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Abstract

The Stober process is commonly used for synthesising spherical silica particles. This article reports the first
comprehensive study of how the process variables can be used to obtain monodispersed particles of specific
size. The modal particle size could be selected within in the range 20 — 500 nm. There is great therapeutic
potential for bioactive glass nanoparticles, as they can be internalised within cells and perform sustained
delivery of active ions. Biodegradable bioactive glass nanoparticles are also used in nanocomposites.
Modification of the Stober process so that the particles can-contain cations such as calcium, while maintaining
monodispersity, is desirable. Here, while calcium incorporation is achieved, with a homogenous distribution,
careful characterisation shows that much of the calcium is not incorporated. A maximum of 10 mol% CaO can
be achieved and previous reports are likely to have overestimated the amount of calcium incorporated.
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1. Introduction

Bioactive glass nanoparticles have great potential for delivery of therapeutic cations and they can be made by
sol-gel [1]. Bioactive glasses can act as delivery vehicles for sustained delivery of active ions that have
therapeutic benefit [2]. The benefit of biodegradable glasses over polymers is that the ions are incorporated into
the glass composition, due to the amorphous structure, and they are released at a sustained rate as the glass
dissolves [3]. Nanoparticles have particular benefit for intracellular delivery of ions [1]. Sol-gel processing
methods-are used to produce silica networks by hydrolysis and condensation reactions [4]. A benefit over melt-
quench glasses is that there is potentially more control over composition at lower processing temperatures. A
silicate precursor is required, which typically takes the form of a silicon alkoxide, such as tetraethyl orthosilicate
(TEQS). Silicon alkoxides hydrolyse under both acidic and basic conditions, after which polycondenation
occurs and Si-O-Si bonds start to form, creating a sol of dispersed nanoparticles. In the acid-catalysed system,
particles aggregate as condensation continues to form a three-dimensional gel network [4, 5]. However, under
basic conditions, the presence of OH" ions results in repulsive forces making it possible to synthesise
monodispersed spherical nanoparticles [6]. Stober pioneered this system, producing monodisperse silica spheres
in the micron size range (from 0.05 — 2 um) [6].

The Stober process is simple: Tetraethyl orthosilicate (TEOS) is added to a solution of water, alcohol and
ammonium hydroxide under agitation. One of the advantages of the method is the ability to control particle size,
distribution and morphology by systematic variation of reaction parameters [7]. Other papers have been
published on the synthesis of silica micro- and nanoparticles and have adapted the Stéber process with various
concentrations in their own investigations [8-16]. However, the synthesis methods have become increasingly
complex with no clear benefits. The process’s high sensitivity to the effects of temperature, pH and reactant
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concentrations have affected reproducibility and consistent trends have not always been observed [10, 14].
Whilst there have been attempts to demonstrate how each of these variables affects the final particle properties,
most papers use different concentrations and processing methods, making comparison difficult. There is still
much disagreement in the field and the original paper published by Stober et al. [6] and that of Bogush et al. [8]
remain the most comprehensive studies. The aim here is to incorporate cations in the Stober process while
maintaining monodispersity in nanoparticles. In order to do that, it was first necessary to gain a comprehensive
understanding of the effects of variables in the Stober process.

It is well known that the sol chemistry affects the rates of hydrolysis and condensation, which in turn affects
nucleation, aggregation and growth of particles [4, 12]. It is proposed that particle growth follows a nucleation
and aggregation mechanism [4, 17], in which initial negatively charged particles (<10 nm) are unstable due to
their size, resulting in aggregation and a collective reduction in surface area. Competition between nucleation
and aggregation is dependent on reactant concentrations and has a large effect on final particle properties such
as size [18]. Uniformity in particle size can be achieved with this mechanism as a result of size dependent
aggregation rates [8, 18] determined by colloid interaction potentials. The aggregation rate is fastest between
small-large particles and slowest between large-large particles [18]. Initial particles restructure through Ostwald
ripening, in which aggregates dissolve and then reprecipitate, consuming smaller particles to form larger more
stable ones. However, Ostwald ripening cannot account for the rapid growth of particles in the 45 - 250 nm
range. The most likely mechanism for the growth of larger particles is by reaction-limited monomer-cluster
growth (RLMCA) [4], where the probability of monomer attachment is governed by local structure. There are
many collisions between monomer (a silicate tetrahedron in this case) and cluster before a bond is formed, with
all potential growth sites being sampled by the monomer. In basic conditions, all cluster sites are reactive and
occupied with equal probability, therefore giving rise to spherical particles [4]. It is predicted that RLMCA
occurs on two length scales with the smaller particles now acting as monomers [4]. This mechanism is
supported by Feeney et al. [17], Lee et al. [18] and Harris et al. [13]. Once the soluble silica concentration has
dropped below the critical nucleation concentration, it is hypothesised that monomer addition subsequently
occurs on the surface of the aggregated particles in accordance with LaMer and Dinegar’s theory of monomer
addition [19], leading to smoothing of the colloid surface [8, 12, 16].

