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Gene delivery nanocarriers of bioactive glass with unique
potential to load BMP2 plasmid DNA and to internalize into
mesenchymal stem cells for osteogenesis and bone regeneration

Tae-Hbyun Kim®®", Rajendra K. Singh™®", Min Sil Kang®®, Joong-Hyun Kim®®, Hae-Won
Kim®>*

Recent development of bioactive glasses with nanoscale morphologies has spurred their specific applications in bone
regeneration, such as drug and gene delivery carriers. Bone engineering with stem cells genetically modified with this
unique class of nanocarriers thus holds great promise in this avenue. Here we report the potential of the bioactive glass
nanoparticle (BGN) system for the gene delivery of mesenchymal stem cells (MSCs) targeting bone. The composition of
15%Ca-added silica, proven to be bone-bioactive, was formulated into a mesoporous nanosphere with a pore size
enlarged and a surface aminated, to effectively load and deliver bone morphogenetic protein-2 (BMP2) plasmid DNA. The
enlarged mesopores were highly effective in loading BMP2-pDNA with an efficiency as high as 3.5 wt% (pDNA w.r.t. BGN),
a level more than twice for the case in small-sized mesopores. The BGN nanocarriers could release the genetic molecules
in a highly sustained manner (as long as 2 weeks). The BMP2-pDNA/BGN complexes were effectively internalized to rat
MSCs with a cell uptake level of ~73%, and a major of cells were transfected to express the BMP2 protein. Subsequent
osteogenesis of the transfected MSCs was demonstrated by the expression of bone-related genes, including bone
sialoprotein, osteopontin, and osteocalcin. The MSCs transfected with BMP2-pDNA/BGN were locally delivered inside of
collagen gel to the target calvarium defects. Results showed significantly improved bone regeneration, as evidenced by the
micro-computed tomographic, histomorphometric and immunohistochemical analyses. This study supports the excellent
capacity of the BGN as a pDNA-delivery nanocarrier in MSCs, and the engineered system, BMP2-pDNA/BGN with MSCs,
may be considered a new promising candidate to advance the therapeutic potential of stem cells through a genetic
modification, targeting bone defects and diseases.

cellular anchorage or permits effective cellular entry of the
nano-sized carriers.

The nanoparticulate form of bioactive glasses gains special
interest for the delivery of therapeutic molecules into cells.

Bioactive glasses, over the last 40 years, have shown immense
impacts on the regeneration of calcified tissues like bone and
dentin, and even on soft tissues like muscle, tendon and
Iigamentw. This enabled key bone forming mechanisms to be
elucidated and a number of formulations to be clinically-
available 3. One of the most recent intriguing research inputs
on this is the development of nano-scaled bioactive glasses,
either in the form of nanofibers and nanoparticulates”'lg. This
is aimed to reap up the excellent compositional merit of the
bioactive glasses as well as the morphological asset of the
nanoscale domain that provides nanotopological cues for
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Some recent studies have highlighted the potential of the
bioactive glass nanoparticles (BGNs) in the delivery of small
drug and genetic molecule59’19'23, opening the new avenue of
their uses as delivery systems. The currently developed BGNs
are comprised mainly of silica (SiO,) random networks, and the
incorporated calcium (and other) ions at certain levels.
Furthermore, the sol-gel process, generally used to produce
BGNs, creates highly organized mesopores within the glass
structure, with tunable mesopore properties including pore
size, shape, arrangement, and porosityu‘”‘u. Therefore, the
main feature of BGNs shares in common with the conventional
mesoporous silica nanoparticles (MSNs). The potent ability of
MSNs in homing biological molecules like antibiotic drugs and
protein, and deliver them into the intracellular compartments,
has been researched in vitro *>°°. In those studies, the role of
mesopore properties such as pore size, volume and surface
area, were highlighted in determining the loading and delivery
capacity.
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One of the most significant differences between BGNs and
MSNs is the incorporated calcium ions within the glass
chemistry; thus the possible biological properties, like the
calcium ion release, and the degradation (or the induction of
bone mineral-like phase) should be importantly considered.
Furthermore, the therapeutic potential of BGNs through the
incorporation of ions needs to be additionally yet vitally
considered; the ions can vary in a wide range and elicit
significant effects on the functions, like cell
proliferation, angiogenesis and osteogenesis31'33. The more
degradable nature of the ionic-modified BGNs, with respect to
MSNs, favors the clinical availability without a significant
concern on the in vivo distribution and toxicity of the synthetic
nanomaterials. Moreover, when we consider the target use of
BGNs for mineralized tissues like bone and dentin, the BGNs
can be a sort of nano-seeds that provide biochemical ionic
sources to cells in their calcium phosphate mineralization, a
terminal stage of cellular osteogenesis.

Although the potential of BGNs is immense, the studies on
this unique class of nanomaterials are still in its infancy.
Therefore, here we aim to demonstrate the efficacy of the
BGNs for the delivery of biomolecules targeting bone. In
particular, bone morphogenetic protein 2 (BMP2) plasmid DNA
(pDNA) is delivered through BGNs into mesenchymal stem
cells (MSCs), to stimulate their differentiation into an
osteogenic lineage and ultimately bone regeneration. In fact,
BMPs are special bone growth factors that induce the
formation of bone and cartilage, and among them, BMP2 and
BMP7 have high ossification activities and are used extensively
in bone repair34'36. While the BMP gene delivery systems have
been developed, including those utilizing MSNs, cationic lipids,
and synthetic and natural polymers37'41, there is no report on
the utilization of BGNs for the genetic delivery into MSCs.
Compared to other delivery systems, the merits of BGNs are
considered particularly for hard because the
composition is favorable for bone cells, tunable with target
ions, and possible to degrade in vivo.

