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ABSTRACT

The osteogenic capability of mesoporous bioactive nanoparticles (MBNPs) in the SiO,-CaO system has
been assessed in vivo using an osteoporotic rabbit model. MBNPs have been prepared using a double
template method, resulting in spherical nanoparticles with a porous core-shell structure that has a high
surface area and the ability to incorporate the anti-osteoporotic drug ipriflavone. In vitro expression of the
pro-inflammatory genes NF-«B1, IL-6, TNF-«, P38 and NOS2 in RAW-264.7 macrophages, indicates that
these nanoparticles do not show adverse inflammatory effects. An injectable system has been prepared
by suspending MBNPs in a hyaluronic acid-based hydrogel, which has been injected intraosseously into
cavitary bone defects in osteoporotic rabbits. The histological analyses evidenced that MBNPs promote
bone regeneration with a moderate inflammatory response. The incorporation of ipriflavone into these
nanoparticles resulted in a higher presence of osteoblasts and enhanced angiogenesis at the defect site,
but without showing significant differences in terms of new bone formation.

Statement of significance

Mesoporous bioactive glass nanoparticles have emerged as one of the most interesting materials in the
field of bone regeneration therapies. For the first time, injectable mesoporous bioactive nanoparticles have
been tested in vivo using an osteoporotic animal model. Our findings evidence that MBG nanoparticles
can be loaded with an antiosteoporotic drug, ipriflavone, and incorporated in hyaluronic acid to make up
an injectable hydrogel. The incorporation of MBG nanoparticles promotes bone regeneration even under
osteoporotic conditions, whereas the presence of IP enhances angiogenesis as well as the presence of
osteoblast cells lining in the newly formed bone. The injectable device presented in this work opens new
possibilities for the intraosseous treatment of osteoporotic bone using minimally invasive surgery.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

* Corresponding authors.

1. Introduction

In the last decade, there has been growing interest in the incor-
poration of nanotechnology as a strategy for the treatment of os-
teoporosis and bone regeneration therapies [1-4]. The prevalence
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aged throughout the 20th and 21st centuries [5] and prevention of
osteoporosis-related fractures remains an unmet clinical need [6].

One of the most interesting strategies for the treatment of os-
teoporosis is the development of formulations based on meso-
porous bioactive glass (MBG) nanoparticles [7]. MBG nanoparticles
are usually prepared in the SiO,-CaO and SiO,-Ca0O-P,05 systems
and present a set of very interesting characteristics for the treat-
ment of osteoporotic bone. Although only a finite range of compo-
sitions are bioactive in these systems when are prepared by the
sol-gel method, the incorporation of a structure directing agent,
which significantly increases the surface area and porosity, facil-
itates the ionic exchange and provides more sites for the nucle-
ation and crystallization of carbonate hydroxyapatite, very simi-
lar to mineral component of the bone when these materials are
soaked in simulated body fluids [8]. These bioceramics are also po-
tential candidates for dental applications such as treatment of den-
tal hypersensitivity and dental pulp demineralization [9-11].

The mesoporous structure of MBG nanoparticles facilitates ion
exchange with the surrounding fluids. This fact has attracted
the attention of many researchers to the possibility of incor-
porating therapeutic ions within their inorganic phase. In this
sense, different cations have been incorporated into SiO,-CaO
or Si0,-Ca0-P,05 systems to provide osteogenic [12-14], antitu-
mor [15,16], antibacterial [17-20] or the combination of several
properties [21,22] to MBG nanoparticles. Moreover, the interest
in MBG nanoparticles has promoted the development of differ-
ent synthesis methods, such as ultrasound-assisted sol-gel [23,24],
centrifugation-assisted sol-gel [25], microemulsions [26,27], spray
pyrolysis [28] or double-template systems [29]. Regardless of the
synthesis method used, all of them require the incorporation of at
least one structure-directing agent, which forms an organized mi-
cellar system through a self-assembly process in combination with
the precursors of the inorganic phase. Depending on the structure
directing agent and the synthesis method, the morphology of the
MBG nanoparticles can be designed as hollow mesoporous spheres
[30-32], radial mesoporous particles [33,34], etc., which allows tai-
loring their characteristics as nanocarriers for drug loading and re-
lease.

In 2018, Pontremoli et al. reported the use of MBG nanoparticles
as injectable platforms combined with hydrogels [35]. This strategy
would open the possibility of delivering MBG nanoparticles as in-
traosseous biomaterials via minimally invasive surgery. Despite this
promising strategy, in vivo studies on MBG nanoparticles are scarce
[36-40] and, to our knowledge, no study has tested the bone re-
generative capability of MBG nanoparticles in osteoporotic animal
models.

