Acta Biomaterialia 155 (2023) 654-666

Contents lists available at ScienceDirect

‘::Cta BioMater|

Acta Biomaterialia

journal homepage: www.elsevier.com/locate/actbio

Full length article

Antibacterial effect of 3D printed mesoporous bioactive glass scaffolds  m)
doped with metallic silver nanoparticles

Sandra Sanchez-Salcedo®®, Ana Garcia®”* Adela Gonzalez-Jiménez? Maria Vallet-Regi®>*

A Departamento de Quimica en Ciencias Farmacéuticas, Unidad de Quimica Inorgdnica (Bioinorgdnica y Biomateriales), Universidad Complutense de Madrid,
Instituto de Investigacion Sanitaria Hospital 12 de Octubre i+12. Plaza Ramén y Cajal s/n, 28040 Madrid, Spain
b CIBER de Bioingenieria, Biomateriales y Nanomedicina, CIBER-BBN, Madrid, Spain

ARTICLE INFO

Article history:

Received 29 June 2022

Revised 20 October 2022
Accepted 21 October 2022
Available online 1 November 2022

Keywords:

Mesoporous bioactive glasses
Metallic silver nanoparticles
3D scaffolds

Hierarchical porosity
Antibacterial properties

ABSTRACT

The development of new biomaterials for bone tissue regeneration with high bioactivity abilities and an-
tibacterial properties is being intensively investigated. We have synthesized nanocomposites formed by
mesoporous bioactive glasses (MBGs) in the ternary SiO,, CaO and P,05 system doped with metallic silver
nanoparticles (AgNPs) that were homogenously embedded in the MBG matrices. Ag/MBG nanocomposites
have been directly synthesized and silver species were spontaneously reduced to metallic AgNPs by high
temperatures (700 °C) obtained of last MBG synthesis step. Three-dimensional silver-containing meso-
porous bioactive glass scaffolds were fabricated showing uniformly interconnected ultrapores, macrop-
ores and mesopores. The manufacture method consisted of a combination of a single-step sol-gel route
in the mesostructure directing agent (P123) presence and a biomacromolecular polymer such as (hy-
droxypropyl)methyl cellulose (HPMC) as the macrostructure template, followed by rapid prototyping (RP)
technique. Biological properties of Ag/MBG nanocomposites were evaluated by MC3T3-E1 preosteoblas-
tic cells culture tests and bacterial (E. coli and S. aureus) assays. The results showed that the MC3T3-E1
cells morphology was not affected while preosteoblastic proliferation decreased when the presence of
silver increased. Antimicrobial assays indicated that bacterial growth inhibition and biofilm destruction
were directly proportional to the increased presence of AgNPs in the MBG matrices. Furthermore, in vitro
co-culture of MC3T3-E1 cells and S. aureus bacteria confirmed that AgNPs presence was necessary for
antibacterial activity, and AgNPs slightly affected cell proliferation parameters. Therefore, 3D printed scaf-
folds with hierarchical pore structure and high antimicrobial capacity have potential applications in bone
tissue regeneration.

Statement of significance

This study combines three key scientific aspects for bone tissue engineering: (i) materials with high
bioactivity to repair and regenerate bone tissue that (ii) contain antibacterial agents to reduce the in-
fection risk (iii) in the form of three-dimensional scaffolds with hierarchical porosity. Innovative method-
ology is described here: sol-gel method, which is employed to obtain mesoporous bioactive glass ma-
trices doped with metallic silver nanoparticles where different polymer templates facilitate the different
size scales presence, and rapid prototyping technique that provides ultra-large macroporosity according
to computer-aided design. The dual scaffolds obtained are biocompatible and deliver active doses of silver
capable of combating bone infections, which represent one of the most serious complications associated
to surgical treatments of bone diseases and fractures.
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1. Introduction

Bones, as connective tissues, are composed mainly of living
cells, a collagenous matrix and mineral substances composed pri-
marily of calcium and phosphate [1]. Reducing damage caused by
trauma and the treatment of possible subsequent infections is one
of a main challenge in bone tissue engineering. In addition, the
number of implant-associated infections has grown considerably
due to increasing number of implanted medical devices [2,3]. The
management of implant-associated infections is a serious prob-
lem with important clinical and socio-economic implications. [4-
7]. Bacterial ability to form a biofilm on inert surfaces and adjacent
tissues [8,9], led to reduced susceptibility to host defences and an-
timicrobial therapies. Current treatments usually involves surgery,
systemic administration of antibiotics and even implant subtrac-
tion, resulting in additional surgery, elongated hospital stays, high
secondary effects and increased mortality [10,11].

Bone tissue engineering requires the use of three-dimensional
(3D) scaffolds that act as provisional templates to guarantee com-
plete cell colonization for bone tissue regeneration [12-17]. For ad-
equate cell attachment, proliferation and differentiation, scaffolds
need to have a 3D interconnected porous hierarchical architecture
and a suitable surface chemistry and topography. Since the 1990s,
the rapid prototyping (RP) technique has been widely employed
[18-24] for the 3D scaffolds manufacture with different scales of
porosity that have been previously computer designed. The RP
technique consist of a filament obtained by direct ink writing and
extruding, from a small needle connected to a cartridge, printing
layer by layer the scaffold with designed shape and dimensions by
3D computer-aided design.

Unfortunately, a scaffold is considered a "foreign body", which
in an environment with reduced blood supply and local immunod-
eficiency is likely to favour bacterial colonization of the implant
surface. This colonization is the first step towards infection and
bacterial infection processes can adversely affect the new bone tis-
sue formation. In the challenging quest for a solution to decrease
the possibility of infections associated in bone regeneration pro-
cess, the use of silver is promising regarding its broad spectrum
against planktonic, sessile as well as multidrug-resistant bacteria
[25,26]. Silver presence approach could be a crucial phase in the
contest against microbial resistance that provide needed alterna-
tives for bone infection treatment. In this sense, silver (ions, parti-
cles or nanoparticles) is well-known to have strong inhibitory and
bactericidal effects as well as a broad spectrum of antimicrobial
activities [27-29]. Studies reveal that silver nanoparticles (AgNPs)
bactericidal effect is size and morphology dependent with smaller
AgNPs or octahedral and decahedral particles being more potent
antibacterial agents [30,31] due to AgNPs also can directly damage
and penetrate the cell wall and plasma membrane. In addition, it
is widely accepted that the major antibacterial effect of AgNPs is
mediated by its partial oxidation which allows the silver ions re-
lease into the medium [30,32]. Antibacterial mechanism of silver
ions is not clearly defined and there are proposed three main ac-
tion modes: (i) cause cell lysis by their interact with the peptido-
glycan cell wall or with the plasma membrane [33,34]; (ii) prevent
DNA replication by their interact with bacterial cytoplasmic DNA
[35,36]; (iii) disrupt protein synthesis by their interact with bacte-
rial proteins [33,35]. The different action radii of antibacterial ac-
tivity is the key to the low bacterial resistance observed in silver
and AgNPs.