For the effective loading and delivery of BMP plasmid, we
first optimize BGNs with properties of large mesopore size and
positive-charged surface. The BMP2-pDNA is designed to
function within the cytosol by the interaction of RNA
polymerase in the cytoplasm of the transfected cells. When
the RNA polymerase meets the BMP2-pDNA, they initiate the
process of BMP2 gene transcription and regulation of gene
expression. We demonstrate the potential of the BMP2-
pDNA/BGN delivery system in terms of i) loading and release
ability of the genetic molecules, ii) cellular uptake and
transfection efficiency, iii) osteogenesis of rMSCs, and iv) in
vivo bone formation. The results will inform the potential
usefulness of BGNs as a gene delivery nano-platform for bone
repair and regeneration.

cellular

tissues

Experimental section

Preparation of BGNs with tailored mesoporosity

2| J. Name., 2012, 00, 1-3

Among the mesopore parameters, the pore size of the BGNs
was tailored to load pDNA. The large pore sized BGN (BGN(L))
was prepared in basic solution at room temperature using
water, ethanol, and ethyl ether as co-solvents, and
hexadecyltrimethylammonium bromide (CTAB) as a surfactant.
In a typical procedure, 1 g of CTAB was dissolved in an
emulsion system composed of 150 mL of H,0, 2 mL of aqueous
ammonia, 40 mL of ethyl ether, 20 mL of ethanol, and calcium
nitrate tetrahydrate (Ca(NOj),4H,0). After the mixture was
vigorously stirred at room temperature for 30 min, tetraethyl
orthosilicate (TEOS) was quickly dripped into the mixture. The
molar ratio of Ca/Si is 15/85. The resulting mixture was
vigorously stirred at room temperature for 4 h. A white
precipitate was obtained, filtered, washed with distilled water,
and dried in air at 60 °C for 24 h and then calcined at 550 °C for
5 h to remove any remaining CTAB. The small pore sized BGN
(BGN(S)) were synthesized by using CTAB as the surfactant and
2-ethoxyethanol as the co-solvent. In a typical procedure, 1 g
of CTAB was dissolved in 150 mL of H,O, followed by an
addition of 2 mL of ammonia solution (25-28%), 40 mL of 2-
ethoxyethanol and Ca(NOs),.4H,0. After TEOS was added
dropwise into the solution, the mixture was vigorously stirred
in a closed vessel for 4 h. A white precipitate was obtained,
filtered, washed with distilled water, and dried at 60 °C. CTAB
and other organic components were removed by calcination in
air at 550 °C for 5 h.

The surface of BGNs was further amine-functionalized with
(3-aminopropyl)triethoxysilane (APTES) for selective use in the
gene delivery. BGN samples of 0.1 g of were added to 50 mL of
toluene and sonicated for 30 min to a homogeneous solution.
One milliliter of APTES was added to this solution and then
refluxed at 80 °C for 24 h, which was followed by a
centrifugation at 8000 rpm for 5 min and stringent washing
with toluene and ethanol. The product was dried in an oven at
80 °C for 24 h.

Characterizations of BGNs

The crystalline phase of the samples was determined by X-ray
diffraction (XRD; Ragaku). The samples were scanned in the
range of diffraction angle 206 = 5-60° at a rate of 2° min-1 with
a step width of 0.02° 20 using Cu Kal radiation at 40 kV and 40
mA current strength. Fourier transform infrared spectroscopy
(FT-IR; Varian 640-IR) was used to determine chemical bond
status of the samples. For each spectrum, 20 scans in the wave
number of 400-4000 cm™* were recorded in the transmission
mode by potassium bromide (KBr) pellet method. The
mesoporosity of the samples, including specific surface area
and pore volume, were determined by N, gas
adsorption/desorption using Brunauer—Emmett—Teller (BET)
method. The pore size distribution was obtained by the Barret-
Joner-Halenda (BJH) method. The morphology of the samples
was characterized by transmission electron microscopy (TEM,
JEOL-7100). The zeta ({) potential of the samples was
measured using a Malvern Zetasizer (ZEN3600; Malvern). The
{-potential was measured in triplicate at 25°C in deionized
water.

This journal is © The Royal Society of Chemistry 20xx
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Cell viability assay

For the cell viability assay of the developed BGNs, a series of
cells were used. Rat adrenal medulla derived cell line (PC12),
human cervical cancer cell line (HelLa), mouse macrophage cell
line (RAW 264.7) and mouse osteoblast precursor cell line
(MC3T3-E1) were purchased from the American Type Culture
Collection (ATCC; Rockville, MD). The bone marrow derived rat
MSCs and the rat dental pulp derived stem cells (rDPSC) were
harvested from male adult Sprague-Dawley rats (4-5 weeks
old, 180-200 g), according to code of practice for the care and
use of animals for scientific purposes approved by Animal
Ethics Committee, Dankook University. All cells were
maintained at 37°C in an atmosphere of 5 % CO, in DMEM cell
culture media containing 10 % FBS and 1% penicillin—
streptomycin. The medium was replaced twice a week and the
cells were passaged at sub-confluency.

First, rIMSCs were plated in each well of 96-well culture
plates at a density of 1 x 10* cells per well, and stabilized for 24
h. The culture medium was refreshed with that containing
BGNs at a series of concentrations (0, 10, 20, 40, 80, and 160
ug/ml), cultured for 1, 3, and 7 days, and the cell viability was
analyzed using a CCK-8 cell counting kit (Dojindo, Japan). 10 uL
of CCK-8 solution was mixed with 100 uL of DMEM, which was
added to each well, and then incubated at 37°C for 4 h
according to the manufacturer’s instructions. After incubation,
100 pL of each cell culture supernatant was collected, and the
absorbance was measured at 450 nm using an iMark
microplate reader (BioRad, USA). The absorbance values were
normalized to those of control free of BGNs for each test
group, and the data were averaged from triplicate samples (n
= 3). For other types of cells (rDPSCs, PC12, MC3T3-El,
RAW264.7, and Hela), the cell viability for 1 day was also
analyzed using the same protocols.