In previous works, our research group has widely studied the in
vitro response of different cell types to MBG nanoparticles. Those
studies demonstrated that the intracellular incorporation of these
nanoparticles loaded with ipriflavone (IP) decreased the prolifer-
ation and resorption activity of osteoclasts [41] and stimulated
the differentiation of osteoprogenitor [9] and endothelial progen-
itor cells [42]. In this work, we have prepared MBG nanoparticles
with and without ipriflavone (IP), in a similar way as we did previ-
ously. Several studies have suggested the clinical interest of IP for
the treatment of postmenopausal osteoporosis due to its tolerabil-
ity [43,44]. However, IP is not currently a drug of choice for the
treatment of osteoporosis because of its poor pharmacological ac-
tivity when administered orally. Some studies suggest that it might
be mainly due to the intestinal first-pass effect [45]. Therefore, we
hypothesize that local in situ administration of IP loaded on MBG
nanoparticles could enhance bone regeneration under osteoporosis
conditions. With this aim, we have carried out in vivo studies by
implanting MBG nanoparticles with and without IP in the bone of
osteoporotic rabbits. In order to prepare injectable materials, MBG
nanoparticles were incorporated into a hyaluronic acid hydrogel.
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This step was performed in the operating room in the moments
prior to implantation of the material. Hyaluronic acid was chosen
on the basis of previous studies supporting its use as a carrier of
cells and growth factors [46], as well as for its potential to enhance
osteogenesis and mineralization [47]. On the other hand, prior to
the in vivo studies, we evaluated and quantified by qPCR the ex-
pression of several pro-inflammatory genes in macrophages treated
in vitro with these nanoparticles, in order to complete the immune
response studies previously performed.

2. Materials and methods
2.1. Synthesis of mesoporous bioactive nanoparticles (MBNPs)

MBNPs of nominal composition 75 Si0,-20 CaO-5 P,05 (%
mol) were prepared by hydrolysis and condensation of tetraethy-
lortosilicate (TEOS), triethylphosphate (TEP) and calcium nitrate
tetrahydrate (Ca(NOs),-4H,0), in the presence of poly(styrene)-
block-poly(acrylic acid) (PS-b-PAA) and hexadecyltrimethylammo-
nium bromide (CTAB), two different amphiphilic molecules that
behave as structure directing agents as proposed by Li et al. [29].
80 mg of PS-b-PAA were dissolved in 16 mL of tetrahydrofurane,
subsequently poured onto a solution of 160 mg of CTAB in 74 mL
of D.I. water and 2.4 mL of ammonia (28% w/w). The mixture was
magnetically stirred vigorously for 20 min at room temperature to
form an o/w nanoemulsion. Thereafter, 25 uL of TEP in 1.6 mL
of ethanol, 0.52 mL of TEOS in 1.6 mL of ethanol and 125 mg
of Ca(NOs3),-4H,0 in 1.6 mL of water were added dropwise in
20 minutes’ intervals. The recipient was covered by two layers of
parafilm to avoid the evaporation of volatile compounds and the
mixture was magnetically stirred for additional 24 h. After this pe-
riod, the nanoparticles were collected by centrifugation at 10,000
r.pm. (g = 16.466) for 10 min and thoroughly washed with a mix-
ture of ethanol-water (50:50). The solid was dried at 30 °C under
vacuum conditions and subsequently calcined from room tempera-
ture to 550 °C for 4 h using a heating rate of 1 °C min~! under air
atmosphere. All reactants were purchased from Sigma- Aldrich (St.
Louis, MO, USA).

2.2. Loading of ipriflavone (IP) in MBNPs

Ipriflavone (IP, 7-isopropoxy-3-phenyl-4H-1-benzopyran-4-one)
was loaded in MBNPs by impregnation in a highly concentrated
drug solution. For this aim, 400 mg of IP were dissolved in 6 mL
of acetone. The solution was then filtered to remove the ex-
cess of drug without dissolving and 80 mg of nanoparticles were
soaked in this solution and kept under orbital stirring for 24 h.
IP loaded nanoparticles (MBNP-IP) were filtered under vacuum us-
ing a polyamide filter and thoroughly washed with a mixture of
ethanol:water (50:50) to remove the excess of IP physically ad-
sorbed on the outer surface of the nanoparticles.

2.3. Characterization techniques

MBNP and MBNP-IP were analysed by scanning electron mi-
croscopy (SEM) using a JEOL F-6335 microscope (JEOL Ltd., Tokyo,
Japan), operating at 20 kV and equipped with an energy dispersive
X-ray spectrometer (EDX). Previously, the samples were mounted
on stubs and gold coated in vacuum using a sputter coater (Balz-
ers SCD 004, Wiesbaden- Nordenstadt, Germany).

In order to study the mesoporous structure of the material, the
nanoparticles were analysed by transmission electron microscopy
(TEM) using a JEOL-1400 microscope (JEOL Ltd., Tokyo, Japan), op-
erating at 300 kV (Cs 0.6 mm, resolution 1.7 A). Images were
recorded using a CCD camera (model Keen view, SIS analyses size
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1024 x 1024, pixel size 23.5 mm x 23.5 mm) at 60000X mag-
nification using a low-dose condition. Textural properties were
determined by nitrogen adsorption analysis with a 3Flex anal-
yser (Micromeritics, Norcross, GA, USA). The adsorption/desorption
isotherms were obtained after degassing the samples at 150 °C for
15 h under vacuum.

The incorporation of IP was determined by Fourier Transform
Infrared (FTIR) spectroscopy with a Nicolet Magma IR 550 spec-
trometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
and using the attenuated total reflectance (ATR) sampling tech-
nique with a Golden Gate accessory. Besides, thermogravimetrical
analysis (TG) was carried out by triplicate with a Pyris Diamond
TG/DTA analyser (PerkinElmer Instruments) to quantify the amount
of IP loaded.