The incorporation of calcium into the nanoparticles is desirable in order to create a bioactive system. Soluble
silica and calcium ion release stimulates cells at a genetic level causing osteogenic cells to produce bone matrix
[2, 20, 21]. The addition-of calcium also increases glass dissolution by acting as a network modifier. Bioactive
glass nanoparticles can also be incorporated into nanocomposites [22]. Whilst the synthesis of monodispersed
Stober silica nanoparticles has been achieved previously in literature, the addition of calcium significantly
complicates the procedure and can cause the particles to become irregular in morphology [23] or to agglomerate
[24-26]. While nominal compositions of particles are quoted in the literature, the final compositions are rarely
ratified by analytical techniques or only non-quantitative energy-dispersive X-ray spectroscopy (EDX) data is
provided [3, 25, 27].

One of the reasons for the challenges in incorporating calcium into the silicate network is that it requires
elevated temperature when calcium salts are used as the calcium precursor. Several groups have attempted to
incorporate calcium into silica nanoparticles by using a two-step sol-gel process in which precursors of silica
and calcium (TEOS and calcium nitrate respectively) are hydrolysed in an acidic solution before gelation under
alkaline conditions [24-28]. While EDX data showed calcium was present in the particles [25] and they induced
HCA formation in simulated body fluid (SBF), little or no quantitative analysis was performed on the final
elemental composition. The particles are also seen to be aggregated and irregular in both size and shape [24, 25,
27]. Labbaf et al. incorporated calcium by adapting the process used by Zhao et al. [29] in which Boltorn™
polymer was used as a template in the sol-gel process before being burnt out during calcination. The submicron
particles were shown to be of composition 86 mol% SiO, and 14 mol% CaO, verified by quantitative
inductively coupled plasma optical emission spectroscopy (ICP) analysis [23]. However, despite being spherical
and dispersed, the resulting particles did not show a homogeneous size distribution even after optimisation of
the polymer:TEOS ratio. Some papers have attempted to improve the dispersion or shape of the nanoparticles by



use of a surfactant [25, 28]. However, this can inhibit calcium diffusion, therefore limiting the amount of
calcium that enters the glass [1].

Calcium nitrate is usually used as the calcium source in the sol-gel synthesis of bioactive glass, but the calcium
is not incorporated into the silicate network until it is heated to above 400°C [5]. Before drying, the calcium
nitrate is dissolved in the sol, however, as the particles are dried it precipitates onto the surface of the silica
particles. Before the addition of calcium, Nuclear Magnetic Resonance (NMR) data shows that the silica
network is highly connected. However, once 400°C is reached, the calcium diffuses into the silica particles and
becomes a network modifier, reducing network connectivity [5]. Excess Ca** on the surface of the particles may
change the surface charge and cause the agglomerated particles seen in literature. Tsigkou et al. found the ratio
of Si:Ca to be a critical factor in producing monodispersed particles [1]. They also found that particles of ~230
nm were internalised by bone marrow derived stem cells (MSCs) and fat derived stem cells (ADSCs) without
causing toxicity or differentiation, even when the particles degraded inside the cells. Understanding the
mechanism of calcium incorporation means that it is not necessary to have calcium in the sol from the start of
the process. De Oliveira et al. [30] synthesised silica nanoparticles using a modified version of the Stober
process, including phosphate, before filtering the sol and subsequently adding calcium nitrate, but they did not
achieve a homogeneous distribution of particles. One possible way of increasing the amount of calcium that can
be incorporated would be by use of an alternative calcium source. Other potential calcium sources that have
been investigated are calcium chloride and calcium methoxyethoxide (CME). Calcium chloride was not
incorporated into the network at any of the temperatures investigated resulting in extremely high percentages of
Q* groups [31]. The CME alkoxide on the other hand, was found to incorporate into the network at low
temperatures, making it an excellent alternative to calcium salts. However, it is highly reactive in comparison
with the silica precursor TEOS, meaning that as it gels immediately on contact with water, making the
production of nanoparticles difficult [31].