Construction of GFP fusion BMP2 pDNA and purification
The GFP-fused BMP pDNA was prepared as described
previouslyzs. In brief, A BMP2 construct (283—396 amino acids)

was generated by polymerase chain reaction (PCR)
amplification of human BMP2 wusing the primers 5’-
GAAGATCTGCCAAACACAAACAGCGG-3’ and 5’-

AACTGCAGATCTGTCTTTTCTACCGCTGGACACCCACAACCCTC-3'.
The PCR product was in-frame ligated into the multiple cloning
sites of pBAD/His (Invitrogen, USA), giving rise to a construct
(pBAD/His-BMP2). A GFP fusion construct of BMP2 (pBAD/His-
GFP-BMP2) was generated by PCR amplification of GFP from
the pEGFP-NA (Clontech, Japan) using the primers 5’-
AGAATTCTGAGCAAGGGCGAGGAG-3’ and 5'-
AAGAAGCTTCTACTTGTACAGCTCGT-3’. The amplified product
was cloned into the EcoRl and Hindlll sites of the pBAD/His-
BMP2, giving rise to the construct pBAD/His-GFP-BMP2
(BMP2-pDNA).

Loading and release assays of BMP2-pDNA

The loading efficiency of the BMP2-pDNA onto the developed
BGNs was analyzed. 1 pug of BMP2-pDNA was mixed with 10,
20, 40, 80 and 160 ug of the BGNs (pDNA:BGN = 1:10, 1:20,
1:40, 1:80 and 1:160) in 200 uL of PBS for 1 h in order to find

This journal is © The Royal Society of Chemistry 20xx

the optimal mixing ratio based on the loading efficiency. The
BMP2-pDNA and BGN mixtures were then centrifuged at 8,000
rpm at 4°C for 10 min to sediment down of the BMP2-pDNA
loaded BGNs. After the centrifugation, only the free BMP2-
pDNA unloaded onto BGNs were remained in the supernatant.
The supernatant was gathered carefully, and the quantity of
free BMP2-pDNA was assessed using a Nanodrop 2000
spectrometer (Thermo Scientific, USA). Based on this, the
loading amount of BMP2-pDNA was calculated by the
difference of the total BMP2-pDNA amount and the unloading
free BMP2-pDNA amount. Next, to find the saturation
amounts of the BMP2-pDNA loading onto BGNs, varying
concentrations of BMP2-pDNA (0.1, 0.25, 0.5, 1.0, 1.5 and 2.0
ug) was mixed with 10 pg of BGNs for 1 h at room
temperature, and the BMP2-pDNA loading levels were
analyzed as previously described

To study the BMN2-pDNA release behaviors from the
BGNs, the BMP2-pDNA/BGN complexes were prepared with 1
ug of BMP2-pDNA and 80 pg of BGNs, mixing in 200 uL of PBS
for 1 h at room temperature, followed by centrifugation at
8,000 rpm at 4 2C for 10 min. The supernatants were then
removed carefully and the pelleted complexes were
resuspended in 200 pL of PBS and incubated at 37 2C for
different time points. At each time point, the samples were
centrifuged and the supernatant was gathered for the
measurement of the released BMP-pDNA amount by the
Nanodrop spectrometer. After the assay, the pallets were
resuspended for the next run.

Gene complexation assay

The BMP2-pDNA complexation with the BGNs was investigated
by means of an agarose gel electrophoresis. The agarose gels
were made at a concentration of 1.5 % (w/v) in Tris-acetate-
EDTA buffer (pH 8.0) and contained 0.5 pg/mL ethidium
bromide. The complexes made at different BMP2-pDNA : BGN
ratios (1:10, 1:20, 1:40, and 1:80), and the agarose gel
electrophoresis was applied at 100 V for 20 min. Free BMP2-
pDNA was used as control, and the pDNA band images were
captured using a GBOX-EF gel documentation system
(Syngene, UK).

Uptake into rMSCs

For the cellular internalization of the BM2-pDNA/BGN
complexes, the rMSCs were seeded at 1x10° cells on each well
of 6-well culture plates and incubated for 24 h. The BMP2-
pDNA/BGN complexes, prepared from the mixture of 1 ug of
BMP2-pDNA with 80 pg of BGN in 1 mL of Opti-MEM
transfection medium (Invitrogen) for 1 h, were added to each
well. After 4 h of incubation, the medium was removed and
cells were washed with PBS. The cells were then harvested or
cultured in DMEM until used in the next experiments. The
harvested rMSCs after the BMP2-pDNA/BGN treatment for 4 h
were fixed in 4% paraformaldehyde solution for 30 min on the
coating slide glass and washed twice with cold PBS for 5 min.
Then, the GFP signals of BMP2-pDNA/BGN in the transfected
cells were observed and analyzed by confocal laser scanning
microscopy (CLSM; LSM 510, Carl Zeiss, Germany). The nuclei
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of rMSCs were counterstained with 4',6-diamidino-2-
phenylindole (DAPI; Invitrogen) and expressed as blue signals.
For the quantification of intracellular uptake efficiency of the
BMP2-pDNA/BGN, the expression of GFP signals in the
harvested and fixed rMSCs were determined using a
FACSCalibur flow cytometer (BD Biosciences, USA). The data
acquired for 10,000 cells in each sample were analyzed using
the CellQuest Pro software (BD Biosciences). Comparison
groups including non-treated cells, free BMP2-pDNA, and BGN-

treated cells were also tested.

Intracellular localization by TEM observation

For TEM observation, the cells treated with BMP2-pDNA/BGN
were harvested and fixed in a mixture of 2% paraformaldehyde
and 2.5% glutaraldehyde with 0.2 M PBS for 12 h at pH 7.2.
Post-fixation was conducted using 1% osmium tetroxide in PBS
for 2 h. Subsequently, the fixed cells were dehydrated in
ascending concentrations of ethanol (70, 80, 90, 95, and 100%)
and embedded in EMbed 812 resin (EMS, USA) using
propylene oxide. Ultrathin sections were obtained from an
ultramicrotome (Leica, USA), and were double stained with
uranyl acetate and lead citrate. The stained sections were
mounted on the grids and then examined with a H7000
microscope (Hitachi, Japan) operating at 80 kV.

