W CORA =

g/ﬁ%

Title Biomimetic spherical silica production using phosphatidylcholine
and soy lecithin
Authors Curley, Ricky;Russell A.;Banta, Russell A.;Holmes, Justin

D.;Flynn, Eoin J.

Publication date

2021-04-17

Original Citation

Curley, R., Banta, R. A, Garvey, S., Holmes, J. D. and Flynn,

E. J. (2021) 'Biomimetic spherical silica production using
phosphatidylcholine and soy lecithin’, Applied Nanoscience, 11(5),
pp. 1721-1735. doi: 10.1007/s13204-021-01839-y

Type of publication

Article (peer-reviewed)

Link to publisher’s
version

https://link.springer.com/article/10.1007/s13204-021-01839-y -
10.1007/s13204-021-01839-y

Rights

© King Abdulaziz City for Science and Technology 2021. This is a
post-peer-review, pre-copyedit version of an article published in
Applied Nanoscience. The final authenticated version is available
online at: http://dx.doi.org/10.1007/s13204-021-01839-y

Download date

2024-10-04 22:18:31

[tem downloaded
from

https://hdl.handle.net/10468/11358

University College Cork, Ireland
Colaiste na hOllscoile Corcaigh



https://hdl.handle.net/10468/11358

Biomimetic Spherical Silica Production using Phosphatidylcholine and

Soy Lecithin

Ricky Curley®®, Russell A. Banta®®, Shane Garvey?, Justin D. Holmes™®

and Eoin J. Flynn®*

#School of Chemistry & Tyndall National Institute, University College Cork, Cork, T12 YN60,
Ireland.
® Amber Centre, Environmental Research Institute, University College Cork, Lee Road, Cork,

T23 XE10, Ireland.

*To whom correspondence should be addressed: Tel: +353-21-490-1961; E-mail:

eoin.flynn(@ucc.ie

Keywords: Stober process; biomineralisation; spherical silica; biomolecules; biomimetic synthesis


mailto:eoin.flynn@ucc.ie

Abstract

Spherical silica particles are traditionally made via Stober and modified-Stober processes, which
commonly use environmental toxins as reagents. Here we report a process to synthesise spherical
silica particles using environmentally friendly biomolecules (phosphatidylcholine and soy
lecithin) and employing water and soybean oil as solvents, rather than potentially harmful organic
solvents. This scalable method represents an important step towards sustainable industrial silica
syntheses. Under mildly acidic conditions phosphatidylcholine and soy lecithin can control the
condensation of sodium silicate to form discrete, spherical silica particles. Silica particles with
diameters ranging between 329 nm to 2232 nm were readily produced using phosphatidylcholine
as the templating agent and soybean oil as the solvent in the presence of sodium silicate. Narrower
size distributions (262 nm - 1272 nm) were achieved using soy lecithin as the templating agent in
an aqueous acetate buffer solution containing sodium silicate. Silica particles grown using low
concentrations of phosphatidylcholine and soy lecithin as templating agents formed by a
combination of coalescence and Ostwald ripening, whilst particles grown at high concentrations
predominantly formed through Ostwald ripening behaviour. The possibility of sustainably

producing spherical silica particles in a simple biomolecule-templated synthesis is shown.



Introduction

Finding sustainable and environmentally friendly alternative routes to produce spherical silica is
critical. Spherical silica particles are one of the most important and versatile mineral materials
produced industrially with many integral uses in catalysis, adsorption, chromatography, sensors
and drug delivery (Naderizadeh et al. 2018; Manzano and Vallet-Regi 2020; Sobanska 2020;
Fragou et al. 2020). However, production of spherical silica currently relies on environmentally
damaging and unsustainable processes (namely Stober and modified-Stober processes) which use
ammonium hydroxide, quaternary ammonium surfactants, e.g., cetyltrimethylammonium bromide
(CTAB), alcoholic solvents, and various alkoxysilanes. Ammonium hydroxide and CTAB control
the morphology of the particles by acting as structure-directing agents (SDAs). However, these
reagents have adverse environmental effects due to their toxicity (Natgcz-Jawecki et al. 2003;
Capello et al. 2007). Nevertheless, these SDAs are required to form spherical particles. Therefore,
any sustainable process for producing spherical silica particles needs to address the inherent
environmental issues of the Stober processes while also maintaining the ability to control the
morphology of the particles.

Biomineralisation, the process by which biological systems create complex, hierarchical, mineral
structures, often out of silica, from simple starting materials may offer the solution to forming
silica particles in an environmentally friendly way. The structures made by these organisms
through biosilicification are quite extraordinary, and serve as inspiration for creating nanomaterials
in similar ways (Wysokowski et al. 2018). Synthesis of bioinspired nanomaterials is a vibrant area
of research (Gong et al. 2019; Perrett et al. 2019; Chen et al. 2019) and offers many opportunities
to make current nanomaterial syntheses more sustainable. Within the natural World’s producers

of complex, hierarchical, silica structures, diatoms have been widely studied (Kolbe et al. 2020;



Soleimani et al. 2020; Heintze et al. 2020). These tiny creatures can create intricate cell walls made
of silica arranged in highly ordered structures over a variety of scales, from nanometres up to
several hundred microns (Lopez et al. 2006). Nanofabrication of silica in diatoms occurs under
ambient conditions at slightly acidic pH and results from specific interactions between
biomolecules and silicic acid derivatives (Sumper et al. 2003).

