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Great interest in different types of bioactive glass (BG) is due to high bioactivity, angiogenic, osteogenic
properties. In this regard, the development of metal-alloyed BG as a material for bone tissue regeneration is
attracting the attention of the scientific community. With this motivation, this study is focused on the investigation of
the structure and bioactivity in vitro of copper-doped bioactive glass 60S.

Nanostructured samples of 60S glass with a composition (mol %) of 60 % SiO,, 36 — x % CaO, 4 % P,0s doped
Cu (x = 0.25, 0.5 mol %) were synthesized by the sol-gel method in this research. The bioactivity of the synthesized
material was evaluated by in vitro assays. The dynamics of the formation of hydroxyapatite (HA), contributing to the
formation of effective connections with bones and soft tissues during immersion in a simulated body fluid (SBF
Kokubo), was evaluated using FTIR, XRD, SEM-EDX and ICP-AES.

It has been found that BG samples with a higher content of an alloying element (a sample with 0.5 mol. % Cu)
are more prone to hydrolysis, which leads to a higher activity of ion exchange processes involving the ionic
components of SBF. In addition, the formation of weakly crystalline HA and the calcite phase upon contact with SBF
is characteristic of both samples which confirms the bioactivity of the synthesized samples in vitro. The presented
results are important for further development and research of BG doped with Cu as a promising material with
osteoproductive, osteoconductive and antibacterial properties for tissue regeneration and tissue engineering.
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INTRODUCTION fibroblastic properties.

The clinical demand for bioactive glass is
rapidly increasing day by day due to its
versatility, namely bioactivity, resorbability,
osteoproductivity, osteoconductivity, depending
on the compositional range variations. As the
number of combat injuries increases, so does the
variety of implants required. A wide range of
applications of BG includes implants for bone
defects, for the restoration or replacement of
damaged tissues, frameworks for bone plastic,
preparation of bone cement, as a new drug
carrier [1, 2]. In particular, the use of ion-doped
BGs in the context of antibacterial applications
without antibiotics is considered [3-6].

Over the past two decades, it has been
discovered that different parts of our body
require implants with different chemical and

Despite the advantages of autografts and
allografts, the limitations of each of them call for
the need to find alternative biomaterials that
have the ability to initiate osteogenesis, imitate
natural bone along with the regeneration of
fibroblasts, and firmly connect with surrounding
tissues.  Artificial  materials  such  as
demineralized bone matrix, coral hydroxyapatite,
and phosphate-based ceramics have been used
for decades to fill bony defects with virtually no
concomitant soft tissue development.
Hydroxyapatite (HA), pB-tricalcium phosphate
(BTCP) have only osseointegration and
osteoconduction properties. Only bioactive glass
(BG) has an osteogenic property that stimulates
the proliferation and differentiation of
osteogenesis cells and, in some cases, affects
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physical properties. Properties such as resorption
speed and mechanical strength can be corrected
by ion alloying (Mg, Sr, Mn, Fe, Zn, Ag), which
also has a positive effect on the formation of new
bone [7]. The addition of active ions affects the
crystallization, morphology, crystallinity,
solubility, thermal stability and, mainly, the
behavior under the influence of the physiological
environment, promotes the proliferation of
osteoblast-like cells and, as a result, encourages
osseointegration in vivo [8-10].

Such doped biomaterials can serve as a
framework  for bone regeneration  with
appropriate mechanical properties, repair bone
defects, and facilitate the healing process
through soft tissue regeneration. Since it is
known that many trace elements, such as Sr, Cu,
Zn, Mg or Co, are present in the human body
and their anabolic effect on bone metabolism is
known, their inclusion in the composition of
bioglass is relevant [11-15]. The release of these
ions after exposure to a physiological
environment tends to improve the bioactivity of
the implant, which is associated with both
osteogenesis and angiogenesis.

Initially, alloying additives were selected
according to their valency similarity with
elements already present in the composition of
glass, but with the accumulation of information
about the necessary trace elements in our body,
interest in dopants was focused on some specific
elements, their influence and possible synergistic
effects [16-32].

