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Abstract: Despite years of extensive research, achieving the optimal properties for calcium phosphate-
based biomaterials remains an ongoing challenge. Recently, ‘biomicroconcretes’ systems consisting
of setting-phase-forming bone cement matrix and aggregates (granules/microspheres) have been
developed and studied. However, further investigations are necessary to clarify the complex interplay
between the synthesis, structure, and properties of these materials. This article focusses on the
development and potential applications of hybrid biomaterials based on alpha-tricalcium phosphate
(«TCP), hydroxyapatite (HA) and methylcellulose (MC) modified with silver (0.1 wt.% or 1.0 wt.%).
The study presents the synthesis and characterization of silver-modified hybrid granules and seeks
to determine the possibility and efficiency of incorporating these hybrid granules into «TCP-based
biomicroconcretes. The «TCP and hydroxyapatite provide structural integrity and osteoconductivity,
the presence of silver imparts antimicrobial properties, and MC allows for the self-assembling of
granules. This combination creates an ideal environment for bone regeneration, while it potentially
may prevent bacterial colonization and infection. The material’s chemical and phase composition,
setting times, compressive strength, microstructure, chemical stability, and bioactive potential in
simulated body fluid are systematically investigated. The results of the setting time measurements
showed that both the size and the composition of granules (especially the hybrid nature) have an
impact on the setting process of biomicroconcretes. The addition of silver resulted in prolonged
setting times compared to the unmodified materials. Developed biomicroconcretes, despite exhibiting
lower compressive strength compared to traditional calcium phosphate cements, fall within the range
of human cancellous bone and demonstrate chemical stability and bioactive potential, indicating their
suitability for bone substitution and regeneration. Further in vitro studies and in vivo assessments
are needed to check the potential of these biomaterials in clinical applications.

Keywords: calcium phosphate; silver; hybrid

1. Introduction

Biomaterials based on calcium phosphate are commonly used in biomedical applica-
tions, especially as hard tissue substitutes, as they demonstrate excellent biocompatibility
and bioactivity. Calcium phosphate-based bone cements (CPCs) have emerged as promi-
nent biomaterials for orthopedic applications. One advantage of chemically bonded bone
cements over sintered calcium phosphate-based materials is their moldable form and set-
ting properties. These cements undergo a setting reaction that transforms their powder and
liquid components into a solid, cohesive matrix. The addition of a liquid phase triggers
the setting process, resulting in cement hardening. By adjusting the powder-to-liquid
ratio, setting time, and incorporating additives or modifiers, the mechanical and biological
properties of the cement can be tailored. CPCs offer unique properties that make them
highly suitable for bone regeneration and repair, including their resemblance to inorganic
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components of natural bone and their unique self-setting ability and resorb in vivo [1-3].
This versatile nature makes them highly valuable biomaterials. Despite years of extensive
research and the introduction of multiple products to the market, achieving the optimal
properties for calcium phosphate-based chemically bonded biomaterials remains an ongo-
ing challenge. One of the main problems that researchers are facing is the low mechanical
strength of calcium phosphate cements, which does not allow their use in load-bearing
areas as well as their slow vascularization [1-3]. Various biocompatible additives such as
polymeric fibers (e.g., poly (vinyl alcohol) or poly(l-lactic acid) fibers) were introduced
to CPC formulations to enhance their mechanical properties [4-6]. Additionally, the rhe-
ological properties of CPCs often need to be optimized for 3D printing applications to
reduce the filter-pressing of pastes [7,8]. Efforts are being made to modify these materials
with antibacterial agents and drugs to prevent the development of chronic inflammatory
conditions [9,10].