How these biomolecules exert such fine control over the biomineralisation process is still not fully
understood. Isolation of biomolecules from diatoms revealed that there were specific biomolecules
responsible for silica biomineralisation. Long-chain polyamines (LCPAs) and proteins such as
silaffins and silicanin were among the first identified (Sumper and Kroger 2004; Pamirsky and
Golokhvast 2013; Kotzsch et al. 2017). Other studies showed that peptides containing adjacent
carboxyl- and amino-groups, which are present in these proteins play a significant role in silica
formation via a charge relay effect (Wallace et al. 2009; Kuno et al. 2011; Murai et al. 2014). Many
residues present in the proteins isolated from diatoms are also phosphorylated and this has also
been shown to be integral to the silica biomineralisation process (Lopez et al. 2006; Kroger et al.
2014; Sprenger et al. 2018). Electrostatic interactions between the silicate species and the
biomolecules allow for fine control over the rate of silica polymerisation and the resulting mineral
structure. For more detailed descriptions of these interactions, the reader is directed to Mann
(2001), Lechner and Becker (2015), and Patwardhan and Staniland (2019).

There have been numerous attempts to synthesise spherical silica biomimetically using simple
biomolecules. Amino acids and polyamines have been extensively studied due to the discovery
that such compounds play an integral role in silica biomineralisation in vivo (Masse et al. 2008;
Ramanathan et al. 2011; Xia 2014; Tilburey et al. 2019; Tengjisi et al. 2021). However, many of

these studies, while successfully employing biomimetic principles to synthesis silica, use



TEOS/TMOS, ammonia, or ethanol, which are not conducive to a sustainable synthesis.
Furthermore, some use various polyamines and cyclic amines which are not naturally occurring
and must be synthesised synthetically. The ultimate goal of synthesising silica biomimetically is
to use renewable reagents and environmentally benign synthesis conditions. Naturally occurring
biomolecules can provide this opportunity.

To date, there are fewer scientific reports on producing spherical silica particles from more
complex biomolecules through methods that seek to mimic natural processes. Most studies using
complex biomolecules have resulted in agglomerated and highly size-polydisperse and non-
spherical particles (Coradin et al. 2002, 2003; Jia et al. 2004; Gautier et al. 2008; Demadis et al.
2009). Jackson et al. (2015) synthesised spherical silica particles with good monodispersity using
bovine serum albumin (BSA), however polyethyleneimine (PEI) was used as an additive to
achieve this. PEI has a poor toxicology profile and lacks degradability (Cho 2012), which means
its use is not conducive to a sustainable synthesis.

These studies show that morphological control is possible with certain biomolecules depending on
their physicochemical properties. These biomolecules can induce silica polymerisation while also
controlling morphology. The role surfactants, such as CTAB, play in the condensation of silica
has been thoroughly investigated (Alothman 2012; Yi et al. 2015; Hyde et al. 2016). They arrange
themselves into micelles above the critical micelle concentration (cmc) and act as SDAs,
controlling the silica particle morphology during synthesis. In traditional CTAB and tetraethyl
orthosilicate (TEOS)-based modified-Stober reaction systems, alcohol acts as a mutual solvent for
both water and TEOS. Thus, hydrolysis and condensation of silica occurs at the shell of the SDA
micelles. Once TEOS is hydrolysed, oligomeric silicate species are produced. These negatively

charged species interact electrostatically with the positively charged quaternary ammonium SDAs



(Alothman 2012) and growth of the particles proceeds via aggregation and/or addition
mechanisms. Electrostatic interactions mediate particle growth, while also preventing
agglomeration of the particles, yielding discrete, spherical silica particles. Detailed discussions of
the silica formation mechanism are provided elsewhere (Trinh et al. 2006; Rahman and Padavettan
2012; Han et al. 2017).

Using biomineralisation as a starting point, we identified phosphatidylcholine (PC) and soy
lecithin (SL) as ideal candidates to replace CTAB in the Stober processes. The phosphate group
present in lecithin is structurally similar to the phosphoryl group present in biomineralising
proteins. PC and SL also contain large hydrophobic tails of fatty acids and hydrophilic headgroups
similar to CTAB. Specifically, the presence of quaternary ammonium cations in the headgroup of
PC and SL, like CTAB, is important for morphological control. Soy lecithin is a waste product
obtained from crude soy oil after degumming. Valorisation of waste streams is an important aspect
of the circular economy aimed at reducing waste, while utilising renewable resources. This is in
stark contrast to petrochemical surfactants such as CTAB, which are non-renewable and
environmentally damaging. Furthermore, we use buffered media as the catalyst for hydrolysis,
eliminating the need for ammonium hydroxide. The use of such biomolecules permits further
reductions in the environmental impact of the Stober silica production process, as such
biomolecules can be processed using water-based chemistries and so permit the greatly reduced
use of petrochemically derived solvents, which can be highly toxic, can damage environments and
ecosystems, and come with large embedded environmental costs due to their methods of

manufacture and source material, i.e., oil.



Experimental

Materials

Sodium silicate (10.6 % NayO, 26.5 % SiO) from Sigma Aldrich was used as the silicic acid
source, as it is analogous to the natural form of soluble silica. Soy Lecithin (SL) was purchased
from Modernist Pantry. Buffer solution was 0.05 mol L™! acetate (pH 5.92) and was prepared in
distilled water. L-a-Phosphatidylcholine (PC) (assay: > 40 % phosphatidylcholine, TLC; >

phosphatides (as acetone insolubles)) and soybean oil were purchased from Sigma Aldrich.