Mesoporous bioactive glasses (MBGs) are well known materi-
als since 2004 where Chen et al. for first published highly ordered
MBGs with superior in vitro bone-forming bioactivities [37]. MBG
materials, based on the ternary system SiO,-CaO-P,0s5, have been
widely investigated not only for regenerate lost bone but also for
antibacterial treatment [38-44]. This dual capability of MBGs is
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due to the fact that MBGs can be used as drug delivery systems
favoring local release on the implantation site due to their ordered
mesoporosity, with high surfaces and pore volume [45,46]. The
high amount of free silanol groups present on MBG surfaces opens
an interesting route for the anchoring of species with antibacte-
rial properties through a covalent attachment [47,48]. A different
strategy is the incorporation of ions with different osteogenic or
antibacterial properties into MBG matrices [49-54].

Novel materials development based on metal-doped bioceramic
3D scaffolds to decrease the implant-associated infections in bone
tissue regeneration is a relevant and current research issue [55-
60]. Herein, we report the one-pot synthesis of Ag/MBG nanocom-
posites as powders or 3D scaffolds formed by MBG matrices ho-
mogenously doped with AgNPs following an original methodology.
This research work combines sol-gel and supramolecular chem-
istry to obtain AgNPs-doped MBG matrices and describes the fab-
rication, by RP technique, 3D computer-aided design scaffolds with
uniformly interconnected ultrapores, macropores and mesopores.
High temperature treatment facilitates the meso-macroporosity
and spontaneously reduces silver species to metallic AgNPs. Op-
timization of the molar ratios in the Ag/MBG nanocomposite com-
positions has been carried out to obtain the best conditions for
the dual action of Ag/MBG nanocomposites as an antibacterial (E.
coli and S. aureus) and cytocompatible (MC3T3-E1 pre-osteoblastic
cells) device.

2. Materials and methods

Sigma-Aldrich provided all chemicals and were used as re-
ceived, without further purification.

Table S1 (Supplementary Material) summarises the nomencla-
ture and briefly describes all samples.

2.1. Synthesis of mesoporous bioactive glass powders doped with
metallic silver nanoparticles (MBG-xAg)

Highly mesostructured nanocomposites formed by ordered
mesoporous bioactive glass matrices, in the ternary system SiO,-
Ca0-P,05 (85% Si0O,, 10% Ca0 and 5% P,0s5 nominal composition),
with metallic silver nanoparticles homogeneously embedded in-
side the matrix were synthetized. For this purpose, the evapora-
tion induced self-assembly (EISA) method [61] was carried out,
and a non-ionic surfactant (Pluronic P123) was used as structure-
directing agent, and tetraethyl orthosilicate (TEOS), triethyl phos-
phate (TEP), calcium nitrate tetrahydrate (Ca(NOs3),-4H,0) and sil-
ver nitrate (AgNO3) as sources of SiO,, P,0s, Ca0 and AgNPs, re-
spectively.

Briefly, in a typical synthesis, 2 g of P123 were dissolved in 30
mL of absolute ethanol with 0.5 mL of HNO5 (0.5 N). TEOS (3.96
mL), TEP (0.32 mL) and Ca(NO3),-4H,0 (0.49 g) were consecutively
added in 3 h intervals under continuous stirring at room tempera-
ture. Afterwards and in absence of light 10, 25 or 70 mg of AgNO3
were added to obtain the sols that are going to generate MBG-
0.15Ag, MBG-0.3Ag or MBG-1Ag materials, respectively. The result-
ing colorless sols were stirred at room temperature overnight, and
then they were transferred into Petri dishes (9 cm in diameter)
to undergo EISA method in an oven at 30 °C where the gelation
process took place. The resulting transparent membranes were cal-
cined at 700 °C in air for 6 h to remove the surfactant, carbon-
ates and nitrates ions, organics residues and specially where Ag™
cations coming from AgNO5 salt was reduced to metallic silver
nanoparticles. Schematic representation of the synthesis procedure
was showed in Scheme 1A.
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Scheme 1. Schematic representation of different synthesis procedures for (A) MBG-xAg powder materials (where - represent different sizes of AgNPs, o mesopores and H

MBG matrix) and (B) SC-MBG-xAg scaffolds.

2.2. Fabrication of 3D scaffolds of mesoporous bioactive glasses doped
metallic silver nanoparticles by rapid prototyping (SC-MBG-xAg)

The EnvisionTEC GmbH 3D Bioplotter™ device was used for 3D
scaffolds preparation by rapid prototyping (RP) technique. The in-
jectable slurries were prepared in a one-pot synthesis using the
same procedures described for the synthesis of MBG-xAg (x = 0,
0.15, 0.3 and 1) materials and (hydroxypropyl)methyl cellulose
(HPMC) that acts as a binder agent, as previously reported [62,63].
The sol was left to age for an adequate time before the 1.5 g
of HPMC (average Mn = 86,000) were added to generate an ink
with a suitable consistency to be extruded by RP technique. HPMC
acted as macrostructure template and the RP technique for the cre-
ation of ultra-large macropores. The solvent evaporation favours
the scaffold hardening process, so the pieces were left to dry at
30 °C for 24 h. Finally, the last step consisted of calcining the
pieces in air at 700 °C for 6 h to remove the organic templates
(P123 and HPMC), to eliminate nitrates and to reduce silver ions
to metallic AgNPs yielding the final scaffold samples denoted SC-
MBG-xAg (x = 0, 0.15, 0.3 and 1). Scheme 1B includes a schematic
representation of the process carried out in 3D scaffolds manufac-
ture.

