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Bacterial infections after implant surgical procedures are a complication observed in many
surgeries to treat bone injuries or diseases. Bacteria can attach to the surface of the implant producing
biofilms, and if treatment with antibiotics does not work, further surgery is necessary to remove the
infected implant. Among the biomaterials for bone implants, bioceramics based on calcium phosphates
(CaPs) such as B-TCP stand out, due to their chemical similarity with bone and high bioresorbability.
B-TCP has the characteristic of easily accommodating in its crystalline structure reasonable amounts
of doping elements, such as monovalent and trivalent ions, which makes it an efficient transporter of
drugs, molecules, and therapeutic ions The objective of this work was the incorporation of bioactive
glass (BG 45S5) via sol-gel and silver nanoparticles (Ag-NPs) in -TCP scaffolds, aiming to confer
antimicrobial activity to the scaffolds, without prejudice to biocompatibility. XRD and FT-IR analysis
indicated structural changes after the incorporation of BG 45S5 and Ag-NPs in B-TCP scaffolds, and
these compounds induced the partial transformation of the B-TCP phase into a-TCP phase and the
formation of sodium-calcium silicates and silver silicates. The FT-IR spectra showed characteristic
bands of a-TCP after incorporation, in addition to the predominant bands of B-TCP. Biocompatibility
after incorporation of BG 45S5 was improved, with a significant increase in cell viability. After the
incorporation of Ag-NPs, cell viability was maintained at an acceptable level, no cytotoxic behavior
was observed, and the scaffolds showed antibacterial and antifungal activity. The results indicate that
BG 4585 and the Ag-NPs incorporated showed a synergistic behavior, conferring antimicrobial activity
to the scaffolds without compromising biocompatibility, showing great potential for applicability in

tissue engineering.
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1. Introduction

Surgical procedures are performed all over the world
to repair or replace bone tissue damaged by trauma, injury,
or disease. Musculoskeletal diseases, traumas arising from
accidents, and arthritis are examples of diseases related to
the musculoskeletal system that affect more people, due
to the increase in life expectancy and more active profile
of the population'. Although bone tissue can regenerate
itself, extensive defects and disease-associated bone loss
require the implantation of bone grafts to fill these defects.
Currently, the most used treatment system is still based on
the use of autografts or allografts, which are natural implants
taken from the patient or a compatible donor, respectively.
This system has significant limitations, such as reduced
availability and high morbidity at the place of collection,
in addition to the possibility of disease transmission and the
patient’s autoimmune response, in the case of allografts.
Thus, synthetic grafts have been an alternative to natural
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grafts increasingly studied and applied in the treatment of
bone lesions.

One of the most common complications after implant
surgical procedures is related to bacterial infections in the
implant region. According to Yuan et al.?, the post-implantation
infection rate can reach 43% for previously infected cases.
Bacteria can attach to the surface of the biomaterial, forming
biofilms and, if antibiotic resistance develops, a new
surgery must be performed to remove the implant®. Local
delivery strategies have been studied to combat infection
after implantation, such as loading carbon nanotubes with
antimicrobial agents and nanoencapsulating antibiotics'*.
However, the slow and controlled release of antibiotics
still represents a challenge, and maintaining a bactericidal
concentration for a brief period may be insufficient to fight
the infection, in addition to increasing the risk of developing
antibiotic-resistant bacterial strains'*”. In this way, in order
to prevent the risk of infection in the long term, a material
capable of retaining antimicrobial activity for a longer period
is necessary. -Tricalcium phosphate (B-TCP, 3-Ca,(PO,),)
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has been widely used for manufacturing scaffolds for bone
regeneration, due mainly to its great chemical similarity
with the mineral phase of bones. B-TCP scaffolds are highly
biocompatible and osteoconductive, but their main feature
is their high bioresorbability, which allows them to degrade
at the end of treatment, releasing non-toxic elements to the
body (calcium and phosphorus). The properties of B-TCP
can be improved by replacing different ions (monovalent,
bivalent, or trivalent) in its structure, such as silver, iron
and zinc*!!. Studies have shown that B-TCP can be used as
a highly effective drug and chemical delivery system since
the incorporated reagents are homogeneously distributed in
the material structure*'2.

The material currently most used to confer antimicrobial
activity on B-TCP is silver (Ag)>"1*!2. Nanometric silver,
metallic silver, silver ions, and composites containing silver
exhibit antimicrobial activity against various bacterial strains,
gram-positive and gram-negative, such as Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli), respectively,
in addition to fungi and some viruses™'*!*. In addition, Ag can
potentiate the action of antibiotics, being able to resensitize
resistant bacterial strains, and can be easily added as a dopant
to B-TCP'2!>18, According to Vollmer et al.’, the antimicrobial
action of Ag is related to a multifaceted attack on the structure
and cellular functions of microorganisms. Ag has been
reported to bind to groups containing oxygen, nitrogen, or
sulfur, such as carboxyl groups (-COOH), amino (-NH),
and thiol (-SH) of vital intramicrobial structures, leading
to enzymatic inactivation and blockage of cytochromatic
respiration”*!*2!. Ag also damages the plasma membrane of
the microorganism, increasing its permeability and impairing
the regulation of nutrient diffusion across the membrane’**.
Moreover, it is postulated that the interaction with silver
can reduce the stability of the DNA helix, inhibiting its
replication capacity”2**2*. The development of resistance
to Ag in microbial strains is significantly hampered due to
this multifaceted attack, characteristic of the Ag’**2,

