was from Ted Pella, Inc. All solutions were prepared
in 18 MQ cm deionized water (DIW). All the prepared solutions were filtered using 0.45 pm
filters (Fisher) prior to use. Phosphate buffer (10 mM, pH 7.3) was employed for the
experiments until stated otherwise.

Instrumentation

SEM was performed with the Teneo LVSEM. Hydrodynamic size of NPs was measured with
dynamic light scattering (DLS) using ALV/CGS-3 instrument. Zeta potential of NP colloid
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was analyzed with ZetaPlus analyzer (Brookhaven Instruments Corp.). Nitrogen adsorption-
based Brunauer—-Emmett-Teller (BET) analysis was performed with Quantchrome autosorb

iQ2.

Synthesis of SiNPs

TEOS was catalyzed with NaOH in a basic ethanol-water medium for 20 min and NPs were
developed as a result of condensation reactions. A set of NH,OH-catalyzed classical SiNP
synthesis was also performed for comparative studies. Optimization of the process was
performed for determining the ratio of ethanol to water in the reaction medium,
concentration of TEOS, and NaOH concentration (details in SI).

Ethanol-water ratio in the synthesis medium was optimized; a stock solution of NaOH (1 M)
prepared in DIW was added to TEOS (90 mM) prepared in different solvent compositions.
TEOS was optimized for a concentration range of 10-120 mM, such that TEOS was directly
added to the optimized ethanol-water solvent spiked with 20 mM NaOH to obtain the
desired concentration. Furthermore, NaOH was optimized using varying concentrations
between 10 mM to 20 mM in order to analyze the effect of catalyst on NP size and shape.
During optimization, TEQOS was slowly added to each set of NaOH concentration in order to
obtain final TEOS concentration. The reaction was allowed to stir for 20 min at 600 rpm.
Later, the SiNPs were centrifuged and washed twice each with ethanol and DIW. Finally, the
nanoparticles were stored in DIW at room temperature for further studies. Stober-NPs were
synthesized according to a previously described method Sl figure 4) [31].

SEM analysis

NPs were concentrated and re-suspended in ethanol. Later, colloid was drop coated on a
silica wafer and was allowed to dry overnight at room temperature. The dried sample was
coated with a ~10 nm thick gold layer using chemical vapor deposition system. The
prepared samples were loaded into a Teneo LVSEM and were imaged.

Analysis of surface

Surface of the nanoparticles was characterized in terms of (a) surface area, and (b) silane
loading efficiency. Nitrogen adsorption-based BET analysis was performed for ‘a’ using
SiNPs (with a diameter ~550 nm) and comparatively sized Stober-NP (~600 nm). For ‘(b)’,
the developed SiNPs and Stober-NP were functionalized with 3-aminopropyltriethoxy silane
and the number of grafted amines was quantified for analysis. At first, the optimum silane
concentration for functionalization of Stober-NPs was obtained by incubating those with
different concentrations of APTES (45, 90, 180, 270 mM) for 3 h in a 95% ethanol medium.
Later, quantification of amino groups on the functionalized NPs was performed with
ninhydrin (100 pl, 20 mg miI~1). At the optimum silane concentration, APTES was grafted
on 10 mg each of the developed SiNPs and Stober-NPs in 95% ethanol followed by
ninhydrin-based amino group quantification. A standard curve for APTES was generated
with ninhydrin tests using concentrations of 1 mM, 100 uM, 10 uM, 1 uM, 100 nM, 10 nM,
1nM.
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Analysis of ammonia in the cleaned NP system

Ninhydrin reacts with amines via a series of reactions [32] as illustrated in reactions 1-2

Ninhydrin+R—NHs — Partially reduced ninhydrin (1, 3—diketohydrindol)+NHs, (1)

Ninhydrin+NHsz+Partially reduced ninhydrin — Blue—purple colored pigment. (2)

As obvious that ammonia is a key component in the ninhydrin reaction therefore, we have
speculated that if Stober-NPs even after several washes generate a blue-purple color, as
depicted in Sl figure 1, then the ammonia may be present in the system with a high
probability of being adsorbed on the NP surface. Further studies for confirmation of
ammonia adsorbed to the particle surface are required. Other reports have also described the
reaction of ninhydrin with pure ammonia [33] and have contributed to the development of
this hypothesis.

Results and discussion

We have employed sodium hydroxide, a common shelf-reagent, as an alternative catalyst for
ammonium hydroxide for synthesizing SiNP. Sodium hydroxide served as a better catalyst
for this condensation reaction, as also described by Dingsoyr and Christy in their regression
modeling approach [29], because (i) unlike ammonium hydroxide, which has a tendency to
adsorb on the NP surface (figure 2) [28], it is easy to remove NaOH from the reaction
mixture, as confirmed by the ninhydrin test (ii) the abrasive properties of NaOH provided a
higher surface area, as confirmed by the surface area analysis using N, gas adsorption-based
BET method, and (iii) the reaction with NaOH completed in 20 min compared to 20 h with
NH4OH. Therefore, the developed approach for SiNP synthesis is time saving and does not
involve intensive post processing to remove by-products and reagents.