Thus, the latest trend is to incorporate
various ions into the composition of BG to
improve physical characteristics and therapeutic
effects. Some of the ions, such as Ga, Ge, La, Y,
have already been introduced into the
composition of BG, and the synthesized
materials have been tested in vitro and in vivo
[33, 34].

There are several reasons for the need for Cu
doping of bioactive glass-ceramic materials. It is
known that copper has an increased
antimicrobial effect due to the ability to bind to
imidazole, thiol, carboxyl and amine functional
groups of microbial proteins, which leads to
changes in the structure of the surface membrane
of bacteria [35-40]. It has been proven that
copper ions tend to support and generate
endothelial cells [41], stimulate osteogenic
activity and inhibit osteoclast behavior [42, 43].
In addition, copper stimulates elastin fibers and
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plays a key role in the deposition of collagen and
elastin matrix [44, 45]. This is the best material
for enhancing angiogenic properties, which also
promotes the healing of bone tissue [46—49]. All
of these attractive properties make copper a
valuable additive for incorporation into bioactive
ceramics and glasses for the fabrication of
multifunctional biomaterials that combine
osteoconduction/osteoinduction  with  novel
therapeutic additional functions.

Sol-gel synthesis, which provides control
over the homogeneity and purity of the
synthesized material, is the optimal way to
incorporate copper ions into the composition of
bioactive glass [43, 46, 50-52]. Regarding the
influence of copper on the physicochemical
properties of bioglass and its bioactivity,
conflicting data have been reported, as some
authors have testified that the inclusion of Cu
contributes to the stabilization of the structure
[53] which prevents the dissolution of the glass
and, thus, the release of ions. Others believe that
doping promotes attenuation leading to lower
glass transition and crystallization temperatures
[54], and provides high bioactivity, as evidenced
by the rapid formation of a HCA layer on
surfaces in SBF. However, both groups of
researchers agree that the inclusion of Cu does
not prevent the formation of the hydroxyapatite
(HA) layer, but affects the morphology of the
layer and the size of the HA crystals [55-60].

When researching synthesized materials in
vitro, the SBF Kokubo solution is most widely
used, which makes it possible to study a number
of properties: changes in the weight and
morphology of the glass surface, physical and
mechanical properties, as well as changes in pH
and ionic concentrations of the solution. It has
been proved that there is a correlation between
the degree of bone ingrowth among glass
particles and their capability to form apatite in
SBF. Accordingly, the bioactivity of glass in
vivo can be accurately predicted from its changes
in SBF [60, 61].

This paper presents the results of
comprehensive studies of BG 60S doped Cu, its
structure and bioactivity in vitro as a promising
material with osteoproductive, osteoconductive
and antibacterial  properties for  tissue
regeneration and tissue engineering.

EXPERIMENTAL PART

Materials. The composition (mol %) of BG
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60S doped Cu was 60 % SiO,, 36 — x % CaO,
4 % P,0s, Cu (x =0.25, 0.5 mol %). The following
reagents were used for sol-gel synthesis:
tetraethyl orthosilicate (TEOS) (C;Hs0)aSi,
triethyl phosphate (TEP) (C2HsO)sPO, ethanol
C2Hs0H, calcium nitrate tetrahydrate
(Ca(NOs3)24H,0), copper (1) nitrate
(Cu(NOs)23H20), 59 % solution of nitric acid
(HNOs). All reagents had “chemically pure”
qualification (Merck Schuchardtohg, Germany).

Preparation of BG 60S. The synthesis of
sol-gel glass 60S is described in detail in
previous works [1, 33, 34]. BG 60S doped Cu
was carried out similarly. The introduction of
copper into glass panes was carried out at the
stage of sol formation. An aqueous solution of
calcium nitrate and copper nitrate was prepared
separately by mixing the given amounts of
components on a magnetic stirrer for at least
10 minutes. Then a solution of calcium - copper
nitrates was added to the sol, stirred on a
magnetic stirrer for at least 40 min, sonicated for
5min and withstood the sol for 24 h at room
temperature to complete the polycondensation
processes. The produced glass was ground with a
mortar and pestle to disagglomerate the particles.