Despite the advantages, the use of silver requires care
since high concentrations of Ag ions in body fluids can
induce cytotoxic effects in some tissues'®. For this reason,
Ag nanoparticles (Ag-NPs) used for therapeutic and
diagnostic purposes must, invariably, have their cytotoxicity
determined®?®. However, silver has shown antimicrobial
activity even at low concentrations, while maintaining
relatively low cytotoxicity'®'*?”. Yuan et al.? studied the
antimicrobial activity and cytotoxicity in f-TCP composites
doped with 5 and 10 wt% of nanometer Ag. They found
that the composites inhibited the proliferation of S. aureus
and E. coli bacteria but were not cytotoxic to human bone
marrow mesenchymal stem cells, with no damage to renal
or hepatic function in vivo tests.

4585 bioactive glass is also a biomaterial that can be
incorporated on porous -TCP scaffolds to confer antimicrobial
activity?®*. It belongs to the Si0,-Na 0-CaO-P O, system
and has properties such as high bioactivity, biocompatibility,
and solubility in a physiological environment in addition to
the ability to inhibit microbial proliferation’*3. In recent
work, it was found that the incorporation of BG 45S5 on
B-TCP scaffolds induced an antimicrobial behavior that
did not exist in pure B-TCP, preventing the attachment and
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growth of S. aureus and E. coli bacteria, and the fungus
C. albicans®. Also, it was verified that the antimicrobial
activity was accompanied by a significant increase in cell
viability, alkaline phosphatase activity, and total protein
content. It is known that the rapid dissolution of BG 45S5 in
a physiological medium can increase the local pH, induce
changes in osmotic pressure and damage the cytoplasmic
membrane, which affects intracellular functions essential to
the metabolism of the microorganism, such as enzymatic
activity®-¥. Given the reported properties of Ag-NPs and BG
4585, it is assumed that the joint incorporation of these two
components into B-TCP scaffolds has a synergistic effect,
resulting in a biomaterial with improved biocompatibility
properties and antimicrobial activity.

In this work, B-TCP scaffolds were manufactured by the
foam gel casting method, and BG 45S5 was incorporated
by means of vacuum impregnation in sol-gel solution,
followed by heat treatment at 1200 °C, as described by
Spirandeli et al.** Next, Ag-NPs were incorporated on the
B-TCP/45S5 composite scaffolds by means of vacuum
impregnation from a colloidal suspension of the nanoparticles,
also followed by heat treatment at 1200 °C. The main objective
of this work was to study the influence of the incorporation
of BG 45S5 and Ag-NPs on the biocompatibility and
antimicrobial activity of composite scaffolds obtained by
the vacuum impregnation method. In addition to the main
objective, the specific objectives of the work were to analyze
the influence of the incorporation of these compounds on the
crystalline structure and morphology of composite scaffolds.

2. Materials and Methods

2.1. Synthesis and characterization of f-TCP

B-TCP powder was obtained by solid state reaction®*.
Calcium phosphate (CaHPO,, Synth, 99.00%) and calcium
carbonate (CaCO,, Synth, 99.00%) were mixed ina 2:1 molar
ratio for 30 minutes. This mixture was then calcined at
1050 °C with a heating rate of 5 °C.min" and a residence
time of 360 minutes in a muffle furnace (EDG, 3P-S). After
synthesis and calcination, the f-TCP powder was ground in a
jar mill (Marconi, MA500) for 24 hours with alumina spheres
6 mm in diameter, using a sphere mass:powder ratio of 10:1.
After milling, the powder was analyzed by X-ray diffraction
(Panalytical Diffractometer, model X’pert Powder) to verify
the formation of the crystalline phase (only the presence of
the B-TCP phase, JCPDS 00-009-0169 was verified) and by
laser diffraction (Cilas, model 1190) to determine the particle
size, (average particle size of 1.57 pm and D10 = 0.85 pm,
D50 =1.46 um and D90 = 2.41 um).

2.2. Preparation of -TCP scaffolds

The B-TCP scaffolds were produced by the foam
gel casting method. Ceramic suspensions with a solids
content of 30% wt were prepared by dispersing the
B-TCP powder in an aqueous solution containing organic
monomers. The monomers used were N-(hydroxymethyl)
acrylamide (HMAM), methacrylamide (MAM), and N,N’-
methylenebisacrylamide (MBAM), from Sigma Aldrich, in
a3:3:1 molar ratio (HMAM:MAM:MBAM). The procedure
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used to obtain the ceramic foams was described in detail in
Spirandeli et al.** The gelled porous foams were then sintered
to obtain the scaffold. Heating was used up to 200 °C at a
rate of 5 °C.min"', from 200 °C to 500 °C with 1 °C.min"' and
60 minutes of permanence, from 500 °C to 1200 °C with
5 °C.min"! and 120 minutes of stay**.