Silica preparation using L-a-phosphatidylcholine and soy lecithin

Sodium silicate was added to 50 mL soybean oil under stirring. Aliquots of L-a-
phosphatidylcholine stock solution (10 g L™! of L-a-phosphatidylcholine in an aqueous solution of
0.05 mol L! acetate buffer, pH 5.92) were subsequently added. For preparation using soy lecithin,
the procedure is similar except 50 mL acetate buffer (0.05 mol L™}, pH 5.92) was used as the
reaction medium and aliquots of soy lecithin stock solution (20 g L™! soy lecithin in an aqueous
solution of 0.05 mol L! acetate buffer, pH 5.92) were used. The reaction solution was stirred in a
closed vessel at room temperature and left overnight. This solution was then centrifuged at 14,000
rpm in an Eppendorf® MiniSpin Plus microcentrifuge and washed with minimal water, ethanol,
and acetone to remove any residual reactants. The sample was then dried. Table S1 shows the
experimental conditions for silica preparation using L-a-phosphatidylcholine and soy lecithin.
Characterisation

Scanning Electron Microscopy (SEM) was used to obtain images of the silica particles. SEM
analyses were carried out on an FEI Inspect and Quanta 650, operated at either 10 or 15 kV. Each

sample was adhered to a stainless-steel stub (stage) via double-sided carbon tape.



Elemental characterisation was acquired using energy-dispersive x-ray spectroscopy (EDX) on the
FEI Quanta 650 instrument using Oxford Instruments INCA software. Particle diameters were
determined using ImageJ image analysis software and statistical analyses were performed in
OriginLab OriginPro 9.0 software.

Dynamic light scattering (DLS) measurements were conducted on a Malvern Panalytical Zetasizer
Nano ZSP using non-invasive backscattering (NIBS) technology. The scattering angle was set at
173° and the measurement temperature was set to 20 °C. Samples were dispersed in ethanol and
sonicated to give a stable solution prior to analysis.

X-Ray Photoelectron Spectroscopy (XPS) spectra were acquired on an Oxford Applied Research
Escabase XPS 230 System equipped with a CLASS VM 100 mm mean radius hemispherical
electron energy analyser with multichannel detectors in an analysis chamber with a base pressure
of 5.0 x 10 mbar. A pass energy of 50 eV, a step size of 0.7 eV and a dwell of 0.3 s was used for
survey spectra which were swept twice. All core level scans were acquired with a step size of 0.1
eV, a dwell time of 0.1 s and a pass energy of 20 eV averaged over 10 scans. A non-
monochromated Al-Ka X-ray source (1486.58 eV) at 100 W power (10 mA, 10 kV) was used for
all scans. All spectra were acquired at a take-off angle of 90° with respect to the analyser axis and
were charge corrected with respect to the C 1s photoelectric line at 284.8 eV. Synthetic peaks are
Gaussian in shape. The relative sensitivity factors used are from a CasaXPS library containing
Scofield cross-sections. Nitrogen sorption measurements were performed on a Micromeritics
TriStar II surface area analyser (Micromeritics, Norcross, GA, USA). Samples were pre-treated by
heating at 200 °C under nitrogen for 12 hours. Surface area was measured using the Brunauer-

Emmett-Teller (BET) method. Pore volume and pore diameter data was calculated using the



Barrett, Joyner and Halenda (BJH) method. Specific surface areas were calculated from the

measured relative pressure in the range of P/Po=0.01 to P/Po= 0.3.

Results & Discussion

Molecules like CTAB, which function as SDAs in modified-Stober processes, produce spherical
silica particles by forming micelles in the reaction solvent, with silica condensation occurring at
the surface of the micelles followed by assembly of the micelles into larger structures. The SDA
controls the rates of hydrolysis and condensation and controls the shape by adsorbing onto the
surface of the growing particle. (Anderson et al. 1998; Slowing et al. 2010; Keane et al. 2010; Yi
et al. 2015; Moller and Bein 2016). The long-chain, hydrophobic, hydrocarbon tail group
combined with the charged headgroup of CTAB promotes micelle formation. Both PC and SL
contain structural features akin to CTAB - hydrophobic, long-chain fatty acid residues, and
quaternary ammonium headgroups, which are functionally similar to CTAB’s head and tail groups.
In the same way these properties enable CTAB to form micelles in solution, PC and SL can form
similar bilayer structures (Murdan 2005; Shaikh et al. 2006; Galarneau et al. 2007; Cabezas et al.
2016). To test this, we obtained DLS data of PC and SL in solution. Dynamic light scattering
(DLS) was used to analyse bilayer formation of PC and SL in the reaction solvent (aqueous
solution of 0.05 mol L! acetate buffer at pH 5.92). Fig. 1a shows that PC forms possible bilayer
aggregates at all concentrations tested in acetate buffer solution. Increasing the concentration of
PC had little effect on the structure size. At all concentrations of PC, the peak 1 mean is relatively
consistent (Table S2). Peak 2 is likely due to the formation of large aggregates/flocculates which
commonly form in biomolecule solutions when they are sonicated (Lorber et al. 2012). However,

the effect of these large aggregates on the determination of the structure size (peak 1) is negligible



at such low intensity. The polydispersity index (PDI) for each concentration also did change much

(Table S2). The mean PDI for PC was 0.349.
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Fig. 1 PSD data and correlograms from DLS measurements of (a) phosphatidylcholine in acetate
buffer (0.05 mol L', pH 5.92) and (b) soy lecithin in acetate buffer (0.05 mol L', pH 5.92) at
various concentrations

Similarly, DLS data (Fig. 1b) shows that SL likely forms bilayer aggregates at all concentrations
tested in acetate buffer solution. The PSD for SL in acetate buffer (Fig. 1b) shows a bimodal
distribution which varies depending on concentration. Table S2 shows how the peak means change
with concentration. The average PDI is 0.423, which is higher than for PC in the same system and
the same concentrations. In fact, Table S2 shows that the PDI for SL is higher than that of PC at
all concentrations. This difference in peak shape and PDI is expected because SL is less refined

than PC and contains a higher number of different phospholipids. The greater variety of fatty acid
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chain length contributes to larger variation if the aggregate size, hence higher polydispersity. Fig
S1 shows the structural similarities between lecithin and its derivatives, and CTAB.