For research the apatite forming ability
in vitro, disks (d =13 mm, h =500 um, pressure
10 tons) of the studied samples of sol-gel glasses
(0.1+0.0059) were formed and the
corresponding volume of SBF was calculated.
Assessment of bioactivity was carried out using
the standard invitro procedure described by
[60, 61] and 1SO 23317:2014 using analytical
reagent-grade chemicals NaCl, NaHCO;, KClI,
KQHPO4‘3H20, MgC|z'6HzO, CaC|2,
trishydroxymethyl aminomethane [Tris-buffer,
(CH20OH):CNHg], and 1 M HCI.

Characterisations of BG 60S. Structural
studies of the obtained samples were performed
by powder X-ray diffraction method (XRD)
using a DRON-4-07 diffractometer with Ni
filtered CuK, radiation, the Bragg-Brentano
focusing, in 10-80° 26 range with a step of
0.05°, exposure of 1 sec. Phase identification
was performed with PDF-2 database.

Infrared spectra were recorded on a FTIR
Spectrometer Tensor 27 (Bruker Optik GmbH,
Germany) in the range 4000-400cm™ using
KBr pellets with a resolution of 2 cm™.

The obtained samples were characterized by
a scanning electron microscope MIRA 3 FE-SEM
microscope  (TESCAN, Czech Republic)
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equipped with an Energy-dispersive X-ray
detector (EDX) Oxford Instruments, UK). EDX
spectra of the prepared samples before and after
immersion in SBF in 4, 8, 12 days were used to
study changes in the elemental composition of
the sample surface.

Determination of the elemental composition
of samples before and after immersion in SBF in
4, 8, 12 days was carried out by the method of
atomic emission spectrometry with inductively
coupled plasma (ICP-AES) (Shimadzu ICPE-
9000, Axial detection mode).

ICP multi-element standard solution 1V
(Merck, 1.11355) containing 1000 mg/l of Ag,
Cu, Ca, Na, K, Mg was used to prepare
calibration solutions; 96 % H,SOs (Merck,
1.00732.2500) as S source and 85 % H3PO,
(Sigma-Aldrich, 04107) as P source. Calibration
comparison solutions with concentrations of
each of the elements of 0.01; 0.1, 0.5 and 2 mg/I
were prepared.

For elemental analysis, all selected samples
of bioglass were prepared as follows: 10.0 mg of
the sample was placed in a 20 ml volumetric
flask, 0.25 ml of concentrated nitric acid was
added, mixed and kept in an ultrasonic bath for
30 min, the volume was brought up to the mark
with water and mixed. 150 ul of the filtered
solution obtained was transferred to a volumetric
flask with a volume of 10 ml, brought to the
mark with water and mixed. To determine Ca,
Na and Mg, the obtained solutions were diluted
2 times.

In vitro apatite forming capability.
Bioactive glass samples before and after
immersion in SBF were examined by Fourier
transform infrared spectroscopy (FTIR), X-ray
thin film diffraction, and scanning electron
microscopy after soaking for 4, 8, and 12 days,
respectively. Samples were immersed in SBF in
clean plastic bottles that had been prewashed
with concentrated HCI and deionized water. The
bottles were placed inside a thermostat at a
controlled temperature of 36.5°C. The SBF
solutions were not refreshed during the
immersion period for all XRD, EDXS, FTIR
measurements. After immersion in SBF at
36.5 °C for various periods, the sample was
removed from SBF and washed with deionized
water. The samples were dried at 90 °C and
stored in a desiccator.

The volume of SBF required for this study
was calculated according to the equation:
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V, =S, /10,

where Vs is the volume of SBF (ml) and S, is the
apparent surface area (mm?).

RESULTS AND DISCUSSION
Characterization of BG 60S

In vitro study of bioactivity.