Endogenous BMP2 expression by rMSCs

After the treatment with BMP2-pDNA/BGN for 4 h, the rMSCs
were cultured for 24 h and 48 h and then harvested for the
transfection assay by means of an endogenous expression of
BMP2. The non-treated control rMSCs and the rMSCs treated
with empty vector loaded BGN (EV/BGN) were also cultured
under the same conditions for comparison purpose. The empty
vector has the same construction as the one used in BMP2
plasmid. The harvested cells of each experiment group were
fixed in 4% paraformaldehyde, incubated with anti-BMP2
antibody (Santa Cruz Biotechnology, USA) for 12 h at 4°C,
washed with PBS, and then incubated with Alexa Fluor 546
conjugated secondary antibody (Invitrogen) for 2 h in dark
condition. The stained cells were then analyzed using a
FACSCalibur flow cytometer to quantify the population of cells
that expressing BMP2 signals. The data acquired for 10,000
cells in each sample were analyzed using the CellQuest Pro
software (BD Biosciences).

Osteogenic gene expression by quantitative RT-PCR

After the BMP2-pDNA/BGN treatment, rMSCs were cultured
for 14 days, and the expressions of osteogenic genes, including
bone sialoprotein (BSP), osteopontin (OP), and osteocalcin
(OC), were confirmed by quantitative real-time RT-PCR. The
first strand cDNA was synthesized from the total RNA (2 ug)
using a SuperScript first strand synthesis system for real-time
PCR (Invitrogen) according to the manufacturer’s instructions.
Real-time PCR was conducted using SYBR gPCR SuperMix
reagents (Invitrogen) and a Bio-Rad iCycler. The relative
transcript quantities were calculated using the AACt method
with the gene encoding glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) as the endogenous reference gene

4| J. Name., 2012, 00, 1-3

amplified from the samples. Primer sequences were as follows:
BSP forward: 5’-AGAAAGAGCAGCACGGTTGAG-3’, reverse 5'-
TCATAGCCATGCCCCTTGTAG-3'; oP 5’-
GAGGAGAAGGCGCATTACAG-3/, reverse 5’-
AAACGTCTGCTTGTGTGCTG-3’; OC forward 5’-AGCTCA ACCCCA
ATTGTG A-3’, reverse 5'-AGCTGTGCCGTCCATACTTT-3’; GAPDH
forward 5’-AAACCCATCACCATCTTCCA-3/, 5’-
GTGGTTCACACCCATCACAA-3’

forward

reverse

In vivo bone regeneration model

Rat calvarium critical-sized defect model was used for the in
vivo bone regeneration effects of the BMP2-pDNA/BGN
delivery system. All the experimental procedures were
reviewed and approved by the Animal Care and Use
Committee, Dankook University, Republic of Korea. Surgery
was performed under general anesthesia with intramuscular
injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). The
surgery area of the cranium in each rat (eleven weeks old male
Sprague-Dawley rats, Daehan Biolink Co., Ltd, Korea) was
shaved, and the surgical field was aseptically prepared. The
cranium surface was exposed by a skin incision and the
periosteum elevation. A full-thickness critical-sized circular
calvarial bone defect was created bilaterally by using a 5 mm
diameter trephine bur without damaging the underlying
sagittal sinus and dura matter, under the extensive irrigation
with normal saline. Experimental groups were prepared as
follows: rMSCs treated with EV/BGN, and rMSCs treated with
BMP2-pDNA/BGN, both of which were encapsulated within a
collagen gel matrix. Collagen gel without cells and empty
defect control were also used for comparison purpose. Each
defect was divided randomly for the implantation of the
samples. After the implantation, the subcutaneous tissue was
closed with absorbable materials, and skin flap was sutured
with 4-0 Prolene (Ethicon, Germany). The animals were housed
individually and monitored. Animals were maintained in a
barrier system with controlled environment, and allowed
normal diet and water ad libitum. The animals were sacrificed
at six weeks after operation, portion
surrounding the drill hole was harvested with its surrounding
tissues. The harvested specimens were immersed in 10%
buffered neutralized formalin for 1 day and were used for
further analyses.

and the calvarial

Micro-computed tomography

Following fixation, the samples were prepared for the micro-
computed tomography (UCT) analysis of new bone formation.
UCT imaging was performed using Skyscan 1176 (Skyscan,
Aartselaar, Belgium). The X-ray tube voltage was 65 kV and the
current was 385 pA, with an exposure time of 279 ms. After
the uCT data were reformatted, the new bone formation in
the defect was calculated. Moreover, the three dimensional
UCT images with a threshold adjusted to remove the soft
tissue signals were prepared by a uCT imaging program, CTAn
(Skyscan).

Histology and bone histomorphometric analysis

This journal is © The Royal Society of Chemistry 20xx
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After the puCT imaging, the harvested samples were used for
further histomorphometric analysis. The samples were
decalcified with RapidCalTM solution (BBC Chemical Co.,
Stanwood, WA). After this, the samples were dehydrated and
embedded in paraffin using standard procedures. Five serial
sections (5 um) were cut at the central of the defects, and the
deparaffinized sections were subjected to hematoxylin & eosin
(H&E) and Masson’s trichrome (MT) stains, and then imaged
using a light microscope. For the bone histomorphometric
analysis, the structural parameters (% bone length and % bone
area) were analyzed from the defect area. The nomenclature,
symbols, and units used were those recommended by Parafitt
et al.

In vivo immunohistochemical assay

For immunohistochemical staining of the in vivo samples, the
deparaffinized sections were washed three times in PBS.
Nonspecific binding sites were blocked by incubating sections
in 3% hydrogen peroxide for 20 min at room temperature, and
then the sections were incubated overnight at 4°C with anti-
BMP2, anti-osteocalcin, and anti-osteopontin antibodies
(Santa Cruz Biotechnology, CA, USA) at 1:100. After rinsing in
PBS, the sections were incubated in biotinylated anti-rabbit or
anti-goat IgG secondary antibody (Santa Cruz Biotechnology) in
a humidified chamber for 1 h at room temperature. Positive
immunoreactivity was detected with drops of streptavidin
conjugated to horseradish peroxidase, and the peroxidase
activity was visualized using 3-3’-diaminobenzidine (DAB) as
the substrate. The sections were counterstained with
hematoxylin, and the photomicrographs were acquired and
analyzed.

Statistical analysis

Data were expressed as the mean * standard deviation (SD),
and statistical comparison among groups was carried out by
one-way analysis of variance (ANOVA) with a P-value < 0.05
considered statistically significant.