Fig. S2 shows results from control experiments in which no PC or SL was used in the reaction
system. In the absence of the biomolecules no spherical silica particles are formed, only
unstructured monoliths. Based upon the results of these control experiments we could draw the
following conclusions: (i) Spherical silica particles could not form under our proposed reaction
conditions, without the presence of a structural directing agent in the reaction. (ii) CTAB is known
to function as a structural directing agent for formation of silica particles and the shape of the
particles is influenced by the CTAB micelles along with its quaternary ammonium headgroup. PC
and SL both contain quaternary ammonium headgroups similar to CTAB. The presence of these
groups has been shown to be integral in biomineralisation by catalysing and directing silica

formation.

Silica Production via Phosphatidylcholine (PC)

To test the ability of SL to form spherical silica particles in our proposed process, we first
performed syntheses using PC in soybean oil and buffered solution. Lecithin is a mixture
phospholipids, containing mainly PC, phosphatidylethanolamine (PE), phosphatidylinositol (PI),
minor compounds such as phosphatidic acid (PA), and other substances (triglycerides,
carbohydrates, etc.) (Cabezas et al. 2009). PC is the lecithin component most structurally similar
to CTAB. PC took the place of CTAB as the structure-directing agent. Sodium silicate, which
undergoes hydrolysis under acidic conditions to form Si(OH)4, was used as the silica precursor,
and was chosen as it is water-soluble and a close analogue to natural silicates. In dilute solutions,

silicic acid undergoes polymerisation and condensation to form silica particles (Coradin et al.
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2003). Zwitterionic compounds, such as PC, can electrostatically interact with the negatively
charged oligomeric silicate species formed upon hydrolysis of sodium silicate. Acetate buffer was
used as the catalyst for hydrolysis, in place of ammonium hydroxide. Soybean oil was used as the
reaction medium, in place of ethanol, in this first experimental iteration.

Spherical particles were successfully produced using PC (Fig. 2). Given the results of our control
experiments without an SDA present, we can conclude that the spherical particles are due to the
presence of PC in the system. At 20 mg L™! PC, spherical particles were observed with some
agglomeration present (Fig. 2a). At 100 mg L' PC, spherical particles were also observed but
with increased agglomeration (Fig. 2b). At 200 mg L™ PC, spherical particles were observed with
no agglomeration (Fig. 2¢). At 400 mg L' PC, spherical particles were observed with some
agglomeration (Fig. 2d). From these observations, it is clear that 200 mg L' PC produced the

most discrete particles.
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Fig. 2 SEM micrographs of silica particles produced using phosphatidylcholine. (a) 20 mg L ™! PC
(PC1), (b) 100 mg L' PC (PC2), (c) 200 mg L' PC (PC3), and (d) 400 mg L' PC (PC4). All
reactions done in 50 mL soybean oil with 500 pL sodium silicate at room temperature. Scale bars
are lum

PSDs obtained when using PC (Fig. 3) show that the silica particles formed were polydisperse
(multiple peaks). Fig. 3a shows a relatively broad particle size range and three distinct, widely
separated, peaks at 329 nm, 1326 nm, and 2132 nm at 20 mg L™! PC. Note also that Fig. 3a exhibits
log-normal characteristics at small diameters, indicating coalescence at 20 mg L' PC.

Coalescence is the fusion of smaller particles to form larger particles, resulting in a reduction in

surface energy. Larger particles have a lower, stabler, more favoured energy state than smaller
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particles and this is what drives the process. Coalescence can be identified in the PSD by a log-
normal distribution. Combination of particles of different sizes to form particles of larger size
results in right-skewed distribution, i.e., log-normal. Increasing PC concentration from 20 mg L™
to 100 mg L' (Fig. 3b) results in an increase in particle diameter and polydispersity, represented
by an increase in number of peaks at 100 mg L™! PC (6 peaks) in comparison to 20 mg L' PC (3
peaks). These six peaks at 100 mg L™! PC are at 380 nm, 557 nm, 886 nm, 1407 nm, 1730 nm, and
2232 nm. This wide range of diameters, indicates decreased morphological control, resulting in
high polydispersity at 100 mg L™! PC. Further increasing the concentration of PC to 200 mg L
sees a reduction in size range and in the number of peaks observed (3 peaks) (Fig. 3¢) indicating
greater control of particle size at this PC concentration. These three peaks have means of 344 nm,
618 nm, and 849 nm. These peaks at 200 mg L' PC are similar to those observed at 100 mg L'
except the peaks at the larger diameter (1407 nm, 1730 nm, and 2232 nm) disappear, suggesting
that PC is exerting greater morphological control at 200 mg L™! than 100 mg L™". Increasing PC
concentration further still, to 400 mg L™! (Fig. 3d), the number of peaks increases to four (161 nm,
299 nm, 1353 nm, and 1589 nm). However, the FWHM of these peaks also decreases significantly,
indicating that the polydispersity at these peak diameters has decreased. These changes in particle
size and polydispersity broadly correlate with the DLS data. Fig. S3 shows how the Z-average
diameter of the bilayer structure changes with concentration of PC. At 20 mg L' PC the mean
diameter is 95nm, at 100 mg L™ it is 115nm, at 200 mg L™ it is also 115nm, and at 400 mg L ! it
is 116 nm. Fig. S4 shows how the PDI changes with concentration. At 20 mg L' the PDI is 0.357,
at 100 mg L' it is 0.394, at 200 mg L! it is 0.388, and at 400 mg L' it is 0.397. While the Z-
average diameter increases with increasing PC concentration, this increase may be a result of