2.4. Expression of pro-inflammatory genes quantified by real-time
PCR (qPCR)

RAW-264.7 cells (American Type Culture Collection, ATCC) were
seeded in 6 well culture plates (Corning, USA), at a density
of 108 cells/mL, in 2 mL of Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS, Gibco,
BRL), 1 mM L-glutamine (BioWhittaker Europe, Belgium), penicillin
(200 pg/mL, BioWhittaker Europe, Belgium), and streptomycin
(200 pg/mL, BioWhittaker Europe, Belgium) at 37 °C under a CO,
(5%) atmosphere. After 24 h of culture in the presence or the ab-
sence of 50 pg/mL of MBNP or MBNP-IP, the attached RAW-264.7
cells were washed with phosphate buffered saline (PBS), harvested
using cell scrapers and centrifuged at 310 g for 10 min. The pel-
lets were treated as indicated below for analysis of the expression
of the pro-inflammatory genes NF-«B1, IL-6, TNF-¢, P38 and NOS2.
Data were normalized to the expression levels of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) as housekeeping gene. Specific
primers were designed for qPCR, to be used in combination with
"Universal Probe Library" probes (Roche Diagnostics). The design
was done with the software "ProbeFinder Assay Design Software"
(Roche Life Science) at https://lifescience.roche.com/en_es/brands/
universal-probe-library.html#assay-design-center from Mus mus-
culus gene sequences.

Oligonucleotides were synthesized by Metabion International
AG. The primers and UPL (Universal Probe Library) probes used in
the assay are shown in the Table 1. cDNA synthesis was carried
out with the “High Capacity RNA to CDNA” kit (Applied Biosys-
tems) and 1 pg of total RNA in 20 pL following the manufacturer’s
instructions (1 h 25 °C; 5 min 95 °C). For real-time quantitative
PCR assays, the "TagMan Gene Expression Master Mix" kit (Ap-
plied Biosystems) was used according to the manufacturer’s in-
structions, with 2.5 pL of sample in 10 pL per assay, in 384-well
PCR plates, and assayed in duplicate. Assays were performed on a
"QuantStudio™ 12 K Flex" equipment (Applied Biosystems), with

Table 1
Primers used for RT-PCR analysis.
Gene Primers UPL probes
NF- Nfkb1-69-F: CAGGTCCACTGTCTGCCTCT 69
KkB1 Nfkb1-69-R: CCCGGAGTTCATCTATGTGC
IL- IL6-78-F: TCCTACCCCAATTTCCAATG 78
6 IL6-78-R: GAATTGGATGGTCTTGGTCCT
TNF- TNFa-23-F: TGAAGGGAATGGGTGTTCAT 23
o TNFa-23-R: GGGTCAGAGTAAAGGGGTCAG
P38 P38-45-F: ACAGGCTACGTGGCTACCAG 45
P38-45-R: CGGTTATAGTGCATCCAATTCA
NOS2 Nos2-2-F: GCTCATGACATCGACCAGAA 2
Nos2-2-R: TCCTCCTGCCCACTGAGTT
GAPDH GAPDH-80-F: GTTCCTACCCCCAATGTATCC 80

GAPDH-80-R: CTGCTTCACCACCTTCTTGA
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standard thermal conditions: 95 °C 10 min; 40 x (95 °C 15 s, 60
°C 1 min). Standard curves were prepared with serial dilutions
of one of the samples to verify primer performance. Assays for
the analysis of all samples were performed with 1/10 dilutions
of cDNA. Data analysis and relative quantification, based on the
DDCt algorithm, was carried out with "QuantStudio™ 12 K Flex
Software".

2.5. In vivo studies

This study was approved by our Institutional Ethical Committee
and by the regional Government of Extremadura (Spain), follow-
ing the guidelines of the current normative (Directive 2010/63/EU
of the European Parliament and of the Council of Septem-
ber 22, 2010, on the protection of animals used for scientific
purposes).

2.5.1. Osteoporosis model induction

Twelve adult female New Zealand rabbits (5.75 + 0.35 kg) were
used in this study. An acclimatization period of at least ten days
was allowed before the start of the experimental procedure. The
animals were housed individually (dedicated racks) at JUMISC’s an-
imal facilities under environmentally controlled conditions (12 h
light/ 12 h dark; 16-22 °C; 30-70% RH). The feeding and care of
the animals was carried out under current legislation on animal
welfare. Animals were fed a standard maintenance diet for rabbit.
Drinking water consisted of tap water administered by an auto-
matic drink system (ad libitum). A laparoscopic bilateral ovariec-
tomy was performed in all animals under aseptic conditions and
general anesthesia. Animals were induced with propofol (4 mg/kg)
and maintained on isoflurane in oxygen. Rabbits were admin-
istered intraoperatively meloxicam (0.6 mg/kg), buprenorphine
(0.001 mg/kg) and enrofloxacine (10 mg/kg). The laparoscopic
ovariectomy was performed using a median three portal technique
(one 3.5 mm and two 5 mm trocars). The ovaries were removed
after sealing the ovarian pedicle with LigaSure™ (Medtronic) and
exteriorized by removing the 5 mm trocar. Postoperative analgesia
was provided with meloxicam (0.6 mg/kg/24 h/3 days). Two weeks
after, methylprednisolone sodium succinate (1 mg/kg/24 h/IM) was
administered during 4 weeks, following the same protocol de-
scribed elsewhere [48] in order to reproduce similar conditions as
osteoporosis in humans.

