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Abstract Over the past few decades, hollow-structured
silica particles have attracted significant interest from
material’s scientists due to their unique properties and
morphologies related to biomedical applications. This
interest has spurred the development of synthetic pro-
cesses of silica particles and in this paper we report on
the microwave-based synthesis of nano-silica hollow
spheres (NSHS) with uniform shape and size. This
synthetic process produces NSHS in more efficient
and swifter manner than previously reported ap-
proaches. TEM, SEM, TGA, and BET analysis revealed
that the particles produced are hollow, uniform, porous
spheres with high water retention capabilities. To ex-
plore the drug delivery capability of these spheres, Ibu-
profen, as the model drug, was loaded into the NSHS to
explore the drug load capacity and the drug release
action of these NSHS. The findings of this study signal
that the reported microwave-based NSHS has interest-
ing practical relevance as promising drug delivery
vehicles.
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Introduction

Over the past several decades, 3D nano/microhollow-
structured particles composed of ceramic materials have
drawn intense interest in various fields of research such
as waste removal, ion exchange, catalysis, sensing,
prosthetic materials, fillers, and biomedical applications
(Wang et al. 2016; Lei et al. 2014; Prieto et al. 2016;
Prates et al. 2019; Ramli 2017; Vanherck et al. 2010;
Son et al. 2007). This interest is due to the unique
properties associated with these structures, viz., low
density, large specific surface area, porosity,
monodispersity, well-confinement effect, and chemical
stability. From their first reporting during the 1980s
(Kowalski et al. 1984; Blankenship 1996), the synthesis
of well-defined, monodispersed hollow-structured ma-
terials with tailored properties has remained a challenge
to materials scientists.

Ceramic mesoporous silica nano/microparticles have
been widely utilized in biomedical and biotechnology
applications, as drug delivery carriers, bio-fillers, and
even cosmetics (Du et al. 2016; Giret et al. 2015; Tan
et al. 2014; Bharti et al. 2015; Adhikari et al. 2018).
They are practically useful due to the high and well-
documented functionalized surfaces, biocompatibility,
and biodegradability. By combining the unique hollow
structure of these particles with functional silica proper-
ties, 3D silica nano/microhollow particles become more
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attractive as vehicles for drug delivery applications in
comparison with their standard solid counterparts due to
the enhanced porosity, unique morphology, low density,
and high confinement effect of these hollow silica struc-
tures. It is understood that the hollow nature of the
particles can store a significant amount of a drug with
the mesoporous nature of the shell controlling the man-
ner in which the drug is released. Moreover, due to the
confinement effect of the hollow-structured silica parti-
cles, biological payloads can be transported safely with-
out aggregation of the nanoparticles caused by hydro-
phobic particles during the delivery into the cells.

To date, several synthetic methods to produce various
3D hollow-structured ceramic metal oxides, with desirable
morphologies and structure, have been reported (Wang
et al. 2013; Titirici et al. 2006; Zeng 2007; Hu et al.
2010). Sacrifacial templating is currently the most widely
applied method for synthesizing hollow particles (Hu et al.
2010; Lou et al. 2008; Qian et al. 2007). In this method, a
template is coated via controlled precipitation/deposition
of a desired material precursor onto the surface layers of
the template to generate core@shell composites. The tem-
plate particles are then selectively etched (sacrificed) by
thermal or chemical means, leaving behind the desired
shell structure composed of the material precursor. Various
materials have been used as sacrificial templates such as
emulsion droplets, organic polymeric spheres, and inor-
ganic nanoparticles (Hu et al. 2010; Lou et al. 2008; Qian
et al. 2007; Xia et al. 2019). In earlier studies, we have
reported on the fabrication of various ceramic oxides with
hollow-structures using simple sugar (monosaccharaides)
as sacrificial templates via sol-gel and hydrothermal
methods (Abdelaal et al. 2014, 2020; Abdelaal and
Harbrecht 2015; Abdelaal 2018a, b). These studies showed
that utilizing monosaccharaides as sacrificial templates is
an efficient and cost-effective method to achieve desired
3D nano/microhollow structures. However, these methods
required precise conditions, or time-consuming, or multi-
step processes with several chemical additives, and the
formed hollow structures lack well-defined shape and/or
homogenous distribution (heterogeneity of samples). Con-
sequently, improvement in the synthetic processes and
chemicals agents is requiring to obtain the homogeneous
hollow particles.

