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Bio-inspired pinecone-like bioactive glasses consisting of ordered thin-layers separated by consistent
cavities were synthesized using a sol—gel process. The short diameter of the as-produced particles was
as short as 161 nm, and the surface area was as high as 280 m? g~1. The pore volume, ranging from
~0.74 cm® gt to ~0.67 cm® g%, could be modulated by the aqueous ammonia concentration. The
surface was further tailored for positive charges by amino grafting. The as-produced nanoparticles could
successfully enter cells via endocytosis. The microRNA delivery of the bioactive glass particles was
further investigated by fluorescence microscopy and flow cytometry, indicating a loading efficiency and

Received 13th April 2017, transfection efficiency greater than 90%. The potential of such particles as drug carriers was also
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bioactive glass particles loaded with antitumour doxorubicin (DOX) significantly accelerated the apoptosis

of tumour cells. These bio-inspired bioactive glasses are promising as novel vectors for drug and
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1 Introduction

Nature provides numerous diversity structures ranging from
macroscale to microscale and nanoscale, and such fantastic
structures inspire many interesting solutions to biomedical
challenges. As an example, pinecones consist of ordered cone
scales, which are separated by ordered cavities, and demonstrate
high surface area and unique porosity for the efficient loading
and release of pollen. Such a fantastic natural phenomenon
inspired us to fabricate similar structures for the delivery of
microRNAs and drugs.

MicroRNAs demonstrate great potential in modern medicine
and therapies, but it is very challenging to deliver them to the
desired location of tissues. Since two small regulatory RNAs,
lin-4 and let-7, were revealed in 1993 and 2000, microRNAs have
attracted great interest and related studies have been performed.’>
Human genomes contain at least a few hundred distinct micro-
RNAs, and each microRNA is composed of ~23 nucleotides (nt).
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microRNA delivery with high efficiency.

As a class of noncoding RNA molecules, microRNAs regulate gene
expression at the posttranscriptional level, and can bind to the
3'UTR sequences of mRNA and attenuate protein translation.
Such microRNAs are small regulators, but play an important role
in health and medical care.* MicroRNAs have demonstrated
effective regulation of major signaling pathways, such as TGF-
(transforming growth factor-B), Wnt, Notch, p53, and mitogen-
activated protein kinase (MAPK).> They also play important roles
in developing and tailoring the responsiveness of cells to
molecules that are directly associated with tissue morphogenesis
and stem cell biology.*> The role of microRNAs in several genetic
diseases and other disease-related processes is also well established.
In addition, emerging evidence also suggests a direct link between
microRNAs and inflammation, as well as cancers.®” MicroRNAs
are often deregulated in cancer, including the loss of tumour-
suppressive microRNAs and overexpression of oncogenic
microRNAs.®” MicroRNA-based anticancer therapies, either
reconstituting tumour-suppressive microRNAs or depleting
oncomiRs (oncogenic microRNAs) in cancer cells, represent
an appealing strategy for cancer treatment. MicroRNAs have
also been identified as a novel class of therapeutic agents for
the treatment of other disorders,®® and recently they have
become potentially valuable therapeutic targets for gene therapy.
However, the delivery of such microRNAs is very difficult."® The
first barrier to overcome is the degradation and short half-life of
microRNAs. Naked microRNAs are unstable when they are
exposed to nucleases, and tend to degrade during both the
synthesis process of bioengineering materials and subsequent
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exposure to circulation serum. As a result, the delivery of
microRNAs is extremely challenging. On the other hand, micro-
RNAs have to be delivered into cells to take advantage of their
functionalisation because they only function in the cytoplasm
and cannot cross the cell membrane in the absence of transfection
carriers.”"°

Some attempts have been made to deliver microRNAs via the
viral method.'® Despite good efficiency, viruses are not safe
transfection carriers because of their severe immune/inflammatory
reactions. Non-viral delivery using carriers such as liposomes,
synthetic and natural polymers, and nanoparticles is an alternative
approach. Liposomes (usually cationic) represent one of the most
successful groups of gene vehicles. However, liposomes usually
have poor physiological stability and are inactivated in the
presence of serum. Polymer carrier systems, such as PEI, have
the ability to buffer the acidic endosomal environment by the
proton sponge effect and have demonstrated high transfection
efficiency. However, some intracellular and extracellular cyto-
toxicity has been observed. Nanoparticle carriers, including
nanoscale bioactive glasses (BGs), provide a method for the safe
and efficient delivery of genes. They have the potential to protect
genes from degradation and offer several advantages, including
low immune toxicity, construction edibility, and facile fabrication.