2.3. Synthesis of BG 4555 and Ag-NPs and the
incorporation on f-TCP scaffolds

BG 4585 with a molar composition 0f 46.1% SiO,, 26.9%
Ca0,24.4% Na,0, and 2.6% P,0, was produced by the sol-gel
method, as previously described by Spirandeli et al.** Briefly,
the precursors listed in Table 1 were mixed in a beaker with
the silicic acid solution (H,SiO,, 0.5 mol.L""). At the end
of the additions and mixing, a clear and transparent sol of
45S5 BG was obtained. This sol was used to incorporate
the B-TCP scaffolds and obtain the composite scaffolds of
B-TCP/BG, B-TCP/BG/Ag, and B-TCP/BG/Ag,,..

For incorporation of the bioactive glass, the B-TCP
scaffolds were immersed in 200 ml of the sol-gel precursor
solution of 45S5 BG, inside a vacuum chamber. A pressure
of -1 Bar was applied to help the sol fill the interconnected
porosity of the scaffolds. After 10 minutes, the scaffolds
were removed from the chamber and kept for 10 minutes
in an oven at 100 °C. This immersion and drying process
was repeated three times in a row. Finally, the scaffolds were
dried for 24 hours at 100 °C, to obtain a xerogel inside the
pores, and subjected to heat treatment at 1200 °C (heating
rate of 5 °C.min"' and 2 hours at 1200 °C) for melting and
incorporating the bioglass. B-TCP scaffolds without bioglass
were also subjected to the same treatment, to demonstrate
that heat treatment alone does not induce changes in the
crystalline phases formed.

The suspension of Ag-NPs was obtained by the Turkevich
method, by means of the reduction of silver from a solution
of silver nitrate (AgNO,)*"**. The incorporation of Ag-NPs
was performed by the same impregnation and drying process
as described above. However, only part of the scaffolds was
subjected to heat treatment after impregnation. Six groups of
scaffolds were obtained in this study and are detailed in Table 2.

2.4. Characterization of f-TCP scaffolds

The morphology of the scaffolds was analyzed by scanning
electron microscopy (SEM) ina TESCAN microscope model
MIRA 3 operating at 10 kV. Pore size was measured on SEM
images using Image-J software. The geometric porosity of
the B-TCP scaffolds was calculated using Equations 1 and
2, where d, is the B-TCP theoretical density (3.07 g.cm?),

Mooty is the measured mass (g)and V_ folds is the calculated
scaffold volume (cm?).
d
P(%):|:1—[ Scaffolds J:|X100 0
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X-ray diffraction analysis (Panalytical Diffractometer,
model X’pert Powder) was performed on the powder of

Table 1. Precursors used in the sol-gel synthesis of BG 45S5%.

Colloidal Sol-Gel Synthesis

Intended compound Precursor Contents (%mol)
SiO, H,SiO, 0,185
P,0, (NH,),PO, 0,010
Na,0 NaNO, 0,098
CaO Ca(NO,),.4H,0 0,110

Table 2. Initial groups of scaffolds used in the work.

Scaffolds groups Description
B-TCP Pure B-TCP.
B-TCP/BG Incorporation BG 45S5%.
B-TCP/Ag Incorporation Ag-NPs.
Incorporation Ag-NPs and heat
B-TCP/Ag,, treatment at 1200 °C.

B-TCP/BG/Ag Incorporation BG 45S5 and Ag-NPs.

Incorporation BG 45S5, Ag-NPs, and
heat treatment at 1200 °C.

B-TCP/BG/Ag,,

the macerated scaffolds. The analysis was obtained in the
range of 20 to 40°, with a scan step of 10.1600 s, step size of
0.0170°, and CuK  radiation. After XRD analyses, the scaffold
groups where silver nitrate was found were discontinued.

FT-IR analyses of the macerated scaffolds were performed
on a Perkin Elmer Spectrum, Frontier model, covering the
wavenumber range from 4000 to 400 cm™ in UATR mode
using a diamond crystal.

