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Abstract

Nowadays nanostructures are more and more often
designed as carriers for drug delivery, especially to
improve the drug pharmacokinetics and pharmaco-
dynamics. Numerous kinds of nanostructures are
considered a good prospect for medical applications
thanks to their small size, acceptable biocompatibility
and toxicity. Due to the fact that nanotechnology is
a new field of science, every nano-scale product must
be thoroughly examined regarding its toxicity to the
human body. This study provides new insights into
effects of exposing endothelial cells to the selected
nanostructures. Dendrimers of the fourth generation
(PAMAMs), multi-walled carbon nanotubes (MWCNTS)
and silver nanoparticles (SNPs) were used to eva-
luate nanostructures influence on endothelial cells
in vitro. The nanostructures were evaluated via
transmission electron microscopy and dynamic light
scattering technique. The cells previously exposed to
the nanostructures were observed and analyzed via
the atomic force microscopy and scanning electron
microscopy to obtain a quantitative evaluation of the
cells morphology. The presence of multi-walled carbon
nanotubes and silver nanoparticles on the cells surface
was confirmed by the scanning electron microscopy.
Our results confirm that the surface association and/
or uptake of nanostructures by the cells resulting from
physicochemical and biological processes, affect the
cells morphology. Morphological changes can be
induced by the membrane proteins interaction with
nanomaterials, which trigger a sequence of intracel-
lular biological processes.

Keywords: nanostructures, atomic force microscopy,
transmission electron microscopy, scanning electron
microscopy, cell morphology

[Engineering of Biomaterials 154 (2020) 2-8]

doi:10.34821/eng.biomat.154.2020.2-8

Introduction

It is known that several agents (e.g. drugs, nanoparti-
cles, cytokines) may induce changes in the cell phenotype
regarding its biological and physical parameters, such
as morphology, cytoskeleton reorganization, intercellular
communication [1-4]. Currently, nanoparticles (NPs) are
intensively studied on cells or in animal models considered
as potential drug delivery or angiogenesis inhibition agents
[5] thanks to their ability to improve the pharmacokinetics
and pharmacodynamics of drugs. However, due to the com-
plexity of the in vivo systems there are still several issues
inhibiting the efficiency of NPs that need solutions to fully
exploit their theoretical potential [6]. Given their small size,
good biocompatibility and low toxicity, many nanoparticles
are considered a promising prospect for biological and
medical applications e.g. the gold [5] and the silver ones [7].
Dendrimers, due to their internal structure, can be potentially
used for drug delivery, yet their metabolism by cells, tissues
and organs has not been investigated enough so far [8].
Some of nanostructures, such as multi-walled carbon
nanotubes (MWCNTSs), are examined in nanoscience and
nanotechnology for application in electronic circuits as field
emitters or for hydrogen storage [9]. Still, they can be also
investigated in terms of biomedical applications [10,11].

Endothelial cells (ECs) play a key role in nanomaterials
delivery and their functionality. Lining the interior of the
entire vascular system, ECs represent a major barrier for
therapeutic agents being transferred from the bloodstream
to the target tissues. One of the crucial parameters which
provide information about the cells functional status, i.e.
proliferation, migration or even capillary formation, are
morphological changes [5].

Atomic Force Microscope (AFM) is a powerful tool to
develop and assess nanoparticles [12] and characterize the
properties of nanostructures [13]. Additionally, it provides
nanomedicine with a versatile platform by combining the
nanometer-scale resolution and the unique ability to visual-
ize single biomolecules in their native environment [1-4] as
well as nanoparticles exposed to environmental conditions.
Over the last decade, AFM techniques and atomic force
spectroscopy (AFS) were employed to verify the physiologi-
cal state of cells [1-2], including dysfunctions after hormones,
cytokines or drugs application [14-16]. An AFM probe was
also postulated as a diagnostic nanosensor for cancer in-
vestigation [17-19]. Scanning electron microscopy (SEM) is
yet another method to evaluate cells morphology after the
nanomaterials application and to confirm the nanostructures
presence on the cells membrane is [20].