X-ray structural analysis. Figs. 1, 2 show the
XRD diffraction patterns of the synthesized BG
samples before and after soaking in the SBF
solution for different periods of time. On the
diffractogram of the original BG 60S doped Cu
(0.5 mol %) (Fig. 1 a) and doped
Cu (0.25mol %) (Fig.2a) in the area of
diffraction angles ~22-30°, an asymmetric
diffuse halo is observed, which indicates on the
amorphousness of the material. Crystalline peaks
related to the weakly crystalline phase of
hydroxyapatite Caio(PO4)s(OH), (ICDD 86-740)
and calcite CaCOs; (ICDD 72-1214), are
recorded already after 4 days of contact with
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SBF, and indicate the formation of at least of
two crystalline phases in BG 60S (Figs. 1, 2 b).
Soaking BG 60S in SBF leads to a change in its
phase composition and the ratio of amorphous
and crystalline components. After 8 days of
soaking in SBF, the intensity of the diffraction
peaks of both calcite and HA increases on the
diffractograms of the samples which indicates an
increase in their crystallinity—(Figs. 1, 2 ¢). The
formation of calcite, which provides a potential
ionic buffer for bone regeneration and has the
ability to transform into hydroxyapatite (HA), is
one of the signs of the high bioactivity of the
synthesized samples. After 12 days of soaking
the glass in SBF (Figs. 1, 2 d), a decrease in the
width of the diffuse halo is recorded, which
indicates the structuring of the amorphous phase.
An increase in the intensity of the peaks of
hydroxyapatite with practically unchanged
intensity of the peaks of calcite is observed for
the sample with a lower content of the alloying
element (Fig. 2).
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Fig. 1. XRD patterns of BG 60S doped 0.5 % Cu: a — before SBF test; after SBF test: b — after 4 days, ¢ — after 8 days,
d — after 12 days; ¢ — HA (Ca10(PO4)s (OH),), @ — calcite (CaCOs)
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Fig. 2. XRD patterns of BG 60S doped 0.25 % Cu: a — before SBF test; after SBF test: b — after 4 days, ¢ — after 8 days,d

— after 12 days; ¢ — HA (Caio(PO4)s(OH).), e — calcite (CaCOs)
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FTIR analysis. The changes that occurred
with the bioglass during its immersion in the
SBF solution were also observed using IR
spectroscopy (Figs. 3, 4). Thus, the spectrum of
the original glass illustrates a broad maximum at
1026 cm™!, a low-intensity one at 875 and 800,

100,

80

60+

Transmittance, arb. un.

1418 - 1486
cogZ

610, 560-587, and 440cm™'. Absorption
maxima at 1026 cm! are associated with Si-O-Si
and P-O stretching vibrations, and the bands at
800 and 440 cm™! are associated with Si-O-Si
bending vibrations (Figs. 3, 4).
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Fig. 3. FTIR-spectra of the BG 60S doped Cu 0.5 mol %: a — before SBF test; after SBF test: b — after 4; ¢ — after 8;

d —after 12 days
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Fig. 4. FTIR-spectra of the BG 60S doped Cu 0.25 mol %: a — before SBF test; after SBF test: b — after 4; ¢ — after 8;

d — after 12 days

After 4 days of contact with SBF
(Figs. 3,4 b), an increase in the intensity of the
bands at 1418—1486 and 875 cm™', which is also
recorded for the sample during further exposure
to SBF (Figs. 3,4 c), is associated with active
precipitation of CaCO; and is consistent with
XRD data. The appearance of a new maximum
and, at the same time, an increase in its intensity
at 875 cm™! after contact with SBF indicate the
inclusion of CO3? ions into the BG structure. An
increase in the intensity of the bands at 800 cm™,
associated with bending vibrations of Si-O-Si,
indicates active processes in the structure of the
siloxane network (-Si-O-Si-) of the glass. An
increase in the intensity of the maximum at 600
and at 560-587 cm', associated with P-O bonds,
indicates active changes in the HA structure
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(Figs. 3,4 ¢c, d).