Recently, microwave-assisted chemical reactions
have been widely applied widely in various synthetic
procedures (Priecel and Sanchez 2019; Dabrowska et al.
2018; Zhu and Chen 2014; Niichter et al. 2004). Micro-
waves are advantageous in chemical reactions due to the
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high reaction efficiency, low energy consumption, and
short reaction times. It was envisaged that based on
these advantages, microwave combustion could be used
to enhance the production of nano-silica hollow spheres
(NSHS), via core@shell processes. Microwave com-
bustion proved to be advantageous in this study in
reducing the reaction time and energy for producing
core@shell structures, while also maintaining high ho-
mogeneity. As with previous studies, the carbonaceous
core was then selectively removed by thermal treatment,
in air, leading to freestanding well-defined 3D NSHS.

Since NSHS has high potential to be promising vehicles
in biomedical applications, the hydration (water retention)
ability of NSHS was tested to further understand the effect
the porous and hollow nature of these particles would have
on the loading capability of drug. It was observed that
ibuprofen could be successfully loaded onto and into the
NSHS and that the release of the drug is strongly linked to
the structure of the NSHS. This has important implications
for nanomedicine drug delivery.

Materials and methods
Materials

Fructose and Na,SiO; solution (containing about 25%
Si0,) were obtained from Merck (Darmstadt, Germany).
Ibuprofen (USP grade), hexane, and phosphate-buffered
saline (PBS) [BioPerformance, pH = 7.4] were obtained
from Sigma-Aldrich. All chemicals were analytical grade
and used without further purification. Deionized water
(conductivity ~ 1.5 psem ') was used.

Fabrication of the nano-silica hollow spheres (NSHS)

In this study, nano-silica hollow spheres (NSHS) were
synthesized by employing a microwave combustion meth-
od. In this method, fructose (simple sugar) was used as a
sacrificed template, with sodium silicate (water glass) also
acting as the silica precursor. The morphology of the NSHS
was investigated and controlled by varying the degree of
microwave irradiation and the concentration of sodium
silicate used.

Typically, 3.6 g (20 mmol) of fructose was dissolved in
20 mL of distilled water followed by the addition of
0.5 mL water glass (equivalent to 9.83 mmol). The mixture
was then sonicated (using Cole—Parmer, 500 W ultrasonic
homogenizer, model wz-04711-30) for 5 min at room
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temperature. The homogenous mixture was then irradiated
in a microwave (MARS Extraction and Digestion system,
Model XP-1500, CEM Corp., Matthews, NC) at 80 °C for
2 h at a heating rate of 5 °C/min in a Teflon-lined vessel
(Dupont, Wilimington, DE).

The formed samples (core@shell composite parti-
cles) were then centrifuged at 4000 rpm for 10 min
and the obtained material was then washed several times
with deionized water and air-dried at 60 °C for 5 h. The
resulted core @shell composite was then calcined, in air,
at 550 °C at a heating rate of 5 °C min~' for 4 h to
remove the carbonaceous core, leading to freestanding
nano-silica hollow spheres (NSHS).