2.5.2. Implantation surgical procedure

Six weeks after the ovariectomy and immediately after methyl-
prednisolone administration suppression, the biomaterials were
blindly implanted in twelve rabbits (5.23 + 0.68 kg) under asep-
tic conditions and the same anesthetic protocol described for la-
paroscopic ovariectomy. Two cylindrical defects (4 x 6 mm) were
created in each rabbit by drilling the cancellous bone of the dis-
tal epiphysis of both femurs, under continuous irrigation with cold
sterile saline.

MBNPs and MBNPS-IP were implanted as injectable materials
by preparing a suspension of the nanoparticles in a hyaluronic
acid-based hydrogel (HyStem™, Merck) in the operating room. For
this aim, 1 mL of D.I water was added to one vial of thiol mod-
ified hyaluronic acid (Glycosyl®) and stirred in an incubator for
15 min. Once the solid was dissolved, 0.5 mL of this solution were
added into a previously sterilized vial containing 20 mg of MB-
NPs or 23.6 mg of MBNPs-IP nanoparticles (20 mg of nanoparticles
plus 3.6 mg of IP as calculated by TG, see below). The mixture was
sonicated for 1 min, thus obtaining a homogeneous whitely sus-
pension. Besides, 0.6 mL of D.I water was added to the thiol reac-
tive crosslinker vial (Extralink®) and shaken until complete disso-
lution. Subsequently, 0.15 mL of crosslinker were poured onto the
Glycosyl®- nanoparticles suspension. The mixture was loaded in a
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1 mL syringe and after 2 min the gel acquired the appropriated
viscosity to fill the defects. A small fraction of 40 mg of the as
prepared injectable materials was used for the study by TG analy-
sis and FTIR spectroscopy.

Once the biomaterials were randomly implanted, the deep and
superficial subcutaneous layers were approximated with monofil-
ament absorbable suture and the skin with braided absorbable
suture following an intradermal closure. Six defects were left
empty in order to prove that this bone defect model was criti-
cal enough and that any possible bone regeneration would be due
to the injected material. Rabbits were administered enrofloxacine
(10 mg/kg/24 h/5 days), buprenorphine (0.001 mg/kg/12 h/3
days), meloxicam (0.6 mg/kg/24 h/7 days) and metoclopramide
(0.5 mg/kg/12 h/3 days). An accredited veterinarian checked the
health condition of all animals daily along the whole study. Im-
mediately after the surgical procedure and before the sample re-
moval, a computed tomography (CT) scan was performed using a
Philips Brilliance 6-slice CT scanner (Philips Healthcare CT soft-
ware V2.3.0.1330). One of the rabbits that received a control defect
and HA sample died during the anesthetic recovery after implan-
tation surgery. At necropsy, hepatic degeneration and associated
inflammatory symptoms were diagnosed as a secondary process.
Therefore, biomaterials implanted were hyaluronic acid with MB-
Nps (n = 6), hyaluronic acid with MBNPs-IP (n = 6) and hyaluronic
acid as control material (n 5), in addition to control defects
(n = 5). After 12 weeks, the animals were euthanized under gen-
eral anesthesia and samples were obtained.

2.5.3. Histological processing

At 12 weeks after implantation, the bone segments containing
the defects were dissected out and fixed by immersion in 96%
ethanol. Bone segments were processed as described elsewhere
[49] and histological sections were stained with Haematoxylin-
Eosin (Agilent Dako Coverstainer for H&E). The studies of angio-
genesis and presence of inflammatory component were carried out
by immunohystochemical analysis. For this purpose, FLEX Mono-
clonal Mouse Anti-Human CD34 Class II Clon QBEnd 10 Ready-to-
Use (Dako Omnis) and FLEX Monoclonal Mouse Anti-Human CD45,
Leucocyte Common Antigen Clones 2B11 + PD7/26 Ready-to-Use
(Dako Omnis) were used. Bone tissue was fixed with formaldehyde
and included in paraffin wax for immunohistochemistry (FLEX IHC
Microscope Slides). Histological slides of 4 um in thickness were
obtained and pretreated with epitope recovery induced by heat
(HIER), using an EnVision™ FLEX Target Retrieval Solution, High
pH (50x) (Dako Omnis). Subsequently, paraffin was removed and
the tissue was rehydrated and recovered using the Dako Omnis
instrument. A combination of EnVision FLEX, High pH (Dako Om-
nis) and EnVision FLEX+ Mouse LINKER (Dako Omnis) was used as
visualization system in the Dako Omnis instrument using hema-
toxylin as counterstain. Images were obtained by means of a Leica
DMD1008 and an Olympus BX40 microscopes and analysed with
Image] 1.x to calculate bone ingrowth area, trabeculae thickness
and number of blood vessels. For the evaluation of angiogenesis,
presence of inflammatory component and presence of osteoclasts,
we used a four graded scale based on the density and distribution
(absent/mild/moderate/marked, scored 0 to 3). Multinucleated cells
located in a resorption lacuna were identified as osteoclasts. Oval
cells with abundant blue-gray cytoplasm and perinuclear hofs, bor-
dering the forming bone were identified as osteoblasts. (see Table
S1 in supporting information)

2.5.4. Statistics

Results were expressed as mean =4 standard error of mean
(SEM). Statistical evaluation was carried out with the T-student
test. All statistical tests were conducted at the two-sided 0.05 (p
value) level of significance.
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Fig. 1. Scanning electron micrograph of MBG nanoparticles (a); transmission elec-
tron image of MBG nanoparticles (b); EDX spectrum collected during TEM observa-
tion of MBG nanoparticles (c); transmission electron image of MBG nanoparticles
after being loaded with ipriflavone.