The objectives of this paper were to:

i) Revisit the original Stober process to provide a comprehensive understanding of how to reliably control
particle size, whilst maintaining monodispersed particles;

ii) Investigate the subsequent incorporation of calcium with complete quantitative characterisation of the
nanoparticles to prove_the incorporation of calcium, with the 70S30C composition (70 mol% SiO,, 30
mol% CaO) [32-34] as the target value;

iii) Assess the dissolution of the particles in artificial lysosomal fluid (ALF) and Simulated Body Fluid (SBF)
to determine how they might degrade in the body.

2. Experimental

2.1. Particle Synthesis

All reagents were purchased from Sigma-Aldrich. Using the original Stober process [6], ethanol (ethyl alcohol,
200 proof, >99.5%), distilled water, and ammonium hydroxide (ACS reagent, 28.0-30.0% NH; basis) were
mixed in an ultrasonication bath at room temperature. After 10 minutes, TEOS (tetraethyl orthosilicate, reagent
grade, 98%) was added to the solution and the solution was left overnight, or until the particles had reached
maximum size (determined by dynamic light scattering, DLS). A TEOS concentration of 0.28 M was used (as
per the Stober process) with a range of water concentrations from 3 - 15 M and ammonium hydroxide
concentrations varying from 0.11 — 1.13 M. TEOS concentrations of 0.045M, 0.17M and 0.5M were later
analysed as these have been also used in previous papers [6, 8, 15, 35].

The solution was then centrifuged to obtain a solid pellet of particles, which was dried overnight at 60°C.
Removal of solution by centrifugation was performed due to reports that drying in the presence of water can
result in agglomeration phenomena caused by condensation reactions at inter-particle contacts [7].

For particles containing calcium, monodispersed silica particles were first synthesised using the method
described. However, after centrifugation, the particles were redispersed in distilled water and calcium nitrate



tetrahydrate (ACS reagent, 99%) was added to the solution. After 20 minutes, the particles were centrifuged
again, the supernatant was removed and the pellet was dried at 60°C overnight as before. The particles were then
heated to 680°C for 3 h, at a heating rate of 3°/min. 680°C was chosen to allow for the removal of nitrates and
incorporation of calcium into the network, without crystallisation [5, 23]. Subsequently the particles were
washed 3 times in ethanol to remove any excess calcium not incorporated into the network. It was predicted that
the use of this two-step process would allow for the homogeneity and size control of nanoparticles created using
the Stdber process to be maintained.

Investigations were also carried out into the viability of increasing the mol% of calcium in the particles by
increasing the amount of calcium nitrate added to the solution. 6 molar ratios of Ca:Si were investigated 15:85,
30:70, 1:1, 1.3:1, 2:1 and 4:1.

2.2. Particle characterisation
Particle size of each sample was determined by diluting samples with ethanol and using dynamic light scattering
(DLS, Malvern instrument 2000). Stober particles have extremely high colloidal stability and low absorption at
633 nm making DLS suitable. However, DLS inherently calculates the hydrodynamic radius of particles giving
slightly larger values [36].

Particles were also imaged using bright field transition electron microscopy (TEM). For TEM analysis, the
samples were collected on 300 mesh copper TEM grids coated with holey carbon film and imaging was
performed on a JEOL-2000FX TEM using an operating voltage of 200 kV and a 10 um objective aperture to
increase mass-thickness contrast. Multiple areas of each grid were analysed and 100 particles from each sample
were measured to calculate a mean particle diameter and standard deviation.

After calcium incorporation, the particles were again analysed using TEM and DLS. The composition of the
particles produced was also determined using the quantitative method of acid digestion and inductively coupled
plasma optical emission spectroscopy (ICP-OES, Thermo Scientific ICap 6000series). Nanoparticle composition
was additionally characterised by X-ray fluorescence (XRF) spectroscopy using a Siemens SRS 3000 unit
equipped with an Rh anode and a 60 kV X-ray generator. A Field Emission Gun Scanning Electron Microscope
(FEG-SEM JEOL JSM 6700F) equipped-with an Energy-dispersive X-ray spectroscopy (EDS) detector (Oxford
Inca Energy 300) was also used to perform semi-quantitative analysis. Elemental standards were used as
follows: C: CaCOs; Si: SiO,; Al: Al,O3; O: SiO,; Ca: CaSiOs, and EDS scans were obtained at 5 random points
in each the sample to obtain average elemental ratios.

