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Sol-gel synthesis of silica xerogel using a continuous flow vortex fluidic device at
room temperature is effective in direct incorporation of preformed cucumin
particles, which has antimicrobial activity against Staphylococcus aureus.
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Sol-gel synthesis of silica xerogel at room temperature is
effective using a vortex fluidic device operating under
scalable continuous flow conditions, using only tetramethyl
orthosilicate as the silica precursor and deionized water. The
gelation time of the hydrogel can be as short as 3.5 hours
depending on the concentration of the silica. This process is
also effective in incorporating preformed sub-micron
particles of curcumin, as an effective vehicle for
bioavailability of this compound, which was shown by
antimicrobial activity against Staphylococcus aureus.

Solution-gelation (“sol-gel”) technology has been known for
decades and it is widely applied for fabricating silica materials.
Tetraalkoxysilanes (SiOR,) such as tetraethyl orthosilicate (TEOS)
and tetramethyl orthosilicate (TMOS) are commonly used as
precursors for preparing monolithic silica or silicate glasses,* ? with
the sol-gel reactions involving hydrolysis of alkoxysilanes, followed
by room temperature condensation, which is summarized in
equations (1-3).34

Hydrolysis:
Si(OR)4 + 4H,0 — Si(OH), + 4ROH (1)

Alcohol condensation:
Si(OH), + Si(OR); — (OH);Si-O-Si(OR); + ROH 2)

Water condensation:
Si(OH), + Si(OH), — (OH)3Si-0-Si(OH); + H,0 3)

Alkoxysilanes are hydrophobic and are only sparingly soluble in
water. In general they react slowly with water,’ although this can be
overcome in the presence of ethanol or methanol as a bridging
medium. The sol-gel process involves lengthy hydrolysis and
condensation, taking up to 1000 hours of gelation for TEOS," ® with
the presence of acid or base speeding up the process.* 5 There is
limited information available on producing either monolithic silica
or silicate glasses without adding acid or base, while achieving a
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rapid gelation time with appreciable Brunauer—Emmett—Teller
(BET) surface area and pore volume. Avnir et.al. established that
rapid gelation of monolithic porous silica can be achieved without
the addition of alcohol, however, no characterization data of the
solid is available.® In addition, Dai et.al. established that no
appreciable pore volume is present in the resulting silica material if
only water is used as the reaction medium during the sol-gel
process.?

Silicate glasses produced via sol-gel processing can be used in
optical devices due to their excellent transparency,” ® and as delivery
vehicles for drugs,” ° and biologically active molecules.™ In situ
synthesis of silica gel incorporating different compounds as such a
delivery vehicle is challenging given the use of rather constraining
conditions which feature in the hydrogel processing.’ Typically, drug
loading into silica is carried out as a multi-step batch process. For
example, Smirnova et.al. have developed a 72 hour, two step
synthesis of an aerogel involving the use of acid and base, followed
by loading the drugs ketoprofen and griseofulvin under supercritical
conditions.® Other compounds could also benefit from being
incorporated into silica. The bioavailability of curcumin (Figure 1),
which is derived from the plant Curcuma longa, is an ideal
compound for incorporation. Curcumin has anti-cancer, anti-oxidant,
anti-inflammatory, anti-bacterial, and anti-carcinogenic properties,
and is often regarded as a model nutraceutical/molecular
pharmaceutical for drug delivery applications.***" Despite such
remarkable properties, it suffers from low water solubility and
bioavailability, and extreme sensitivity at physiological pH.'* % 18
Zhao et.al. have developed a novel synthesis of mesoporous silica
nanoparticles, for in vivo release of curcumin to zebrafish larvae, in
developing a system for the treatment of heart failure.*’
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Figure 1. Chemical structure for curcumin.
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Herein we establish the use of a recently developed vortex
fluidic device (VFD),!* for carrying out sol-gel processing at room
temperature. This avoids the use of alcohol or an acid or base
catalyst, with in situ incorporation of curcumin particles, which were
preformed also using the VFD. The use of the VFD under scalable
continuous flow conditions results in much faster kinetics, and offers
scope for carrying out reactions under turbulent flow, beyond the
limits of a diffusion control. Remarkably the use of the VFD imparts
significant pore volume in the resulting silica, as judged by high
BET surface area, in the absence of an organic solvent. Moreover,
the use of the VFD avoids the inherent difficulty of traditional batch
processing where uneven mass and heat transfer can result in non-
uniform processing/products.’® 2° Overall, the sol-gel processing in
the present study is high in green chemistry metrics, in minimising
the use of a solvent and auxiliary reagents, and operating the process
at room temperature, which is an integral part of developing more
benign processes in the anthropocene era.