3. Results
3.1. Characterization of mesoporous bioactive nanoparticles

Scanning electron micrograph obtained for MBNP sample
(Fig. 1.a) shows spherical nanoparticles with homogeneous size
distribution between 200 and 300 nm, although a few aggregates
with sizes about 500 nm can be also observed. High-resolution
electron transmission microscopy (HR-TEM) (Fig. 1.b) shows these
MBNPs containing a dual mesoporous structure, consisting of an
inner spherical mesoporous core surrounded by a shell exhibiting
ordered mesopores with a radial distribution. EDX spectra collected
during TEM observation (Fig. 1.c) showed a chemical composition
of Si0, 81.54-Ca0 18.56 (+ 7.08) (% mol), calculated from 20 in-
dependent observations. No presence of phosphorous could be de-
tected in any of the numerous observations accomplished. Finally,
the TEM image of MBNP-IP (Fig. 1.d) evidences that the meso-
porous structure is significantly deteriorated after drug loading, al-
though the core-shell structure is still observed.

The textural properties of MBNP and MBNP-IP were deter-
mined by nitrogen adsorption analysis. The adsorption/desorption
isotherms of MBNP (Fig. 2.a) show an adsorption branch charac-
teristic of a mesoporus material. However, an irregular hysteresis
loop is observed which can be explained in terms of a coexis-
tence of two different mesoporous systems (core and shell). The bi-
modal pore size distribution obtained from desorption branch (in-
set in Fig. 2.a) shows two maxima centered at 2.6 and 4.3 nm,
which is in agreement with the two mesoporous structures ob-
served by TEM. These pores can be defined as mesopores accord-
ing to the IUPAC nomenclature, which defines mesopores as pores
with diameters between 2 and 50 nm. Besides, MBNPs exhibit high
surface area and porosity (Table 2), as correspond to highly or-
dered mesoporous materials. After IP incorporation, the MBNP-IP
isotherm (Fig. 2.d) shows the profile of a non-porous material, ev-
idencing a very important loss of surface area and porosity (see
Table 2) due to the filling of the pores by the drug

The presence and quantification of IP in MBNP-IP was con-
firmed by FTIR spectroscopy and TG analysis (Figure S2). After
loading with IP, additional bands corresponding to the functional
groups of the drug are observed in the FTIR spectra. TG analy-
sis indicated a IP loading of 18 + 1.2 (wt.%) within the MBNP-IP
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Table 2
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Textural parameters of MBG nanoparticles before and after being loaded with ipriflavone.

Surface area (m2?g!)

Pore volume (cm3g1) Pore size (nm)

MBNP
MBNP-IP

543.63 (+£1.02)
14.42 (+0.09)

0.435 (+0.017)
0.059 (+0.005)

2.62 | 4.33 (£0.02)
10.57 (+0.07)
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Fig. 2. Nitrogen adsorption/desorption isotherms for MBNP (a) and MBNP-IP (b).
The inset shows the pore size distribution calculated from the desorption isotherm.

nanoparticles. (see section S2 in supporting information form more
details).

TG analysis carried out the final injectable materials (see Fig-
ure S3 in supporting information), evidenced that the final mix-
ture is mostly composed by water (around 95%) in both cases
as expected for a hydrogel. The content in MBNP was considered
to be the residual inorganic material after treating the sample at
600 °C under air atmosphere, showing values of 3.1 and 3.3 (%
in mass) for MBNP and MBNP-IP, respectively. Finally, the amount
of decomposed organic phase occurred between 110 °C and 600
°C was assigned to HA and HA plus ipriflavone for MBNP and
MBNP-IP injectable materials, obtaining mass losses of 1.15 and
1.42 (% in mass), respectively. Besides, the FTIR spectra collected
for injectable materials showed the absorption bands at 3000-
3500 cm~! (O-H stretching vibration of H,0 and HA), 1630 cm™!
(bending scissor mode of H,0) 2900 cm~! (weak shoulder, C-H
stretching vibration of HA) 1408 cm~! (C-O stretching vibration of
HA) and 1090 and 490 cm~! that correspond to Si-O stretching and
Si-0-Si bending modes, respectively of MBNPs. Absorption bands
for IP were masked mainly by the signals of H,O and HA and only
a very weak signal at 1350 cm~! could be assigned to the presence
of this drug.
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Fig. 3. Effects of 50 pg/mL of MBNP or MBNP-IP on the expression of the pro-
inflammatory genes IL-6, NF-kB1, NOS2, P38 and TNF-«.. Quantitative gene expres-
sion data were normalized to the expression levels of GAPDH as housekeeping gene.
No significant differences were obtained in none of the cases with respect to the
control.