Characterization

The size and shape of the resultant NSHS was observed by
scanning electron microscopy (SEM, Hitachi S-4800). Trans-
mission electron microscopy (TEM) micrographs were taken
on a JEOL 3010 high resolution in order to recognize the
hollow structure of the core@shell composite particles and
NSHS. The average distributions of the particle size were
calculated using ImagelJ program. X-ray powder diffraction
(XRD) analysis data of the solid products were taken on an
X’Pert MPD, PANalytical using Cu-Ko radiation. N,
adsorption/desorption isotherms, pore size distribution, and
the specific surface area (SBET) were investigated using a
Micromeritics ASAP 2020 gas sorptometer. Before the ad-
sorption measurements, the sample was degased under vac-
uum at 200 °C overnight. The N, adsorption/desorption
isotherms were then recorded at 77 K over a wide range of
relative pressures (P/P°) from 0.01 to 0.995. The specific
surface area and the pore size distribution were calculated
from the Brunauer-Emmett-Teller (BET) and Barrett—
Joyner-Halenda (BJH) methods, respectively. The FT-IR
spectra of the solid products were taken on a Nicolet 6700,
and thermal gravimetric analysis data (TGA) was taken on a
METTLER TOLEDO-TGA/SDTA 851e apparatus. Prior to
the measurement, the sample was dried in a vacuum oven at
60 °C overnight to eliminate as much water as possible. Then,
the TGA was tested in a range of 30—700 °C at a heating rate
of 10 °C/m. The drug release profiles were recorded using
UV-Vis spectroscopy (Ocean Optics USB4000
spectrometer).

Water retention evaluation (hydration test)

The evaluation of the water retention capability of the
NSHS was done using TGA analysis. Firstly, the as-

synthesized NSHS sample was soaked in deionized
water for 24 h. Thereafter, the recovered wet sample
was then dried using a hair drier for 20 min and then air-
dried overnight - at room temperature to eliminate the
water adsorbed on the outer surface of NSHS. The TGA
experiment was carried out under air in the range of 60—
160 °C at a heating rate of 1 °C/ min.

Drug release test

A 100-mg porous NSHS was dispersed in 25 mL of
ibuprofen-hexane solution with a concentration of
1.8 mg mL™', and stirred for 24 h. The amount of
ibuprofen absorbed by the sample was determined by
UV spectrometry, resulting in 31 wt% with respect to
the powdered starting material.

For in vitro ibuprofen release, 10 mg of ibuprofen
containing mesoporous NSHS was dispersed into
20 mL of phosphate buffer solution. The mixtures were
stirred at 150 rpm. The sample solutions were then
centrifuged at 4000 rpm for 15 min. The clear superna-
tants were collected and analyzed by UV spectroscopy,
and the release profiles were recorded.

Results and discussion

A novel, microwave-based method for the rapid synthe-
sis of NSHS with well-defined size and shape is reported
on. In this method, fructose is used as the source of the
core carbonaceous sphere with sodium silicate acting as
the silica shell precursor. The carbonaceous core is then
oxidized in air to leave behind the NSHS. In order to
control the morphology of the core@shell composites,
varying microwave irradiation times and concentrations
of sodium silicate were used. A graphic of a proposed
mechanism of the formation of the NSHS is illustrated
in Fig. 1.

Unlike the conventional heating methods (Zheng
et al. 2019; Guo et al. 2019; Darr et al. 2017), the
electromagnetic energy of the microwaves assisted in
the rapid decomposition of fructose into organic species
and acids which final results in solid carbonaceous
spheres with O-functionalities. Simultaneously, the si-
licic acid, which is generated due to the acidic hydroly-
sis of the sodium silicate, anchors to the fructose-derived
carbonaceous spheres to generate core@shell composite
spheres. Two key factors facilitate this process as fol-
lows: (I) the O-functionalities on the surface of the
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carbonaceous spheres; and (II) the silanol groups (-Si-
OH) located on the surface of the silicic acid that pro-
vides strong binding sites with the fructose-derived car-
bonaceous spheres due to hydrogen bonding and elec-
trostatic attraction. The synthesis of these core@shell
structures are produced at lower reaction times and
temperatures than previously reported resulting in a
faster synthetic approach with controlled morphology.
The carbonaceous core is selectively removed by heat
treatment at 550 °C for 4 h, oxidation in air. This results
in the densification and the cross-linking of the incor-
porated silicic acid to generate free-standing NSHS.
Upon oxidation and removal of the carbonaceous core,
the size of the resultant silica shell is reduced by about
55% when compared to the core@shell structure.