2.3. Characterization of MBG-xAg powder materials and SC-MBG-xAg
scaffolds

By X-ray fluorescence spectroscopy (XRF), the chemical com-
positions of the samples were determined using a Philips PAN-
alytical AXIOS spectrometer (Philips Electronics NV), with X-rays
generated by the RhKo line at A = 0.614 A. Table 1 and Ta-
ble S2 (Supporting Information) record the XRF-analyzed compo-
sitions. Thermogravimetric analyses (TG) were carried out in a dy-
namic air atmosphere between 30 and 900 °C (flow rate of 100
mL/min with a heating rate of 5 °C/min) using a Perkin-Elmer
Diamond analyser (Perkin-Elmer, USA). The textural properties of
samples were obtained by nitrogen adsorption/desorption analyses
at 77K on a Micromeritics ASAP 2020 instrument (Micromeritics
Co, Norcross, USA). Brunauer-Emmett-Teller (BET) method [64] was
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used to calculate the surface area (Sggr). The total pore volume
(V1) was determined from the amount of N, adsorbed at a rel-
ative pressure of 0.97. The average mesopore diameter was ob-
tained from the adsorption branch of the isotherm by means of the
Barret-Joyner-Halenda (BJH) method [65]. A Philips X'Pert diffrac-
tometer equipped with CuKa (40 kV, 20 mA) helped to determine
the structural characteristics of the materials by X-ray diffraction
(XRD). Transmission electron microscopy (TEM) was performed
with a JEOL 2100 electron microscope operating at 200 kV and
equipped with an Oxford Link EDX probe. TEM images were reg-
istered using a CCD camera (MultiScan model 794, Gatan). Surface
and cross-sectional scanning electron microscopy (SEM-EDX) mi-
crographs and EDX mapping coupled to SEM of the scaffolds were
performed in a JEOL 6400 Microscope-Oxford Pentafet super ATW
system.

2.4. Ion release assays

Ion release studies were performed in Todd Height Broot (THB)
bacterial culture medium. To measure the solubility degree of the
SC-MBG-xAg scaffolds, they were placed on different 12-well tran-
swell plates in contact with 2.5 mL of THB under shaking (100
rpm, 37 °C). Ca, P and Ag ion contents were evaluated by in-
ductively coupled plasma/optical emission spectrometry (ICP/OES)
with the OPTIMA 3300 DV device from Perkin Elmer (Waltham,
MA, USA). The concentration of each ion was determined in two
different samples measured by triplicate.

2.5. Cell culture

Cell culture tests were performed using the well-characterized
mouse preosteoblastic cell line MC3T3-E1 (subclone 4, CRL-2593;
ATCC, Mannassas, VA). The tested scaffolds were placed into each
12-well transwell plates (Corning, CULTEK, Madrid, Spain) after cell
seeding. MC3T3-E1 cells were cultured in ¢-MEM (Sigma Chemical
Company), containing FBS and penicillin-streptomycin, 10% and 1%
respectively, at 37 °C in a humidified atmosphere of 5% CO,.
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Textural properties derived from N, adsorption and XRD measurements for MBG-xAg (x = 0, 0.15, 0.3 and
1) powder materials®. XRF measurements of powder samples®.

SBET Vr Dp digo EN twall XRF Composition (% wt)
Sample m? cm? nm nm nm nm
p (m?/g) (cm?/g) (nm) (nm)  (nm) (nm) 50, a0 P05 AgNPs
MBG 378 0.49 4.44 11.8 13.63 9.19 84.41 10.10 5.49 -
MBG-0.15Ag 364 0.45 4.29 14.0 16.17 11.88 84.96 9.80 5.10 0.14
MBG-0.3Ag 343 0.40 4.02 14.2 16.40 12.38 83.90 10.32 5.46 0.32
MBG-1Ag 292 0.33 3.74 12.8 14.78 11.04 83.84 9.86 5.29 1.01

2 Sger is the total surface area determined by Brunauer-Emmett-Teller (BET) method. Vr is the total pore
volume obtained using the t-plot method. Dp is the pore diameter calculated by means of the Barrett-
Joyner-Halenda (BJH) method from the desorption branch of N, isotherm. dqg is the d-spacing of the 100
diffraction. ap is the unit cell parameter calculated by XRD, being ag = 2-digo/+/3 and t,; is the wall
thickness calculated using the equation t,,; = ap - Dp for hexagonal p6mm structures.

b The percentages in weight of SiO,, Ca0, P,0s and silver nanoparticles of powder samples determined

by XRF measurements.

2.5.1. Cell proliferation and cell morphology

Pre-osteoblastic MC3T3-E1 cells were indirect plated onto the
different 12 well-plates at a density of 10* cells/mL. The differ-
ent scaffolds, SC-MBG-xAg (x = 0, 0.15, 0.3 and 1), were plated on
the transwells and cultured for 1 and 3 days at 37 °C in a hu-
midified atmosphere of 5% CO,. Cell growth was analyzed using
MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium) assay. The MTS reduction assay
was performed using a commercial assay and following the man-
ufacturer’s protocol (Cell-Titer Aqueous One Solution Cell Prolifera-
tion Assay). The absorbance at 490 nm was measured in a Unicam
UV-500 UV-visible spectrophotometer (Thermo Spectronic, Cam-
bridge, UK).

After 2 days of incubation in the same assay conditions, an in-
verted optical microscope Eclipse TS100 (Nikon) was used to eval-
uate cell morphology.

2.6. Bacterial assays: evaluation of antimicrobial effects

Staphylococcus aureus (ATCC 29213) and Escherichia coli (ATCC
25922) were used as Gram-positive and Gram-negative bacterial
models, respectively. Bacteria culture was carried out by inocula-
tion in Todd Hewitt Broth medium (THB; Sigma-Aldrich) and in-
cubated at 37 °C with orbital shaking (100 rpm) to obtain an ad-
equate concentration. A visible spectrophotometer (Photoanalizer
D-105, Dinko instruments) was used for the determination of the
working bacteria concentration.

2.6.1. Agar disk-diffusion tests of MBG-xXAg

Agar disk diffusion tests (ADT) were used to examine the an-
tibacterial effect of AgNPs embedded in the MBG matrices in pres-
ence of S. aureus and E. coli strains. To carry out ADT, 100 mg of
each MBG-xAg powder sample was compacted into disks of 10 mm
diameter and 2 mm height by using uniaxial pressure at 2-4 MPa.
Prior to adhesion assay, all samples were sterilized by UV irradia-
tion for 5-10 min on each side of the disk. The solid agar surface
in Petri dishes was inoculated with a S. aureus or E. coli bacterial
culture suspension (1 x 10'0 bacteria/mL concentration). Then, the
MBG-xAg disks were placed on the bacteria inoculated agar plates
and incubated during 24 h at 37 °C. After that, the bacterial inhi-
bition zone size was measured as (outer diameter of the inhibition
zone - disk diameter)/2. Each study was performed in triplicate.