2.5. Cell viability assays

The biocompatibility of the scaffolds was evaluated by
cell viability assays. Cell viability assays were measured
after incubation of mouse embryonic fibroblasts (MEF)
with the different groups of scaffolds. Cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM), supplemented
with 10% fetal bovine serum (FBS). They were incubated
for a period of 48 hours in an oven at 37 °C in a humid
atmosphere containing 5% CO, in cell culture flasks until
about 80% confluence. After confluence, cells were washed
with phosphate-buffered saline (PBS) and detached with
0.25% trypsin solution. Cell suspensions were centrifuged
at 3000 rpm for 5 minutes. Five samples (8§ mm in diameter
and 2 mm in thickness) from each of the scaffold’s groups
were sterilized and placed into 48-well plate. Then, they were
seeded with 100 uL of the MEF cells suspension in DMEM
10% FBS at a concentration of 10* cells/well, followed by
the addition of 500 pL of DMEM 10% FBS culture medium.
Finally, the plates were incubated for 48 hours at 37 °C and
5% CO,. Following, the culture medium was removed and
500 uL of MTT solution (0.5 mg.mL") was added to each
well. The plate was incubated for 3h. Then, the solution was
removed from each well and 500 uL of DMSO was added
to the wells to dissolve the formazan salt that was formed
by the viable cells. Then, the solution was removed from the
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wells and placed into empty wells to measure the absorbance.
The absorbance was measured after 1.5 h at 540 nm in a plate
reader (Biotek Plate Reader). Cell viability was calculated
by considering the average absorbance of the cells grown
in the plate in the absence of samples as 100% of viability.
DMSO 20% was used as positive control of cytotoxicity.
The data obtained were statistically analyzed using the
One-way ANOVA test, considering p-value less than 0.05,
and using the GraphPad Prism software.

2.6. Antimicrobial assays

Antimicrobial activity was evaluated using disk diffusion
and minimum inhibitory concentration (MIC) assays.
The first has the purpose of evaluating the sensitivity of
microorganisms to the samples tested, while the second
allows quantifying the inhibitory effect of the samples
on the microorganisms. In the disk diffusion assays
the microorganisms Candida albicans ATCC 10231,
Escherichia coli ATCC 25992, and Staphylococcus aureus
ATCC 6538 were used at a concentration of approximately
1x10? cel.mL!. These microorganisms were inoculated
into Petri dishes (diameter of 90 mm) containing solidified
Mueller-Hinton agar (MHA) medium. As positive controls
for the bacteria, 5 ug of ciprofloxacin or 30 pg of tetracycline
were used and applied in antibiogram discs. The positive
fungal controls were discs containing 100 IU of nystatin
or 25 pg of fluconazole. Negative controls consisted of
plates containing only the inoculated microorganisms, to
verify their growth without the influence of any substance.
The plates were incubated in a bacteriological oven at 37 °C
for 24 h and, after the incubation period, the inhibition
halos, when present, were measured with a digital caliper.

Minimum inhibitory concentration (MIC) assays were
performed by suspending samples in Mueller-Hinton broth
(MHB) medium, using the same microorganisms applied
in the disk-diffusion assay and the same cell concentration.
The controls for this assay were Tetracycline Hydrochloride
(E. coli and S. aureus) and Amphotericin B (C. albicans),
at concentrations of 8 pg.mL" and 2 pg.mL"!, respectively.
As the samples are not soluble in the culture medium,
a suspension was prepared from the powder obtained
after maceration. For all samples tested, 4 concentrations
were used, 100 pg.mL"', 50 pg.mL", 25 pg.mL"', and
12.5 pg.mL", in order to verify the influence of concentration
on inhibition. Assays were performed in 15 mL Falcon
tubes, containing 10 mL of volume applied to the assay
(considering medium, inoculum, antibiotics, and samples).
The tubes were incubated in an oven with agitation of
180 RPM and temperature of 37 °C for 24 h. At the end
of the incubation period, 200 pL aliquots were read in
a microplate reader (Biotek Plate Reader) at 595 nm, in
triplicate. Samples of the medium containing the different
uninoculated concentrations were also prepared, ito rule out
the influence of the samples and the culture medium on the
absorbance obtained. The inhibition obtained in the assays
with the positive controls and samples was calculated by
Equation 3, where AbsSample is the average of the absorbance
readings of the sample subtracted from its respective value
in the uninoculated sample and Abs is the value obtained

Inocuo

from the absorbance referring to 100% growth.
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Abs
Inibition(%) =100~ | ——2l¢_ |x100 3)
Absinnocuous

Samples that showed inhibition greater than 60% were
considered positive efficacy. The results referring to the disk
diffusion assay and MIC were statistically evaluated using
the One-way ANOVA test, considering a p-value less than
0.05, and using the GraphPad Prism software (GraphPad
Software, La Jolla California USA, www.graphpad.com).

The pH was also monitored in the two antimicrobial tests.
In the disk-diffusion test, six measurements were performed
in the inhibition halos formed around the samples, as well as
in points of the microorganism growth area in the Petri dish.
The Agar and the broth medium used in the disk diffusion
and MIC tests were prepared with a pH = 7. In the MIC tests,
three measurements were performed on the suspensions of
the scaffold groups, on the pure medium, and on the negative
controls of the microorganisms.