CPCs are composed mainly of calcium phosphates such as a-tricalcium phosphate
(«TCP), dicalcium phosphate (DCP) and hydroxyapatite (HAp). Cements based on
oTCP are especially interesting as bone-regenerating materials because they form calcium-
deficient hydroxyapatite (CDHA), which is similar to the apatite found in bone [11]. This
reaction was first described by Monma and Kanazawa [12,13] and afterward, numerous
oTCP-based biomaterials were developed [14,15]. The osteoconductive properties of xTCP
facilitate the creation of new bone by providing a scaffold for cellular attachment, pro-
liferation, and differentiation. There are numerous prospects for development in xTCP
applications, particularly in the production of composites. Therefore, further investigations
are necessary to clarify the complex interplay between the synthesis, structure, and proper-
ties of xTCP-based materials. Recently, many scientists have focused on complex chemically
bonded biomaterials, which include components responsible for the setting process, and
also additional constituents such as granules, microspheres, or nanoparticles. The term
‘biomicroconcretes” has been established in the literature to describe systems consisting of
setting-phase-forming bone cement matrix and aggregates (granules/microspheres) [16]. In
biomicroconcretes, these aggregates may serve as bioactive carriers for drugs or biologically
active substances (e.g., antimicrobial agents, growth factors, etc.) [17-19]. Depending on the
composition, granule/microspheres may act as bioresorbable, pore-forming components or,
quite the opposite, they may provide mechanical support, ultimately influencing the prop-
erties of biomaterials [20,21]. For instance, H. Li et al. [22] have produced composite pellets
consisting of poly(lactic-co-glycolic acid) microspheres and calcium phosphate cement. The
presence of microspheres not only enhances the compressive strength but also creates in situ
pores after the degradation of microspheres and prevents cells from dropping off materials.
Calcium phosphate-based biomicroconcretes, despite being widely used, possess restricted
antibacterial efficacy, which can hinder their effectiveness in environments susceptible to
infection. Scientists have been recently trying to examined and addressed this concern.
One approach can be material modification with antibacterial ions such as silver, gold or
copper. Previous study demonstrated that multiphase «TCP-based cements, containing
inter alia MgCHA, AgHA and calcite, enhanced cell viability [23,24] and silver-doped CPCs
revealed antibacterial activity [25]. Another approach involves combining these materials
with drugs, antibacterial agents, or nanoparticles (e.g., AuNPs, AgNPs) or the development
of hybrid materials. The introduction of high amounts of antibacterial agents potentially
may be a risk for human health. It is known that silver ions (Ag+) interact and strongly bind
to albumins, metallothionein, and macroglobulins, but they are metabolized in all tissues
except the brain and central nervous system. The maximum capacity of human blood to
carry silver is not precisely known. On the other hand, the effects of silver nanoparticles
(AgNPs) on human health are well documented and potentially cause toxic and harmful
effects upon exposure [26,27]. Detailed discussions on the impact of silver ions on the body
have been previously presented by A. B. Lansdown [28]. For bone applications, different
types of silver salts, such as oxides, chlorides, sulfates, or phosphates in concentrations
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of 0.05% to 1% by weight, showed biocompatibility and elicited minimal foreign body
reactions [29,30].

Hybrid biomaterials have recently been the subject of increasing interest. According
to the International Union of Pure and Applied Chemistry (IUPAC), hybrid materials are
composed of an intimate mixture of inorganic or organic components or both types of
constituents, usually interpenetrating on scales of less than 1 um [31]. In materials science
hybrid materials typically refer to composites consisting of two or more distinct types of
materials, such as polymers, ceramics, metals, or nanoparticles, combined at the nanoscale
or microscale level to achieve enhanced and sometimes unexpected properties or function-
alities [32]. Hybrids are usually classified into two groups based on the binding forces
between their components: (a) class 1 materials with weak interactions (such as van der
Waals, electrostatic, or hydrogen bonds) and (b) class 2 materials with strong interactions
such as covalent or ionic—covalent bonds [33,34]. Recently, materials containing hybrid-type
granules on the basis of chitosan and hydroxyapatite were developed and examined [35]. In
these kinds of systems, the combination of synthetic and natural components helps to create
scaffolds that mimic the properties of native bone tissue. Czechowska et al. [36] studied
calcium phosphate-based bone cements containing HAp-chitosan granules modified with
gold nanoparticles (AuNPs). Such materials revealed both in vitro bioactivity and antibac-
terial action against E. coli, S. epidermidis and S. aureus. Methylcellulose was also shown to
be useful as a delivery vehicle for active pharmaceutical ingredients (APIs) [37,38]. Using
both amphiphilic and thermoresponsive properties of methylcellulose, composite particles
with the methylcellulose matrix embedded with API nanocrystals were developed [39].
Also, the methylcellulose-based hydrogel designed for the release of silver nanoparticles
via an intelligent, pH-activated mechanism was proposed by Bonetti et al. [38]. The possi-
bility of obtaining silver nanoparticles in methylcellulose solution through reduction and
stabilization by a polymer has been previously shown, among others, by Bhui et al. [40] and
Nishikawa et al. [41]. Furthermore, a preliminary study on self-setting granules composed
of methylcellulose and hydroxyapatite indicates that they hold promise as a component of
biomicroconcretes [42].