The presented work studies the influence of three kinds
of nanomaterials: polyamidoamine dendrimers (PAMAMSs)
of 4.0 generation, silver nanoparticles (SNPs) and multi-
walled carbon nanotubes (MWCNTs) on the EA.hy926
endothelial cell line. The selected nanomaterials represent
three main groups of nanomaterials: polymers, metals and
carbon nanomaterials. The obtained results contribute to
the already published works [21] on the transcriptome and
proteome analysis of endothelial cells under stress condi-
tions induced by the nanomaterials. The comprehensive
analysis of the nanoparticles influence on cells morphology
is vital to understand the endothelium response to drugs and
other agents delivery upon the nanoparticles application.

Z ommm® © 00000 0000000000000 00000600000000000000000
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Materials and Methods

Cell culture

The EA.hy926 endothelial cell line formed by the fusion of
the HUVEC and A549 human lung carcinoma cell lines was
obtained from American Type Culture Collection (ATCC®
CRL-2922™) and cultured at 37°C in the humidified atmos-
phere of 9% CO, in Dulbecco’s Modified Eagle Medium
(DMEM, ATCC) supplemented with 10% of Fetal Bovine
Serum (Gibco) and Penicillin/Streptomycin solution (ATCC).
The cells were harvested for experiments before reaching
90% of confluence. Trypsin-EDTA (ATCC) was used as
a dissociation solution, followed by the neutralization with
the 10-fold volume of complete DMEM medium. The cells
were seeded on the proper dishes for selected measure-
ments (sterile cover glasses for AFM and SEM, cell culture
dishes for TEM) and cultured for 24 h. Next, the solution
of PAMAM dendrimers, SNPs or MWCNTSs, in the serum-
free cell culture medium was added in final concentrations,
respectively (TABLE 1). The application of nanostructures
at the selected concentrations caused the final toxicity of
the cells - 10 and 25% [21] marked as EC 10 and EC 25.

TABLE 1. Selected concentration for AFM and SEM
investigation [21].

Designation  MWCNTS  SNPs PAMAM
[ug/ml] [ug/ml] [ug/ml]

EC 10 51.7 28 0.07
| ecos 74.1 74.8 017 |

Dynamic light scattering

The measurements of hydrodynamic radius (R) of silver
nanoparticles and dendrimers were performed using dy-
namic light scattering device Dyna Pro Nano Star (Wyatt).
After the sonication and filtration processes (filter pores of
0.1um), the SNPs and dendrimers suspensions in mQ water
were placed in disposable cuvettes and the size distribu-
tion values (5 times with 10 acquisitions) were collected.
The regularization fitting analysis to the autocorrelation
functions was employed for the size calculation.

Atomic force microscopy

The atomic force microscopy was used to characterize
changes in the endothelial cells morphology. The cells cul-
tured on the cover glasses and exposed to nanostructures
were fixed with a mixture solution of glutaraldehyde (2.5%)
and formaldehyde (3.7%) in the phosphate buffer at pH
7.4 for 10 min. Having been fixed, the samples were rinsed
with the phosphate buffer and immediately subdued to
the atomic force microscopy measurements performed in
a liquid chamber filled with the PBS solution. The mor-
phology was evaluated using NTEGRA scanning probe
microscope (NT-MDT, Russia) with soft cantilevers (CSG01,
with the nominal spring constant 0.003 N/m and the tip ra-
dius curvature less than 10 nm, NT-MDT Probes, Russia).
The scan size was 45 ym x 45 pm and the image resolution
was 512 points per 512 lines.

The values of volume and surface area of the cells cen-
tral part (i.e. above half of the cell height) were obtained
with MountainsMap Premium 5.0 (Digital Surf) software.
Additionally, the roundness parameter of the cell central part
was calculated according to the formula:

R = Area/4nD?,,
where: Area is the surface area of the apical cell part,
D...x Is the maximal diameter of the central part.