3. Results and Discussion

The scaffolds showed an average porosity, measured by
the geometric method, of 81.5 + 1.5%. Figure 1 shows the
diffractograms of B-TCP, B-TCP/BG, B-TCP/Ag, B-TCP/Ag,,,
B-TCP/BG/Ag and B-TCP/BG/Ag,, scaffolds. The B-TCP
scaffolds showed only the B-TCP phase (B-Ca,(PO,),,
JCPDS 00-009-0169). There was no difference between
the diffractograms of the B-TCP and B-TCP/Ag scaffolds.
The diffractogram of the B-TCP/BG scaffolds showed,
besides B-TCP crystalline phase, several new peaks attributed
to the a—TCP phases (0-Ca,(PO,),, JCPDS 00-009-0348),
high-combeite (Na,,..Ca (Si0,,), JCPDS 01-078-1650) and
wollastonite (CaSiO,, JCPDS 00-027-0088). The formation
of these phases in B-TCP/BG scaffolds was discussed in
recent work®*. The transformation of the B-TCP phase into
o—TCP is attributed to the action of the existing silicon in
the composition of the incorporated bioactive glass, which
stabilizes the a—TCP phase at lower temperatures during heat
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Figure 1. XRD patterns of B-TCP scaffolds prepared via gel casting
and incorporation of BG 45S5 and Ag-NPs. B: f-Ca,(PO,),; a:
a-Ca,(PO,),; c: Na ,..Ca,(Si O ,); w: CaSiO,; n: Ag,(SiO,),NO;;
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treatment”. The observed calcium and sodium-calcium
silicates, wollastonite and high-combeite, are characteristic
phases of the crystallization of 45S5 BG, and also common
in 3-TCP/BG 45S5 composites**>°. The formation of a—TCP
improves bioactivity, dissolution rate, and the ability to
replace scaffolds with new bone while silicates have good
mechanical strength and bioactivity*$>5253,

In the diffractogram of the B-TCP/Ag,, scaffold, besides
the majority B-TCP phase, peaks of the o—TCP phase were
observed. This suggests that impregnation with the Ag-
NPs suspension followed by heat treatment at 1200 °C had
a similar effect to that one observed with 45S5 bioglass,
stabilizing the o—TCP phase at temperatures lower than the
theoretical ones*. Additionally, it was found that several
B-TCP peaks appeared slightly shifted from the standard
(JCPDS 00-009-0169), a shift that reached 0.9° for some
peaks. This displacement of the peaks due to the incorporation
of silver has been previously reported in the literature.
Hoover et al."? verified a shift in -TCP peaks in composites
containing 1% and 2% wt. Ag,0, and reported an increase
in the o—TCP phase formed as the increase of Ag in the
B-TCP matrix. The absence of Ag” or Ag,O peaks and the
partial transformation of the B-TCP phase into o—TCP may
indicate the incorporation of Ag-NPs in the B-TCP structure
after heat treatment at 1200 °C.

The incorporation of Ag in the structure of B-TCP occurs
by a different mechanism than that observed with silicon (Si)
in the glass. While Si enters the lattice through substitution
at tetrahedral sites of PO,* by SiO,*, it has been reported
that Ag preferentially occupies vacant Ca*" (4) sites in
the B-TCP unit cell’. Yoshida et al.® demonstrated that the
crystal structure of B-TCP can accommodate approximately
9 mol% of monovalent ions, and developed a mechanism
that describes this occupation: 2M* = Ca** + ¥, 4 Where
M is the monovalent metal ionand V', " Ca*'(4) vacancy.
Singh et al.” demonstrated, through the analysis of the

occupancy factors refined by the Rietveld method, the
preferential occupancy of Ag* in the Ca®'(4) sites of B-TCP,
and that the charge compensation occurs by the mechanism
proposed by Yoshida et al.® for monovalent ions.

The diffractograms of the B-TCP/BG/Ag and B-TCP/
BG scaffolds are quite similar, except for the presence of
peaks in the Ag,(SiO,),NO, phase (JCPDS 01-078-1250).
The presence of this phase indicates a probable trace of silver
nitrate (AgNO,) in the impregnation suspension. Thus, the
B-TCP/BG/Ag and B-TCP/Ag scaffolds were discontinued,
and the study continued only with those submitted to heat
treatment after impregnation with the nanoparticles, due to
the high cytotoxicity of AgNO,. No AgNO, was observed
in the scaffold of B-TCP/Ag,, and B-TCP/BG/Ag,,,, since
all nitrate is eliminated during the heat treatment at 1200 °C.

The diffractogram of the B-TCP/BG/Ag,,, scaffold
(impregnated with 45S5 BG and Ag-NPs and exposed to
heat treatment at 1200 °C) showed significant changes
compared to the others. The transformation of the B-phase
into o—TCP was greater, leaving few peaks of the -TCP
phase in the diffractogram. Calcium and sodium-calcium
silicates were maintained, and the formation of silver silicate
Ag,SiO, (JCPDS 00-012-0741) was observed as the main
peak, indicating that the incorporated bioglass may have
acted to anchor the nanoparticles impregnated silver.