The whole process was optimized for several parameters; however, most important are the
solvent ratio in reaction medium (supplementary table 2), TEOS concentration
(supplementary table 3), and NaOH concentrations (supplementary table 4). Reaction
medium plays a crucial role in nanoparticle synthesis. As observed in this study
(supplementary table 2), solvent that is predominant in the medium has conclusive effects
[34]. Single solvent systems are usually preferred because that minimizes the requirement of
careful selection of co-reactants according to their solubility, reactivity, and other
parameters. However, co-solvent schemes are always sought as they facilitate many new
physical processes to occur. Pure ethanol in comparison to pure water has higher solubility
of TEOS and therefore is a suitable solvent for synthesis but the hydrolysis rate of TEOS in
pure ethanol is very slow [35]. After adding water to pure ethanol, the reaction kinetics
change significantly, as evident from supplementary table 1. In silica NP synthesis, the core
of the reaction is governed by two components as illustrated in figure 1; (i) effective
hydrolysis, and (ii) enhanced condensation reaction to take place. Silanes are highly
susceptible to hydrolysis in the presence of water while they condense effectively in ethanol
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medium [36]. In addition, on the contrary to an acid-catalyzed reaction, a base-catalyzed
reaction mainly proceeds through condensation (figure 1) [37, 38]. The acid-catalyzed
reaction is a 2-step process taking place through hydrolysis followed by condensation. Thus,
a base-catalyzed reaction is faster than acid catalysis.

Therefore, based on this theory we have opted for a base catalyzed synthesis. An appropriate
ratio of water to ethanol was also sought for fast NP synthesis. We have optimized several
ratios of DIW and ethanol (supplementary table 2) and found that the fastest NP synthesis is
obtained with equivalent DIW and ethanol volumes (1:1) that will effectively provide the
fastest hydrolysis and condensation in tandem. However, typical ratio for DIW-ethanol used
in Stober and modified Stober methods are 1:19 (volumetric) [31]. Under similar conditions,
NaOH-catalyzed reaction was faster than the NH4OH catalysis. Although, NH4,OH can serve
as a better source for hydroxyls for longer durations than NaOH due to its partial ionization
and its ability to recycle between NH3 and NH,4* states in an aqueous solution as speculated
in previous reports [29, 39]. On the contrary, we anticipate that NaOH being a stronger base
than NH4OH has the highest ionizability and thus completely dissociates to ions. The higher
number of ions provided by an equimolar solution of NaOH in comparison to NH,OH
significantly enhances the condensation reaction and thus the SiNP formation. At the same
time, ammonia gas generated due to NH4OH degradation has a higher tendency to get
adsorbed on the surface of the particles being generated that will have impact on the
applications of the particles developed (figure 2) [40].

NaOH is known to have strong abrasive properties. Such type of base-etching is commonly
employed for increasing the surface area of metallic compositions including planar metal
surfaces [41] and metallic nanoparticles [42]. Therefore, we have also employed NaOH as a
replacement to conventionally used ammonium hydroxide as base catalyst for NP synthesis
(figure 3). We have obtained a BET surface area of ~117 m? g~ with pore diameter of ~2
nm for NaOH SiNP. For Stober-NP surface area and pore size were ~22 m? g~ and ~6 nm,
respectively. Thus, we have observed practically a 5 fold higher surface area. This increase
in surface area was used to our benefit to load silane on the NP surface for demonstrating its
applicability (figure 4, Sl figure 3, Sl figure 5). This significant increase in surface area of
the synthesized SiNPs with higher number of grafted functional groups will lead to higher
biomolecule loading capacity per SiNP and thus these will contribute towards the
development of a better chromatography matrix, high sensitivity immunoassays, and other.

The developed method, in comparison to Stober-NP, provides better surface properties, such
as higher surface area and higher functional group loading capacity. In addition, as per the
Material Safety guidelines, the NaOH catalyst is extremely safer than NH,OH, which can
decompose to hazardous nitrogen oxides and ammonia under variable conditions. We have
developed different particle sizes by manipulating sodium hydroxide concentrations in the
reaction mixture. Depending on the NaOH concentration, particle sizes were between 60 and
550 nm in diameter (table 1, figure 2, Sl figure 1). The DLS measurements corroborated
with the SEM results (SI figure 2). Zeta-potentials for the particles were in the range of —35
to —45 mV, which is in agreement with the charge-dependent colloidal stability. Our findings
agree to the notion of catalyst-mediated reaction as we reported a sharp increase in the
particle size with a slight increase in NaOH concentration. However, these are contradictory
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to a previous report employing NaOH as catalyst for their study employing mathematical
modeling for understanding the particle synthesis mechanism. SiNPs were found by their
group to decrease in size with an increase in the NaOH concentration. On the contrary, we
recorded an increase in the particle size with increasing NaOH concentration and a very fast
gelation after the NaOH range mentioned in table 1.