2.6.2. Planktonic growth inhibition tests

SC-MBG-xAg (x = 0, 0.15, 0.3 and 1) sterilized scaffolds by UV
irradiation for 5-10 min on each side were put in contact with 3
mL of 2 x 108 bacteria/mL S. aureus or E. coli strains in a 12-well
transwell plates. 6 or 24 h later, aliquots (20 pL) were extracted
and seeded in agar plates. After 24 h of culture at 37 °C in statics
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conditions, the colony forming units (CFUs) were counted to know
how the presence of AgNPs affects the bacterial growth.

2.6.3. Biofilm degradation

S. aureus and E. coli biofilms were pre-developed onto round
cover glasses by placing them into 24-well plates (Corning, CUL-
TEK, Madrid, Spain) and adding 1 mL of a bacteria suspension
(2 x 108 bacteria/mL) in THB medium supplemented with sucrose
(4%) at 37 °C to promote the robust biofilm formation. The S. au-
reus biofilm was already formed after 24 h. The glass slides with
E. coli were retained 48 h at 37 °C and orbital stirring replacing
and renewed with 0.5 mL of fresh medium after the first 24 h.
Pre-formed biofilms were placed in a 12 transwell plates and put
indirectly in contact with different type of scaffolds. After 24 h of
culture at 37 °C and 100 rpm of stirring conditions, the biofilms
were extracted and stained with live and dead BacLigth bacteria
viability kit (Thermo Fisher Scientific, Invitrogen™). Alive bacteria
were stained in green (SYTO 9), dead bacteria in red (propidium io-
dide, PI) and calcofluor for extracellular matrix in blue. Moreover,
aliquots were extracted (20 pL) and seeded in agar plates. After
24 h of culture in statics conditions and 37 °C, the colony forming
units (CFUs) were counted.

2.7. MC3T3-E1 pre-osteoblastic cells and S. aureus bacteria
co-culture assay

Since multifunctional 3D systems involve both antibacterial ef-
fect and bone regeneration processes, the need for a realistic
in vitro test system highly representative in vivo condition is a
very interesting approach before carrying out any in vivo assays.
Here, we have established an in vitro bacteria/bone cells co-culture
model system to evaluate these SC-MBG-xAg (x = 0, 0.15, 0.3 and
1) scaffolds for the prevention and treatment of bone infection.

A preliminary, co-culture assays was carried out by seeding
2.5 x 10° MC3T3-E1 cells/ymL (a murine calvaria-derived pre-
osteoblastic cell line used as an archetypal model of in vitro os-
teogenesis [66]) for 3 h and then mixed with 108 bacteria/mL of S.
aureus on well plate disk mimicking an infectious process. Todd
Height Broot (THB) and complete medium (Dulbecco’s Modified
Eagle’s Medium («-DMEM, Sigma Chemical Company, St. Louis,
MO, USA) with 10% fetal bovine serum (FBS, Gibco, BRL), 1 mM
L-glutamine were used, under a CO, (5%) atmosphere at 37 °C
for 12 h. After that, scaffolds were soaked in 12 plate transwells
(Corning™ Transwell™ multiple well plate with permeable poly-
carbonate membrane inserts) during 24 h. Co-cultive cells were
fixed with methanol for 5 min. Then, cell nuclei were stained
with 3 uM 4’-6-diamino-20-phenylindole dihydrochloride (DAPI)
in methanol. Afterwards, the glass disks were marked with acri-
dine orange (AO) (BD, Franklin Lakes, New Jersey) for 20 min.,
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and then washed with sterile water (to get rid of excess colour-
ing agent). AO stains bacterial cells bright orange, while eukary-
otic cells take on a subtle greenish-orange colour [67]. Glass disks
were extracted to the well plate and evaluated by Fluorescence mi-
croscopy in an EVOS FL Cell Imaging System (Waltham, MA, USA)
equipped with tree Led Lights Cubes (Agy (nm); Ag;, (nm): DAPI
(357/44; 447/60), RFP (531/40; 593/40) from AMG (Advance Mi-
croscopy Group, Bothell, WA, USA).

2.8. Statistical analysis

Results were expressed as the mean SEM (standard error of
the mean) of 6 samples divided in two independent experiments
(3 separate groups of samples in each one). Statistical study was
achieved with the nonparametric Kruskal-Wallis test and post-hoc
Dunns test. A value of p < 0.05 or 0.01 was considered significant.

3. Results and discussion
3.1. Powder mesoporous materials (MBG-xAg)

Ag/MBG nanocomposites, named MBG-xAg (x = 0, 0.15, 0.3
and 1), are powder mesoporous materials that are formed by
mesoporous bioactive glass (MBGs) matrices with metallic silver
nanoparticles (AgNPs) homogeneously embedded inside the matri-
ces. The MBG matrices were based on the ternary system SiO,-
Ca0-P,05 with 85%, 10% and 5% for SiO,, CaO and P,0s nomi-
nal composition, respectively. The molar composition studied for
the AgNPs was 0.15%, 0.30% and 1.0%. Thus, in this way MBG-xAg
were easily prepared in alcoholic medium in acidic environment
by using a non-ionic surfactant Pluronic P123 as structure-directing
agent and evaporation induced self-assembly (EISA) method. TEOS,
TEP, Ca(NO3),-4H,0 and AgNO3; were used as SiO,, P,05, CaO and
AgNPs sources, respectively. The last synthesis step was the cal-
cination at high temperatures (700 °C) where the organic mat-
ter (surfactant) was removed, the MBG matrices were formed and
the silver species were spontaneously reduced to metallic silver
nanoparticles [68-70]. Scheme 1A summarises synthesis strategy
for MBG-xAg as a powder materials followed in the present work.
The novelty of these Ag/MBG nanocomposites is their one-pot easy
synthesis where both intrinsic properties associated with MBG ma-
trices and AgNPs, are combined, respectively. On the one hand,
these Ag/MBG nanocomposites are bioactive materials due to the
high solubility of the MBG matrices, because they are capable of
releasing calcium and phosphorus ions into the environment that,
in contact with biological fluids, generate apatite favouring bone
regeneration processes. In addition, the presence of AgNPs (well-
known antibacterial agent) embedded in the MBG matrices re-
duces the risk of infection associated to bone regeneration pro-
cesses, favouring local release on the implantation site due to,
again, high solubility of MBG.

The weight percentages of SiO,, P05, CaO and AgNPs of the re-
sulting MBG-xAg powder materials after being calcined were con-
firmed by XRF measurements and the nominal and experimental
compositions were in agreement (Table 1).