BGs are important inorganic biomaterials that are mainly
composed of Si0,-CaO-P,0s. They can form a rapid, strong,
and stable bond with host tissues,'" and have been widely used
in the field of soft and hard tissue repair and engineering."* ™
They have demonstrated good biocompatibility, high bioactivity,
and excellent bone restoration function.’****” Element-doped
BGs or BG composites have also been thoroughly studied.®>*
Mesoporous bioactive glasses (MBGs) at the nanoscale level have
attracted much attention because of their special morphologies
and physical-chemical properties.”*>* They have many advantages,
including high surface area and porosity, improved bioactivity,
controllable morphologies and microstructure, controllable nano-
particle size, and a fast ion release rate. In addition, MBGs can also
load and deliver biomolecules, such as chemical drugs and growth
factors,”***” as well as DNA plasmid, which we first reported in
2014.%*° However, little work has been carried out to investigate the
microRNA transfection function of MBGs.

Inspired by pinecones, we synthesized pinecone-like nano-
particles via a novel sacrificial liquid template method using
the sol-gel process, and then tested the hypothesis that such
novel bio-inspired MBGs could deliver microRNAs and drugs
(Fig. 1). The nanostructure morphology-dependent delivery
performance was examined.

2 Materials and methods
2.1 Materials

Tetraethyl orthosilicate (TEOS), triethyl phosphate (TEP), calcium
nitrate trahydrate(CN), ethanol absolute (EtOH), ethylacetate
(EA), and ammonium hydroxide (NH,OH) were purchased from
the Guangzhou Chemical Reagent Factory (China). Hexadecyl
trimethyl ammonium bromide (CTAB) was supplied by Aladdin
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Fig. 1 lllustration of the synthesis of the PBGs for microRNA and drug
delivery.

(Shanghai, China). All of the above chemical reagents were of
analytical grade. Deionized water (DW) was obtained from a
water purification system (Milipore S.A.S., France). Doxorubicin
(DOX) was provided by Sigma Co. (USA). A human Hela cell line
was preserved by our laboratory. Dulbecco’s modified Eagle’s
medium (DMEM), trypsin, and fetal bovine serum were obtained
from Gibco Co. (USA). The CCKS kit was from Dojindo Molecular
Technologies Inc. (Japan). All the microRNAs were purchased
from Genepharma Co. (Shanghai, China). Lipofectamine™ 2000
was purchased from Invitrogen (Carlsbad, CA, USA). Lyso-Tracker
Red and DAPI were purchased from the Beyotime Institute of
Biotechnology (Jiangsu, China). An Annexin V-FITC/PI Apoptosis
Detection Kit was obtained from BestBio (Shanghai, China).

2.2 Preparation of bioactive glass nanoparticles

Small and big bioactive glass particles (70 mol% SiO,, 30 mol%
CaO, 70S30C) with pinecone structures, PBGs-1 and PBGs-2,
were prepared as described in our previous article.*® The processes
were as follows using EA-CTAB-water micro-emulsion droplets as
a soft template: first, 0.7 g CTAB was dissolved in deionized water
(DW, 33 mL) under stirring. Then, 10 mL of EA was added to the
above solutions. After stirring for 30 min, micro-emulsion droplets
were obtained. Then, 7 mL of aqueous ammonia was added
dropwise to the solution and hydrolysed for 30 min at room
temperature. The concentrations of the aqueous ammonia added
during the synthesis of PBGs-1 and PBGs-2 were 3 and 5 mol L/,
respectively. The mixture was stirred for 15 min, and 3.6 mL TEOS,
0.36 mL TEP, and 2.277 g CN were sequentially added at 30 min
intervals. The mixture was stirred for another 30 min and
transferred into a Teflon-lined autoclave. The mixture was heated
at 373 K for 20 h under autogenous pressure. Then, the white
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precipitate was collected by centrifugation, washed three times
with EtOH and DW in turn, dried at 333 K, and calcined at 923 K
under air (Fig. 1).