Further investigation into the atomic structure of the particles was carried out using X-ray scattering to
determine whether any crystalline phases were present and to show the decomposition of calcium nitrates after
heat treatment. X-ray data was collected at the BM28 at the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. Measurements were performed with a monochromatic (A=0.827A, E=15.039keV) incident X-
ray beam of cross section 0.8 by 0.5 mm. Samples were mounted inside a brass annulus (1cm diameter X 1mm
thickness) contained in a thin Mylar envelope. A MAR CCD (2048 by 2048 pixels) was positioned behind the
sample and orthogonal to the incident beam to collect scattering data. The sample holder was positioned 30 cm
from the beam source and 57 cm from the detector window to provide a Q range of 0.4 to 1.9 A, where 0= 4«
sin6/).. Measurements were undertaken on the samples, empty container, direct beam, water and calibration
standard to allow the diffraction patterns to be corrected for background and normalisation effects. The data was
normalised and background corrected using the Fit2D software package [37]. Data was radially averaged over
360° to produce a 1D output and were subsequently fitted with Gaussian models to determine peak positions.

For the first time, particles were also sectioned using a dual beam Focused lon Beam Scanning Electron
Microscope FIB-SEM (FEI Helios 600 NanoLab). EDS on a JEOL-2100F TEM with AZtec imaging software
was used to map the elements present through the cross section of the particles. The EDS detector was an
Oxford Instrument system, X-Max 80 mm Silicon Drift Detector (SDD) and the TEM 2100F was operated at
200 kV accelerating voltage.



Magic Angle Spinning °Si Solid State Nuclear Magnetic Resonance (MAS NMR) was performed to determine
the effect of calcium addition on silicate bonding and network connectivity, which can be used as an indication
of network disruption by the calcium and potential bioactivity. 2°Si single pulse MAS NMR measurements were
performed at 7.0 T using a Varian/Chemagnetics InfinityPlus spectrometer operating at a Larmor frequency of
69.62 MHz. These experiments were performed using a Bruker 7 mm HX probe which enabled a MAS
frequency of 5 kHz to be implemented. Flip angle calibration was performed on kaolinite from which a m/2
pulse time of 5.5 s was measured. All measurements were undertaken with a 7/2 tip angle along with a‘delay
between subsequent pulses of 240 s. All #Si centre of gravity (apparent) shifts were reported against the [UPAC
recommended primary reference of Me,Si (1% in CDCl; ¢ 0.0 ppm), via a kaolinite secondary.in which the
resonance is a known shift of -92.0 ppm [38].

2.3. Dissolution studies

Nanoparticles < 250 nm are likely to be internalised by cells after which the vesicle they are contained within
fuses with a lysosome [1]. A protocol was therefore developed for performing a disselution study on the
nanoparticles in ALF over a time period of 2 weeks, based on experiments previously conducted by Bailey et al.
[39]. ALF was prepared in accordance with previous work [40]. 75 mg of bioactive glass nanoparticles were
suspended in 3 ml of ALF (pH 4.5). The solution was placed in SnakeSkin Dialysis Tubing (3.5K MWCO, 16
mm dry 1.D) and placed in a pot made up with ALF solution to a final volume of 50 ml. All samples were
incubated at 37 °C in an orbital shaker at 120 rpm. Aliquots of 1 mL were taken at 1, 2, 4, 6, 8 24, 48, 72 h from
the bulk solution and replaced with 1 mL of fresh ALF. Samples collected at each time point were then diluted
with 2M HNO; for ICP analysis. A dissolution study was also-performed in SBF, in the same way, to simulate
the initial extracellular environment to which the nanoparticles would be exposed. SBF was prepared in
accordance with Kokubo et al. [41].

3. Results and discussion

3.1. Stober process revisited

Initially, Stober silica particles were synthesised and a comprehensive study of the processing variables carried
out. Figure 1A shows particle size results from DLS, as a function of water and ammonium hydroxide content.
Increasing ammonium hydroxide concentration resulted in increased particle size. This trend was also confirmed
by TEM images shown-in Figure 2. The role of ammonium hydroxide in the process is to raise the pH, which
accelerates the polycondensation reaction but also creates an environment with a pH much higher than the
isoelectric point, which for silicic acid in aqueous solution is 2.2, creating repulsive charges between the
particles, critical for monodispersity [4, 12]. At all ammonium hydroxide concentrations, as water concentration
increased from 3— 15 M, particle size initially increased to a maximum at 9 M H,O before decreasing. This
trend was most significant at higher ammonium hydroxide concentrations (0.85 M and 1.13 M) and is again
confirmed by TEM images (Figure 3). Figure 1A indicates that particle size could be controlled from 20.5+1.7
nm (3 M'H,0, 0.11 M NH;OH) to 823.8+122.4 nm (9 M H,0, 1.13 M NH,OH), according to DLS. The DLS
values quoted are the number mean. Figure 2B shows that the particle size distribution was narrowest when
particles were smallest, e.g. with a polydispersity index (PDI) of 0.012 for 6 M H,0, 0.11 M NH,OH, and that
the width of the distributions increased as the particle size and ammonium hydroxide concentration increased,
e.g. PDI increased to 0.021 at 1.13 M NH,OH. However, TEM images showed good monodispersity for all
concentrations (Figure 2). In fact, as a percentage of particle size, the standard deviation decreased as particle
size increased, as seen in previous studies [8, 16, 42].
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Figure 2. TEM images of silica particles produced using 0.28 M TEOS, 6 M H,O and varying concentrations of
ammonium hydroxide: A) 0.056 M NH,OH B) 0.11 M NH,OH C) 0.17 M NH,OH D) 0.28 M NH,OH E) 0.40 M
NH,OH F) 0.57 M-NH40H G) 0.8 5M NH,OH H) 1.13 M NH,OH.