The structures of the pristine MBG-xAg (x = 0, 0.15, 0.3 and 1)
samples were analyzed by powder XRD and are showed in Fig. 1A.
The low angle XRD patterns revealed that all synthesized sam-
ples exhibit ordered mesoporous arrangements (Fig. 1A(a)) with an
intense diffraction maximum at 260 in the region of 1.0-1.4°, as-
signed to the (100) reflection, along with a poorly resolved peaks
at around 2.0 and 2.3° that can be assigned to the (111) and (200)
reflections. These maxima were indexed on the basis of an ordered
two-dimensional (2D) hexagonal structure (p6mm) [48,61,71]. The
wide-angle XRD patterns (Fig. 1A(b)) displayed the presence of
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crystalline metallic silver phase within the amorphous MBG ma-
trix. In this way, sample containing higher amount of AgNPs (MBG-
1Ag) displayed four well defined diffraction maxima centered at
260 = 38.1, 44.3, 64.5 and 77.1° that can be indexed to (111), (200),
(220) and (311) reflections, respectively and which are attributed
to face centred cubic (fcc) silver nanoparticles (JCPDs card No. 04-
0783) [72-75]. No peaks from other phases were detected, indi-
cating high purity of the silver particles. The presence of these
diffraction maxima in MBG-0.3Ag sample was detected but when
the amount of silver was reduced (MBG-0.15Ag sample) the XRD
technique did not have enough resolution to detect the presence
of AgNPs. However, this was confirmed by other techniques such
as XRF or TEM.

Textural properties revealed a significant decrease in both, sur-
face area and pore volume, with the metallic AgNPs doping. All the
isotherms, according to the IUPAC classification, can be identified
as typical type IV which are characteristic of mesoporous solids
[71,76]. The presence of H1 type hysteresis loops in the meso-
poro range indicated the existence of open ended cylindrical meso-
pores with narrow pore size distributions, which are characteristic
of MBGs [65,77] in accordance with the presence of MBG acting as
matrices of AgNPs support. Surface areas, pore volumes and pore
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(A) TEM

MBG-0.3Ag

(B) SEM

Fig. 2. (A) TEM images of MBG-xAg (x = 0, 0.15, 0.3 and 1) powder samples.
(B) SEM micrograph of the SC-MBG-1Ag sample (a) with the corresponding high-
magnification image (b) and the cross-section (c), where macropores caused by
HPMC removal can be observed and the corresponding high-magnification image

(d).

diameters displayed a progressive decrease with increasing silver
content, probably caused by blockage of the mesostructure assem-
bly, although partial pore blockage cannot be ruled out.

The mesostructure of MBG matrices and distribution and mor-
phology of silver particles in the MBG-xAg (x = 0.15, 0.3 and 1)
materials were investigated by TEM. According to low angle XRD
patterns, all TEM images (Fig. 2A) displayed electron beams par-
allel and perpendicular to the mesoporous channels axis, showed
“well ordered” hexagonally arranged mesostructures correspond-
ing to the presence, in all samples, a very ordered MBG matri-
ces. Regardless silver content the high ordered mesoporosity is
not affected. In addition, nevertheless of the silver content, MBG-
xAg (x = 0.15, 0.3 and 1) nanocomposites display homogeneously
distributed AgNPs (dark spots). The size of the AgNPs is rather
uniform with quasi-spherical morphologies and diameters ranging
from 10 to 30 nm. The AgNPs exceed the pore diameter of the
MBG matrix channels, which leads to the conclusion that most Ag-
NPs are located outside the MBG pores, thus not deforming them.
These results demonstrate that the AgNPs are embedded into the
MBG matrix, allowing the formation of the mesostructure during
the synthesis procedure and carbonization treatment. When the
silver content increased (data not included in this work) the for-
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mation of silver aggregates were observed, and their distribution
into the MBG matrix loosed uniformity and homogeneity. In these
cases the periodicity of the MBG matrix structures were modified
and worm-like structures were obtained.

In order to investigate the effect of the silver content on the
textural properties of the MBG-xAg nanocomposites, N, adsorp-
tion/desorption measurements were done (Table 1 and Fig. 1B).
Textural properties revealed a significant decrease in both, surface
area and pore volume, with the metallic AgNPs doping. All the
isotherms, according to the IUPAC classification, can be identified
as typical type IV which are characteristic of mesoporous solids
[71,76]. The presence of H1 type hysteresis loops in the meso-
poro range indicated the existence of open ended cylindrical meso-
pores with narrow pore size distributions, which are characteristic
of MBGs [65,77] in accordance with the presence of MBG acting as
matrices of AgNPs support. Surface areas, pore volumes and pore
diameters displayed a progressive decrease with increasing silver
content, probably caused by blockage of the mesostructure assem-
bly, although partial pore blockage cannot be ruled out.

3.2. Three-dimensional scaffolds (SC-MBG-xAg)

The hierarchical meso-macroporosity of 3D printed scaffolds
plays a key role in the biological functions after implantation
in bone. A proper hierarchical structure and appropriate surface
chemistry and topography favour the process of cell attachment,
proliferation and differentiation, as 3D scaffolds act as tempo-
rary templates for bone tissue regeneration ensuring complete
cell colonization. The Ag/MBG nanocomposites manufactured as
3D scaffolds (described here) have been synthesized directly in
a unique step using novel and innovative methodology: sol-gel
method, which is employed to obtain AgNPs-doped MBG matrices
in which different polymeric templates facilitate the diverse size
scales presence, and rapid prototyping (RP) technique that provides
ultra-large macroporosity according to computer-aided design. In
all synthesis cases, calcination is required, not only to remove or-
ganic material (generating meso and macroporosity) and to form
homogenous metallic AgNPs (by reducing silver species) embedded
in the MBG matrices. Scheme 1B summarizes the manufacture of
the final 3D scaffolds. Thus, in a more detail, 3D scaffolds based on
Ag/MBG nanocomposite (SC-MBG-xAg, x = 0, 0.15, 0.3 and 1) were
prepared by RP technique via direct-write assembly of precursor
slurries with adequate properties that allow their robotic printing.
The employed slurries came from a sol synthesized by means of
a hydroalcoholic solution of a surfactant together with the corre-
sponding inorganic precursors, suitable aging and the subsequent
addition of (hydroxypropyl)methyl cellulose (HPMC). It is essential
to control the formation of the mesophase before the HPMC ad-
dition because this biomacromolecular polymer could disrupt the
formation of an ordered mesostructure. Thus, before the addition
of HPMC an aging stage is required to ensure the formation of an
ordered mesostructure. Consequently, HPMC is added after evapo-
ration of approximately three quarters of the sol volume. So, HPMC
was added to the sol after the appropriate aging time for two pur-
poses: (i) to increase the viscosity of the sol, resulting in slurries
that could be extruded by RP; and (ii) to act as porogen, result-
ing in the formation of macropores after its removal by calcination
[62,63]. It cannot be forgotten that the silver species were spon-
taneously reduced to metallic AgNPs during calcination process, so
the calcination is a key step synthesis and scaffold forming of these
materials. Thus the MBGs acting as a building block to confine and
enclose the AgNPs. Scheme 1 (right bottom) displays a digital pho-
tograph of cylindrical scaffolds before and after calcination pro-
cess and without (white) or with (brown) AgNPs presence in their
composition. In addition, thermogravimetric (TG) analysis indicated
that 700 °C is a suitable temperature not only for the silver species
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Fig. 3. SEM images, EDS spectra and Si, P, Ca and Ag elements distribution of SC-MBG-xAg (x = 0, 0.15, 0.3 and 1) scaffolds.