Figure 1 a—b shows the SEM images of the
core@shell composite spheres generated through the
microwave-based reaction and the NSHS generated af-
ter the heat treatment, respectively. SEM images reveal
hollow structure with well-defined 3D spherical mor-
phology and uniform size distribution with an average
diameter of 190 nm. The inset image in Fig. 2b shows a
broken wall of a hollow sphere (marked with an arrow)
which provides further confirmation of the formation of
hollow structure. The particle size distribution (Fig. 3 a—
b) and SEM analysis (Fig. 2 a-b) clearly indicate that the
average size of the core@shell composite spheres and
NSHS are 420 nm and 190 nm, respectively. Although
the morphology was well-maintained after sacrificing of
the carbonaceous core, the size of the NSHS is reduced
by about 55% in comparison with the original compos-
ite spheres after heat treatment, as observed from Figs. 2
and 3. The reason of this behavior is caused by calcina-
tion and removal of the interior carbonaceous core of the
core@shell composite spheres.

Figure 4 a provides clear evidence for the postulation
of a spatial separation of the silica rich shells and the
fructose-derived carbonaceous cores because of the
abrupt contrast distinction in TEM micrograph of the
spherical hybrid particle. Figure 4 b illustrates the mor-
phology of NSHS. The clear contrast between the dark
wall and the bright inner indicates the hollow structure
of the silica spheres with wall thickness of 16 nm on
average. These TEM images also further validate the
55% size shrinkage after the heat treatment, as conclud-
ed from SEM analysis and particle size distributions
Figs. 2 and 3, respectively.

The effect of the concentration of sodium silicate on
particle size and morphology (Fig. S1 and S2, see the
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Supporting Information) indicates that the amount of
sodium silicate added has a substantial impact on the
morphology of the formed solid particles. By simply
changing the amount of sodium silicate to a higher
concentration (1 mL, equivalent to 19.67 mmol), a
spongy like structure was observed (Fig. S2, the
Supporting Information). Additionally, it observed that
when decreasing the concentration of the added sodium
silicate to 0.1 mL (equivalent to 1.97 mmol), no hollow
spheres were observed (Fig. S3, the Supporting
Information), revealing a concentration limit for the
synthesis of NSHS.

Another relevant factor is the influence of the micro-
wave irradiation time. When the time is increased to 3 h,
the growth of the core@shell precursor continued and it
was observed that the morphology after this heat treat-
ment was sponge-like in structure (Fig. S4, the
Supporting Information). Whereas, decreasing the irra-
diation time to 1 h is not sufficient to ensure well-formed
spheres. Control of both irradiation time and concentra-
tion of sodium silicate are essential to producing spheres
with controlled morphology and yield.

The powder X-ray diffraction pattern of the NSHS
after the heat treatment shows one broad peak centered
at about 22° (Fig. 5). This is a characteristic for amor-
phous silica (Martinez et al. 2006). The inset XRD
pattern of the core@shell composite indicates the amor-
phous nature of the hybrid composite spheres before
heat treatment.

Figure 6 a and b display the IR spectra of the sample
before and after heat treatment, respectively. A compar-
ison between both the IR spectrum reveals the disap-
pearance of the peaks around 2930 and 1705 C-H
stretching and C=0 group (Abdelaal 2015), respective-
ly, after heat treatment. In addition, the appearance of
peaks around 468, 805, and 1102 cm ' which corre-
spond to the three vibration bands of the Si-O-Si bond is
observed. The peak at about 3400 to 3450 cm ' in the
hollow-structured sample (after heat treatment) is as-
cribed to the hydroxyl groups on the surface of silica
(Ryu and Tomozawa 2006). The existence of an absorp-
tion peak around 1640 cm ' in the IR spectrum of the
NSHS (after heat treatment) is due to the stretching and
deformation vibration of adsorbed water molecules
(Abdelaal et al. 2014). IR spectra are a clear evidence
of the complete removal of the carbonaceous core and
the formation of SiO, after the heat treatment.