This article aims to explore the potential of composites for bone substitution and
regeneration, specifically focusing on alpha-tricalcium phosphate and silver-modified,
self-assembling hybrid granules. «TCP and hydroxyapatite provide structural integrity
and osteoconductivity, silver imparts antimicrobial properties, and MC allows for the
self-assembling of granules and controlled release capabilities. These hybrid granules
consisting of hydroxyapatite and methylcellulose seem to be promising candidates for bone
substitution and regeneration due to their set of unique properties. However, the possibility
and efficiency of incorporating hybrid granules into calcium phosphate-based chemically
bonded biomaterials still needs to be checked and the interplay between their structure
and properties needs to be clarified. The study seeks to shed light on the development
and potential applications of these hybrid bone substitutes, presenting them as promising
candidates for bone substitution and regeneration in the field of bone tissue engineering.

2. Materials and Methods
2.1. «TCP

The «TCP powder was synthesized by the wet chemical method, according to the
procedure described previously [36]. Briefly, the «TCP powder was synthesized using
chemically pure grade Ca(OH); and an 85 wt.% solution of H3PO, (POCH, Gliwice, Poland)
as reagents. First, the Ca(OH); suspension in double-distilled water was prepared using
a stirrer and then the H3POj, acid solution was added dropwise to the suspension. The
precipitate that formed as a result of the reaction was left for maturation. Afterward, the
precipitate was dried, sintered at 1300 °C, ground in an attritor mill and sieved (<0.063 mm).
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2.2. Hybrid Granules

Self-assembling hybrid, non-modified (GH) and silver-modified hydroxyapatite/
methyllcelullose-based granules (AgGH) were synthesized using the wet chemical method,
described previously by Czechowska et al. [42]. Briefly, phosphoric acid was introduced
into a silver-containing methylcellulose solution and the mixture was added dropwise to
a suspension containing calcium ions. The pH value during synthesis was stabilized at
~11. After this, the synthesis the suspension was aged (~24 h) and decanted. Precipitates
were washed with distilled water, centrifuged and frozen. Subsequently, the materials were
defrosted. Hybrid granules self-formed, and then they were dried (<40 °C) and sieved. Silver-
modified hybrid granules containing 0.1 wt.% (AgGH-1) or 1.0 wt.% (AgGH-2) of silver
were produced. In hybrid granules, the hydroxyapatite-to-methylcellulose ratio equaled
4:1. Chemically pure grade Ca(OH); (>99.5%, Merck, Rahway, NJ USA), phosphoric acid
(85.0%, Avantor Performance Materials, Gliwice, Poland), methylcellulose (Sigma-Aldrich,
Poznan, Poland; viscosity: 4200 mPa-s) and AgNOj; (Chempur, Piekary Slaskie, Poland)
were used as reagents. SEM images of granules are presented in Figure S1 (Supplement).

2.3. Biomicroconcretes

The initial solid phases of materials were obtained by mixing the x-tricalcium phos-
phate powder with hybrid granules in a ratio of 3:2, respectively. To ensure the homoge-
neous distribution of the components of the solid phase, the powder batches were prepared
by mixing «TCP powder with the granules, using a spatula. Two fractions of granules of
sizes between 300 and 400 um (S-small) and 400 and 600 um (M-medium) were used. To
produce the biomicroconcrete, the liquid phase was added and the components were stirred
(~40-60 s) to produce a setting paste. Moreover, 0.5 wt.% methylcellulose solution in a
2.0 wt.% solution of Na,HPO, was used as the liquid phase (Table 1). The components were
mixed together in a liquid-to-powder ratio (L/P) equal to 0.64 g/g. Each material comes
from a single batch. To produce samples of a desired shape and size, the modulable pastes
were placed into Teflon molds and allowed to set. When needed, a material containing
only «TCP in the powder phase was used as a control.

Table 1. Compositions of the studied materials.