Figure 3. TEM images of silica particles produced using 0.28 M TEOS, 0.28 M NH,OH and varying concentrations of
water: A) 3 M H,0 B) 6 M H,0 C) 9 M H,0O D) 12 M H,0 E) 15 M H;0.
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Figure 4. A comparison of DLS (number mean) and TEM results for silica particles showing variation of mean
particle size with: A) ammonium hydroxide concentration for 0.28 M TEOS and 6 M H,O and B) water
concentration for 0.28 M TEOS and 0.28 M NH,OH. Error bars for TEM results show the standard deviation of
particle size in each sample (n=100).

Particle size measurements from TEM (Figure 4A) show that particle size increased linearly (R* = 0.9997) as
ammonium hydroxide concentration increased, from 42.0 + 5.5 nm at 0.11 M NH,OH to 344.9 + 25.9 nm at
0.40 M NH,OH, before starting to level off. This trend was observed by both TEM and DLS characterisation
methods, although the levelling off was less pronounced in DLS. For particle sizes in excess of 500 nm, we
found that DLS no longer gave an accurate reading and instead tends to significantly overestimate particle size.
Previous work analysing silica particles showed DLS to be accurate, although a maximum size of 400 nm was



used [36]. This unreliability of DLS at larger particle sizes is in agreement with Figure 1, which shows an
increase in standard deviation of particle size from the mean as particle size increased, whilst the particles
themselves remained monodispersed. The standard deviation for the TEM results shown in Figure 4 was
calculated from 100 particles measured. The same sample was analysed in DLS to give a direct comparison.
DLS gave a polydispersity index (PDI) of < 0.05 for the majority of samples indicating that samples were
monodispersed. The standard deviation is not shown in Figure 4 for DLS results as the low PDI suggests that the
particles are highly monodispersed.

Particle size variation was less sensitive to changes in water concentration. In the range 6 — 15 M H,0O, particle
size measurements from TEM (Figure 4B) show that the mean diameter varied by less than 60.nm (for 0.28 M
NH,OH). However, there was an initial increase in mean diameter to 250.5 + 18.9 nm at 9-M H,0. At 0.28 M
NH,OH, for concentrations of water varying from 3 — 15M, the particle size remained below 300 nm and thus
DLS gave reliable results. The particle size calculated by DLS was always slightly higher than TEM due to the
fact that DLS measures the hydrodynamic radius.

The effect of variation of TEOS concentration was also investigated. Concentrations of 0.045 M, 0.17 M, 0.28
M and 0.5 M TEOS were chosen as these have been used most widely in literature [6, 8, 15, 35]. Water
concentration was kept constant at 6 M and ammonium hydroxide concentration was varied between 0.11 and
0.57 M. At these concentrations the particle size remains within the limits of DLS and therefore this method was
used for characterisation.
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Figure 5.-Mean particle size of silica particles (number mean from DLS) as a function of ammonium hydroxide
concentration for 6 M H,O and increasing TEOS concentrations. Error bars show the standard deviation of mean
size (n=3). Inset shows heterodispersed particles at high TEOS and NH,OH concentrations.

Increasing TEOS concentration from 0.045 M to 0.17 M resulted in an increase in particle size (Figure 5),
although further increasing the concentration to 0.28 M resulted in no further size increase. However, increasing
TEOS concentration directly resulted in an increased yield. For 20 ml total volume of solution, 0.17 M TEOS
(0.17 M NH4OH, 6 M H,0) gave a dried nanoparticle mass of 229.7 + 3.8 mg (n=3), whereas 0.28 M TEOS
(0.17 M NH,4OH, 6 M H,0) resulted in a corresponding 40% increase in yield, producing 384.7 + 2.5 mg (n=3)
dried mass of nanoparticles. Further increasing the TEOS to 0.5 M resulted in a further increase in yield,
however particle size was less consistant, giving higher standard deviations and often polydispersed particles at
high ammonium hydroxide concentrations. The PDI’s for these particles (0.5M TEQOS, 6M H,O, 0.57M
NH4OH) ranged from 0.024 (monodisperse) to 0.618 (polydisperse). Thus for all further investiagations, 0.28 M
was chosen as the optimum TEOS concentartion, giving a high yield and consistantly monodispersed particles.