reduction to AgNPs but also for the elimination of organic matter,
nitrate groups and HPMC (necessary for the scaffolds manufacture
by RP technique). The results obtained by TG measurements (Fig.
S1, Supporting Information) revealed that there were slightly dif-
ferent weight losses between materials with and without AgNPs
presence that were in accordance with the XRF results (Table S2).
Thus, the successful doped with AgNPs on the mesoporous matri-
ces has been confirmed.

Fig. 2B shows SEM images of SC-MBG-1Ag scaffold, selected
as a representative example. SEM micrographs show a stacked
rod lattice with simple tetragonal symmetry as a result computer-
aided design by RP technique. The rods width is ca. 350 um and
the ultra-large pores present sizes of ca. 450 um, as depicted in
Fig. 2B(a) (frontal view) and 2B(c) (cross view). This ultra-large
porosity of ca. 400 um is in agreement with the porosity re-
quired for regenerating bone tissues, as reported by several authors
[78,79]. SEM micrograph at higher magnification (Figure 2B(b))
shows that this scaffold is formed by cylinders with relatively
smooth surfaces. However, a SEM micrograph of the cross-section
of this scaffold showed the presence of heterogeneous macropores,
with sizes ranging from 20 to 60 um (Fig. 2B(b) and 2B(d)), which
were results of the HPMC removal by calcination process generat-
ing macroporous systems with high interconnection.

Energy-dispersive spectrometry analysis (EDS) mapping analysis
took place and the results are displayed in Fig. 3. Quantitative anal-
ysis using EDS mapping, coupled to SEM, was used to explore the
Si, P, Ca and Ag elements distribution in the SC-MBG-xAg scaffolds.
Micrographs showed that Si, P, Ca and Ag elements were evenly
and homogenously distributed in all the scaffolds.

Once the macroporous nature of the manufactured SC-MBG-xAg
scaffolds had been investigated, a deep study of the mesostructural
structures of the different scaffold series was carried out by XRD,
TEM and N, adsorption techniques. No mayor differences have
been found between scaffolds and powder materials, although it
is true that the diffraction maxima are not so well defined and the
TEM micrographs showed a worse definition in the arrangement of
the mesopore channels. The XRD pattern showed peaks that can be
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indexed as reflections that correspond to the 2D hexagonal struc-
ture with p6mm space group. The AgNPs presence was also con-
firmed by wide angle XRD patterns and TEM images (difractograms
and micrographs are included in the Supplementary Material, Fig.
S2). We can conclude that the shaping of materials in scaffolding
forms thanks to HPMC inclusion does not affect AgNPs morpholo-
gies nor their homogeneous distribution within the MBG matrices,
although the MBG matrices lost part of mesostructure observed for
the powder materials.

The textural properties of scaffolds resulting from the appro-
priate treatment of N, adsorption were slightly affected by man-
ufacture scaffold procedure and are summarized in Table S2 (Sup-
plementary Material). Surface area, pore volume and pore diameter
values decreased with respect to the values found for powder sam-
ples. In any case, all scaffold samples showed a similar behaviour
that was in agreement with previously reported observations to
powder materials. AgNPs incorporation into the mesoporous MBG
network usually led to a decrease in the textural properties that
could be attributed of the partial collapse of the pore structure
of MBG matrices due to HPMC incorporation during the synthe-
sis process. But in no case their mesoporosity were compromised
because the scaffold samples displayed high pore volumes and spe-
cific surface areas [53,54,62,63,80-82]. The sum of macropore and
mesopore interconnections from MBG matrices will promote the
substrates diffusion within the scaffold in biological applications
that require the exchange of liquids within these porous matrices.

As can be seen in Table S2 (XRF measurements, Supporting Ma-
terial), the molar composition of the different scaffolds were very
close to the nominal ratio which means the chemical composition
were not affected by the scaffolding method.

3.3. Ion release assays

ICP-OES was used to evaluate the ions release and Fig. 4 dis-
plays the results obtained. The medium chosen for the ion release
study was bacteria culture medium (THB) due to the purpose of
these materials is to be used for infection treatment. These mate-
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Fig. 4. Evolution of cumulative calcium, phosphorus, and silver content SC-MBG-xAg (x = 0, 0.15, 0.3 and 1) scaffolds as a function of time in THB medium.

rials displayed a high in vitro ions release capabilities due to the
open interconnected meso-macroporosity of the scaffolds that fa-
cilitate the release of ions to the media. This hierarchical poros-
ity, present in the 3D scaffolds, with high surface area property
facilitate an adequate interaction with biological fluids necessary
to favour their solubility. Due to the one-step synthesis process,
the Ag concentrations in the assembly procedure adjust the load-
ing of Ag nanospecies into the hierarchically structured silica and
result in similarly sized and homogeneously distributed nanopar-
ticles. In addition, AgNPs indicate that it facilitates the solubility
of the samples because the calcium and phosphorus release pro-
files were higher than those of the scaffolds without silver were.
In any case, samples exhibited analogous calcium and phospho-
rous release behaviours with under-went a sustained increase with
time as expected to MBG matrices, that are in accordance with
systems with high bioactivity [53,54,62,63,80,81]. It has been ob-
served that there was a direct relationship between silver mo-
lar composition and silver release to THB medium. Sample with
the highest amount of silver, SC-MBG-1Ag, released the highest
amount of ppm to the medium while the SC-MBG-0.15Ag and SC-
MBG-0.3Ag profiles were very similar. The antibacterial activity of
metallic silver is directly related to the release of Ag™ ions, for
which an oxidation of Ag(0) to Ag(l) takes place in aqueous so-
lution, with the presence of oxygen and under acidic conditions
[83-85].