3.2. Expression of pro-inflammatory genes quantified by qPCR

Expression of the pro-inflammatory genes NF-xB1, IL-6, TNF-«,
P38 and NOS2 was quantified by qPCR (Fig. 3). In vitro studies did

[ 0 days Control

Hyaluronic dcid 0 days Hyaluronic acid 12 weeks

MBNP MBNP

MBNP-IP

_ ¥
£

Nz

0 days

Fig. 4. CT scan images obtained just after implantation (0 days) and after 12 weeks
of study.
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Control

100 pum

Fig. 5. Histological images after 12 weeks of implantation of control, hyaluronic
acid, MBNP and MBNP-IP (left column: magnification x 3; right column: magni-
fication x 20). Defect area is highlighted in low magnification images. Osteoblast
lining (dotted arrows), osteoclasts (solid arrows) and inflammatory component (*)
are pointed in high magnification images.

not show adverse inflammatory effects of these nanoparticles in
terms of gene expression.

3.3. In vivo studies

3.3.1. Computer tomography (CT) scanning

Fig. 4 shows the CT scan image collected just after post-
operatory (0 days) and 12 weeks after implantation. The images in
the left column were taken before the rabbits awoke from anes-
thesia. However, the CT scan does not show the materials be-
cause both HA and nanoparticles are radiolucent to X-rays. After 12
weeks the control defects remain almost the same, indicating that
the bone defect used in this model is critical enough for not being
healed after 12 weeks under osteoporotic conditions. The CT scan
image for those defects filled with HA also show a radiolucent area
at the defect location, evidencing the absence of new bone forma-
tion after this period. Only those defects implanted with MBNP and
MBNP-IP nanoparticles show X-ray radiopacity after 12 weeks, due
to the formation of new bone.

3.3.2. Histological evaluation and histomorphometric quantification
Fig. 5 shows the histological images obtained after 12 weeks
of implantation. Control and HA samples show hyper-cellular bone
marrow. None of these samples show new bone formation or the
presence of osteoblast cells lining. The defect site appears colo-
nized by new tissue mainly formed by adipocytes and some in-
flammatory component in the case of control. On the contrary, an-
imals treated with MBNP and MBNP-IP show new bone formation
in the defect location with presence of osteoblasts lining, multin-
ucleated cells identified as osteoclasts and giant cells and histio-
cytes. The histological images shown in Fig. 6 correspond to rep-
resentative scenarios for MBNP and MBNP-IP. These images show
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Fig. 6. Representative histological images after 12 week of implantation for (A)
MBNP and (B) MBNP-IP. New formed bone tissue (BT) grows around injectable ma-
terials (M). Bone marrow mainly formed by adipocytes (AD) are also observed.

the newly formed bone (stained in red), which grows around the
injected material (stained in pink). The bone tissue shows the char-
acteristic bone structure including osteocytes surrounded by min-
eralized matrix in both cases, whereas the residual material ap-
pears associated to inflammatory component. The expression of
CD34 antibodies in the different bone defects are shown in Fig. 7.
Control defects (Fig. 7.a) and HA-implanted defects (Fig. 7.b) do not
express CD34. In contrast, defects filled with MBNP (Fig. 7.c) and
MBNP-IP (Fig. 7.d) show blood vessels stained for CD34.

The expression for CD45 antibodies are shown in Fig. 8. Con-
trol defects (Fig. 8.a) show a mild infiltrate of histiocytes among
the adipocytes of the bone marrow. The bone defects filled with
HA (Fig. 8.b) do not express CD45 antibodies, pointing out the
absence of inflammatory response. On the contrary, defects filled
with MBNP and MBNP-IP show a moderate infiltration of inflam-
matory component with a similar staining intensity.

The volume of the defect colonized by new bone after the
treatments with the injectable materials is shown in Fig. 9.a. Both
MBNP and MBNP-IP promoted bone regeneration after 12 weeks
of implantation, colonizing around a 20% of the defect with newly
formed bone. The defects implanted only with HA did not show
significant differences with the control defects. These results cor-
relate with the trabeculae thickness measurements (Fig. 9.b), as no
significant differences were observed between bones treated with
MBNP and MBNP-IP injectable materials.

The histological study included the evaluation of the number
of osteoblasts (Fig. 9.c) and osteoclasts (Fig. 9.d), as well as the
number of blood vessels (Fig. 9.e) and the presence of inflamma-
tory component (Fig. 9.f). The different components were scored
semi-quantitatively, according to the parameters listed in Table S1
(see supporting information). The presence of osteoblasts was sig-
nificantly higher in MBNP-IP compared with MBNP. No osteoblasts
were observed in control defects and defects filled with HA. The
presence of osteoclasts was marked in the case of defects treated
with MBNP and MBNP-IP without showing significant differences
between them. Control defects and HA treated defects did not evi-
dence the presence of osteoclasts.
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Fig. 7. Immunohistochemical staining of bone tissue with CD34 antibodies. (A) Control defect. (B) Hyaluronic acid. (C) Hyaluronic acid with MBNP. (D) Hyaluronic acid with

MBNP-IP. Arrows indicate blood vessels.