Transmission electron microscopy (TEM) images of the
PBGs were obtained by TEM using a JEM-2100HR microscope
with an accelerating voltage of 100 kv. The SEM images were
recorded using a ZEISS Merlin microscope at an accelerating
voltage of 5 kV.

Mineralization of the nanoparticles: nanoparticles were
soaked in simulated body fluid (SBF) (1.0 mg mL ") and placed
in a shaking incubator. After soaking for 3 days, the samples
were collected, rinsed, and then dried. The apatite formed on
the surface was characterised using SEM.

2.3 PBGs-NH, system

Amino-modified PBGs (PBGs-NH,) were synthesized following
the protocol we have reported previously, and the zeta potential
was measured.>* All experiments were performed in triplicate.

2.4 MicroRNA preparation

Human miR-7 sequence was obtained from the miRBase
Sequence Database (http://www.mirbase.org). The sense strand
sequence was as follows: hsa-miR-7-5p, 5-UGGAAGACUAGUGA
UUUUGUUGU-3'. The double-stranded miR-7 mimics (miR-7),
miR-7 chemically modified with FAM (miR-7-FAM), and negative
control microRNAs with random sequence (NC) were all purchased
from Genepharma Co. (Shanghai, China).

2.5 MicroRNA loading efficiency

The buffer of the agarose gel electrophoresis was prepared with
DEPC water. The prepared microRNAs were supplemented with
sterilized DEPC water to adjust the final concentration of the
microRNAs to 20 nM. The PBGs-NH, were mixed with miR-7
(1 pL) at different ratios (0, 20, 40, 80, 100, and 200). The total
volume of the reaction system was 100 pL. The complex was
incubated for 30 min at room temperature, and then 20 pL of
the mixture was taken out to detect the loading efficiency by
agarose gel electrophoresis.

To determine the microRNAs loading efficiency by flow
cytometry, different amounts of PBGs-NH, were mixed with
miR-7-FAM. PBGs-miR-7-FAM was collected by centrifugation
at 10 000 rmp for 5 min and then re-suspended in DEPC water. The
fluorescence of miR-7-FAM in the nanoparticles was measured by

flow cytometry.

2.6 Cell localization and transfection efficiency of
PBGs-microRNA

PBGs-NH, nanoparticles were incubated with miR-7-FAM for
30 min at room temperature to form a PBGs-NH,/miR-7-FAM
(50:1) complex. Cells cultured in 6-well plates were incubated
with the complex (50, 75, 100 ug mL ") for 4 h. After transfection for
24 hours, some cells were washed with PBS twice, and examined
under fluorescence microscopy to observe the localization of PBGs
in the cells. Other PBGs-NH,/miR-7-FAM incubated cells were
digested, collected, and detected by flow cytometry to determine
the transfection efficiency.
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After incubation with PBGs-NH,/miR-7-FAM for 4 h in 5%
CO, incubator, Hela cells cultured in special confocal dishes
were washed with PBS and fixed with 500 pL 4% (w/v) formal-
dehyde for 30 min. Cells were washed with PBS twice and
incubated with 300 pL Lyso-Tracker Red dye for (50 nM) 50 min
at 37 °C. Cells were washed and incubated with 300 puL DAPI
nuclear staining for 5 min, washed again by PBS, and then
observed using a laser confocal fluorescence microscope.

2.7 PBGs/DOX system

Some 10 mg PBGs sterilized by autoclaving were soaked in 5 mL
100 pg mL~ ' DOX-PBS solution (sterilized through the 022 uM
membrane) separately and put into a shaker at 4 °C overnight.
The nanoparticles were centrifuged at 10 000 rpm for 10 min,
and the supernatants were completely removed. Then, 5 mL
phosphate buffered saline (PBS) was added to the nanoparticles
and centrifuged again. DOX-loaded nanoparticles were collected.
The loading amount of DOX was determined by a multimode
microplate reader (Thermo, Varioskan Flash) at a wavelength of
480 nm to calculate the difference in the DOX concentration in
the PBS before and after loading. Encapsulation efficiency (%) =
[(initial DOX amount — supernatant DOX amount after loading
experiment)/initial DOX amount] x 100%. For the DOX release
test, the collected PBGs-DOX nanoparticles were soaked in 10 mL
fresh PBS in a 37 °C shaker for different periods of time. At each
time point, 1 mL PBS solution was taken out to measure the
released DOX, and 1 mL fresh PBS was added back in. The
accumulative release percentage of DOX from the nanoparticles
was calculated. The supernatant DOX amount of the first
measurement was recorded as M;, and that of the Nth measurement
was recorded as My. The release equation of the first measurement
was as follows: releasing efficiency (%) = [M;/(initial DOX loading
amount) x (encapsulation efficiency)] x 100%. The release equation
of the second measurement was as follows: releasing efficiency (%) =
{[(1/10) x M, + M,)/[(initial DOX loading amount) X (encapsulation
efficiency)]} x 100%. The release equation of the Nth measurement
was as follows: releasing efficiency (%) = {[(1/10) x M; +
(1/10)M, + - -+ + (1/10)My_4 + My)/[(initial DOX loading amount) x
(encapsulation efficiency)]} x 100%. All experiments were
performed in triplicate.