Solid Phase * L dPh L/P [e/e]
Material iqui ase
ateria Granules Powder a &8
BC-S GH
300-400 um 0.5 wt.% methylcellulose
«TCP . o 0.64
e CH in 2.0 wt.% NayHPOy4
) 400-600 pm
BC-S1 AgGH-1 (0.1 wt.% Ag)
300400 um 0.5 wt.% methylcellulose
«TCP . 0 0.64
AL AgGH-1 (0.1 wt.% Ag) in 2.0 wt.% NayHPOy,
400-600 pm
BC-S2 AgGH-2 (1.0 wt.% Ag)
300-400 um 0.5 wt.% methylcellulose
. «TCP o 0wt % NasHPO 0.64
BOM2 AgGH-2 (1.0 wt.% Ag) n 2.0 wt.% NayHPOy
400-600 um
Control 3 «TCP 0.5 wt.% methylcellulose 0.48

in 2.0 wt.% NayHPOy

* Solid phase: «TCP powder-to-granule ratio is equal to 3:2.

2.4. Chemical and Phase Composition

The crystalline phases of the initial powders, granules and set and hardened biomate-
rials were analyzed via powder X-ray diffraction with CuK« radiation, using a D2Phaser
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diffractometer, (Bruker, Karlsruhe, Germany). Measurements were conducted within the
20 range from 10° to 60°. Each measurement was repeated three times. The phases were
identified by comparing the experimental X-ray diffractograms with the International
Centre for Diffraction Data—Joint Committee on Powder Diffraction Standards. HA (01-
070-0798), oTCP (00-009-0348). Phase quantifications were carried out via the Rietveld
refinement practical powder diffraction pattern analysis applying TOPAS.

FT-IR spectra were obtained using Vertex 70v (Bruker, Germany). The frequency range
was 4004000 cm~—!. The X-ray fluorescence method (XRF) using a WDXRF Axios Max
(PANalytical, Malvern, UK) spectrometer (4 kW Rh source) was utilized.

2.5. Setting Times

The setting times of cement pastes were determined via Gilmore needles, according to
the ASTM C266-08 standard [43]. The Gillmore apparatus consists of two needles with a
flat cylindrical end. The initial setting needle possesses a diameter of 2.12 mm and weighs
113 g, whereas the final setting needle has a diameter of 1.06 mm and a weight of 453.6 g.
During the measurements, the cement paste was placed in a mold and leveled. Then, the
needles were positioned on the surface of the paste, released, and allowed to enter the paste.
The initial setting time referred to the moment when the first testing needle no longer left a
noticeable mark on the cement paste and the final setting time was the point in time when
the second test needle was unable to penetrate the paste. All experiments were conducted
at a temperature of 23 £ 2 °C. Measurements were repeated 6 times and the average value
was calculated.

2.6. Compressive Strength

The compressive strength was tested using a universal material testing machine
(Instron 3345). The crosshead displacement rate was 1.0 mm/min. For mechanical testing,
cylindrical samples were prepared (6 mm in diameter, 12 mm in height). The compressive
strength values were presented as the average of ten measurements + standard deviation
(SD). Differences in compressive strength were analyzed with one-way ANOVA with
post hoc Tukey HSD (honestly significant difference) test (the mark (*) means statistically
significant difference between the results).

2.7. Microstructure

The microstructures of fractured materials were observed using a scanning electron
microscope (Nova NanoSem 200, FEI Company, Hillsboro, OR, USA; JEOL JSM 5400, Tokyo,
Japan), using a lower secondary electron detector. To determine chemical compositions in
microareas, an energy-dispersive X-ray spectroscopy (EDX) was applied. Before testing,
the materials were coated with a thin layer of conductive carbon.

2.8. Chemical Stability and Bioactive Potential in SBF

The chemical stability of the biomicroconcretes were assessed in vitro in simulated
body fluid (SBF). The applied SBF has ion concentrations nearly equivalent to that of
human blood plasma (Ca%* 2.5, Mg2+ 1.5, Na* 142.0, K* 5.0 mM, HPO42~ 1.0, HCO; ™~ 4.2,
Cl~ 147.8, SO42~ 0.5 mM) and with a pH of ~7.40. The cylindrical samples (12 mm in
diameter, 4 mm high) were incubated in SBF (40 mL) for 14 days (37 °C). The chemical
stability was evaluated via a measurement of pH, using a pH/conduct-meter (Hanna
H198129 Combo, Hanna Instruments, Smithfield, RI, USA). Results were presented as
the average value of three measurements. Previously, it has been shown that the in vivo
formation of an apatite layer on bioactive materials can be reproduced in a protein-free
and acellular simulated body fluid [44]. To assess the bioactive potential of biomaterials,
the SEM observation of their surfaces before and after storage in SBF were done (Nova
NanoSem 200, JEOL JSM 5400).
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3. Results
3.1. Chemical and Phase Composition

The chemical and phase composition of biomaterials, especially in the case of hybrids,
is crucial for evaluating and optimizing their properties for specific applications. The
XRF measurement confirmed that produced granules contain 0.11 wt.% (AgGH-1) and
0.93 wt.% (AgGH-2) of silver. The results of XRD measurements show that the granules
are composed of hydroxyapatite as the only crystalline phase, whereas the set materials
are composed of hydroxyapatite and «-tricalcium phosphate (Figure 1). No additional,
undesirable crystalline phases were detected via XRD (Table 2).
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Figure 1. X-ray diffractograms of examined materials.