Results and discussion

BGNs developed for the delivery system

The synthetic procedures to prepare different pore sizes of
BGNs are schematically illustrated in Fig. 1. The use of co-
solvent ethyl ether is critical to obtain large pores due to the
gasification of the volatile solvent (boiling point as low as

\.}S‘%igff Ethanol \g“%g g Zf
\A e TEOS »
o N
H,O + CTAB -
TNH, OH \'\‘J\ ethe’ J"g % » ﬁg“ﬁ "
Emulsion Gasification
Ethanol
h°“'J'erh TEOS
E Self assembly
Emulsion Small pared

This journal is © The Royal Society of Chemistry 20xx
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34°C), which is contrasted to the case for using 2-
ethoxyethanol employed for conventional small-pored
42,43

nanoparticle . While both ethyl ether and 2-ethoxyethanol
have only slight difference in their chemical structure, these
two molecules have significantly different boiling points, which
2. 0On
detailing the mechanism of large-pore generation, first is the

primarily contribute to change in the pore development4

micro-emulsion formation wherein a mixture of water, NH,OH,
CTAB, and ethyl ether coexist. Within this mixture, calcium and
TEOS precursors are added, which further condensate and self-
assemble on the surface of nano-droplets. Meanwhile, due to
the nature of exothermic hydrolysis of calcium/silica
precursors, ethyl ether with low boiling point (34°C) is highly
volatile, escaping from the unstable emulsion, passing through
the shell of condensed calcium/silica, and forming nano-
channels with increased sizes. On the other hand, when 2-
ethoxyethanol is added, it stabilizes the micelle formation of
CTAB which interacts with negative-charged calcium/silica sol
precursors through week
polycondensation and mesopore generation, thus small-pored
BGNs are generated.

The typical nanoscale morphologies of the BGNs were
characterized by SEM and TEM. The SEM images show that
uniform sized nanospherical particles are generated well, with
a mean diameter approximately 100 nm (Fig. 2a,b). TEM
images show the randomly developed large-sized mesopore
structure in BGN(L) (Fig. 2c). The mesopore characteristics of
the BGNs,
volume, as analyzed by BET method, are summarized (Table
1). The BGN(L) show a specific surface area of 610~630 mz/g,
and a pore volume of 0.54~0.56 cm3/g, and these values are
comparable to those of BGN(S). However, the pore size is
6.4~6.9 nm, in striking contrast to 2.3~2.4 nm for BGN(S). The
surface charge property of the BGNs was also characterized by
a {-potential measurement, and the result gives +18.2~+18.4
mV which achieved through the amination process. The
BGN(S) show a similar value (+19.1~+19.4 mV). Taken all, the
BGNs developed herein possess high mesoporosity level
(surface area and pore volume), large pores, and positive-
charged surface, which is considered to be appropriate to
deliver large genetic molecule, pDNA.

interactions, and aids in

including mesopore size, surface area, and pore

Dynamic

Large pored

Fig. 1. Schematic Illustration of the structure-controlled formation of
mesoporous bioactive glass nanoparticle (BGN) with different pore
sizes by changing the co-solvent (ethyl ether or ethoxyethanol).
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ARTICLE

BGN(L)

BGN(S)

Fig. 2. (a,b) SEM and (c) TEM images of mesoporous bioactive glass
nanoparticles with large (BGN(L)) and small pores (BGN(S)).

Table 1 Characteristics of mesoporous bioactive glass nanoparticles
with large (BGN(L)) and small pores (BGN(S))

BGN(L) BGN(S)
Surface area (mz/g) 600~610 620~630
Pore volume (cc/g) 0.54~0.56 0.40~0.48
Pore size, BJH (nm) 6.6~6.9 2.3~2.4
C-potential, before 152~153  -14.0~14.1
amination (mV)
C-potential, after +18.2~+18.4  +19.1~+19.4

amination (mV)

After confirming the physico-chemical properties,
assessed the cellular toxicity of the BGNs as a first criterion for
the biological uses. The cytotoxic effects on rMSCs were
examined at various doses (0, 10, 20, 40, 80, and 160 pg/mL).
After 1, 3, and 7 days of culture of the cells with the BGN-
treatment, the viability was assessed by a CCK method. Cells
are highly viable for both types of BGNs over the doses ranged
(Fig. 3). Supplementary results also show the viability level of
different cell lineages, including rDPSCs, PC12, MC3T3-E1, RAW
264.7 and Hela at day 1; the BGN samples show excellent
viability levels for all cell types (Fig. S1). This excellent cell
viability of the 15%Ca-added BGN composition has also been
noticed elsewhere, and the nanoparticles have even been
shown to stimulate the cellular viability when dosed properly,

which were reasoned to be the possible ionic releases from
2,10,44

we

the nanoparticles
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Fig. 3. Rat MSC viability assay of (a) BGN(L) and (b) BGN(S) using CCK-8
assay. Cells were treated with nanoparticles at various concentrations
(0, 10, 20, 40, 80, and 160 pg/mL) for 1, 3 and 7 days. Data are
normalized to the level of control medium without nanoparticles at
day 1, and is shown as means t+ standard deviations from three
replicate tests.

Effective loading of BMP2-pDNA onto BGNs and the sustained
release

To determine the optimal complexation conditions for BMP2-
pDNA with the BGNs, the nanoparticles were mixed with
BMP2-pDNA at varying ratios (1 ug of BMP2-pDNA mixed with
10, 20, 40, 80 and 160 pg of BGNs) for 1 h, and the loading
amount of BMP2-pDNA was measured. Significantly higher
loading amounts are recorded for BGN(L) when compared to
BGN(S); 0.27, 0.45, 0.75, 0.91 and 0.99 pg of BMP2-pDNA onto
BGN(L) vs. ~0.02, 0.15, 0.48, 0.67 and 0.72 pg of BMP2-pDNA
onto BGN(S) (Fig. 4a), confirming the effective role of pore size
in the loading of pDNA. Next, we determined the pDNA
loading saturation dose for the BGNs. BGNs of 10 ug were
mixed with BMP2-pDNA at varying contents (0.1, 0.25, 0.5, 1.0,
1.5, and 2.0 pg) for 1 h, and the pDNA loading amount was
measured. The maximal loading amount of BMP2-pDNA
recorded is 0.36 pg and 0.14 pg for BGN(L) and BGN(S),
respectively (Fig. 4b), showing approximately 2.5 times
increase in the loading capacity by the pore enlargement. The
pDNA complexation with BGNs was further confirmed by an
agarose gel electrophoresis (Fig. 4c). Different contents of
BGN(L) were mixed with 1 pg of pDNA at pDNA:BGN ratios of
1:10, 1:20, 1:40 and 1:80. The lanes in the 1:10 and 1:20 of
pDNA:BGN ratios show migrated pDNA bands in the agarose
gel, indicating the existence of a certain level of un-complexed
free pDNA. At 1:40, the band intensity of the free pDNA
decreases substantially, and at 1:80 there is no band