4 Ag + 0, — 2 Ag,0 (1)

(2)

We have observed that for all the materials studied (SC-MBG-
xAg, x = 0.15, 0.3 and 1), the Ag* release after three days is around
~15-20 ppm, and it is appropriate to display antibactericidal activ-
ity in S. aureus and E. coli bacteria [34].

Taking into account that THB contains calcium and phospho-
rus in its composition and MBG matrices also contain, SC-MBG-
xAg displayed the typical of highly bioactive glasses profiles: a very
fast calcium and phosphorous release at short times followed by
precipitation equilibrium due to the formation of apatite-type cal-
cium phosphates, indicating that these materials exhibit bioactive
behaviour. External surface of SC-MBG-xAg were evaluated after 10
days in THB incubation by wide-angle XRD (Figure S3). In addition
to the maxima corresponding to the presence of AgNPs, new max-
ima can be observed in all samples. These new specimens are as-
signed to the newly formed apatite, confirming that all these ma-
terials exhibit excellent bioactive properties.

2 Ag,0 + 4H* — 4 Agt + 2 H,0

3.4. In vitro assays: MC3T3-E1 preosteoblastic cells culture of 3D
scaffolds

To evaluate whether the presence of metallic AgNPs contributes
to the cytotoxicity of SC-MBG-xAg materials, these scaffolds were
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placed by indirect contact with MC3T3-E1 preosteoblastic cells un-
der transwell plates and their cell growth was studied by MTS as-
says. Fig. 5 shows the results obtained of cell viability assays af-
ter 1 and 3 days of incubation. It can be seen that at short times
all materials showed similar viability. After 3 days of culture, cell
growth increased considerably for all scaffolds, with and without
AgNPs.

MTS assays showed that the number of live cells in cultures
was affected by the presence of AgNPs in the MBG matrices due
to the cell viability decreased with increasing presence of metal-
lic AgNPs. MC3T3-E1 cell growth test revealed that those materials
with a higher silver content (x = 0.3 and 1) presented increase
more slowly than SC-MBG-xAg (x = 0 and 0.15). Although we can
conclude that in all cases all scaffolds SC-MBG-xAg (x = 0.15, 0.3
and 1) were no cytotoxic and MC3T3-E1 cells proliferated in pres-
ence of these materials.

Moreover, MC3T3-E1 cell morphologies were evaluated by the
optical microscope and representative images were included in Fig-
ure S4 (Supplementary Material). In all cases, the MC3T3-E1 cells
maintained their typical osteoblast morphology and they were to-
tally spread on the plastic plate after two days of incubation in
contact with SC-MBG-xAg (x = 0 and 0.15, 0.3 and 1), so their mor-
phology and viability were not affected.

3.5. Antibacterial properties evaluation of Ag/MBG nanocomposites

In order to evaluate the antibacterial properties of Ag/MBG
nanocomposites as a powder materials or 3D scaffolds, in vitro
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Fig. 6. (A) Digital photographs of halo inhibition zones and (B) graphical representation of inhibition zones measurements of MBG-xAg (x = 0, 0.15, 0.3 and 1) powder

samples conformed as 10 mm diameter disks. Results are mean + SE (n = 3).

assays with Staphylococcus aureus or Escherichia coli strains were
performed. S. aureus and E. coli were chosen as models of Gram-
negative and Gram-positive bacteria, respectively, because they are
responsible for more than 80 % of all infections [86,87].

The antibacterial activity of MBG-xAg (x = 0, 0.15, 0.3 and 1)
powder samples were examined by agar disk diffusion tests, where
ca. 100 mg of each powder samples were compacted into 10 mm
diameter disks. Fig. 6A displays the images of inhibition halos ob-
tained by the agar diffusion method for MBG-xAg materials against
S. aureus and Fig. 6B shows the graphs of the inhibition zones mea-
surements against S. aureus and E. coli growth. The silver ions dif-
fused and growth inhibition was verified by the presence of a de-
tectable clear zone around the disks. The presence of metallic Ag-
NPs is a prerequisite for these materials to have antibacterial activ-
ity, and it was observed that this activity is higher in both strains
when the percentage of silver is higher in the composition of these
powder materials, i.e. x = 1. The diameters of the inhibition zones
for MBG-1Ag material was 1.78 and 1.83 mm for E. coli and S. au-
reus bacteria, respectively after 24 h.

To detect the antibacterial capacity of the 3D scaffolds, SC-
MBG-xAg, x = 0, 0.15, 0.3 and 1 samples were placed in differ-
ent transwells and 3 mL of S. aureus or E. coli bacteria suspen-
sion (2 x 108 bacteria/mL) were added to a culture well plates.
6 and 24 h later, aliquots (20 uL) were extracted and were seeded
in agar Petri plates. After 24 h of culture at 37 °C in static con-
ditions, colony-forming units (CFUs) were counted. Controls cor-
respond to bacteria incubated in the absence of scaffolds. Fig. 7
summarized the results obtained and undoped SC-MBG scaffolds
and silver doped SC-MBG-xAg (x = 0.15, 0.3 and 1) scaffolds were
compared. In all cases, at 6 and 24 h and for both bacteria strains,
scaffolds containing AgNPs in their composition have high antibac-
terial activity inhibiting the formation of bacterial colonies regard-
less of the molar composition of silver. It can be observed that, un-
der these experimental conditions, AgNPs were exclusive responsi-
ble of antimicrobial effects of these nanocomposite materials even
with only 0.15 molar ratio composition.
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*p < 0.05 control vs the corresponding MBG-xAg (x = 0.15 and 0.3).
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Fig. 7. Couting of colony forming units of E. coli and S. aureus after 6 and 24 h of
culture in contact through a transwell with SC-MBG-xAg (x = 0, 0.15, 0.3 and 1)
scaffolds. Results are mean + SE (n = 3). *p < 0.05 control vs SC-MBG.
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Fig. 8. (A) Confocal images of E. coli and S. aureus biofilm degradation after 24 h in contact through a transwell with SC-MBG-xAg (x = 0, 0.15, 0.3 and 1) scaffolds. Controls
correspond to biofilms incubated in the absence of scaffolds. Live bacteria were stained in green, dead bacteria in red and the protective extracellular polysaccharide matrix
biofilm in blue. (B) Couting of colony forming units of S. aureus after 24 h of culture of aliquots that were extracted after previously contact of S. aureus with SC-MBG-xAg
(x =0, 0.15, 0.3 and 1) scaffolds during 24 h. Statistical significance respect to SC-MBG: *p < 0.01.