aggregation or flocculation of PC at higher concentrations. Accordingly, it is difficult to determine
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whether this has any significant effect on particle size. Though, higher concentrations of PC do

seem to reduce the level of polydispersity of the particles.
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Fig. 3 PSDs of silica particles produced when using PC (a) 20 mg L™! PC (PC1), (b) 100 mg L
PC (PC2), (c) 200 mg L™! PC (PC3), and (d) 400 mg L™! PC (PC4). All reactions done in 50 mL
soybean oil with 500 pL sodium silicate at room temperature

Fig. 3d also gives a clear indication that Ostwald ripening is occurring. The peaks on the smaller

diameter side shift left, while larger particles over 1350 nm begin to emerge. Ostwald ripening is

the growth of large particles at the expense of smaller particles, rather than a fusion of smaller

particles, which occurs due to the unfavourably high surface energy increase associated with the

phase transition from homogenous solution to solid particle (Santos et al. 2017). To minimise this

surface energy increase, smaller particles redissolve, and reactive units (either monomers or small
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aggregates) diffuse to the surface of larger particles to continue growth. A mathematical
description of Ostwald ripening called the LSW model was given by Lifshitz and Slyozov (1961)
and Wagner (1961). Using the precepts of this model it is possible to determine which of the
growth processes, coalescence or Ostwald ripening, is the dominant one by examining PSDs
(Banta et al. 2018). Ostwald ripening occurs via the transfer of material from smaller particles to
larger particles. Thus, the LSW model produces a characteristic left-skewed distribution,. One of
the assumptions of the LSW model is that the solution is infinitely dilute. A consequence of this
is that particle interaction is absent from the model and no particle greater than 1.5 times the mean
particle diameter can exist. Thus, to account for particle interaction, the LSW model must be
modified, and a Gaussian fit provides a better description (Ma and Ardell 2007; Lotty et al. 2013;
Santos et al. 2017), which is precisely what we applied to our own data. Insights into the growth
mechanism of silica particles can be gleaned from examination of the PSDs obtained. Post
nucleation, particle growth typically occurs by Ostwald ripening and coalescence processes. There
is no acute distinction between coalescence and Ostwald ripening. Both processes coexist and
overlap during particle formation. By understanding how changes in experimental conditions
affect particle growth processes, particularly the extent to which coalescence or Ostwald ripening
dominate, one can optimise a synthesis. Depending on which growth process dominates, the
monodispersity of the final particles can be positively or negatively impacted.

One possible explanation of the data shown in Fig. 3 is that at low PC concentration, a mixture of
coalescence and Ostwald ripening occurs, indicated by the presence of both log-normal and
Gaussian peaks. However, at higher concentration, Ostwald ripening appears to become the
dominant process, as indicated by the presence of Gaussian peaks. The data indicate that when

transitioning from a mixed (coalescence and Ostwald ripening) growth process to one dominated
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by Ostwald ripening, the system undergoes a brief period of instability (Fig. 3b). This transition
is characterised by maxima in polydispersity and particle size range. Although the spherical
morphology of the particles is still maintained, indicating that PC is continuing its SDA role, the
growth mechanics are not as well defined. Transition to a growth mechanism dominated by
Ostwald ripening at high PC concentrations means better control of polydispersity. This is seen in
the Gaussian distributions and narrow peak size (Fig. 3¢ and d). As outlined above, this Gaussian
distribution is preferable to a log-normal (coalescence) one that skews to larger diameter. Thus,

we can possibly optimise monodispersity and size range with high PC concentration.

Silica Synthesis via Soy Lecithin

Next, we investigated whether SL - the less refined source of PC — could function as an SDA and
produce spherical particles. SL would be a more sustainable SDA to use because it requires less
processing than PC. It is commonly used as a food additive and is readily available and
inexpensive. Furthermore, the physicochemical properties of SL, such as its ability to form bilayers
and its structural similarities to CTAB, make it a prime candidate as an SDA in sustainable
spherical silica synthesis. Based on our results with PC - the major, CTAB-like component of SL
- we expected that spherical silica particles could also be formed using SL. However, to increase
the sustainability of our process, soybean oil was no longer used as the reaction medium as its
production has its own associated environmental costs. Instead, the ability of SL to form spherical
particles in aqueous acetate buffer was investigated.

Fig. 4 shows that spherical particles were successfully produced using SL. Given the results of our
control experiments, we can conclude that the spherical particles are due to the presence of SL in

the system. At 4 mg L' SL, spherical particles were observed with some agglomeration present
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(Fig. 4a). At 40 mg L' SL, spherical particles were also observed with agglomeration (Fig. 4b).
At 80 mg L' SL, spherical particles were observed with some agglomeration (Fig. 4c). At 1800
mg L' SL, spherical particles were observed with no agglomeration (Fig. 4d). From these
observations, it is clear that 1800 mg L' SL produced the most discrete particles. It is worth noting

however, that the quality of the particles is still something to be improved upon.