Other papers have also observed heterodispersed particles at high TEOS and ammonium hydroxide
concentrations [8].

3.2. Calcium incorporation

Previous work has shown that calcium only incorporates into the silicate network above 400°C, by diffusion and
subsequent disruption of the silicate network as it becomes a network modifier [5]. Therefore, here, calcium
nitrate was added only after the silica particles had formed. The hypothesis was that the calcium nitrate would
deposit onto the surface of the particles during drying and then diffuse into the particles as temperature
increased above 400°C. DLS and TEM data after heating to 680°C confirmed that the addition of calcium did
not affect the size or morphology of the particles produced. This was true for all Si:Ca ratios, unlike recent
methods [1]. However, TEM showed the washing step to be essential (Figure 6). EDX was used to confirm that
areas of particles after drying (Figure 6B) were surrounded by excess calcium-rich phase, which was removed
by washing in ethanol (Figure 6C). High resolution TEM (HRTEM) images of the resulting particles (Figure 7)
show that they appear to have a homogeneous morphology with no crystalline areas. Nitrogen sorption
measurements showed no porosity or significant differences in the specific surface area (BET method) of 100
nm SiO,-CaO particles (23.6 m’g™) compared to 100 nm Stober particles (28.0 m’g™). These values are in
agreement with literature on SiO,-CaO nanoparticles which shows specific surface area to vary between 15-36
m?g™ depending on particle size [26].

Figure 6. TEM images of silica particles (0.28 M TEQS, 0.17 M NH,OH, 6 M H,0) A) before the addition of calcium
B) after the addition of calcium (Ca:Si ratio of 1.3:1) and heating to 680°C) after subsequent washing in ethanol.

Figure 7. HRTEM of 100 nm silica particles (0.28 M TEOS, 0.17 M NH,OH, 6 M H,0) with Ca:Si added in the ratio
1.3:1 (after and heating to 680°C and subsequent washing in ethanol)

Not all of the calcium added was incorporated into the particles, therefore analytical quantification post
processing was required. Previous studies that report only the nominal concentrations of particles may therefore



have reported artificially high concentrations of calcium. It is also thought that the absence of this washing step
in previous work will have led to higher concentrations of calcium reported [1].

Incorporation of calcium in 100 nm particles (0.28 M TEQOS, 6M H,0, 0.17 M NH,OH) as a function of mol%
Ca added to the solution, relative to 100 mol% Si, is shown in Figure 8, including EDX, XRF and ICP results.
Adding the nominal amount of calcium (for composition 70S30C) gave only 3.7 = 1.2 mol% of CaO
incorporation due to the calcium not being incorporated into the silicate network at low temperatures and.much
of the calcium nitrate being removed in the supernatant. Excess unincorporated calcium-rich phase was also
washed off in the washing step. ICP analysis of compositions show that for 100 nm particles, the addition of in
calcium with the Ca:Si ratio of 1.3:1 gave a composition of 8.9 + 1.1 mol% CaO, 91.1% SiO,, which was
confirmed by XRF. This ratio was found to be optimal in that further increasing the Ca:Si ratio to 2:1 and 4:1
resulted in no further increase in calcium incorporation. EDS also showed optimal calcium incorporation at a
Ca:Siratio of 1.3:1, therefore this ratio was used to synthesise all future particles.

Increasing the particle size, by increasing ammonium hydroxide concentration (Ca:Si ratio of 1.3:1), also
resulted in a decrease in calcium incorporation. This supported our hypothesis for calcium incorporation
occurring by diffusion at elevated temperature, as larger particles have a smaller surface area to volume ratio
and diffusion distances from the surface are greater. For 500 nm particles (0.28 M TEOS, 0.57 M NH,OH and 6
M H,0) the addition of calcium in the Ca:Si ratio of 1.3:1 only gave 5.4 + 1.3 mol % CaO according to ICP
analysis.
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Figure 8. Incorporation of calcium in 100 nm particles (0.28 M TEOS, 6 M H,0, 0.17 M NH,OH) as a function of
mol% Ca added to the solution relative to 100 mol% Si.