2.8 Cell culture and proliferation assay

Hela cells were cultured in DMEM medium supplemented with
10% fetal bovine serum, at 37 °C in a 5% CO, incubator. The
effect of the PBGs and PBGs/DOX on the proliferation of the
cells was determined using the CCK8 assay. Cells cultured in
96-well plates were treated with different PBGs or PBGs/DOX for
48 h at 37 °C. A 10 pL volume of CCK8 was added to each well
and the cells were incubated for another 4 h. The absorbance
was measured at 450 nm using a microplate reader (Thermo
3001, Thermo Co., USA). Three specimens for each culture time
point were tested and each test was performed in triplicate.

2.9 Live-dead cell staining

Hela cells were cultured in 24-well plates, and incubated with
different PBGs/DOX for 48 h. Cells were washed with PBS twice,
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then 100 pL of live-dead cell staining assay solution was added
to each well. Cells were incubated at 37 °C for 60 min. The
fluorescence was detected using a fluorescence microscope.
Calcein-AM only stains viable cells to emit strong green fluorescence.
Propidium iodide (PI), a nucleus staining dye, interacts with dead
cells to emit red fluorescence.

2.10 Annexin V/PI apoptosis detection

Cells were cultured in 24-well plates for 24 h. PBGs/DOX nano-
particles were added and incubated for 48 h, and then collected and
centrifuged at 1000 rpm for 5 min. The supernatant was discarded
and the cells were resuspended in 50 pL. DMEM. 50 pL of annexin
V/PI working solution was added to each of cell suspension. The cells
were incubated at room temperature for 20 min. As soon as possible,
the stained cells were analysed by flow cytometry.

2.11 Statistical analysis

Data are represented as means £ SD for the absolute values.
Statistical results were obtained using the statistical software
SPSS 17.0. A two-sample ¢-test was used for statistical analysis.
Values of P < 0.05 were considered significant.

3 Results and discussion
3.1 Properties of BG particles

In this work, pinecone-like bioactive glass nanoparticles (PBGs)
were fabricated in colloidal solution. Surfactant CTAB was
tuned to a specific layered micelle by controlling the concentration,
and then a template-assisted in situ reaction and hydrothermal
process resulted in the pinecone-like nanostructures. In this
synthesis process, the Hexadecyl trimethyl ammonium bromide
(CTAB) micelle was self-assembled with ethylacetate (EA) to form
O/W micro-emulsion droplets, which worked as the template.
Aqueous ammonia was used as a catalyst and template corrodent.
When BG sol was added, the micro-emulsion droplet template
corroded and the BG gel formed at the same time. As the tempera-
ture and pressure increased, the arrangement of the CTAB gathered
at the oil-water interface was disturbed and reset, which
resulted in a different corroding path and presented lamellar
structure. The whole nanoparticle was composed of many
inter-connected nanosheets. The size of the nanoparticles was
modulated by changing the aqueous ammonia concentration,
resulting in two different nanoparticles, small pinecone bioactive
glasses (PBGs-1), and big pinecone bioactive glasses (PBGs-2).
The as-produced nanostructures were also characterized by
high-resolution TEM, as shown in Fig. 1. The obtained PBGs
exhibited pinecone-like morphology. The shortest diameters
for PBGs-1 and PBGs-2 were 161 + 14 nm and 193 + 13 nm,
respectively. The TEM images of PBGs-1 and PBGs-2 (Fig. 2)
showed that the nanoparticles were composed of ordered cavity-
separated thin layers, which demonstrated a thickness of around
~2 nm. All the nanoparticles exhibited type IV isotherm patterns
with H3-type hysteresis loops.*® The average pore diameter increased
with the aqueous ammonia concentration. PBGs-2 contained larger
pores (average pore diameter: 14.0356 nm) with a wider size