This journal is © The Royal Society of Chemistry 20xx
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expression, indicating almost all pDNA molecules are

complexed with the BGNs. The BMP2-pDNA:BGN ratio of 1:80
is thus used in further experiments.
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Fig. 4. BMP2-pDNA loading assays on the BGNs. (a) 1 pg of BMP2-
pDNA was mixed with varying amounts of BGNs for 1 h. The loading
efficiency was of 67.2 % for BGN(S) and 91.9 % for BGN(L) at a 1:80
ratio of BMP2-pDNA:BGN. (b) The loading amount plotted with respect
to BMP2-pDNA content, which varied (0.1, 0.25, 0.5, 1.0, 1.5 and 2 ug)
with a fixed 10 pg for the BGNs. The graph shows the loading
saturation amounts of BMP2-pDNA for the BGN(S) and BGN(L). The
loading amount is significantly higher for BGN(L) than for BGN(S) at all
conditions. (c) Gel electrophoresis image showing the gel retardation
property of BMP2-pDNA-BGN(L) complexes at different BMP2-
pDNA:BGN(L) ratios (1:10, 1:20, 1:40 and 1:80). *statistical significance
considered at P < 0.05.

The release profile of pDNA from BGNs was then
investigated. The pDNA/BGN complexes were made at a ratio
of 1:80, and the pDNA release patterns were monitored in PBS
at 37°C for up to 17 days. Data are presented as both the
cumulative amount (Fig. 5a) and the % of initial loading (Fig.
5b). From BGN(S), pDNA is released up to 7 days followed by a
plateau; whereas pDNA release from BGN(L) continues up to
13 days, demonstrating the large-pored BGNs sustain the
pDNA release more than a week. The release up to ~7 days,

This journal is © The Royal Society of Chemistry 20xx
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recorded to be similar for both BGNs (regardless of the
different pore size), is considered to result from the pDNA
bound to BGN through similar chemical interactions; on the
other hand, the continual release after 7 days observed only
for BGN(L) suggests the slow release of pDNA that is possibly
loaded within the large pore channels. When the release
amount is converted to the initial loading %, the total release
corresponds to about 81-82 %, suggesting that about 18-19%
of pDNA might be degraded during the test.

pDNA release amount (ng)
ey
o
o

300 A
200 1 -A-BGN(S)
100 - +BGN(L)
0 . §
12345678 91011121314151617
b Time (day)
B 100
°
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£
©
@ 40 -
©
o
:t-_: 20 | -+BGN(S)
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[=]
[=3

o

1234567 8 91011121314151617
Time (day)
Fig. 5. In vitro release profile of pDNA from BGN(L) and BGN(S). (a)
Cumulative release amount of pDNA and (b) release % of initial
loading, recorded for up to 17 days. The pDNA release was almost
completed at about the 7th day for BGN(S) and the 13th day for
BGN(L). Three replicate samples were tested for each experiment.

Based on the results, the BGNs prove not only excellent
loading capacity for pDNA but also its long-term release. The
enlarged pore size is considered an important parameter to
increase the loading capacity and to sustain the release of
pDNA since both BGNs have similar mesopore properties like
surface area and pore volume, except pore size. Unlike the
small genetic molecules like siRNA that can be easily loaded
onto BGN(S)45, the pDNA has much larger size, thus requiring
larger-pored carrier BGN(L).

The release of pDNA loaded within the mesopores of BGNs,
is highly sustainable. Even from the small-pore nanoparticles,
the loaded pDNA is released over a week, with almost a linear
pattern. More importantly, the pDNA release from the large-
pored BGNs is much more sustained, extending the complete
release period as long as 2 weeks. It is considered that the
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interaction between pDNA and the surface of BGN might be
strong enough to sustain the liberation of genetic molecules
over time. In our recent study, the release of small genetic
molecule siRNA from the BGN was shown to complete ~3-4
days, not for such a long-term release'®®. It is thought that
the large-sized pDNA molecules have much stronger
interactions with the BGNs, probably due to the larger amount
of negatively charged groups like phosphates in pDNA. The
presence of calcium ions in the BGN amorphous structure can
also form a sort of chemical interactions with the nucleic
acids*®’, Furthermore, the larger sized pDNA might degrade
less than siRNA, enhancing the detection sensitivity. Although
the current observation was made in the in vitro acellular
conditions (buffered saline), thus limits extrapolation to the
phenomenon within cells, the results support the usefulness of
BGN carriers as a delivery platform of genetic molecules to
elicit therapeutic effects for a long-term period over weeks.
This aspect is also particularly important in the current study,
where the BMP2 molecules need to be produced quite
continuously over a long time frame within cells in order to
stimulate the osteogenic development of MSCs and the

. . L . 48,49
effective engagement in the in vivo bone regeneration .