Figure 2 shows the SEM images of the scaffold surfaces.
Figures 2a, e, b, f, ¢, g, and d, h show the scaffold surfaces
of B-TCP, B-TCP/BG, B-TCP/Ag,, and B-TCP/BG/Ag,,,
respectively, with different magnifications. For all scaffolds,
the pore size varied between 380 um and 180 um (average size
0f'232 + 40 um), and small pores of 1 pm were observed in
the struts. The macroporosity was interconnected, observing
several openings with diameters between 16 and 155 pum
in the pores. The observed morphology is characteristic of
cellular ceramics obtained by the foam gel casting method,
which gives rise to a macrostructure consisting of spherical

5 pm 5 um

5 um

Figure 2. Scanning electron microscopy images of groups of scaffolds under magnification of 200x e 10000x. (a, e) B-TCP; (b, ) B-TCP/

BG; (c, g): B-TCP/Ag,; (d, h) B-TCP/BG/Ag,,,.
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cells interconnected by circular openings™. These openings are
formed due to the partial collapse of the liquid film around the
gas bubble during the foam formation and gelation process™.

SEM images of the B-TCP/BG scaffolds indicated the
presence of crystallized combeite plaques on and between
the struts. These plaques originate from impregnated BG
4585 after heat treatment at 1200 °C and were also observed in
B-TCP/BG/Ag,,, scaffolds, although in smaller amounts. This
reduction may be associated with the second heat treatment
after impregnation with the Ag-NPs, which melts the combeite
formed in the first heat treatment (bioglass incorporation),
diluting the plates in the microporous structure of the strut.
These results corroborate the XRD diffractograms, which
indicated a lower formation of combeite in the B-TCP/
BG/Ag,,, scaffolds. On the other hand, the B-TCP/Ag,
scaffolds showed no significant change in their structure
when compared to the B-TCP scaffolds.

Figure 3 shows the FT-IR spectra of the -TCP, B-TCP/
BG, B-TCP/Ag,,,, and B-TCP/BG/Ag,,, scaffolds. The B-TCP
scaffold spectrum showed binding bands characteristic
of tricalcium phosphate®®*’. Asymmetric elongation
binding bands v3 — (P0;™) between 1020 and 1119 cm’,
asymmetrical elongation bond v4 — (P0;") at 604, 590 and
550 cm, symmetrical elongation bond vi — (po3™) at 945 and
970 cm™ were identified. In the B-TCP/BG scaffolds, it was
observed that the v, bands showed a significant reduction
in intensity, still appearing slightly shifted to the left, and
anew v, band appeared at approximately 1000 cm™. These
changes are related to the partial transformation observed in
the B-TCP/BG scaffolds, from the B-TCP to a-TCP phase®'.

The B-TCP/Ag,, spectrum showed the typical B-TCP
bands, and no evidence of the presence of silver, possibly due
to the small amount of nanoparticles that was incorporated
into the scaffold. In the B-TCP/BG/Ag,, scaffold, the complete
disappearance of the v, bands and part of the v, and v, bands
was verified. Table 3 summarizes the binding bands found
in the FT-IR spectra of the scaffolds.

Figure 4 shows the results of cell viability assays performed
with the scaffolds. The statistical analysis performed using
the Tukey test and considering a pValue < 0.05 indicates
that, except for the cells incubated with B-TCP/Ag,, the cell
incubation with all scaffolds presented statistically superior
cell viability compared to the control (pValue < 0.05).
The viability of MEF cells incubated with 3-TCP, 3-TCP/
BG/Ag,,, and B-TCP/BG were 14%, 11%, and 40% higher
compared to the control, respectively. The cell viability of
B-TCP/Ag,,, was comparable to the control but slightly lower
than that of B-TCP and other scaffolds.

These results indicate that none of the scaffolds were
cytotoxic since the limit value for considering a material as

Table 3. Assignment of the binding bands of the FT-IR spectra of
the scaffolds.

Bond Transmittance (cm™) Reference
VI~ (POX’) 970 ¢ 944 5156
Va— 3 1120, 1080, 1040, 1030, 51565

37 (POT) 1020, 1010, 995 ¢ 980
v4—(PO}") 605, 590, 550 ¢ 543 st

Materials Research

cytotoxic is 70% of viability of cells grown in its presence.
The presence of BG 45S5 promoted the cell growth since the
viability of MEF cells incubated with this group of scaffolds
was higher than the viability of MEF cells incubated with
B-TCP. The presence of Ag-NPs led to a slight decrease
of cell viability, but it did not compromise the scaffold
biocompatibility since the viability of cells incubated with
the scaffolds containing Ag-NPs was like the viability of
cells grown in the control.

The suitable cell compatibility of B-TCP is often reported
as it is known to be a bioceramic with high biocompatibility
and commonly used as a bone implant material. The higher
values of cell viability observed for the cells incubated with
B-TCP scaffolds after incorporation of BG 45S5 via sol-gel
had already been observed in our previous work®*. This
behavior was attributed to the presence of Si present in the
incorporated bioglass, which during dissolution in the medium
of culture is released in the form of SiOy 4 which can diffuse
into the cell and act favorably on intracellular processes
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Figure 3. FT-IR spectra of scaffolds.
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Figure 4. Cell viability of fibroblasts cells measured by MTT assay
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statistically different.
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that influence the process of bone formation and collagen
biosynthesis*-®2. Additionally, since the cell viability was not
compromised after incubation with scaffolds containing Ag-
NPs, it is expected that this material can be used to provide
antimicrobial properties to B-TCP and -TCP/BG scaffolds.