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM micrographs and TEM images of PBGs-1 (al and a2) and
PBGs-2 (bl and b2), and TEM images of PBGs-1 (a3) and PBGs-2 (b3) after
soaking in SBF for 3 days.

distribution than PBGs-1 (average pore diameter: 10.5092 nm). The
Brumauer-Emmett-Teller surface area of PBGs-1 (280.221 m*> g %)
was much larger than that of PBGs-2 (191.972 m* g ). The average
total pore volumes of the two kinds of nanoparticles, PBGs-1 and
PBGs-2, were very similar (0.7362 and 0.6736 cm® g™, respectively).

We successfully synthesized many kinds of MBGs with different
morphologies, such as spherical,** radial,*® hollow,** and mono
dispersive MBGs.>* ™ Such pinecone-like nanostructures have
unique morphology and may be promising for the delivery of
microRNAs or drugs due to their structures and porosity. The
nanoparticles possessed excellent apatite-mineralization formation
properties (Fig. 2). After being immersed in simulated body fluid
(SBF) for 3 days, a mineralized layer was formed on the surface of
the nanoparticles, and the HA was flaky.

Although sol-gel/block copolymers and surfactant methods
are simple, increasing the CaO content resulted in irregular
morphology of the particles from their natural state.***” It is not
easy to maintain the calcium concentration and the morphology
of particles at the same time. In this study, the chemical
components were also characterized (Fig. 3). The element O, Si,
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Fig. 3 Element composition of PBGs-1 (a) and PBGs-2 (b).
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P, Ca emission peaks indicated that P and Ca elements successfully
entered the Si-O network. The particles contained 1-2 mol% P,
11-12 mol% Ca, and about 87 mol% Si. The actual content of P
and Ca was much smaller than that of the original design.
Because Ca”" has strong water solubility, part of Ca®* remained
in the reaction liquid. The centrifuged and rinsed steps during
the synthesis process also took away some Ca>".

3.2 Zeta potential characterization and miR-7 loading efficiency

Next, we chose PBGs-1 to study the microRNA and drug delivery
because of its smaller size. The zeta potentials of PBGs and
PBGs-NH, were also measured to understand the surface
charge of the nanoparticles. As shown in Table 1, PBGs-1 had
a negative zeta potential of —16.63 mV in neutral water because
of the dissociation of the surface silanol groups. Further
amination of the nanoparticles significantly increased the zeta
potential, and thus could significantly improve the loading
efficiency.

MiR-7 was selected for this study because it is the most
reduced microRNA in cancer stem-like cells and directly targets
and down-regulates central oncogenic factors in cancer-associated
signaling pathways, including EGF receptor, IRS-1, IRS-2, Paki,
Raf1, Ackl, and PIK3CD. The effective delivery of miR-7 is very
important for tumour-suppressive purposes.*® In this study, the
miR-7 loading efficiency of PBGs was examined by gel electro-
phoresis. As shown in Fig. 4, miR-7 was added to different
amounts of nanoparticles separately. When the mass ratio of
PBGs-1-NH,/microRNAs = 0, microRNAs only could be seen in
the gel. When the mass ratio of PBGs-1-NH,/microRNAs = 20 or
40, microRNAs could be detected both in the gel and in the
sample holes, because some of the microRNAs were loaded by
the nanoparticles and some were free. As the ratio increased,
microRNAs only were detected in the sample hole, which
indicated that all the microRNAs were combined with PBGs-1~
NH,. The surface of the PBG nanoparticles and the microRNAs
all had negative charge. Although the microRNAs could be
loaded by BG particles because of their small size, PBG

Table 1 Zeta potential of PBGs in pure water

Nanoparticles Zeta potential (mV)
PBGs-1 —16.63 £+ 0.81
PBGs-1-NH, +0.17 + 0.15

PBGs-1-NH,/microRNA

0 10 20 40 100 200

Fig. 4 MicroRNA loading efficiency of PBGs-1-NH, characterized by gel
electrophoresis.
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nanoparticles were modified by amino groups to reduce repul-
sion between the particles and microRNAs. The microRNA
loading of the nanoparticles may be different from the plasmid
DNA loading that we reported before. Plasmid DNA always
contains several kilobase pairs, which is much larger than
microRNAs, so the loading of plasmid DNA mainly depends
on the electrostatic interaction of the plasmid and the
nanoparticles.”*** MicroRNAs are much smaller and have the
possibility of entering the mesopores of the PBGs. The specific
surface area of the nanoparticles may also have been one of the
main essential factors affecting the microRNA loading.