Table 2. Phase composition of set and hardened cement bodies (n = 3).

. Hydroxyapatite oTCP
Material [wt.%] [wt.%]
BC-S 73+5 27 +5
BC-M 55+ 4 45+ 4
BC-S1 89 +1 11+1
BC-M1 62 +4 38+4
BC-S2 92 +1 8§+1
BC-M2 93 +1 7+1
Control 40+ 4 60 +4

XRD-detected hydroxyapatite is connected to both hydroxyapatite present in the
granules and calcium-deficient hydroxyapatite from TCP hydrolysis. The reflexes of the
hydroxyapatite phase exhibited broadening, indicating poor crystallinity in the granules
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(Figure 1). This also suggests the presence of poorly crystalline hydroxyapatite result-
ing from the oTCP setting process. The hydrolysis of «TCP leads to the formation of
calcium-deficient hydroxyapatite (CDHA) with a Ca/P-ratio of c.a. 1.5, according to
Equation (1) [45,46]

3Ca3(PO4)2 + H20—>Ca9(PO4)5(HPO4)OH (1)

«TCP +H,;O — calcium-deficient hydroxyapatite

On the other hand, the results of Hurle et al. [47] suggests also the formation of an
amorphous phase during the conversion of «TCP into CDHA, which may hinder the
quantitative assessment of phase composition. It is well known that the HAp seeding
in the solid phase of cements and presence of phosphate salts in the liquid phase accel-
erates th «TCP setting reaction. Thus, in our studies, the presence of hydroxyapatite in
hydroxyapatite—-methylcellulose granules as well as the application of Na,HPOy as the
liquid phase shifted the reaction toward the formation of calcium-deficient hydroxyapatite
(Equation (1)). In previous research conducted by Pantak et al. [48] and Dziadek et al. [16],
the application of «TCP and hybrid HAp/chitosan granules resulted in just a modest
increase (up to 10 wt.%) in the amount of the hydroxyapatite phase after setting in air. In
the case of developed biomicroconcretes, a noticeable difference in composition between
set, silver-modified and non-modified materials was observed (Table 2). The presence of
silver favored the process of «TCP hydrolysis to calcium-deficient hydroxyapatite. Fur-
thermore, the quantitative XRD analysis showed that the amount of hydroxyapatite in
biomicroconcretes increased with increasing silver content (BC-M < BC-M1 < BC-M2). The
inverse relationship can be observed for the size of granules, the bigger size the smaller
amount of CDHA in biomicroconcretes (e.g., BC-S > BC-M; BC-51 > BC-M1). The obtained
results indicate that silver-modified materials favor «TCP hydrolysis to calcium-deficient
hydroxyapatite. Explaining this phenomenon in such a complex system is challenging.
However, the observed effect is likely associated with the chemical interactions between
the components, facilitated by the hybrid nature of the granules. Chemical interactions
may occur between the silver and both methylcellulose and hydroxyapatite, including
(1) the formation of silver nanoparticles in the methylcellulose matrix [41,49] and/or (2) the
partial substitution of calcium ions by silver ions in the hydroxyapatite structure. Both
processes affect the structure and solubility of materials and therefore subsequently affect
the hydrolysis of «TCP to calcium-deficient hydroxyapatite.