We have previously established that ordered mesoporous silica is
readily prepared using a VFD, also operating under continuous flow
conditions, at room temperature, thus avoiding long hydrothermal
processing times, with the intense shear in the dynamic thin film
effective in controlling the pore size, as well as the pore wall
thickness.®> VFD is a versatile microfluidic platform, with
processing capabilities also in controlling chemical reactivity and
selectivity in organic synthesis,® 2 224 2 exfoliating graphene
from graphite,®® forming graphene-algae hybrid materials,?” 2
controlling the growth of palladium nanoparticles on carbon nano-
onions,? and controlling the polymorphs of calcium carbonate.*

In generating silica hydrogels, deionized Milli-Q water and
TMOS were introduced into the base of a rapidly rotating glass tube
(borosilicate NMR tube) inclined at an angle relative to the
horizontal position via two separate feed jets (Figure 2). The high
shear generated within the thin film in the VFD is able to overcome
the otherwise immiscibility of the two liquids, indeed in forming
what appears to be a single phase. This intense micro-mixing and the
viscous drag as the liquid whirls up the tube facilitates the reaction,
as does the the mechanoenergy within the Stewartson-Ekman layers
arising from the liquid being driven up the rotating tube with gravity
forcing the liquid back.®® The inclination angle of the tube was set at
45 °, Figure 2, given that this has been shown to be the optimum
angle for all the aforementioned applications of the VFD.

Jet feed 1
TMOS Jet feed 2
[SI(OMC)J] “20

Figure 2. Schematics of the synthesis of the silica hydrogel.

Studies were undertaken on gelation time post VFD processing,
for different silica to water molar ratios, as well as on the effect of
using different rotational speeds for a 18.0 mm internal diameter
glass tube housed in the VFD. At 5000 RPM, the time for gelation is
the shortest regardless of the molar ratio, with overall gelation times
consistently within 3 to 4 hours as judged visually, as opposed to
most commonly used method, namely rheological measurements.*2
Typically in rheology measurement, the gelation time is recorded
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corresponding to the onset of gelation by the sudden increase of
storage modulus, G*,* and visual judgement recorded in our study
may be overstated. However, at higher rotational speed, changing the
water to silica molar ratio affects the gelation time, with the
optimum time at 6000 RPM and 7000 RPM corresponding to a
H,O/Si molar ratio of 10:1, Figure 3. The variation in gelation time
associated with changing the H,O/Si molar ratio and rotation speed
is based on visual observations, noting that the fluid dynamics within
the VFD are inherently complex. This is highlighted by our recent
findings of a speed dependent vibration induced Faraday wave in the
device which dramatically affects rates of reactions.® Nitrogen
adsorption-desorption analyses show variation in BET surface area
and Barrett-Joyner—Halenda (BJH) pore volume (Table 1). The BJH
pore volume increased with an increase in water to TMOS molar
ratio, and the trend was consistent for different rotational speeds.
Overall the change in rotational speed for the process only affects
the gelation time of the sample post VFD processing, whereas all the
physisorption characteristics remained consistent with variation of
the H,O/Si molar ratio.
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Figure 3. Change in gelation time at different H,O/Si molar ratios for
different rotational speeds (data points in triplicate).