Internalization of BMP2-pDNA/BGN into rMSCs and the
osteogenic stimulation

The intracellular uptake efficiency of the BMP2-pDNA/BGN
complexes was then determined by the GFP signalling that
tagged in the BMP2-pDNA. For comparison purpose, cells
treated with BMP2-pDNA (no carrier) only or with BGN only
(no BMP) were also tested. Confocal microscopic images reveal
that the rMSCs treated with BMP2-pDNA/BGN(L) clearly
express the green GFP signals in the cytoplasm, whereas the
cells treated with BMP2-pDNA only or BGN only show no
fluorescence signals (Fig. 6a). The intracellular uptake level
was then quantitatively analyzed by a flow cytometry, by
sorting the cells positive for GFP signals. The BMP2-pDNA/BGN
group show that about 72 % cells are positive for the signals,
whereas other groups show no such positive signals (Fig. 6b).
After the BMP2-pDNA/BGN delivery into cells, the intracellular
ultrastructure was also observed by TEM. At Ilow
magnification, the cell organelles, such as nucleus (N) and
endosomal vesicles (En) are shown to preserve well, and a
higher magnification image reveal the presence of spherical
nanoparticulates which are distributed profoundly in the
cytoplasm (Fig. 6¢).
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018 7292

Fig. 6. Intracellular uptake efficiency of BGN(L) by rMSCs. (a) Confocal
laser images cells following BMP2-pDNA/BGN(L) treatment for 4 h.
BMP2-pDNA/BGN(L) treated cells only show GFP signals compared to
control cells without treatment (Ctrl), cells treated with free BMP2-
pDNA (Free pDNA) or free BGN(L). The nucleus of rMSCs was
counterstained with DAPI in blue. Scale bar = 5 um. (b) Intracellular
uptake efficiency quantified by flow cytometry using GFP signals of
BMP2-pDNA. (c,d) TEM ultrastructural images of BMP2-pDNA/BGN(L)
treated cell. Nanoparticles are distributed and accumulated in the
cytoplasm (indicated as arrows). Nucleus (N) and endosomal vesicle
(En) are also visualized.

After confirming the cellular internalization of the delivery
system, we next sought to find the induction of BMP2 protein
due to the intracellular transfection. The rMSCs treated with
the delivery system were cultured for 24 h, 48 h, and 72 h, and
then the expression of BMP2 protein was analyzed by flow
cytometry. The expression of BMP2 protein is only observed in
the BMP2-pDNA/BGN treated cells, but not in the other groups
like cell control without treatment, and empty vector/BGN
treated cells (EV/BGN). The cells positive for BMP2 expression
are as high as ~80 %, 91% and 83% at 24 h, 48 h, and 72 h,
respectively, when transfected with the BMP2-pDNA/BGN
delivery system (Fig. 7a). One thing to note is that the
distribution of cells positive for BMP2 signals is relatively broad
initially (24 h), not showing a sharp population, implying a
heterogeneous population of cells that expressing BMP2
protein at different levels, which however, becomes more
homogenous with increasing culture time from 24 h to 48 h
and 72 h, suggesting the intracellular transfection process is
also time-dependent, and this is also possible due to the
effects of continuous BMP2-pDNA release from the BGNs
within cells. The results demonstrate a majority of cells are
transfected successfully, expressing induced BMP2 protein at
substantial levels.

This journal is © The Royal Society of Chemistry 20xx
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transfected cells with respect to those in control cells without
the transfection or in the cells treated with empty vector-
loaded BGNs (increment is as high as 3.7 for BSP, 4.7 for OP,
and 4.8 for OC). The ALP activity of cells at 14 days is also
significantly higher on the cells following the BMP2-pDNA/BGN
delivery (Fig. 8b). The protein expressions were also analyzed
by FACS. The fraction of cells expressing ALP, OP or OC is much
higher on the BMP-delivered system than on other groups (Fig.
8c), demonstrating stimulatory effects on the osteogenesis of
rMSCs through the BMP2 gene delivery system.

The series of results clarified the performance of the BGNs
as a promising non-viral tool to genetic regulation of MSCs.
The pDNA-complexed BGNs are internalized into cells over
70% and lead to BMP2 expression in a majority of cells, which
ultimately stimulates the stem cell differentiation towards an
osteogenic lineage.

In fact, the gene delivery studies using other nanocarriers
including  MSNs, phosphates and polymeric
nanoparticles targeting bone have been shown to be effective
38,5053 Although it is not easy to
directly compare the BGN system with other studies, possibly
due to the difference type, target gene, and
measurement tools, the performance of BGN in vitro, viz.,

calcium
for the osteogenesis of cells
in cell
excellent cell internalization, high transfection of BMP2, and

support the
usefulness of the delivery system in stimulating MSCs for bone

sufficient expression of osteogenic markers,

repair purposes.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8. Osteogenesis of rMSCs through the BMP2-pDNA/BGN(L)
delivery system. (a) Expression of bone-related genes (BSP, OP and OC)
analyzed by real-time RT-PCR, (b) ALP enzymatic activity, and (c)
expression of proteins (ALP, OP and OC) analyzed by FACS. The BMP2-
pDNA/BGN(L) treated cells for 4 h were cultured for 14 and/or 21 days
and then analyzed. *statistical significance considered at P < 0.05.

Effects on in vivo bone regeneration

To investigate the efficacy of the gene delivery system and the
transfected rMSCs for bone engineering we modelled critical-
sized calvarial defects in SD rats. The rats had a recovery
without infection through the study period. The scheme of the
in vivo model and the assays for detection of bone formation is
illustrated in the supplementary figure (Fig. S2). Two 5 mm-
diameter defects created in the rat calvarium were implanted
randomly with two of the four sample groups; empty defect
(‘Empty’), collagen gel only (‘Gel’), collagen gel incorporating
empty vector/BGN delivered rMSCs (‘EV/BGN+MSC’), collagen
gel incorporating BMP2-pDNA/BGN  delivered rMSCs
(‘BMP/BGN+MSC’). Six weeks following surgery, tissue samples
were harvested for the uCT analyses. Based on the 2D cross-
sectional and 3D reconstructed images, the quantity and
quality of newly formed bone were assessed.
maximum intensity projection (MIP) images with color
mapping, in conjunction with histological images, were also
used to assess the bone formation, and the
immunohistochemical assays were carried out to examine the
in vivo secretion of bone matrix molecules.