The Fourier-transform infrared (FTIR) spectroscopy spectra of all set and hardened
materials were similar (Figure 2). The strongest bands assigned to calcium phosphates were
centered at 1034 cm™ and around 1092 cm~! and were assigned to anti-symmetric stretch-
ing modes of P-O. The typical bands corresponding to the carbonate groups are located
around 874, 1419 and 1458 cm ™!, indicating the presence of B-type carbonated hydroxyap-
atite in the materials. The carbonate ions were probably introduced to the hydroxyapatite
structure during the synthesis. Bands at around 563 and 604 cm™ were assigned to triply
degenerate the P-O-P bending mode. The wide band at around 3446 cm ™! is connected to
the vibratory stretching of the OH group of hydroxyapatites and the band at 1641 cm™!
is attributed to adsorbed water molecules and overlaps with the band assigned to C-O
carbonyl stretching from the glucose in the methylcellulose. Methylcellulose possessed
characteristic absorption bands at 1460, 1380, 1320 and 950 cm~ 1! attributed to the C—H
stretching of CH, and CHj groups, as well as the 1110 cm~! band assigned to C—O—C
stretching within an anhydroglucose ring [50]. Also, bands connected to O-H stretching
vibrations at around 3459 cm ™!, C-H stretching at 2932 and 2843 cm~! and C-O carbonyl
stretching have been previously reported [51,52]. Some of these bands, such as those at
2942 cm~! and 2838 cm ™!, overlapped with bands assigned to calcium phosphates and
were hardly visible due to the low concentration of the polymer in the materials.
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Figure 2. Fourier-transform infrared spectroscopy spectra of hardened biomaterials 7 days after
setting in air.

3.2. Setting Times

The measurement of setting times is a crucial aspect in assessing the properties of
chemically bonded materials, providing valuable information about their workability and
strength development over time. Setting times measured for biomicroconcretes ranged from
8 to 14 min (initial) and 22 to 35 min (final) (Table 3). The initial setting time indicated the
time available for placing the material into a bone void. Numerous records highlight that
the «TCP setting process is initially controlled by a surface reaction, which depends mainly
on the powdered dissolution [45-47]. This setting reaction creates a calcium phosphate
precipitate and induces the hardening of the cement. Single-component «TCP cement
(control) set within 9 & 1 min (tf). However, some of the previous studies also demonstrated
that the setting time obtained for chemically bonded biomaterials containing granules and
a microsphere is longer than without the additives [34,36]. Furthermore, our research
indicated also that the addition of silver to the granules resulted in a prolonged setting
process (tf: 28-32 min) compared to the unmodified materials (tf: 22-23 min). Obtained
values are slightly longer than recommended in the literature but still acceptable. The
differences in setting times between the materials containing granules of different sizes and
varying amounts of silver were negligible.
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Table 3. Setting times of the materials (n = 6).

Cement Inltl'al t; Fll‘li.ll t
[min] [min]
BC-S 8§41 22 4+2
BC-M 10+1 24 +2
BC-S1 13+1 28 +2
BC-M1 14+1 29 +2
BC-52 12+1 32+2
BC-M2 13+1 30+3
Control 441 9+1

3.3. Microstructure

SEM observations of the biomaterials’ cross-sections revealed that the matrix of the
biomaterials is in general a structure of interconnected agglomerations of smaller crystals
arranged in very dense packing with some visible micropores (Figure 3). The granules
are of irregular shape and their morphology is more compact than the CaPs matrix. The
nano-sized hydroxyapatite crystals and polymeric bridges are visible in hybrid materials
(Figure 4).

Figure 3. SEM microphotographs of biomaterials cross-sections: BC-S (a,b), BC-M (c,d), BC-S1 (e,f),
BC-M1 (g,h), BC-S2 (i,j), BC-M2 (k,1) (mag. 1000x and 5000 %, respectively).

Granules are embedded within the matrix, and good adhesion between both com-
ponents can be noticed for all compositions. Chemical analysis in microareas revealed
the presence of peaks typical for calcium phosphates. An absorption peak at 3 keV in the
chemical analysis confirmed the presence of silver in hybrid granules (Figure 4).
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Figure 4. SEM microphotographs of BC-S2 cross-section with chemical analysis in microareas (EDS)
of granules (1) and matrix (2).