The miR-7 loading efficiency of PBGs was also studied by
flow cytometry. Specifically, miR-7 was functionalized with
fluorescent groups so as to be detectable in the flow cytometry.
As shown in Fig. 5, the scatter diagram of experimental groups
moved to the right more obviously when compared with the
control. The miR-7-FAM labelling efficiency of PBGs-1-NH,
was above 90% when the PBGs-NH,/microRNA ratio was
40 or 80. The nanoparticles could interact with microRNA with
high efficiency.

3.3 Transfection of miR-7

The transfection of miR-7 was also studied. Appropriate nano-
particle/microRNA proportions are required for effective cell
transfection. Excessive microRNAs could lead to large waste,
while fewer microRNAs could lead to increased cytotoxicity due
to the extra positive charges contributed by the nanoparticles.
According to the gel electrophoresis results, the appropriate
ratio range was from 40:1 to 100: 1. To determine whether the
PBG nanoparticles could successfully enter the cells, and to
investigate the effect of their concentrations on cells, Hela cells
were co-cultured with PBGs-NH,/miR-7-FAM nanoparticles at
different concentrations. A fluorescence microscope was used
to determine the localisation of the nanoparticles in the cells.
Fig. 6 showed that after 4 h incubation, most of the PBGs-NH,/
miR-7-FAM nanoparticles were in cells, indicating that the
nanoparticles could enter the cells successfully. More than
90% of cells could be tested for the FAM fluorescence intensity
by flow cytometry (Fig. 6) in the experiment groups, which was
higher than that of commercial liposome reagent. The 75 ug mL ™~
experimental groups had higher positive expression than the
50 pug mL~' groups. When the concentration increased to
100 pg mL™", it seemed that the cells were not in a good state

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Fluorescence microscopy images and fluorescence intensity of
Hela cells after incubation with PBGs-1-NH,/miR-7-FAM (50:1). (200x)
(a) control; (b) Lipofectamin 2000; (c—e) 50, 75 and 100 png mL~* PBGs-1-NH,/
miR-7-FAM; left column: light microscopy; right column: miR-7-FAM.

and many of them became irregular (Fig. 6), although the
positive expression rate was still above 95% (Fig. 7). The optimal
transfection concentration was found to be under 100 pg mL ™. In
comparison, little fluorescence was detected in the control group.

Furthermore, a confocal laser scanning microscope was
used to determine the localization of the nanoparticles in the
cells. Blue DAPI was used to show the nucleus; green FAM
showed the localization of the PBGs-NH,/miR-7-FAM; and Red
Lyso-tracker showed the lysosomes. When the PBGs-NH,/miR-
7-FAM ratio was 50, and the concentration was 50 pug mL ',
their spatial locations were examined, as shown in Fig. 8. PBGs-
1-NH,/miR-7-FAM successfully entered the cells while most of
them were in the cytoplasm. No nanoparticles were observed
in the nucleus. A large number of red lysosome dots were

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Expression of miR-7—FAM in Hela cells tested by flow cytometry.
(a) control; (b) Lipofectamine 2000; (c) PBGs-1-NHx/miR-7-FAM 50 ug mL ™%
(d) PBGs-1-NH,/miR-7-FAM 75 ug mL™%; (e) PBGs-1-NH,/miR-7-FAM
100 pg mL~L,

observed in the cytoplasm, and their localizations were not all
consistent with those of PBGs-NH,/miR-7-FAM, indicating that
some of the nanoparticles could escape from the lysosomes.
Because of [Ca**] ion dissolution products released from the
BGs,***° they may result in allowing transfecting agents to
escape the phagocytic pathway and promote gene expression
in the cells.