The hypothesis for calcium incorporation in to the silicate network was also supported by X-ray diffraction data
(Figure 9) for particles both before and after heating. A broad feature ~ 1.6 A™ was present for all samples.
Smaller Bragg peaks at 1.4 and 1.8 A were present for the sample containing calcium before heating (Figure
9C). These peaks were ascribed to calcium nitrate [43] and the absence of these peaks following heating (Figure
9D) is indicative of calcium nitrate decomposition and calcium entering the silicate network [31]. Silica
particles without calcium were completely amorphous both before and after heating, as expected.
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Figure 9. X-ray diffraction data for 100 nm particles (0.28 M TEQS, 6 M H,0, 0.17 M NH,OH): (A) silica particles,
after drying at 60°C; (B) silica particles, heated to 680°C; (C) SiO,-CaO particles (synthesised with 0.28 M TEQOS,
0.17 M NH,OH, 6 M H,0 and a Ca:Si ratio of 1.3:1) after drying at 60°C and (D) SiO,-CaO particles heated to
680°C.

The #Si MAS NMR spectra for the Ca-free and Ca-incorporated Stober particle systems are shown in Figure
10, with the chemical shift and integrated intensity data (measured via simulation) from these spectra reported in
Table 1. These data show a reduction in Q“ species after calcium incorporation, and a corresponding increase in
Q', Q% and Q3 species; reducing the number of bridging oxygen bonds and the network connectivity from 3.85
in pure silica particles to 3.68 in those containing 9% Ca. Theoretical network connectivity of glasses is often
calculated from their composition using the equation[44]:

_ NCSi particles [Sioz] - Z[CCLO]
NCSi particles doped with Ca — [SiOZ]

The decrease in network connectivity (NC) obtained from the NMR data corresponds to a theoretical
incorporation of 7.8% Ca as a network modifier, further validating compositional analysis results. Assuming a
theoretical NC of 4 for pure SiO,, then a theoretical NC of 3.80 would result from a nominal composition of
91% SiO,, 9% CaO. However, the NC measured by NMR was lower in both types of particle since these
systems also contain OH groups meaning that the H* can be considered an additional network modifier.

As the Ca enters the Stober particles it should (in principle) disrupt the structure and thus act as a network
modifier resulting in reduced overall connectivity (i.e. mean number of bridging oxygen bonds per silicon
tetrahedral unit). In Ca containing bioactive glasses, it has been previously demonstrated that the effect of Ca**
incorporation and the subsequent charge balancing required to stabilise the network can, in some cases, cause an
upfield displacement of the 2°Si isotropic chemical shifts of the Q species by up to ~10 ppm. For example,
mesoporous bioactive glass systems can accommodate 25 mol % CaO (or greater) and the large influence of Ca



on the immediate coordination sphere of each Si position is characterised by Q species shifts of Q%c, ~ -90 ppm,
Q% ~ -83ppm and Q'c, ~ -75 ppm [45]. Similar influences on the **Si MAS NMR shifts have been observed for
sol-gel derived bioactive glass with CaO:SiO, ratios approaching ~50 mol% [46]. The shifts obtained in this
work are reported in Table 1. They are representative of conventional Q speciation and clearly differ from those
representative of large amounts of Ca incorporation and network modification. As evidenced by the *°Si MAS
NMR spectra (Figure 10) and the measured parameters (Table 1), the Ca incorporation into the Stober particle
systems is minimal (<10% maximum) which is too small to have a measurable influence on the shifts.

Table 1. Q distributions obtained from single pulse 2°Si MAS NMR spectra for silica and SiO,-CaO (Ca:Si ratio of
1.3:1) particles synthesised with 0.28 M TEQS, 0.1 7M NH,OH, 6 M H,0 heated to 680°C.

Sample Q* Q? Q° Q* Network

Siso [pPM] | 1[%] | B0 [PPM] | 1[%] Sis0 [PPM] I [%] Biso [PPM] 1'[%] Con(nect)ivity

NC
Stober, Si - - -91.740.1 | 2.9+0.4 | -101.3%0.1 9.0+0.6 -110.5+0.1 | 88.1+0.1 3.85+0.02
particle
Siparticles | -80.5+0.9 | 1.8+0.2 | -93.1+1.3 | 7.2+1.3 -100.5+£0.2 12.0£14 -110.5+0.1 79.0£0.2 3.68+0.05
doped with
Ca
A
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Figure 10. Si MAS NMR spectra for 100 nm particles (0.28 M TEOS, 6 M H,0, 0.17 M NH,OH) heated to 680°C
(A) silica and (B) SiO,-CaO particles synthesised with Ca:Si ratio of 1.3:1.