The mean value and the standard mean deviation of
the morphological parameters were calculated for each
experimental point (the cells exposed to the nanostructures
at selected concentrations).

Additionally, the roughness parameter of 2 ym x 2 ym
AFM topography scans, including the density of summits
(Sds) was examined (Nova PX software). For each ex-
perimental point at least 16 images of the cells were used
for calculation. The acquired data was compared with the
results obtained for the control and statistical analysis of the
data was performed using the variance ANOVA test to de-
termine differences between the means for each group and
the control group at the levels (*) P<0.05 and (**) P<0.01.

Scanning electron microscopy

For the scanning electron microscopy analysis, the
samples were fixed for 24 h and then dehydrated with the
alcohol series. Next, the samples were dried in the nitrogen
stream at room temperature and a thin layer of gold (about
4 nm) was sputtered on their surface with the Leica AM
ACEG600 spultter.

The cell morphology was analyzed with the scanning
electron microscope Quanta FEI 250 equipped with Ever-
harta-Thornley’a (ETD) detector of secondary electrons. The
microscope was working at room temperature with an ac-
celerating voltage of 10 - 20 kV and magnification of 4000x.

Transmission electron microscopy

The silver nanoparticles and multi-walled carbon na-
notubes were characterized with Transmission Electron
Microscope Talos F200X (FEI) at the acceleration voltage
of 200 kV working in the Scanning Transmission Electron
Microscopy (STEM) and Energy Dispersive Spectroscopy
(EDS) modes. The SNPs and MWCNTs were suspended
in 100% ethyl alcohol and milli-Q water, respectively.
After sonication, the drop of each sample was placed onto
the carbon-coated copper grids (300 mesh) and dried at
room temperature.

Results and Discussion

The studied nanostructures were characterized by
DLS technique, TEM and EDS methods. FIG. 1 presents
the results of the size distribution of PAMAM dendrimers
and silver nanoparticles obtained by the DLS technique.
The average value of hydrodynamic radius of PAMAM is
about 1.9 nm, while for SNPs two populations of 4.3 nm
and 54.9 nm are observed.

FIG. 2 presents the TEM images of SNPs where both
spherical and longitudinal shapes of silver nanoparticles can
be observed. The size distribution of SNPs is polydisperse,
which confirms the polydispersity of SNPs observed with
the DLS technique. The chemical composition of SNPs
was examined with STEM (FIG. 2C) and EDS (FIG. 2D)
methods. The EDS spectrum confirms a high silver content
and the copper presence in the spectrum results from the
use of Cu TEM grids. The other light elements are typical
trace contamination.
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FIG. 1. Hydrodynamic radius distribution determined with DLS method in milli-Q water for PAMAMs (A) and
SNPs (B). Mean value of radius (R) and % of polydispersity (%Pd) are provided.
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FIG. 2. TEM images of SNPs (A,B), STEM image (C), EDS spectrum (D) and EDS map of silver distribution (E).

In FIG. 3 the TEM images of MWCNTs are presented.
The nanotubes are multiwalled (FIG. 3C) and the external
diameter is below 20 nm. The main signal peak in the
EDS spectrum (FIG. 3D) is assigned to carbon, confirming
a high material purity. Copper is present in the spectrum
due to the Cu TEM grids.

The cell morphology of randomly selected cells deter-
mined by the AFM method is presented in FIG. 4. The white
arrows indicate agglomerates of nanostructures accumu-
lated on the cell membrane. However, these nanostructures
could also have been moved by the AFM probes while
scanning the topography.