Figure 5 shows the negative and positive controls of the
disk diffusion test for the three microorganisms evaluated:
C. albicans, E. coli and S. aureus. Negative controls
(Figures 5a, 5d and 5g) indicate that the microorganisms
have fixed and proliferated properly on the surface of the
culture medium covering the entire plate, which attests
to the viability of the inoculum. The positive controls of
the three microorganisms (Figures 5b, c, e, f, h, 1) showed
halos of inhibition of microbial growth. Halos were verified
for fluconazole and nystatin controls (Figures 5b and 5c),
respectively) used with the fungus C. albicans, and for
ciprofloxacin and tetracycline controls, used with E. coli
(Figures 5e and 5f) and with S. aureus (Figures Sh and 5i),
respectively.

Figure 6 presents photographs of Petri dishes with the
scaffolds evaluated for the three microorganisms.

The B-TCP scaffolds showed no inhibition against any of
the microorganisms tested, as evidenced by the absence of an
inhibition halo in Figures 6a, 6b and 6¢), which is in agreement
with what has been reported in the literature®. On the other
hand, B-TCP/BG scaffolds (Figures 6d, 6e, and 6f) showed
inhibition halos for C. albicans (Figure 6d) and S. aureus.

Negative Control

C. albicans

E. coli

S. aureus

Fluconazole

(Figure 6f), but not for E. coli (Figure 6¢). The inhibitory
behavior of B-TCP/BG was reported in recent work and
credited to the increase in the pH of the culture medium by
the ionic release of 45S5 BG incorporated into the B-TCP
matrix**. This alkalization of the medium can inhibit the
growth of microorganisms that commonly live in pH close
to neutral or acid, such as C. albicans and S. aureus, but it
was less efficient for E. coli, which adapts easily to alkaline
media®*. The B-TCP/Ag,, scaffolds showed inhibition
against the three microorganisms (Figures 6g, 6h) and 6i),
but it was reduced in the test against C. albicans (Figure 6g).
Conversely, the B-TCP/BG/Ag,,, scaffolds showed potent
antimicrobial activity against all tested microorganisms,
with inhibition halos of considerable diameters being
observed (Figures 6j, 61, 6m). Figures 7a, 7b and 7¢) show
the measurements of the diameters of the inhibition halos
observed in the photographs of Figure 6.

The three groups of composite scaffolds (B-TCP/BG,
B-TCP/Ag, . and B-TCP/BG/Ag,,,) showed antibacterial and
antifungal activity, except for f-TCP/BG in the test against
E. coli. For the B-TCP/BG and B-TCP/Ag,,, scaffolds, this
activity is close to half that of the antibiotics and antifungals
used as control groups in the tests against C. albicans
and S. aureus. For B-TCP/Ag,,, evaluated against E. coli,
the diameter of the inhibition halo approximates that of
positive controls. The best performance against the three
microorganisms was observed for B-TCP/BG/Ag,,,. This

Positive Control
Nystatin

Figure 5. Photographs of Petri dishes with the disk diffusion assay controls: (a), (d) and (g) negative controls in the tests with C. albicans,
E. coli and S. aureus; (b) and (c) positive controls of fluconazole and nystatin in the tests with C. albicans; (e) and (f) positive controls for
ciprofloxacin and tetracycline in the E. coli tests; (h) and (i) positive controls of ciprofloxacin and tetracycline in the tests with S. aureus.
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Figure 6. Photographs of Petri dishes from the disk diffusion assay for the B-TCP scaffolds: (a) C. albicans, (b) E. coli, (c) S. aureus;
B-TCP/BG: (d) C. albicans, (e) E. coli, (f) S. aureus; B-TCP/AG ,;: (g) C. albicans, (h) E. coli, (i) S. aureus; B-TCP/BG/AG,: (j) C.
albicans, (1) E. coli, (m) S. aureus.
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Figure 7. Diameters of the inhibition halos formed in the disk-diffusion tests.
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group was statistically like the nystatin control in the test
against C. albicans, and to the tetracycline control in the test
against E. coli, considering a pValue < 0.005. It was also
statistically superior to B-TCP/BG and B-TCP/Ag,,, scaffolds
in all tests. This behavior may be associated with cumulative
inhibitory effects due to the simultaneous presence of BG
4585 and Ag-NPs incorporated on the -TCP scaffold. While
the mechanism of antimicrobial activity of bioglass has been
related to changes in the pH of the medium, the silver has
been acting through a multifaceted attack that ranges from
damage to the plasma membrane of the microorganism
and enzymatic inactivation to blockage of cytochromatic
respiration”2"3,

Figure 8 presents the results of the minimum inhibitory
concentration assay for the scaffolds. In the assays, it was
verified that B-TCP did not present significant inhibition at
any of the concentrations evaluated and against any of the
microorganisms, the same occurring with 3-TCP/BG in the
assay against E. coli, corroborating the disk-diffusion tests.
On the other hand, B-TCP/BG showed an inhibition above
60% against C. albicans and S. aureus at a concentration
of 100 mg.mL"'. However, the B-TCP/Ag, . and B-TCP/
BG/Ag,,, scaffolds showed inhibition above 60% for all
microorganisms at a concentration of 100 mg.mL"'. Against
E. coli, these groups reached an inhibition greater than 60%
also at concentrations of 50 and 25 mg.mL"".