SEM-EDX analysis. SEM micrographs of
sol-gel glass samples before contact with SBF
are shown in Fig. 5, 6 a. EDX analysis confirms
the presence of Si, Ca, P, Cu. Significant
changes in surface morphology are recorded,
respectively, during the period of 4-12 days of
soaking in SBF, which is shown in Fig. 5, 6 b—d.
The surface becomes homogeneous with a
predominant Si content. After 4days of
immersion in SBF, the mass fraction (wt, %) of
Ca and Cu decreases, which is a consequence of
active desorption into the environment according
to the theory of dissolution of bioactive glass in
physiological fluids, at the same time, a slight
increase in the mass fraction of P is recorded.
For samples BG 60S doped 0.25 % Cu and P are
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not fixed on the 8th and 12th day of contact with increase in Ca wt, % correlates with the data of
SBF, which can be explained by the absence (or XRD studies (formation and preservation of the
minimal wt, %) in the near-surface gel-silicate calcite phase) (Figs. 1, 2).

layer (Tables1,2). At the same time, the
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Fig. 6. SEM images and EDX spectra of the disc BG 60S doped with 0.25 % Cu: a — before SBF test; after SBF
test: b — after 4; ¢ — after 8; d — after 12 days
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Table 1. EDX analyses of the samples BG 60S doped with 0.5 % Cu before and after in SBF solution

Wt, % (EDX data)

Contact time

0] Si Ca P Cu Na Cl

0 48.4 30.5 18.6 2.0 0.5 0 0

4 days 51.8 24.6 15.6 5.9 0 1.2 0.9

8 days 51.1 38.3 7.0 2.1 0.1 0.9 0.5

12 days 52.4 42.8 3.3 0.1 0 0.9 0.6
Table 2. EDX analyses of the samples BG 60S doped with 0.25 % Cu before and after in SBF solution

c . Wt, % (EDX data)

ontact time o Si Ca P Cu Na Cl

0 47.3 29.6 20.3 2.4 0.5 0 0

4 days 45.8 35.0 13.5 4.0 0.2 1.0 0.6

8 days 52.6 459 0.7 2.1 0 0.8 0

12 days 47.9 45.8 4.5 0 0 1.0 1.0

Determination of the elemental composition
of the samples BG 60S doped Cu before and
after SBF test. According to the obtained results,
a decrease in Ca and Cu content is characteristic
of both synthesized BG samples (Tables 3, 4).
The high activity of ion exchange processes with
the participation of these ions is recorded to a
much greater extent for BG 60S doped with
0.5% Cu. The decrease in the Cu content is
consistent with the data of previous studies [56]
and indicates the formation of a gel-silicate layer

as a result of the depolymerization of silanol
groups (=Si-OH) in the glass structure and
correlates with the results of EDX analyses. The
inclusion of K*, Na*, Mg?*, S (probably in the
composition of SO,% ions) is also associated
with active processes of ion exchange of the
hydrolyzed BG surface with the SBF medium. It
should be noted that the absence of K, Mg, S for
EDX results may be due to the low sensitivity of
this method for these elements.

Table 3.  Elemental analyzes of the samples BG 60S doped 0.5 % Cu before and after SBF test
0) -
time in SBE Wi, % (ICP-AES data)
(days) Cu Ca P K Na Mg S
0 0.50 16.04 3.34 0.90 0.83 0.28 0.85
4 0.46 14.42 3.82 1.10 1.39 0.35 0.80
8 0.41 13.61 3.68 0.38 0.59 0.55 0.15
12 0.32 13.76 4.07 1.34 1.05 0.39 0.13
Table 4.  Elemental analyzes of the samples BG 60S doped 0.25 % Cu before and after SBF test
[0) -
time in SBE Wt, % (ICP-AES data)
(days) Cu Ca P K Na Mg S
0 0.25 16.95 3.15 0.83 0.73 0.27 0.41
4 0.22 15.76 3.21 1.21 0.75 0.28 0.26
8 0.22 13.86 3.62 0.86 1.68 0.35 0.56
12 0.21 13.03 3.66 1.63 1.17 0.37 0.46
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CONCLUSIONS fundamental and necessary for  further
development and research of Cu-doped BGs. In
the future, it is necessary to carry out tests on
gram-positive and gram-negative  bacterial
cultures, focusing on the antibacterial activity of
copper-doped BGs.