Frist, the 3D pCT images are reconstructed to show the
calcified bone tissue formation within the defects (Fig. 9a). In
the empty control and Gel groups, there is minimal bone
formation only at the marginal defect area. In contrast, the
BMP/BGN+MSC group shows almost complete bone formation

In particular,
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in the defect. On the other hand, the EV/BGN+MSC group also
appears to show a substantial bone formation at the central
part of the defect. The quantification of uCT images, as
indexed by the bone volume, bone surface area and surface
density, further reveals the quantity and quality of newly
formed bone (Fig. 9b). In the EV/BGN+MSC group, there are
some increases in all of the bone formation indices when
compared to the Gel group, implying that the gene-free BGN-
treated rMSCs play some roles in the bone formation. In fact,
the BGN composition itself can also be a stimulator for the
osteogenic development of stem cells including MSCs, as
deduced from previous studies>***** . For example, the
rMSCs, in a collagen gel, can be stimulated by the release of
ions from BGNs present around, to an osteogenic Iineagezz.
However, compared to the stimulation by the BGN-treated
rMSCs, the roles played by the BMP-induced genetic signalling
are more substantial in the bone formation. The
BMP/BGN+MSC group shows significantly enhanced bone
formation with respect to EV/BGN+MSC group in all aspects;
54.4% vs. 31.9% for bone volume, 46.4 mm? vs. 30.8 mm? for
bone surface area, and 6.9 mm™ vs. 4.4 mm™ for surface
density. The results imply the importance of the osteogenic
alteration of rMSCs in order to utilize the stem cells’ capacity
more effectively in the bone regenerative process; this event is
primed by the genetic stimulation through BMP2-pDNA/BGN
delivery system.
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Fig 9. (a) 3D uCT images of the calvarial defect region of rat, and (b-d)
image analysis data including bone volume, bone surface, and bone
surface density. Data are the mean + SD. Statistically significant
difference noticed between the empty vector- and BMP-delivered
groups (*P < 0.05).

Further, the 2D cross-sectional images are reconstructed,
and the MIP images, together with the HE and MT stained
histologic features, are presented (Fig. 10a). The color
intensity mapping of the MIP images, as obtained by the uCT
imaging program DataViewer, visualize the bone mineral
density, and show a clear difference of the dense bone
formation particularly at the central region of defect between
BMP/BGN+MSC and EV/BGN+MSC groups. The HE & MT stain
images are visualized to examine the bone
histologically. For all groups, the surrounding tissues are in
their native form, and no inflammation is observed. In the
Empty and Gel groups, the defects are filled mostly with loose

structure
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connective tissues, but with limited calcified tissues within the
defect. However, new bone formation is clearly observed in
the BMP/BGN+MSC and EV/BGN+MSC groups. A dense
immature calcified tissue matrix fills the defect region almost
completely in the BMP/BGN+MSC group. The
histomorphometric analysis then quantifies the level of new
bone length and new bone area; the new bone length is 35.3%
for Empty < 34.3% for Gel < 74.0% for EV/BGN+MSC < 97.4%
for BMP/BGN+MSC, and the new bone area is 25.0% for Empty
~ 20.6% for Gel < 57.5% for EV/BGN+MSC < 80.0% for
BMP/BGN+MSC (Fig. 10b). Along with the 3D uCT constructed
evaluations, the MIP- and histologic-based analyses clarify
again the effects of the BMP-complexed BGNs on the bone
formation quantitatively.
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Fig. 10. (a) Maximum Intensity Projection (MIP) images with color
mapping revealed for the quantification of new bone mineral density.
Typical hematoxylin-eosin (HE) and Masson’s trichrome (MT) stains of
the decalcified sections also presented (x40). (b,c) Histomorphometric
analysis showing the new bone length (b) and bone area (c). Data are
the mean + SD. Statistically significant difference noticed between the
empty vector- and BMP-delivered groups (*P < 0.05).

We next carried out the immunohistochemical staining to
examine the cellular expression of BMP2, OC, and OP proteins
in the in vivo tissue matrix (Fig. 11). The BMP2 protein signal is
very weak in all groups except BMP/BGN+MSC group, where
the expression of BMP2 is noticed around osteoblasts and
osteocytes in the newly formed bone. The signal for OC and OP
protein is much clearer than that for BMP2, and the
immunochemical staining is the highest in the BMP/BGN+MSC
group. It is deduced that the BMP2 signal might be primarily
from the cells implanted (those possibly differentiated from
initial rMSCs) whereas the OCN and OPN signals could be from
the extracellular molecules that are secreted from the
implanted rMSCs and/or from the cells already present in vivo.
For any reasons, the in vivo environments around the
calvarium defect, where different sourced cells being engaged

This journal is © The Royal Society of Chemistry 20xx
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in the bone forming process, are believed to be more
favorable when the BMP/BGN transfected MSCs are
implanted. The transfected MSCs can not only secret bone
ECM molecules and calcify the matrix, directly forming new
bone tissue, but also stimulate surrounding cells (osteoblasts
or pre-existing MSCs) to get them involved in the bone forming
process through paracrine effects, which yet to be clarified
with further in-depth studies.

EV/BGN+MSC

BMP/BGN+MSC

Fig. 11. Immunohistochemical expression of BMP2, OC, and OP
proteins at the newly formed bone area in the calvarial defect. Note
the brown coloration (white arrow) that indicates the secreted protein
molecules. Stains are much clearer in OC and OP than in BMP2 (Scale
bar =25 um).

Conclusions

A novel bioactive nanocarrier (BGN) gene delivery system was
exploited for bone regeneration. The mesopores of the BGN
played a significant role in effective loading and sustained
delivery of the BMP2-pDNA. The delivery system could be
internalized to rMSCs efficiently (over 70%), and a majority of
cells were transfected to express the BMP2 protein. The
osteogenic differentiation of the transfected rMSCs was
demonstrated by the stimulated expression of bone markers
at gene and protein levels. When implanted in a rat calvarium
defect, the BMP2-pDNA/BGN delivered rMSCs showed
significantly higher level of bone regeneration, in terms of
bone quantity and quality. These findings support the promise
of BGN-based BMP2-pDNA delivery system for effective bone
regeneration, and provide a novel bioactive nanocarrier
platform to nanodelivery-based tissue
regeneration and disease treatment of bone.
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