' 100 pm

|

Fig. 8. Immunohistochemical staining of bone tissue with CD45 antibodies. (A) Control defect. (B) Hyaluronic acid. (C) Hyaluronic acid with MBNP. (D) Hyaluronic acid with

MBNP-IP.

The number of blood vessels in the defects correlated with
the values of new bone formation and with the presence of os-
teoblasts. The control and HA-filled defects did not show angio-
genesis, as observed immunohistochemically using CD35 antibody.
In contrast, the injectable materials MBNP and MBNP-IP stimu-
late vascularization, with the MBNP-IP sample scoring significantly
higher compared to MBNP. Regarding inflammation, the injectable
materials MBNP and MBNP-IP induced a moderate infiltration of
inflammatory component. Among the five control defects analyzed,
only one of them showed mild histiocyte infiltration, while none of
the defects implanted with HA showed the presence of inflamma-
tory component.

4. Discussion

The preparation of injectable materials based on bioactive
nanoparticles and in situ forming hydrogels is a very interest-
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ing target in the development of minimally invasive treatments of
bone defects and for the primary prevention of fractures in severe
osteoporosis scenarios. Among their advantages, injectable bioac-
tive materials can adapt their shape in situ, the surgery is much
less invasive compared to solid pieces or grafts in the form of
granules, and they can be implanted by intraosseous injection in
anatomically complex and difficult to access regions. The physi-
cal cross-linking that occurs in hydrogels just after implantation
facilitates their use as bone fillers and, more specifically, HA has
been proposed for the preparation of injectable scaffolds with ap-
plications in endodontic [50] and craniofacial regeneration [51].
Bioactive mesoporous nanoparticles are the osteoinductive com-
ponent of our injectable system. Concentration, size, porosity and
morphology are critical factors affecting injectivity. The synthesis
strategy based on a dual-template system of PS-b-PAA and CTAB
as structure-directing agents results in the formation of spherical
mesoporous SiO,-Ca0 nanoparticles with sizes of 200 nm or less.
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Fig. 9. Histomorphometrical studies for the different injectable materials implanted in osteoporotic rabbits. (a) Ossification volume, (b) trabeculae thickness. (c) Osteoblast
cells lining (d) Osteoclast cells presence (e) Angiogenesis and (f) Inflammatory component. *Comparison between HA (blank) and nanoparticles containing materials.
#Comparison between nanoparticles with and without ipriflavone. Statistical significance: * p < 0.05; ** p < 0.005: ** < 0.001; * p < 0.05.

TEM, SEM and N, adsorption analysis evidence that MSNPs con-
tain two different mesoporous systems. The core of the nanopar-
ticles contains mesopores of 4.3 nm in diameter while the outer
shell shows mesopores of 2.6 nm radially distributed around the
core. Li et al. [29] have proposed a mechanism based on the forma-
tion of Ps-b-PAA polymeric aggregates forming the core template,
followed by the incorporation of CTAB molecules to form verti-
cal channels in the shell after calcination, as previously observed
by Lépez-Noriega et al. when they synthesized mesoporous SiO,
microspheres prepared by the aerosol-assisted method [52]. This
mesoporous structure allows the incorporation of IP (200 mg-g ~ !,
normalized by sample amount). IP is a highly non-soluble drug
with poor affinity for SiO, surfaces, which are rich in hydrophilic
silanol groups. Despite this low affinity between the drug and the
porous matrix, the high surface area and the dual mesoporous sys-
tem seem to load and retain IP when the drug is dissolved in ace-
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tone, exhibiting drug-loading capabilities similar to other meso-
porous particles when loaded with more hydrophilic drugs [53].
In the present work, qPCR studies were carried out with the
main objective of determining whether the intracellular incorpora-
tion of the MSNPs into macrophages could induce the expression
of pro-inflammatory genes related not only to pro-inflammatory
cytokines (as IL-6 and TNF-«) but also to other key molecules in-
volved in signaling pathways for the initiation of an inflamma-
tory response, such as nuclear factor-«B1 (NF-«kB1), the mitogen-
activated protein kinase (MAPK) P38 and the inducible nitric-oxide
(NO) synthase (iNOS, NOS2). In vitro expression of all these pro-
inflammatory genes (NF-«kB1, IL-6, TNF-«¢, P38 and NOS2), points
out that these nanoparticles do not show adverse inflammatory
effects. These results are in agreement with our previous works,
which demonstrated that these nanoparticles did not induce the
macrophage polarization towards the M1 pro-inflammatory pheno-
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type, favouring the M2 reparative phenotype [41, 54]. On the other
hand, MBG nanoparticles were non-inflammagenic for murine lym-
phoid cells and myeloid dendritic cells [55]. However, MBNPS with
or without IP induces a moderate in vivo inflammatory response at
the injection site, which is absent in the case of bone defects filled
with hyaluronic acid alone. Kusaka et al. demonstrated that silica
particle size influences immune responses [56]. These authors ob-
served that submicron SiO, particles induce a higher inflammatory
response than silica particles with sizes over 1000 nm, showing se-
vere lung inflammation when administered via intra-tracheal. On
the other hand, not only the size, but also the shape of nanostruc-
tured bioceramics strongly influence the inflammatory response
[57]. For instance, 0.1 uwm needle-shaped hydroxyapatite particles
induce strong inflammatory response after intraperitoneal injec-
tion, which is not observed with spherical particles of comparable
size. Our studies indicate that SiO,-CaO mesoporous nanoparticles
do not promote the expression of pro-inflammatory genes in vitro,
and only a moderate presence of histiocytes was observed in vivo
after 12 weeks of implantation. Certainly, the small size of MB-
NPs must play an important role in this response, but their spher-
ical shape, the higher biodegradability due to the presence of CaZ+
cations and the intraosseous location instead of tracheal or intra-
peritoneal injection, reduce the severe inflammatory response of
MBNPs compared with pure SiO, or hydroxyapatite nanoparticles.
In this context, all particles released by wear of bone-implanted
biomaterials are bound to serum proteins forming complexes that
are recognized by cell surface receptors or phagocytosed, acti-
vating numerous biological pathways in macrophages involved in
particle-associated inflammation [58]. The adapter protein Myeloid
Differentiation primary response gene 88 (MyD88), and the tran-
scription factor nuclear factor kappa-light-chain-enhancer of ac-
tivated B cells (NFkB) are key molecules in these events. In our
study, the moderate inflammatory response observed in vivo, could
be due to the interaction of MBNPs with tissue and biological fluid
proteins after their bone-implantation. Finally, it is important to
highlight that acute inflammation is the first stage in the healing
of all tissues, and commonly results in the repair and regeneration
of the damaged structures [59].