Table 1. Physisorption properties of silica xerogels for different Si/H,O

molar ratios and different rotational speeds on the VFD.*
Si/H,0 5000 RPM 6000 RPM 7000 RPM
(mOI SBET Vp SBET Vp SBET Vp
ratio) (m’g) (m¥g) (m¥g) (m¥g (m¥g) (m’g)
1:6 646.5 0.39 605.1 0.35 591.3 0.38
1:8 590.7 0.32 565.4 031 578.0 0.32
1:10 566.1 0.31 612.1 0.34 616.4 0.34
1:12 624.7 0.35 646.6 0.36 649.6 0.36
1:14 718.6 0.40 713.2 0.40 729.6 0.40
1:16.5 764.1 0.48 752.4 0.44 804.1 0.48

* Sger, BET total surface area determined from N, adsorption desorption; V,, total
pore volume determined from BJH adsorption at relative pressure of 0.996.

For comparing VFD and batch processing, a sample was
prepared using conventional batch processing for the same molar
ratio of water to silica at 8:1, with the TMOS and deionized Milli-Q
water added into a round-bottom flask via two separate feed jets. The
solution was stirred at room temperature for 8 min, and the onset of
gelation was monitored, which was found to be in excess of 9 hours.
The BET surface area of this sample is 459.8 m?/g and pore volume
of 0.25 cm®/g, both being significantly less than for the material
using VFD. FTIR spectra of this batch derived silica xerogel, and
that derived from VFD processing, along with that of TMOS itself
are shown in Figure S1. Both silica xerogel samples show common
bands assigned to various vibrations in the gel network. The intense
band at 1050 — 1200 cm™ is assigned to Si—O-Si asymmetric
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stretching vibrations. The symmetric stretching vibrations of Si—O-
Si appears at 790 cm?, with the expected in-plane stretching
vibrations of the silanols Si—-OH groups at 940 cm™.*® * Both
samples were devoid of any peaks corresponding to —CH vibrations
arising from incomplete hydrolysis and condensation. This is despite
the short processing time using the VFD, where under continuous
flow processing, the residence time for a finite amount of liquid
moving along the tube is approximately 3 min. Si NMR data show
that the xerogel derived from using the VFD has 95% degree of
condensation, which is higher compared to the batch process derived
xerogel, at 89% (Figure S2), despite the dramatic difference in
gelation time.

While curcumin is only sparingly soluble in water, it
dissolves in organic solvents, and we used this property to form
sub-micron size particles of the compound for subsequent
incorporating into silica, and possibly for enhanced
bioavailability. Initially the curcumin was dissolved in ethanol
and introduced into the VFD through one jet feed with excess
deionized water added through a second jet feed, also as a
continuous flow process. The molar ratio of H,O: ethanol was
fixed at 8:1, with the resulting curcumin in the form of a
colloidal suspended in the solvent mixture. Dynamic light
scattering (DLS) gave a mean hydrodynamic diameter of 465
nm (Figure 4), which is consistent with the estimated particle
sizes from scanning electron micrograph (SEM) ranging from
300 — 470 nm (Figure 5). Much smaller particles of curcumin
~50 nm in diameter, stabilised by surfactants, are accessible
using related rotating tube processing, involving acid-base
precipitation.™ Amorphous spheroidal curcumin precipitates 30
— 40 nm in diameter have been prepared also using the anti-
solvent approach with a micromixer, but they agglomerate into
ca. 140 nm particles, eventually forming needle-shaped
curcumin crystals.®” This finding agrees with our x-ray powder
diffraction (XRD) data, with the particles of curcumin formed
using the anti-solvent approach on the VFD becoming
crystalline on standing, but the curcumin particles embedded in
silica immediately after fabrication remain amorphous (Figure
S3).

Volume (%)
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Diameter (nm)

Figure 4. Bar graph of the particle sizes distribution with +/- 1 standard

deviation error bars for curcumin particles suspended in Milli-Q water after

VFD processing (inset).
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Figure 5. SEM image of curcumin particles prepared using the VFD. A
suspension of the particles in deionized water was drop cast onto carbon tape
and dried under air.