FIG. 5A presents the mean values of the surface area
and the volume of the cells central parts. The statistically
significant increase in the apical surface area was observed
for the cells exposed to SNP or MWCNT at EC 10 and EC 25
when compared to the untreated cells (white bars, FIG. 2A).
Interestingly, these nanostructures did not induce relevant
changes in the cells volume (dark bars, FIG. 2A). Further-
more, the decrease in the cell roundness was observed for
the cells exposed to SNP or MWCNT at EC 10 (FIG. 2B).
PAMAMs dendrimers did not induce significant morphologi-
cal changes at the applied concentrations.
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FIG. 3. TEM images of MWCNTs obtained at different magnifications: 74 000x (A), 190 000x (B), 630 000x (C),
EDS spectrum (D) and EDS map of carbon distribution (E).
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FIG. 4. AFM images (45 um x 45 um) of endothelial cells incubated with nanostructures. Arrows indicate agglo-
merates of nanostructures.
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FIG. 5. Mean values of the apical volume of the cells (dark bars) and the apical surface area (white bars) (A) and
mean values of the roundness of the cells (grey bars) (B). Statistically significant differences untreated cells

are marked as: (*)P < 0.05 and (**)P < 0.01.

TABLE 2. Values of Sds parameter (mean * stan-
dard mean deviation) for cells exposed to nano-
structures at EC 25.

Sample Sds [1/um?]

Reference 155 + 56
PAMAM EC 25 239 + 60

SNP EC 25 294 + 99
MWCNT EC 25 401 + 69 (**)

The roughness analysis (TABLE 2) indicates a significant
increase in Sds value for the cells exposed to MWCNTs.
This phenomenon may suggest the distinct changes in the
cellular granularity related to the actin and myosin fibres
reorganization and/or the nanotubes accumulation under
the cell membrane.

The SEM images of the control and the cells exposed
to nanoparticles at EC 10 and EC 25 are presented in
FIG. 6. The huge agglomerates of MWCNTs or SNPs
in the endothelial cells exposed to these nanostructures
were observed (the zoom area of the attached nanostructure
on the cell membrane are presented in FIGs 6 F, H).

The alterations in the sample height are visible via the
AFM microscopy. However, the AFM imaging does not pro-
vide clear information about the nanomaterials localization
within the cell - whether nanomaterials are on the cell surface,
just below the cell membrane or inside the cell. Moreover,
in some cases certain cell structures or nanomaterials and
their agglomerates move along the scanning direction, that
may suggest their presence on the cell surface (FIG. 4C).
The AFM topography measurements were performed on
the cells lacking the huge agglomerates of nanoparticles,
which allowed to avoid the AFM tip damage or increase in the
estimated curvature radius. For the SEM imaging, the cells
with larger NMs agglomerates were selected to present the
sample diversity that is necessary for cells measurements.
These microscopic techniques were selected to show the
effect of nanomaterials on endothelial cells in their most
desirable environment. Apart from the bovine serum, cel-
lular media contain other factors (antibiotics, L-glutamine,
glucose) that can affect the agglomeration of nanostructures
but maintain the cell culture in its proper conditions. Itis also
worth noticing that the alterations in ionic strength change
the radius of dendrimers [22].

Morphological changes might be induced by the membrane
proteins interaction with nanomaterials which may trigger
a sequence of intracellular biological processes. Morphologi-
cal changes can be linked to: the gene expression regulating
cells growth and proliferation, several biological processes
related to the proper protein folding, and/or cytoskeletal
formation and reorganization. NPs can evoke a cytotoxic or
genotoxic effect in the cell [23,24], change certain signal-
ling pathways or alter the gene or protein expression [25].