Fig. 4 SEM micrographs of silica particles produced when using SL with various aliquots of SL
(aA)4mg L' SL (SL1), (b)40 mg L' SL (SL2), (c) 80 mg L' PC (SL3), and (d) 1800 mg L' SL
(SL4). All reactions done in 50 mL acetate buffer (0.05 mol L™}, pH 5.92) with 820 pL sodium
silicate at room temperature. Scale bars are 1um. Background in (a) is carbon tape
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PSDs of these particles were lower and had narrower size ranges, mostly below 1000 nm (Fig. 5),
in comparison to silica particles produced by PC. This is seen in the PSDs, where fewer peaks are
present. Increasing the amount of SL from 4 mg L™! to 40 mg L' shifts the PSD to larger diameter
while also increasing the size polydispersity (Fig. Sa and b). Fig. 5a shows a unimodal distribution
with Gaussian fitting (R? = 0.97) with a mean particle diameter of 262 nm (4 mg L' SL). Fig. 5b
shows a peak with a shoulder fitted with a combination of log-normal and Gaussian curves (R? =
0.75). Fitting log-normal or Gaussian alone results in a lower R? value. Peak 1 has a mean of 302
nm and peak 2 has a mean of 550 nm (40 mg L™! SL). This suggests the onset of Ostwald ripening
because there is a shift from a log-normal to a Gaussian distribution, while also resulting in a shift
to larger diameter and an increase in small particles. A further increase in the amount of SL shifts
the PSD to larger diameter with a decrease in polydispersity and a unimodal distribution with
Gaussian fitting (R?> = 0.97) with mean of 496 nm (80 mg L' SL, Fig. 5c¢). Increasing the SL
concentration to 1800 mg L™! results in two peaks with Gaussian fitting (R? = 0.97) with means
342 and 1272 nm (Fig. 5d). This shift to smaller diameters and the emergence of a peak at 1272
nm suggest Ostwald ripening is taking place (Lotty et al. 2013). This trend of increasing particle
size with increasing SL is similar to that seen when using PC. However, compared to the increases
with PC, they are not accompanied by large increases in polydispersity, and while the particle size
generally increases with SL concentration, the size range reduces to a substantially narrower range
than seen for PC.

Overall, the data suggest that coalescence and Ostwald ripening are both occurring (Fig. Sb).
However, at higher SL concentrations the growth process transitions to one dominated by Ostwald
ripening. This is comparable to the growth dynamics seen when using PC. However, the drastic

transition from a mixed (coalescence and Ostwald ripening) growth process, with high
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polydispersity and wide particle size range, to an Ostwald ripening dominated process is not seen

when using SL. This suggests that using SL grants greater control over particle growth dynamics.

This is evident in the improved monodispersity of the particles produced in the SL system (Fig.

5). Thus, SL produced particles which are smaller, and more size monodisperse than those

produced using PC. Moreover, as observed in the PC experiments, at all concentrations of SL used

spherical particles were obtained.
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Fig. 5 PSDs of silica particles produced using soy lecithin (a) 4 mg L' SL (SL1), (b) 40 mg L'
SL (SL2), (c) 80 mg L' SL (SL3), and (d) 1800 mg L™! SL (SL4). All reactions done in 50 mL
acetate buffer (0.05 mol L™!, pH 5.92) with 820 pL sodium silicate at room temperature
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Fig. S5 shows the nitrogen sorption isotherm and the pore size distribution of silica particles
prepared with 80 mg L' SL (SL3). The isotherm is a Type H4 hysteresis loop, which is indicative
of a mixture of both micropores and mesopores (Thommes 2010). This is also confirmed in the
pore size distribution, which shows pore sizes of 17 and 39 A. Removal of CTAB post-synthesis
in a typical modified-Stéber process results in porous silica particles. Similarly, in our system,
removal of SL post-synthesis also results in porosity.

Fig. 6a(i) shows the EDX spectrograph of the spherical particles from PC2 (100 mg L' PC),
confirming the presence of silicon in the sample. Fig. 6a(ii) shows the EDX spectrograph of the
spherical particles from SL4 (1800 mg L' SL), confirming the presence of silicon in the sample.
Oxygen and carbon peaks are also present, although these are common contaminants in EDX
spectra. To confirm that these particles were Si0O,, XPS analysis was performed. Fig. 6b shows
the XPS spectra for PC2 (100 mg L™! PC). Fig. 6¢ shows the XPS spectra for SL4 (1800 mg L
SL). The O 1s spectra show peaks at binding energies of 532.8 eV and 533.5 eV for PC2 (Fig.
6b(i)), and 532.9 eV and 533.7 eV for SL4 (Fig. 6c(i)), which correspond to Si-O-Si and Si-OH,
respectively (Hollinger and Himpsel 1984; Himpsel et al. 1988; Gustus et al. 2014; Post et al.
2018). The small intensity peaks at 531.2 eV and 531.4 correspond to either C-O or C=0, but
distinction between the two is not possible as the binding energies are closely related (Wang et al.
2014; Sadri et al. 2017). This peak is likely due to the presence of carbon contamination during
the XPS analysis or small amounts of SL remaining in the particles. The sample was washed with
water, ethanol, and acetone post-synthesis so that as much residual acetic acid, soybean oil, PC,
and sodium acetate as possible is removed in this step. Thus, most residual carbon-containing
compounds are removed from the particles. The peaks at 534.3 eV and 535.2 eV corresponds to