For the first time, this paper also demonstrates that the calcium was present throughout the entire particles and
not just near the surface. This was done by sectioning particles of 500 nm in diameter using FIB to produce a
slice. After thinning, the resulting slice was electron transparent and therefore confirmed to be <100 nm thick.
The monodispersity of the sample means that it could be confirmed that the section was through the centre of




the particle. Elemental mapping was performed using AZtec imaging software (Figure 11). Calcium, silicon and
oxygen were present throughout the entire cross-section of the particle. No diffusion gradient was observed,
confirming that the thermal treatment was sufficient to achieve homogeneity. It is assumed that as smaller
particles will have a shorter diffusion distance, calcium will therefore penetrate throughout all the particles
prepared and analysed in this paper. The calcium content of the smaller particles was also higher.

Figure 11. Distribution of elements through FIB cross sections of 500 nm particles of composition 94.6 mol% SiO,,
5.4 mol% CaO, using AZtec imaging software on TEM.

3.3. Dissolution

Soluble silica and calcium ion release from the 100 nm particles in ALF and SBF over 2 weeks immersion are
shown in Figure 12A and B. Dissolution begins with cation exchange between Ca** from the particles and H*
ions from the solution, which then allows for some loss of soluble silica. Silica release occurs in both the silica
and SiO,-CaO particles because the silica network is not fully dense (as shown in the NMR data), due to H" ions
also acting as network madifiers. This is why the incorporation of calcium did not affect silica release (Fig.
12A). In ALF, calcium was released steadily up to 1 week with a significant increase seen between 1 and 2
weeks for particles containing CaO. Silica release in SBF was higher than in ALF, due to the higher pH, which
promotes the breaking of Si-O-Si bonds. In SBF, the calcium release (data not shown) was difficult to detect as
Ca levels in SBF were high (~90 pgml™) and the calcium is likely to have been released and redeposited
(suggested by an observed decrease in P levels for SBF containing SiO,-CaO particles). TEM images of SiO,-
CaO particles after 2 weeks immersion in ALF and SBF are shown in Figure 12D and E respectively. The
morphology of pure silica particles (not shown) remained unchanged in both SBF and ALF, however dissolution
of the particles containing calcium can be seen in ALF (Figure 12D). This calcium release is suggestive of
potential bioactivity and indicates that the bioactive glass nanoparticles are likely to degrade inside lysosomes.
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Figure 12. Dissolution study results in ALF and SBF from silica particles and SiO,-CaO (Ca:Si ratio of 1.3:1)
particles made with 0.28 M TEOS, 0.17 M NH,OH, 6 M H,0. (A) [ Si] in ALF and SBF ; (B) [Ca] in ALF (C) TEM
images of SiO,-CaO particles before dissolution (D) TEM images of SiO,-CaO particles after 2 weeks in ALF (E)
TEM images of SiO,-CaO particles after 2 weeks in SBF.

4. Conclusions

Spherical monodispersed particles were synthesised reproducibly with control of the modal size using a simple
version of the original Stéber process. The particle size was tightly controlled through concentration of
reactants. The madal particle size could be selected within the range of 20 — 500 nm. Ammonium hydroxide
concentration had the largest effect on particle size and provided the best control, with increased ammonium
hydroxide concentration increasing particle size. Particle size also increased as water concentration increased to
9 M, after which a decrease in size was observed as water was increased further. Decreasing the TEOS
concentration from 0.28 — 0.17 M did not affect particle size or its distribution. However, reducing it to 0.045 M
produced a smaller particle size and lower yield. TEM validated the use of DLS to analyse particle sizes up to
500 nm. However, beyond this size, DLS results are less consistent and tend to significantly overestimate the
size of particles. The simple single step process gives good control of monodispersed particle size. There are
many reports in the literature of more complicated methods that did not give improved control.

We also developed a method for incorporation of calcium into the silicate network while maintaining
monodispersity and particle size control and identified the maximum limit of calcium incorporation. There are
several reports in the literature of calcium containing silicate particles made by modification of the Stober
process, however the particles are often agglomerated with limited control of size. We have shown that the
previous studies are likely to have overestimated the amount of calcium present in the composition. This is
because calcium, from a calcium nitrate precursor, diffuses into the particles only during heating (above 400°C).
We identified the optimal heating regime for calcium incorporation (heating to 680°C) that did not affect size,
dispersity or morphology of the particles and also maintained the amorphous structure. However, not all of the



calcium enters the particles so a washing step was required before composition analysis. A ratio of 1.3:1 Ca:Si is
found to be optimal, giving a maximum of 8.9 + 1.1 mol% CaO in the particles. Calcium incorporates
throughout the particles homogeneously, disrupting the silica network and resulting in reduced network
connectivity such that the particles degrade in ALF. Future work would involve investigating how calcium
incorporates into the nanoparticles when other precursors are used, particularly calcium alkoxides.
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