Figure 9 shows the pH results of the disk diffusion and
MIC tests. The variations in pH values for the scaffolds were
similar in both tests. In the disk-diffusion test, measurements
were performed around the samples and in the microbial
growth region of the plate, while in the MIC they were
performed in the pure medium, negative control and
scaffold suspensions. In disk diffusion tests, both C. albicans
(Figure 9a) and S. aureus (Figure 9¢) induced a reduction

in the pH of the medium (pH g 7), which indicates
that the microorganisms acidified the medium during its
growth. E. coli (Figure 9c) did not show any statistically
significant effect on the pH of the culture medium. There
was no statistical difference between the measured pH of
the B-TCP scaffolds and the microorganism growth areas
(Figures 9a, 9c and 9e). In contrast, B-TCP/BG scaffolds
induced a significant increase in the pH of the medium
for all microorganisms evaluated (Figures 9a, 9¢ and 9e).
The pH was statistically higher than that measured in
the B-TCP scaffolds, in the growth areas and in the agar.
The B-TCP/Ag,,, scaffolds also showed a statistically higher
pH in relation to the B-TCP and the growth area in the tests
against C. albicans and S. aureus (Figures 9a and 9e), and
similar to the medium, but not against £. coli (Figure 9c).
The B-TCP/BG/Ag,,, scaffolds showed a pH increase
statistically close to that of B-TCP/BG in the tests against
C. albicans and S. aureus and superior in the test against
E. coli (Figure 9c).

In the MIC test, acidification of the medium was observed
with C. albicans and S. aureus (Figures 9b and 9f), both
induced a reduction in the pH of the pure culture medium when
compared to the negative control values. £. coli evaluation
did not show any statistically significant effect on the pH of
the culture medium (Figure 9d). The B-TCP/Ag,, . scaffolds
showed an increase in pH for C. albicans and S. aureus
compared to the negative control (Figures 9b and 9f). This
increase may be associated with the absence of growth of
microorganisms since the pH measurement was close to that
of the pure medium. In the test against E. coli, the pH was
statistically equal to that of the negative control (Figure 9d).
The B-TCP/Ag,, scaffolds showed antimicrobial activity
against all microorganisms evaluated, but their activity does
not seem to be related to changes in the pH of the medium,
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Figure 9. pH values from disk diffusion and MIC tests.

and only the antimicrobial characteristic of silver can be
considered. The B-TCP/BG and B-TCP/BG/Ag,,, scaffolds
presented, in all cases, the highest pH values in relation to the
pure medium and the negative control (Figures 9b and 9f).
The increase in pH seems to be the main mechanism of
inhibition of B-TCP/BG scaffolds against C. albicans and
S. aureus. In tests against E. coli, the B-TCP/BG sample
did not inhibit the growth of the microorganism, since it
is adapted for growth in alkaline medium. In the B-TCP/
BG/Ag,,, scaffolds there was a cumulative and synergistic
inhibitory effect arising from the simultaneous presence of BG
4585 and Ag-NPs in the scaffold structure. Of the scaffolds
studied, the B-TCP/BG/Ag,,, scaffold is believed to be most
promising for bone tissue recovery and regeneration, as well
as for the treatment of bone infections.

5. Conclusion

Bioresorbable, bioactive, and antimicrobial B-TCP scaffolds,
incorporated with bioglass and silver nanoparticles, were
produced by gel casting followed by a vacuum impregnation
method and heat treatment at 1200 °C. Both the incorporation
of BG 45S5 and Ag-NPs led to significant changes in the
composition, morphology, crystal structure, cell viability,
and antimicrobial activity of the B-TCP scaffolds. The partial
transformation of B-TCP into o-TCP, the formation of phases
of calcium and sodium-calcium silicates of high bioactivity
and of silver silicate indicate the ability of the bioglass to
anchor the incorporated silver. The dissolution of the ionic
species of the incorporated bioglass produces an increase in

the pH of the medium, which contributed to the inhibition
of the microorganisms C. albicans, S. aureus and E. coli in
the disk diffusion tests. The addition of silver contributed
significantly to enhance the antimicrobial activity of the
B-TCP/BG scaffolds, as indicated by the disk diffusion
and MIC assays. The B-TCP/BG/Ag,,, scaffold stood out
for presenting improved antimicrobial properties and
maintaining suitable cell compatibility. This biomaterial
can be considered a potential candidate for application as
a synthetic bone implant, providing inhibition of microbial
attack and contributing to minimizing the incidence of
postoperative infections.
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