O-H which is due to water contamination (Bebensee et al. 2008), or O-H on the silica surface. The
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Si 2p spectra show two peaks corresponding to Si-O-Si and Si-O-H, which are indicative of Si0»
(Yang et al. 2018; Post et al. 2018). Overall, the EDX and XPS data confirm that the particles are

made of Si0;.
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Fig. 6 Energy-dispersive x-ray spectra (a(i)) of PC2 (100 mg L' PC), and (a(ii)) SL4 (1800 mg
L!'SL), (b) XPS spectra of O 1s and Si 2p peaks of PC2 (100 mg L™! PC). Red curve is the
cumulative fitting, and (c) XPS spectra of O 1s and Si 2p peaks of SL4 (1800 mg L' SL). Red
curve is the cumulative fitting
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SL produced smaller, more size monodisperse silica particles than PC in our sustainable,
biomolecule-based, modified-Stober synthesis. Whereas the particle sizes of the silica produced
using PC broadly correlated with the DLS data for PC, the particle sizes of the silica produced
when using SL did not. Based on our initial DLS data, it was expected that SL would produce
larger and more polydisperse silica than PC. However, SL produced smaller and more
monodisperse particles than PC. To investigate this, we analysed the bilayers formed in our
reaction system using SL with our silica precursor (sodium silicate) present. Fig. S6 shows the
temporal evolution of the mean diameter and PDI after sodium silicate addition. As time increases,
the PDI decreases and the distribution becomes unimodal. The Z-average remains consistent over
this time period. Our results, shown in Fig. S7, show that the presence of sodium silicate reduced
the size of the SL bilayer structures while also narrowing their size distribution. One possible
explanation for this is that the sodium ions from the sodium silicate co-localise with the ester
moeity of the phospholipids (Le et al. 2019). This penetration of the sodium ion into the headgoup
double layer enhances the attractive forces between the headgroups, likely leading to a change in
curvature and reduction in size. This effect is likely happening in the PC system also, but to a
lesser extent as there is little difference between the particle sizes observed with PC and the bilayer
structure size of PC without sodium silicate. Addition of sodium silicate to SL in acetate buffer
results in a smaller bilayer structure size than without sodium silicate, precisely as seen in our DLS
data, which in turn results in a smaller than initially anticipated silica particle size.

The reason PC and SL are effective at producing spherical silica, is because modified-Stober
processes have been developed using long-chain quaternary ammonium surfactants, of which

CTAB is an example (Prasomsri et al. 2015; Moller and Bein 2016). SL’s mixture of phospholipids
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(specifically PC) possessing quaternary ammonium cations and fatty acid residues, allow both SL
and PC to behave like CTAB. Further understanding of the efficacy of our chosen biomolecules
in modified-Stober silica syntheses can be derived from studying natural silica formation. In
diatoms, long-chain polyamines (LCPAs) and proteins such as silaffins and silacidins have been
shown to be integral to silica formation. The LCPAs typically have a quaternary ammonium group
and have been shown to have direct involvement in the structure-directing step in the
biomineralisation process (Lechner and Becker 2015). Silaffins are proteins which possess these
LCPAs and also have a high degree of phosphorylation and quaternary ammonium structures.
Indeed, phosphorylation present in silaffins has been shown to be intimately involved in the
biomineralisation process, promoting silica polymerisation through electrostatic and hydrogen-
bonding interactions (Sprenger et al. 2018). These proteins bear similar structures to PC and SL
(Kroger et al. 2014). These similarities are likely the reason PC and SL can form spherical silica
particles in our system. Furthermore, silaffins and silacidins have been shown to induce silica
polymerisation under acidic conditions in vitro (Wenzl et al. 2008; Kroger et al. 2014). To have
the ability to both induce silica polymerisation (nucleation) and control its final structure (growth)
means the catalyst typically required in the modified-Stober synthesis is no longer required. The
biomolecules, PC and SL, in our synthesis also have this functionality.

Regardless of the growth process, the monodispersity of the final sample is most important.
Monodisperse particles are needed for advanced applications such as chromatography and drug
delivery. A useful numerical descriptor of monodispersity is relative standard deviation (RSD) The
lower this number, the more monodisperse the particles. Table 1 shows a comparison of the best
RSD of our results (SL3; 80 mg L™! SL) to twelve other studies which explicitly state they have

prepared monodisperse, spherical silica particles, using traditional syntheses, and four studies
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using biomolecules to produce silica. Other studies that synthesised silica particles biomimetically
using simple molecules such as amino acids and polyamines were not included, as a direct
comparison between studies that use more complex biomolecules is prudent. The lowest RSD seen
was 1.2 % and the highest was 59.8 %. Our RSD value of 13.1 % compares favourably with the
monodispersity of silica particles prepared with traditional methods in the literature. Three of the
biomolecule-based silica syntheses produced non-spherical particles and did not give any standard
deviations, thus RSD calculation was not possible. The particles produced using our simple
biomolecule-templated approach are discrete and exhibit moderate monodispersity.