Figure 7 shows the thermogravimetric analysis
(TGA) of the hybrid core@shell composite precursor.
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Fig. 1 Graphic illustration of the

microwave-based method for the (1 )
synthesis of mesoporous NSHS

Fructose

Na2SiOs solution|
+

As shown in Fig. 7, a marginal weight loss of about 3%,
below 100 °C, occurs due to the evaporation of the
physically adsorbed H,O. Then, at about 300 °C, the
pyrolysis of the carbonaceous core of the solid compos-
ite as well as the condensation of the terminal silanol
groups occurs (Fowler et al. 2001), resulting in a total
mass decrease of 86% at about 500 °C. The TGA

! ot G SR
Fig. 2 SEM images of the sample, (a) the core@shell composite
spheres before heat treatment, and (b) the NSHS after heat treat-
ment at 550 °C for 4 h in air. The inset image in (b) is that of a
ruptured sphere after the heat treatment, confirming the hollow
structure of the sphere

Sonication

HS)
Formation of

core@shell
composite

analysis has two significant implications. Firstly, it in-
dicates the complete removal of the carbonaceous core
at about 500 °C. Secondly, it shows the thermal stability
of the as-synthesized NSHS up to at least 700 °C.
Figure 8 displays the N, adsorption-desorption iso-
therm for the as-synthesized NSHS. Typically, it is
categorized as type IV isotherm, which reveals the
mesoporous nature of the wall of the NSHS based on
TUPAC sorting (Sing et al. 1985). Using the BET meth-
od, the surface area of the NSHS was calculated to be
330 m’g . The inset figure displays the pore size dis-
tribution of the NSHS, which was calculated using

a) Average size ~ 420 nm
O d
§100-
Icore@shell
% :(;;p:si?e
o 4
()
& 4
0
200 300 400 500
Particle size (nm)
b) Average size‘L~ 190nm
o .
2 80 - Hollow particle
(]
S J
o
2 40
0 J
50 100 200 300

Particle size (nm)

Fig. 3 Average particle size distribution of the product, (a) the
core@shell composite spheres before heat treatment, and (b) the
NSHS after heat treatment at 550 °C for 4 h in air

@ Springer



171 Page 6 of 9

J Nanopart Res (2020) 22: 171

Fig. 4 TEM images of (a) the core@shell composite spheres
before heat treatment, and (b) the NSHS after heat treatment at
550 °C for 4 h in air

Barrett—Joyner—Halenda (BJH) method from the de-
sorption curve. The pore size on average was noted to
be 3.8 nm and the distribution is generally in a range of
2—100 nm. This may attributed to the existence of meso-
porous channels and inner voids.

Herein, we evaluated the water retention ability of the
as-synthesized NSHS as the accessibility of water into

Intensity(a.u.)

80

40 60
Pos.[°2Th.]

Intensity(a.u.)

20 40 60 80
Pos. [°2Th]

Fig. 5 XRD patterns of the NSHS after thermal treatment at
550 °C for 4 h in air. The inset is that of core@shell composite
before thermal treatment
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IR spectrum before heat treatment
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Fig. 6 FT-IR spectra of (a) the core@shell composite spheres
before heat treatment, and (b) the NSHS after heat treatment at
550 °C for 4 h in air

the mesoporous walls and the inner voids of the NSHS
could affect the loading capability of any biological
payload in aqueous solutions. As shown in Fig. 9, ther-
mogravimetric analysis (TGA) indicates that NSHS can
harbor up to 19 wt% of water molecules (equivalent to
12.1 mmol g ') which indicates the excellent hydration
ability of the as-synthesized NSHS. The implication of
this is that the NSHS has a high potential confinement
effect. The TGA figure displays a weight loss between
60 and 70 °C which is ascribed to the fast evaporation of
the free water. From 70 °C to 96 °C the water adsorbed
onto the mesopores and the inner void through capillary
effect was evaporated. Above 96 °C, no weight loss was