The HA hydrogel used in this study behaves as an inert ma-
terial that does not produce osteogenesis or an inflammatory re-
sponse when injected alone. HA is a natural component found in
the extracellular matrix of the human body. It is highly biocom-
patible and resorbable and has been proposed as a rigid scaffold
for bone tissue regeneration [60] and as injectable hydrogels in
situ, but mostly combined with osteoinductive growth factors or
osteogenic cells. Different in vitro and in vivo studies have demon-
strated the ability of HA hydrogels to induce mesenchymal and ep-
ithelial cell growth and differentiation, as well as angiogenesis and
collagen deposition without producing inflammatory response [61].
In the present study, HA gel injection resulted in partial resorption
of the hydrogel and subsequent colonization of the defect by bone
marrow adipocytes, without obtaining new bone tissue formation.
However, HA hydrogel proved to be a suitable vehicle for inject-
ing bioactive mesoporous nanoparticles, leading to the in situ for-
mation of a highly hydrated gel as demonstrated by thermogravi-
metric analysis of the injectable materials. The in vivo experiments
carried out in osteoporotic rabbits evidence that MBNPs produce
osteogenesis, with the presence of different cell types involved in
bone remodeling including osteoblasts, osteoclasts, histiocytes, as
well as the formation of blood vessels. Due to the biodegradability
and the high water content, HA hydrogel would be highly perme-
able thus allowing the interaction of MBNPs with the surrounding
tissue.

The incorporation of antiosteoporotic drugs in porous implants
is a very interesting strategy to carry out the local release of active
agents with low bioavailability in bone, as is the case of bispho-
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sphonates, or poorly soluble drugs such as flavonoids. Recently, it
has been shown that the incorporation of zoledronic acid, which is
a potent inhibitor of bone resorption, in scaffolds made of meso-
porous bioactive glasses, inhibited bone tissue regeneration in os-
teoporotic sheep, despite the potent ostogenic effect of these mate-
rials [49]. In this study, the drug incorporated into the nanoparti-
cles was ipriflavone, a highly water-insoluble isoflavone that pri-
marily prevents bone resorption, but also stimulates osteoblast
growth and differentiation under in vitro conditions. The results
of the present study indicate that the presence of PI incorporated
into MBNPs results in an increased presence of bone-forming cells
in the defect region, as well as increased angiogenesis. This fact
coincides with the results obtained in vitro with cell cultures that
our group performed with preosteoblasts and endothelial progeni-
tor cells (EPCs). The presence of IP in the pores of the MBNPs stim-
ulated the differentiation of MC3T3-E1 osteoprogenitor cells into
mature osteoblast phenotype [41] and the expression of VEGFR2 in
EPCs [42]. In this sense, a future research line consisting in the in-
corporation of angiogenic ions such as Co2t and/or Cu2* [62,63] in
the chemical composition of our MBNPs could provide better re-
sults due to synergistic effects between ipriflavone and these ions.
However, the effect on osteogenesis presented by our ipriflavone-
loaded nanoparticles is very moderate compared to unloaded par-
ticles and cannot be considered significant under the conditions of
this study.

5. Conclusions

Mesoporous bioactive nanoparticles with core-shell structure
and drug loading capability have been synthesized by a double
template method.

Mesoporous bioactive nanoparticles do not promote the expres-
sion of pro-inflammatory genes under in vitro conditions after con-
tact with macrophages.

Mesoporous bioactive nanoparticles promote bone regeneration
when injected into osteoporotic bone. The presence of ipriflavone
results in a slightly, but not significant, increase of new bone for-
mation and trabeculae thickness. This mild increase of the os-
teogenic effect could be related with the higher presence of os-
teoblasts and blood vessels at the implantation site.

The system formed by injectable mesoporous bioactive
nanoparticles incorporated in hyaluronic acid is an alternative
for minimally invasive surgery treatment of osteoporotic bone.
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