We have shown that it is possible to synthesise spherical silica particles more sustainably than the
Stober processes. It is envisaged that such approaches will replace the current synthesis pathways,
especially on a larger scale. However, the work detailed here is only a tentative step in this
direction and there are some hurdles that need to be overcome before this can take place. Firstly,
as is the case with many biomimetically-synthesised silica particles, the quality in terms of
monodispersity is still below that of those synthesised via traditional means. This is a property that
needs to be addressed before such biomimetic particles can compete with those produced via the
Stober processes. Secondly, the adoption of water-based chemistries at large scale is not
widespread. Water has a high enthalpy of vaporisation, making its recovery and purification costly.
Organic solvents on the other hand are much easier to recover and purify, and with the
infrastructure to do so already in place, their use remains persistent. However, this problem is
easily solved with investment in municipal and industrial water treatment and processing, which
would reduce the need for organic solvents. The reduction in greenhouse gas emissions by
switching to water-based chemistries would far outweigh the initial capital expenditure cost of

setting up such treatment and processing infrastructure. Furthermore, use of renewable
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biomolecules such as soy lecithin from valorised waste streams along with water-based chemistries
reduces the embedded costs associated with petrochemical production and refinement. As long as
obtaining biomolecules from such waste streams does not lead to maintenance of damaging
industries that would otherwise fail economically without such valorisation, their use presents an
opportunity to develop truly sustainable syntheses. Of course, regular life-cycle analyses would
need to be conducted alongside any process which aims to adhere to the principles of green
chemistry and the circular economy to ensure the process presents a positive improvement in
sustainability. Such processes need to be developed because human-driven climate change is a real
and present problem that needs to be addressed. The work detailed here showing that spherical
silica particles can be produced sustainably using simple biomolecule-templated syntheses is a

modest step in this direction.
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Table 1 Comparison of SL3 (80 mg L) monodispersity with literature. The RSD was taken from
the studies, where given, or calculated from the given mean particle diameter and standard
deviation. Where multiple results are given, the range of RSD is shown

Production SDA® Particle Size RSD (%) Refs.
Process (nm)
Biomolecule- Soy lecithin 496 13.1 This study
based
Biomolecule- BSA/PEI 180 — 320 n/a (Jackson et al.
based? 2015)
Biomolecule- Gelatin Non-spherical Non-spherical (Jia et al. 2004)
based
Biomolecule- BSA/lysozyme 50 —200/non- No data/ (Coradin et al.
based spherical non-spherical 2003)
Biomolecule- Lysine/arginine <100 Non-spherical/ (Coradin et al.
based agglomerated 2002)
Modified-Stober CTAB 223 -303 54-12 (Luo et al. 2017)
Modified-Stober CTAB 450 4 (Stovpiaga et al.
DTAB 700 10 2015)
Modified-Stober CTAB 37-130 3.5-29 (Zhao et al.
2016)
Modified-Stober CTAB 100 — 1470 3.1-459 (Trofimova et
DTAB 20 —-360 Non-spherical al. 2013)
471 22.4
Stober Ethanolamine 122.4 6.1 (Meier et al.
2018)
Stober NH3 10.2 -236.4 1.7-59.8 (Park et al.
2002)
Stober NH; 27-96 7.8—-13.3 (Huang and
Pemberton
2010)
Stober NH; 15 9.3 (Wang et al.
n-propylamine 13 11.5 2011)
n-butylamine 12 -21 7.6-11.7
Modified-Stober CTAC 21 -111 7-14.8 (Lv et al. 2016)
Stober NH3 100 — 870 1.2-18.2 (Nozawa et al.
2005)
Stober NH3 51-769 3.5-129 (Plumeré et al.
2012)
Stober NH; 245 11.4 (Nandy et al.
Diethanolamine 186 15.6 2014)
Triethanolamine 82 23.2

#Uses TMOS and PEI, both of which have their own associated environmental problems (vide

supra).

®SDA, structure-directing agent; BSA, bovine serum albumin; PEI, polyethyleneimine; CTAB,
cetyltrimethylammonium  bromide;
Hexadecyltrimethylammonium chloride.

DTAB, decyltrimethylammonium bromide;

CTAC,
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Conclusion

Biomolecules with physicochemical characteristics akin to compounds like CTAB that are
traditionally used as structural directing agents (SDAs) in modified-Stober processes, can produce
small, spherical, monodisperse silica particles. Our syntheses are more environmentally
sustainable than these processes. CTAB (a synthetic, amphiphilic surfactant), ethanol, and
ammonium hydroxide were replaced in a modified-Stober silica synthesis with less toxic, more
sustainable equivalents: the biomolecules phosphatidylcholine (PC) or soy lecithin (SL); from a
waste source, buffered water (plus soybean oil for PC), and acetate buffer, respectively. PC and
SL can function as SDAs in the synthesis of spherical silica particles. Long-chain polyamines and
proteins, such as silaffins and silacidins are integral to silica formation in the natural silica
biomineralisation processes of organisms like diatoms. SL and PC bear close similarities to these
diatom biopolymers. Furthermore, the physicochemical similarities that PC and SL have with
CTAB, allows them to function as substitutes for CTAB in our synthesis. A mixture of Ostwald
ripening and coalescence was shown to occur at low biomolecule concentrations, while
transitioning to an Ostwald ripening dominated process at high biomolecule concentrations.
Higher biomolecule concentrations also tended to increase particle size. The data show that SL
gives much greater control over particle size and morphology and produces smaller, more
monodisperse silica particles than using PC. This emphasises the progress our research represents
in harnessing biomineralisation processes for producing small, monodisperse, spherical silica
particles. The silica produced herein is among the best produced from biomolecules seen in the
literature to date — it is spherical, discrete, statistically analysed, and has comparable
monodispersity to silica prepared using Stober/modified-Stober processes. Preliminary results also

show that porosity can be achieved using these biomolecule-based syntheses, although further
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work is needed to optimise this. Our process is a significant step forward in evolving the traditional
methods of silica manufacturing - an inherently unsustainable and environmentally damaging
process - into one that is sustainable and environmentally benign. We have shown that not only
can spherical silica particles be prepared using more environmentally benign and sustainable
conditions along with PC and SL, but also that a much higher degree of control over the
morphology and monodispersity can be achieved than has been reported previously using such

systems.
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