3.4 DOX loading efficiency

As described earlier, the PBGs exhibited good microRNA loading
ability. The PBGs possessed a unique pore structure and large
surface area, which provided the nanoparticles potential appli-
cations as delivery carriers of drugs. The loading and releasing
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Fig. 8 Images of Hela cells after incubation with PBGs-1-NH,/miR-7-FAM detected by a laser scanning confocal microscope. Scale length = 50 uM.
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Fig. 9 DOX loading (a) and releasing (b) efficiency of PBGs-1.

efficiencies of anti-tumour doxorubicin (DOX) in the PBGs were
also studied in this article. As shown in Fig. 9, PBGs-1 could
efficiently load 100 pg mL™~' DOX. The loading efficiency of the
nanoparticles was 81.96 + 1.22%. PBGs-1 had a high surface
area (280.221 m* g ') and contained a large amount of nano-
pores, which provided enough space for PBGs to store small
molecules in large amounts. The drug release was slow. At four
days, the cumulative release of DOX in all PBGs-1 was still
within 12%.

A CCK8 assay was used to analyse the inhibition effects of
PBGs-1/DOX on Hela cells. After incubation with different final
concentrations (10, 20, and 50 pg mL ') of PBGs-1/DOX for
48 h, the inhibitory activity of the nanoparticles was calculated.
The results are shown in Fig. 10. There was a small increase in
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Fig. 10 Inhibition of PBGs-1-DOX on Hela cells detected by CCK8
(*P < 0.01, *P < 0.01 vs. control).
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Control

PBGs-1/DOX
10 pg /mL

PBGs-1/DOX
20 pg /mL

PBGs-1/DOX
50 pg /mL

staining (200 x). Left column: light microscopy; middle column: live cells;
right column: dead cells.

the Hela cells when they were treated with non DOX loading
nanoparticles. However, PBGs/DOX nanoparticles demonstrated
significant inhibition of proliferation in Hela cells. With an
increase in the concentration, the cell inhibitory effect was more
apparent. The proliferation of the Hela cells in the 50 ug mL ™"
group changed significantly compared with untreated control
cells or the 50 pg mL~" non DOX loading PBGs. Live-dead cell
staining showed similar results. After treating with 50 ug mL ™"
PBGs/DOX, many cells became round, and some cells floated up
(Fig. 11). The red PI staining also showed an increased number
of dead cells compared with the control, 10 and 20 pug mL ™"
groups (Fig. 11). Annexin V/PI apoptosis detection experiments
exhibited remarkable effects of the 20 and 50 ug mL ™" groups
(Fig. 12), which indicated that DOX could be successfully
delivered into cells by PBGs.

The DOX-loaded PBGs demonstrated a significant antitumour
effect by CCKS8, live-dead cell staining and Annexin V/PI apoptosis
experiments. The loading mechanism of the miR-7 and DOX was a
little different. The loading and release properties of DOX, small
molecular weight drugs, were mainly influenced by the specific
surface area and pore morphology of the PBG nanoparticles, as well
as the character of the molecules. As the physicochemical properties
of microRNAs are different, they were negative charged, and they

This journal is © The Royal Society of Chemistry 2017
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Fig. 12 Effect of PBGs-1/DOX on Hela cells detected by Annexin
V/PI apoptosis experiments. (a) Control; (b—d) PBGs-1-DOX 10, 20 and
50 pg mL~2

were not only influenced by the above factors, but also by the zeta
potential of the particles. Inspired by bionics, the PBGs that we
fabricated were different from the traditional spherical nano-
particles. Although block copolymers and surfactant methods
were introduced during the sol-gel process, increasing the CaO
content resulted in irregular morphology of the particles from
their natural state.” It is not easy to maintain the calcium
concentration and the morphology of particles at the same time.
Combining them with a sacrificial liquid template, the synthesised
particles had a pinecone morphology. They had layered channels
with the potential to load molecules, which was beneficial for
controlling the release rate as well.

4 Conclusions

In this study, bio-inspired PBG nanoparticles were successfully
synthesized using the sol-gel process combined with the aid of
a soft template. The nanoparticles exhibited a pinecone-like
morphology. Such novel nanoparticles could effectively load miR-7
and DOX and deliver them into cells successfully, resulting in an
antitumour effect. The presented results indicate the potential
of PBG nanoparticles as vectors for microRNA and drug delivery
with higher efficiency.
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