The colloidal suspension of curcumin was used to prepare
composite silica hydrogel, using a similar procedure to that used for
the material devoid of curcumin, as discussed above. TMOS was fed
into the same VFD through one jet feed and the curcumin particles
suspended in water in another jet fed, which served also as the
aqueous medium for the hydrolysis and condensation of TMOS. The
volumetric feed rate for these reactants was set at 0.6 mL/min. The
molar ratio of H,O/Si was fixed at 8:1, in order to compare the
gelation time with the aforementioned silica gel synthesis. The
samples were collected in a vial and allowed to stand at room
temperature (~20 °C) for gelation. Further details on the
procedure can be found in the supplementary information. The
collected sample was clear orange with no obvious individual
curcumin particles present (Figure S4(a)). Gelation time of this
sample was 8 hours, with the longer gelation time presumably
arising from the curcumin particles affecting the growth of
silica network. The gel sample was then dried in vacuo at 60 °C
to remove methanol generated during the synthesis of the silica,
whereupon the material was ground using a mortar and pestle
into a fine powder.

Fluorescence microscopy images identified the presence of
curcumin particles, encapsulated within the silica network, and
the particle size appears uniform (Figure 6). Encapsulation of
curcumin in mesoporous silica with a multi-step self assembly
approach has been reported by initially forming an aggregated
micellar rods involving the use of surfactant, then loading the
curcumin, and lastly hydrolysis of tetraethoxysilane under
acidic conditions.®® This material is effective in the controlled
release of curcumin under physiological pH, with photo-
stability of the compound within the silica matrix. In the
present study, we explored the utility of the composite material
for antibacterial activity based on the release of curcumin.® 3°

al microscopy image of curcumin/SiO, composite
material, (b) bright field image, and (c) fluorescence image.

The gram positive bacterium Staphylococcus aureus were grown
overnight on Mueller Hinton agar at 37 °C. Fresh bacterial colonies
were then inoculated into Mueller Hinton broth to give a final optical
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density of 0.01 at an absorbance of 600 nm. Starting with 10°
colony forming unit (cfu)/mL, bacterial cultures were serially diluted
1:10 into phosphate buffer saline (PBS) and 5 pL of the diluted OD
0.01 bacterial suspension was spotted onto the selective Mueller
Hinton agar plates. The bacterial suspension was allowed to dry and
the plates were incubated overnight (16 hrs) at 37 °C. Firstly, a
control test was carried out to verify that silica xerogel has no effect
on bacteria growth inhibition. Here 1 g of silica powder was added
as a dry powder to 15 mL tubes and Mueller Hinton agar was added
and mixed to give a final volume of 10 mL. Then 8 different
concentrations of bacteria were spotted onto the surface and
incubated. After 16 hours, bacterial growth was observed (Figure
S5). This result indicated that the as-synthesized silica powder
devoid of curcumin is non-toxic and has no antimicrobial capability.