3.4. Compressive Strength

Materials gain their mechanical strength during the setting process. While setting,
calcium phosphate precipitates form, and the entanglement of crystals promotes an en-
hancement in the mechanical strength. In the literature, it is reported that TCP-based
bone cements may possess a initial compressive strength up to 20-30 MPa, owing to its
relatively compact microstructure after setting [13]. However, the mechanical properties
of chemically bonded materials depend on numerous variables, such as the composition
of the powder and liquid phase, the liquid-to-powder ratio (L/P), the method of cement
preparation, and the adhesion between the constituents. The individual effects of these
variables are difficult to isolate. The compressive strength of the obtained biomicroconretes
ranged between 4.5 £ 0.8 MPa and 6.5 + 1.3 MPa (Figure 5.) and was lower than for
the control (13.1 £ 3.3 MPa). Similar compressive strength values, up to 6.54 MPa, were
reported by Nezafati et al. [53] for tetra calcium phosphate-based bone cements enriched
with silanated gelatin microspheres. Good adhesion between the components of biomi-
croconcretes (matrix and aggregate) is clearly evident in Figures 3 and 4; thus, it does not
appear to be a dominant factor in the mechanism leading to the decline in the mechan-
ical strength of biomicroconcretes. However, it seems that the introduction of granules
disrupted the continuous compact microstructure of the «TCP matrix and increased the
amount of micropores in materials. Complex, chemically bonded systems, containing
aggregates such as granules, pellets or microspheres are more difficult to homogenize,
and thus, it is easier to introduce air bubbles into the cement paste during mixing. These
trapped air pockets within the solidifying cement microstructure subsequently lead to the
formation of micropores (Figure S2, Supplement). These phenomena are the main reasons
for the compressive strength decrease. Statistically significant differences in compressive
strength were observed for materials with different granule sizes, i.e., BC-M vs. BC-S and
BC-M2 vs. BC-S2. Materials with medium (M)-sized granules possessed higher mechanical
strength compared to small (S) granules. The compressive strength of specimens can be
influenced by the matrix strength, the granule size, and the bond between the granules
and the cement matrix. Differences in the mechanical strength of materials containing
granules of various sizes may be due to subtle variations in the distribution of medium
and small granules within the matrix, as well as differences in the specific surface area
of the granules. The compressive strength of all biomicroconcretes falls within the range
of human cancellous bone, which is typically between 2 and 12 MPa [54]. Our findings
align with the work of Kamitakahara et al. [20], who indicated that an increased quantity of
CDHA or octacalcium phosphate-based granules in the CPC formulation led to a significant
decrease in compressive strength. Similar results were also obtained by Hasan et al. [55]
on calcium phosphate bone cements containing bioglass-based microspheres. Hasan et al.
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have found that the compressive strength of complex formulations was lower compared to
CPCs and decreased with an increasing content of granules.

: Y

Compressive strength [MPa]
[6)]
*

BC-S BC-M BC-S1 BC-M1 BC-S2 BC-M2

Figure 5. Compressive strength of biomicroconcretes 7 days after setting and hardening (n = 10)
(*p <0.05,**p <0.01).

3.5. Chemical Stability and Bioactive Potential

Biomaterial stability refers not only to mechanical durability (e.g., resistance to crack-
ing) but also chemical stability, particularly in challenging biological environments. It is
known that in vitro, the process of the dissolution of materials depends on the dissolution
environment used [56]. As previously stated, some local chemical changes caused by
implant material can influence the behavior of bone cells [57,58]. Therefore, the chemical
stability of biomaterials was assessed by measuring changes in pH and ionic conductivity.
The pH measurements showed only a slight decrease in pH of SBF from 7.4 to ~7.2 during
the 14 days of incubation (Figure 6a). The pH level of the SBF solution surrounding the
samples stayed near the physiological range.
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Figure 6. Chemical stability: pH vs. time of incubation in SBF (a), ionic conductivity vs. time of
incubation in distilled water (b) (n = 3).

Figure 6b, demonstrated a minor increase in ionic conductivity connected with the
samples’ dissolution and ion release, up to 139 + 4 uS/cm (BC-M), 144 & 9 uS/cm (BC-M1),
and 147 4+ 6 uS/cm (BC-M2). In vitro studies on «TCP-based cements with a similar ion
release profile conducted by Przekora et al. [59] did not display cytotoxicity.

After incubation in simulated body fluid (SBF), certain alterations in surface mor-
phologies, associated with creation of an apatite layer, can be observed for all biomaterials
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(Figure 7). Kokubo et al. [44] proposed a mechanism by which hydroxyapatite in a simu-
lated body fluid becomes negatively charged and attracts Ca®* ions to form calcium-rich
calcium phosphate. The accumulation of calcium ions leads to the formation of a positively
charged surface, which facilitates binding with phosphate ions and produce amorphous
calcium phosphate. This phase transforms over time into stable, bone-like apatite. If
materials immersed in SBF develop the apatite layer on their surface within a period of
28 days, they can be considered potentially bioactive. In our study, as soon as 7 days of
incubation pass, the layer evenly covers the surfaces of all incubated biomicroconcretes
(Figure 7). Therefore, it appears that the presence of silver-modified hybrid granules has
a positive impact on the bioactive potential of materials. Furthermore, this creates an
ideal environment for bone regeneration, while it simultaneously may prevent bacterial
colonization and infection due to the presence of silver. Conducted in vitro tests in SBF
revealed that the examined materials possess bioactive potential. However, further in vivo
studies are necessary to confirm this hypothesis.