Microwave-mediated SiNP synthesis has been previously reported for quick NP preparation
within minutes [18, 43]. It is faster than even to our developed method; however, the
drawbacks of microwave method outweighs the advantage of fast synthesis. The potential
bottlenecks of microwave synthesis including the continuous microwave reactor-based
method extends from health hazard due to microwave exposure to high manufacturing cost
due to excessive energy consumption, but the most important is the poor control over
nanoparticle size and morphology of the synthesized particles [20, 21]. The developed
method allows for the synthesis of a wide NP size range, while the microwave-assisted
approach only allows for small size range, viz 5-250 nm.

Conclusions

As a general rule, the catalyst employed has a significant impact on the nature of the
product. This generalization stand correct in case of nanoparticle synthesis as well where
particle properties completely changed by replacing NH,OH with NaOH in the conventional
Stober method of SiNP synthesis. We were able to reduce the synthesis time by ~60-fold
from 20 to 1/3 h. We obtained particles that have ~5-fold more surface area (117 m2 g1)
compared to Stober-NPs (22 m? g~1). We will employ the developed SiNPs with inherently
increased surface area for bio-detection, electrochemistry, and immunolabelling. However,
their application can be extended and used for a plethora of applications including catalysis,
chromatography, and solar cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Mechanism of nucleation of silica precursor to form NPs. Silica precursor can approach
nucleation either via condensation or through hydrolysis followed by condensation.
Condensation nucleation is typically followed under mild to extreme basic conditions where
reaction has no silanol intermediates formed. Conversely, hydrolysis is mostly favored under
mild to strong acidic conditions where the system has a higher tendency to form silanols.
Later, hydrolysis products of silanols condense to form NPs. Therefore, the base-assisted
condensation accelerates the NP synthesis in comparison to acidic conditions.
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Figure2.
Illustration of the presence of ammonia in the Stober-NP system and effect of subsequent

washings with DIW and phosphate buffer (PB). At each step 50 ul sample was withdrawn
and centrifuged to remove solvent. Each sample set was then incubated with 100 pl
ninhydrin (20 mg mi~1) at 100 °C in a thermostat for 10 min absorbance was measured at
570 nm wavelength against ethanol blank. Error bars are standard deviation from the mean
of each data point.
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Figure 3.
SEM images of SiNPs prepared under different NaOH formulations described in table 1.

Particle diameters were in the range of 50-550 nm.

Mater Res Express. Author manuscript; available in PMC 2017 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Bhakta et al.

A.

APTES Density

(uM/nm?)

8e-16

6e-16 1

4e-16

2e-16

Page 13

3.5e-15

3.0e-15 -
2.5e-15
2.0e-15 A
1.5e-15 -
1.0e-15 -

APTES Density
(uM/nm?)

5.0e-16 -
0.0

—e— NaOH-NP
o— Stober-NP

T

45mM  90mM  180mM  270mM 0
APTES Concentration (mM)

Figure 4.

50 100 150 200 250
Silanization (min)

Silanization of developed SiNP (550 nm) and Stober-NPs (600 nm) using APTES. (A) At
first, the silanization process was optimized for APTES concentrations (45, 90, 180, and 270
mM) using 600 nm Stober-NPs. Silanization was performed in 95% ethanol for 3 h. (B)
Based on the optimum APTES concentration density, as obtained from *(A)’, 180 mM
solution was employed for silanization of the developed SiNP and Stober-NP using the
previously stated conditions over a time period of four hours. APTES concentration density
was calculated as the ratio of representative concentration of APTES obtained from standard
calibrator (Supplementary figure 3) for per particle to the surface area of the particle (refer

to supplementary information for details).
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Physical properties of different silica nanoparticle from different NaOH formulations?.

Concentration FESEM Hydrodynamic poztgthatlgal
of NaOH (mM)  size (nm) radius(nm) (mV)
10 (sample 1) 60(+2.4) 49(+1.2) -45.2 (5)
12 (sample 2) 85(+3.1) 68(+1.9) —36.1(+3)
14 (sample 3) 290(+12.3) 148(+x1.8) -36.3(x1)
16 (sample 4) 380(+13.1) 197(+9.5) —-40.2(#1)
18 (sample 5) 490(+22.1) 255(+7.8)  —38.4(+2)
20 (sample 6) 550(+22.5) 286(+9.9)  —35.5(x1)
25 Gel

Table 1

Page 14

a - . . .
Tetraethylorthosilicate concentration was 90 mM and 1:1 water—ethanol was employed as medium for synthesis; pH for the measurements was 6.8
with DIW as medium.
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