We then prepared five different concentrations of curcumin/SiO,
composite and curcumin sub micro-particles suspension (CNPS) for
the same growth test. The concentration of the curcumin in the
sample was determined using two different methods, fluorescence
spectroscopy and simultaneous thermal analyser (STA), to compare
the integrity of the analysis results. Interpolated data from a linear
calibration curve using fluorescence spectroscopy gave 0.19% w/w
curcumin in the composite sample (refer to ESI for the method of
calculation). STA analysis revealed an endothermic peak at 172 °C
in the differential scanning calorimetry (DSC) curve, which
corresponds to the melt temperature of curcumin.®® “° Thermo-
gravimetric analysis (TGA) gave 0.24 %wi/w curcumin present in the
composite material (Figure S6). Both results are reasonably
consistent and the higher limit of 0.24% w/w was used for the
determination of curcumin concentration in the composite sample for
the bacterial growth inhibition test. Here 0.25 g, 0.50 g, 0,75 g, 1.0
g, and 1.25 g of curcumin/SiO, powder, with curcumin concentration
of 60, 120, 180, 240 and 300 ug.mL™ respectively, were added and
mixed with the Mueller Hinton agar (left side of the Mueller Hinton
agar plates) (Figure 7). On the right side, different concentrations of
CPNS were prepared for performance comparison (Figure 7). The
curcumin concentrations were 209, 418, 628, 838, and 1047 ug.mL'1
respectively (Figure 7). For the curcumin/SiO, sample, a partial
inhibition of the bacterial growth is seen at curcumin concentrations
as low as at 120 pg.mL™ (Figure 7(b), left), with a more pronounced
effect at a concentration of 180 and 240 pg.mL™* (Figure 7 (c,d),
left). Total growth inhibition is achieved at a concentration of 300
pg.mL* (Figure 7 (e), left). In contrast, the CNPS also showed mild
inhibition starting at 628 pg.mL™ (Figure 7 (c), right) and full
inhibition at 1047 ug.mL* (Figure 7(e), right). Thus, the
curcumin/SiO, composite outperformed the curcumin particles by
four fold for the bacterial growth inhibition tests (Table S1). The
improved inhibition of bacterial growth by curcumin in the
composite material may be due to the silica network shielding the
curcumin from degradation, prior to release/bioavailability.
Alternatively, the porous network of silica enhances the absorption
process, allowing the curcumin to slowly diffuse and thus, improves
its bioavailability. The shielding is evident by comparing the same
sample over a longer period of time. When the 1.0 g and 1.25 g
samples were incubated for 48 hours, the bacterial grew fully on the
CNPS whereas the curcumin/SiO, composite still showed growth
inhibition at lower bacterial concentrations (Figure S7).
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Figure 7. Bacterial growth inhibition test on a Mueller Hinton agar plates
with curcumin/SiO, composite powder added on the left hand side, and
CNPS added on the right hand side with (a) 60 / 209 ug.mL™, (b) 120 / 419
pg.mL‘i, (c) 180 / 628 pg.mL?, (d) 240 / 838 pg.mL™, and () 300 / 1047
Hg.mL™.

Conclusions

We have developed a benign aqueous synthesis of silica
hydrogel, which is without precedence in terms of a
significantly reduced processing time, without the need for a
solvent or the addition of an acid or base. Moreover, the same
processing can be used for in situ incorporation of curcumin
particles into the silica. This composite material showed better
performance in bacterial growth inhibition compared to neat
curcumin. The silica network appears to provide an excellent
shielding to the curcumin particles, and better control in
diffusion and thus improved bioavailability of this multi-
medicinal functional compound. The simplicity of this process
greatly promotes the use of silica as a drug delivery vehicle, in
minimising the use of chemicals involved throughout the
process. Future work can be done in substituting different drugs
using the same procedure, along with the general application of
the ability to make silica under more benign processing
conditions, and presumably involving less energy input, while
significantly reducing the generation of waste.

The composite material can be further functionalized by
introducing different sources of silica precursor such as
mercaptopropyl-trimethoxysilane,  aminopropyltrimethoxysi-
lane, and vinyltriehtoxysilane during the synthesis, in
undergoing co-condensation, instead of post-grafting method.
The silica hydrogel is hydrophilic due the —OH group on the
surface, and functionalizing the surface of the silica will change
the hydrophobicity of the material and thus expand the
applications, which will be the focus of further studies.

The high surface tension of the pore liquid in the present
study may lead to cracking and shrinkage during the drying
process due to the capillary pressure and condensation of
surface silanol groups.*® However, this can be overcome by
using supercritical CO, drying,** *? solvent exchange,** *® or
liquid—paraffin—-medium solvent evaporation.**

Support from the Government of South Australia, the
Australian Research Council and National and Medical
Research Council of Australia is gratefully acknowledged, as is
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