In summary, BG samples based on BG 60S
doped with copper (0.5 and 0.25 mol %) were
synthesized by the sol-gel method and fully
characterized by SEM-EDX, FTIR, XRD,
ICP-AES. The study of the bioactivity of these
glasses in vitro was carried out with SBF ACKNOWLEDGEMENT
Kokubo. It has been found that the sample with
0.5 mol % Cu is significantly more active in ion
exchange processes with the participation of
SBF. In addition, the formation of weakly
crystalline HA and the calcite phase during
immersion in SBF is characteristic of both
samples. Overall, the presented results are
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Benuxuii inmepec 0o piznux munie 0ioakmuenoco ckia (BG) noscuoemvces eucokor 6ioaxkmusHicmio,
AH2I02EHHUMU, OCIMEO2EHHUMU BIACMUBOCMAMU. Y 38 3Ky 3 yum po3podka memanonezoeanozo BG ax mamepian ons
pezenepayii Kicmkogoi MKaHuHu npugepmac yeazy Haykoeoi cninbnomu. 3 yiei momueayii 0ane 00CHiOdNCeHHA
30CepedHceHO Ha OOCHIOHNCEHH] CIMPYKMYpU ma OI0aKmMugHOCMI 8 YMO08aX in Vitro 1e208an020 Mi0010 DIOAKMUEHO20
ckna 60S.

Y 0anomy oocnioscenni 301b-cenb MemoooM CUHME308AHO HAHOCMPYKMYpogani 3pasku ckia 60S 3i ckradom
(mon. %) 60 % SiOz, 36 — X% CaO, 4 % P,0s, necosanozo Cu (x = 0.25, 0.5 mon. %). Bionoziuny axmusnicme
CUHTNE308AHO20 MAMEPIATY OYIHIOBAIU MEeMOOOM in Vitro. JJunamixa ymeopenns ciopoxcuanamumy (I'A), wo cnpusie
@opmysannio eghpekmusHUX 36 A3Ki6 3 KiCMKAMU MA M AKUMU MKAHUHAMU NIO YaAC 3aGHYPEHHS 8 CUMYNbOBAHY PIOUHY
opeanizmy (SBF Kokubo), 6yna oyinena 3a donomoeorw FTIR, XRD, SEM-EDX ma ICP-AES.

byno suseneno, wo 30invuienns emicmy aezyrouozo eremenma (3pasok 3 0.5 mon. % Cu) niosuwye cxunvhicmo
BG 0o zioponizy, wo npossiaemoca 6 guwyili aKMUBHOCMI IOHOOOMIHHUX NPOYECi8 3a yuacmi iOHHUX KOMNOHEHMIE
SBF. Kpim mozo, ymeopenus crabkoxkpucmaniunozo HA ma gasu kaneyumy npu konmaxmi 3 SBF xapaxmepno ona
000x 3paskis, wo niomeepodcye 6GIOAKMUBHICMb CUHME308aHUX 3paskie 6 ymogax N Vitro. [lpedcmaeneni
pe3yibmamu € HeoOXIOHUMU O NOOANbWUX pO3poOOK ma docaiodcens BG necosanux Cu Ak nepcnekmugHo2o
mamepiany 3 OCMEONPOOYKMUBHUMU, OCMEOKOHOYKMUGHUMU MA aHMUOAKMEPIANbHUMU  61ACMUBOCMAMU  OJA
MKAHUHHOI pezenepayii ma mKauuHHol iHdCeHepii.

Knrouosi cnoea: diockno, 301b-2ev, 1e2y8anusa Mioow, Oi0aKmueHicms, KiICMKO8a pe2eHepayisi
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