Figure 7. SEM microphotographs of biomicroconcrete surfaces before and after incubation in SBF;
(a) BC-M before incubation, (b) BC-M after 7-day incubation, (c) BC-M after 14-day incubation in SBF;
(d) BC-M1 before incubation, (e) BC-M1 after 7-day incubation, (f) BC-M1 after 14-day incubation in
SBF; (g) BC-M2 before incubation, (h) BC-M2 after 7-day incubation, (i) BC-M2 after 14-day incubation
in SBE.

4. Discussion

Hybrid materials have gained significant attention in the field of bone tissue engineer-
ing due to their unique combination of properties derived from different components. These
studies were carried out to clarify the complex interplay between the synthesis, structure,
and properties of XTCP-based biomicroconcretes containing self-assembling, silver-modified
hydroxyapatite-methylcellulose-based granules. Two amounts of silver, namely 0.11 wt.%
or 0.93 wt.%, were successfully incorporated into hybrid granules. This combination poten-
tially will support bone regeneration, while simultaneously preventing bacterial colonization
and infection. The research checked the impact of hybrid granules and silver modifications
on the setting process and physicochemical properties of the materials. X-ray diffractometry
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revealed that materials were composed of two crystalline phases: hydroxyapatite and «-
tricalcium phosphate. It was demonstrated that the presence of silver favored the process of
oTCP hydrolysis to calcium-deficient hydroxyapatite and the amount of hydroxyapatite
in biomicroconcretes increased with increasing silver content. Fourier-transform infrared
spectroscopy confirmed the existence of vibrations of groups corresponding to calcium
phosphates, along with specific bands associated with methylcellulose. The results of the
setting time measurements showed that both the size and the composition of granules
have an impact on the setting process of biomicroconcretes. The addition of silver to the
hybrid granules resulted in the prolongation of setting times from 8 & 1 min to 13 &= 1 min
(initial) and from 22 4 2 min to 32 £ 2 min (final). This effect is associated with the chemical
interactions between the components, facilitated by their hybrid nature. These chemical
interactions may include the formation of silver nanoparticles in a methylcellulose matrix
and the partial substitution of Ca>* by Ag* in the hydroxyapatite structure, which impact the
solubility and subsequently affect the hydrolysis of «TCP. SEM observations of set materials
demonstrated good adhesion of the components on the matrix/granule interphase. The
compressive strength of all materials (4.5 £ 0.8 MPa-6.5 & 1.3 MPa) falls within the range of
human cancellous bone. As complex, chemically bonded systems containing aggregates
such as granules, pellets or microspheres are generally more difficult to homogenize, some
decrease in mechanical strength compared to the control (13.1 & 3.3 MPa) was visible and
expected. Statistically significant differences in compressive strength for biomicroconcretes
were observed in favor of materials with larger granules. All biomaterials were found to be
chemically stable in conditions simulating the environment of a living organism. Only small
fluctuations in pH of SBF were noticed during the incubation of samples for 14 days. The
dissolution—precipitation process in simulated body fluid led to the formation of an apatite
layer on the materials” surfaces, which indicated their bioactive potential.

To conclude, self-assembling silver-modified methylcellulose/hydroxyapatite-based
hybrid granules seems to be a promising candidate for bone substitution. Adding hy-
brid granules to surgically handy chemically bonded biomaterials shows potential for
improving antibacterial features without compromising the desired qualities for bone
tissue engineering. As silver may be harmful not only to bacterial strains but also for bone
cells, additional research, including antibacterial tests and cytocompatibility testing, is
needed to confirm the effectiveness of these biomicroconcretes in clinical use.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jfb15070196/s1. Figure S1: SEM microphotographs of granules: (a) AgGH-1
and (b) AgGH-2. (mag. 350 x and 5000 x, respectively). Figure S2: Cumulative porosity MIP curves of
Control and BC-S1 biomicroconcrete.
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