Although the incorporation the incorporation of multivalent
ions (Mg, Zn, B, Ga, Zn, Ag) to the Si0,-Ca0-P,05 system of MBG
reduces the specific surface area and pore volume, it has no dis-
tinct effect on the pore size and the resultant ceramics still pos-
sessed a high surface area and pore volume [88-91]. This property
along with big channels and macroporosity of scaffolds contributes
to more effective and homogeneous release of silver ions from the
glass structure.

Confocal microscope studies were done to evaluate the silver
presence effect of SC-MBG-xAg (x = 0, 0.15, 0.3 and 1) scaffolds
onto preformed E. coli and S. aureus biofilms (Fig. 8A). The control
biofilms showed a typical structure composed by a mat of live bac-
teria (green) covered with a protective polysaccharide layer (blue).
Biofilms incubated for 24 h with undoped metallic AgNPs scaffolds
(SC-MBG) displayed similar structure than control biofilms, where
green and blue colours assigned to live bacteria and protective ex-
tracellular polysaccharide matrix predominated. For biofilms incu-
bated with Ag doped scaffolds (SC-MBG-xAg, x = 0.15, 0.3 and 1),
a remarkable reduction of the biofilm area was observed, together
with the presence of dark gaps and an increase in dead bacteria
(red colour) coexisting with small isolated live bacterial colonies
along the entire surface. These results indicated that was neces-
sary the AgNPs presence to cause disruption of biofilm. The differ-
ences in antimicrobial efficacy between x = 0.15, 0.3 and 1 can be
attributed to the greater presence of metallic AgNPs antimicrobial
effect that released Ag* ions to the media and are consistent with
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the antimicrobial effect in the planktonic state and inhibition zone
formation. The results showed that antimicrobial effect was more
effective against S. aureus biofilm than E. coli biofilm.

Once tested the effect of AgNPs doping samples on S. aureus
biofilm and with the aim to complete these antimicrobial studies,
different aliquots of resulting media where seeded in agar Petri
plates. After 24 h of incubation at 37 °C in static conditions, S.
aureus colony forming units were counted (Fig. 8B). In agreement
with the above results, both SC-MBG-0.3Ag and SC-MBG-1Ag sam-
ples displayed the lowest number of S. aureus colonies because the
presence of these molar ratios of AgNPs were more effectively de-
stroyed the previous biofilm. Therefore, these Ag/MBG nanocom-
posite hierarchical scaffolds exhibited, as the same time, the cyto-
compatible and antibacterial properties for prevention and treat-
ment of bone infection applications.

3.6. Co-culture assays

Qualitative results of the in vitro co-culture assays of pre-
osteoblastic MC3T3-E1 cells and S. aureus bacteria are summarized
in the confocal microscope images showed in Fig. 9. The cells ad-
hesion and spreading onto plate surfaces were visualized by flu-
orescence microcopy where actin cytoskeleton was stained with
acridine orange (in orange) and the nuclei with DAPI (in blue). Bac-
terial cells were stained in a bright orange with acridine orange.
When SC-MBG-xAg (x = 0, 0.15, 0.3 and 1) scaffolds were put indi-
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0.15, 0.3 and 1) for a further 24 h. S. aureus bacteria and preosteoblastic cells cytoskeleton were stained in orange and cells nuclei were stained in blue.

rect contact through a transwell during 24 h with MC3T3-E1 cells,
S. aureus bacteria and a co-cultive of cells and bacteria we can con-
firmed that:

(i) Silver doping is necessary to have antibacterial activity. It could
be observed that only samples with AgNPs destroyed the S.
aureus bacteria. The presence of the orange colour, associated
with the bacteria staining, was reduced when the percentage of
AgNPs increases indicating that antimicrobial activity is higher
the more silver the materials contain.

(ii) The images showed viable and well-spread cells which have
maintained their typical preosteoblast morphology for all kind
of scaffolds, with or without metallic AgNPs. A decrease in the
number of cells could be observed as the percentage of silver
increased, which is in agreement with the previously described
results of cytotoxicity.

In assays performed with MC3T3-E1 cells and S. aureus bacteria

co-cultured for 24 h, it was observed by microscopy imaging

that the cells are hardly affected by the presence of the scaf-
folds whereas the number of bacteria decreases as the percent-

(iif)
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age of AgNPs increases. The qualitative results of the co-cultive
followed the same pattern as the studies performed on cells or
bacteria independently.

4. Conclusions

This research work highlights the versatility of the metallic
doping method developed here to prepare MBGs with antibacte-
rial properties, which could be applied depending on the targeted
clinical application in different shapes as powders, particles, dense
or porous supports. Dual Ag/MBG nanocomposites for bone tissue
regeneration with antimicrobial activity were synthetized where
AgNPs were homogeneously embedded into ordered mesoporous
bioactive glasses based on the ternary system SiO,-CaO-P,0s.
These Ag/MBG nanocomposites were prepared in a unique synthe-
sis step by the sol-gel method followed by EISA process with a
spontaneous reduction of silver salts to AgNPs by high tempera-
ture. Their manufacture as three-dimensional scaffolds with hierar-
chical porosity was carried out by (hydroxypropyl)methyl cellulose
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(HPMC) use, which facilitated the formation of suitable inks to be
extruded by the rapid prototyping (RP) technique.

MBG matrices solubility facilitated the bioavailability of AgNPs
allowing a release of silver ions into the medium, which are re-
sponsible for the antimicrobial activity of these materials. In vitro
antimicrobial assays showed that S. aureus and E. coli growth inhi-
bition and biofilm reduction were directly related to the increased
presence of AgNPs into the MBG matrices. These amounts of AgNPs
did not compromise the viability of the MC3T3-E1 preosteoblastic
cells cultured with Ag/MBG nanocomposites. The results obtained
in the co-culture of Ag/MBG nanocomposites with MC3T3-E1 cells
and S. aureus, trying to simulate in vivo conditions in an in vitro en-
vironment, indicated that these materials are excellent candidates
for more in vitro and future in vivo assays for the treatment of bac-
terial infection and bone tissue regeneration.
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