100

Weight loss (%)
(&)
<

14%

100 200 300 400 500 600 700
Temperature (°C)

Fig. 7 Thermogravimetric analysis for the core@shell composite
sample
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Fig. 8 Nitrogen adsorption-desorption isotherm of the NSHS.
The inset is representative of the BJH pore size distribution of
the sample

observed and nearly all the free and adsorbed water had
evaporated.

We tested the capability of the as-synthesized NSHS
as a drug carrier for nanomedicine applications. In order
to explore the drug loading capacity of the NSHS, the
drug ibuprofen was loaded onto the NSHS. The ob-
served maximum loading amount of the drug, evaluated
by UV analysis, is ca. 31% which indicates that these as-
synthesized materials have a larger loading capacity
when compared with some previous studies (Zhou
et al. 2007; Mitran et al. 2018). This reveals that the
well-defined porosity and morphology and the high
surface area are of the reported NSHS probably has a
relevant impact on the loading mechanism. Figure 10
shows the release profile of the NSHS and their conven-
tional silica solid counterparts prepared according to

100
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=
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Fig.9 TGA curve ofthe NSHS after immersed in deionized water
for 24 h
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Fig. 10 Ibuprofen release profile of NSHS

earlier studies (Zawrah et al. 2009). It was observed that
the ibuprofen release profile from the ibuprofen-NSHS
system (Fig. 11), in phosphate buffer solution (pH = 7.4)
at 37 °C, had taken place through two stages as follows:
(I) about 80% of the drug was released in 10 h; (II) the
rest of the drug released slowly till the drug release was
complete at a release time of 40 h. This observation has
important implications with regard to the drug release
mechanism of the ibuprofen-NSHS system as presented
in Fig. 11: (I) The ibuprofen loaded on the outer surface
of the NSHS was released in the first 10 h (the first
release stage); (II) the ibuprofen payload in the pore
channels and the inner void was slowly released; and it
was completely released after 40 h (the second release
stage); this reveals that the open-ended pore channels act
as gates that have a control over the release of the
ibuprofen payload.

Conclusions

In conclusion, a novel and cost-effective method to devel-
op NSHS via a microwave-assisted process, using fructose
(as a sacrificial template) and water glass (as silica precur-
sor) has been developed. This approach resulted in
core@shell structures, which are produced at lower reac-
tion times and temperatures than previously reported on.
The microwave irradiation time and concentration of water
glass have a significant effect on the morphology of the
core@shell structures and ultimately the NSHS produced
(by thermal decomposition of the core). TEM and SEM
analysis revealed the synthesis of uniform 3D spherical
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1. Outer surface
2. Inner surface
3. Pore channel

P = Ibuprofen

Magnified Area Showing
Ibuprofen Adsorption

Adsorption on
outer surface

Adsorption on
o inner surface=

Adsorption within
pores/channels

Ibuprofen Release
P> Outer surface in 10 h
P> Inner and channels in 40h

Fig. 11 Graphic illustration of the structure and the release processes of ibuprofen-NSHS system

particles with hollow interiors (final product, NSHS);
while BET analysis revealed that the porous spheres have
a high surface area. Additionally, TGA analysis revealed
the high water retention capabilities of the as-synthesized
hollow spheres. The drug delivery potential of these NSHS
was investigated using ibuprofen and it was found that
ibuprofen could be loaded successfully at 31% load capac-
ity, and due to the porous nature of the NSHS, the drug
was released in a slow and sustained manner. The as-
synthesized NSHS has high potential as promising carriers
in drug delivery applications.
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