Regarding the MWCNTSs influence on mammalian
cells, several papers reported that these nanomaterials
lacking the surface modification were cytotoxic [26-28].
The obtained morphological results showed an increase in
the apical surface area and the density of summits param-
eter that may be associated to the MWCNTs agglomeration,
as well as the single molecules binding to the cell membrane.
Similarly, when the endothelial cells were exposed to SNP
at EC 10 and EC 25 concentrations, the increase in the cell
surface area and the decrease in the cell roundness (at low-
est concentrations) were observed. The SNPs, similarly to
MWCNTs, are accumulated on the cell membrane (FIG. 6 D,
E, F) and they penetrate inside, thus causing the observed
changes in the cells morphology. The flow cytometry tests
from our previous study confirmed the uptake of SNPs by
endothelial cells which was revealed by an increase in the
side (SSC) scattered light parameter [20]. In the case of the
PAMAMs at EC 10 and EC 25 concentrations, there were
no morphological changes as compared to the control cells.

Conclusions

The microscopic techniques can be an additional source
of information characterizing the cells response to external
factors present in their environment (e.g. drugs, nanomateri-
als). Due to the fact that nanotechnology is gaining more
and more recognition in the field of medicine, every nano
product should be thoroughly examined regarding its toxicity
to the human body. Often, the standard methodology which
includes cyto- and/or genotoxicity tests, is not sufficient
and does not allow a definitive conclusion whether a given
material is safe. Despite the satisfactory response of the
cells in these tests, nanoparticles can exert a significant
effect on the cell at the molecular level, inducing changes
in the signalling pathways, expression of genes or proteins
responsible for performing key functions for the cell life,
which has been confirmed in numerous reports [29-32].
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FIG. 6. SEM images of control cells (A) and cells incubated with nanostructures at EC 10 (B, D, G, H) and EC 25
(C, E, F, 1). Arrows indicate examples of agglomerated nanomaterials on the cell membrane.

In our recent paper [21], it was proved that the EA.hy926
cell line after interaction with SNPs, MWCNTs and PAMAM
dendrimers shows changes in the expression of numerous
mRNA transcripts. Similar observations were performed
while assessing the proteomic profile of these cells - the
expression of proteins was significantly changed in terms of
the cell growth and proliferation, apoptosis, reorganization
of the cytoskeleton, synthesis of other proteins and their
degradation, DNA repair, regulation of transcription, as well
as the stress response.

The presented study provides new insights into evalua-
tion of effects of exposing endothelial cells to the selected
nanostructures. Both silver nanoparticles and polyhedral
carbon nanotubes, used at concentrations corresponding to
EC 10 and EC 25, have a significantimpact on the endothe-
lial cell morphology. Despite the widely reported toxicity of
PAMAM dendrimers, our observations do not confirm such
an influence of these nanostructures on endothelial cells,
if used at relatively low concentrations (EC 10 and EC 25),

The microscopic techniques presented in this work may
contribute to the characteristics of the cells exposed to
nanomaterials, and help to establish whether the cell under-
goes harmless adaptive changes, or whether the defence
response to stress caused by the presence of nanomaterials
in their environment begins.
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Abstract

During the implantation surgery, an infection asso-
ciated with the biofilm formation may occur. Both the
type of the introduced material as well as the implant
osseointegration largely determine the effectiveness of
bone defect treatment. The materials research is incre-
asingly focusing on improving the osseointegration
process. A bacterial biofilm can form on any surface
of the artificial organ that has been introduced into
the body or surrounding tissues. A bacterial infection
is one of the most serious complications of implanto-
logy surgery leading to serious physiological damage.
As proved in the literature, a solution that can prevent
bacterial infections is to modify the implant surface by
applying an antibacterial coating, while maintaining
the material biocompatibility. The article presents the
tests results of prototype implants with hydroxyapatite
coatings obtained via plasma spraying on titanium
surfaces. The resulting coatings were enriched with
silver nanoparticles, the content of which was about
2%. The animal model are New Zealand rabbits.
The implants were placed in the femur of the ani-
mal. The amount of released ions and the force of
pulling the implants from the bone were determined.
The binding strength between the joint surface and
the implant was determined by the mechanical blo-
cking and biological binding of growing bone tissue.
In addition, the surface structure of the obtained im-
plants was evaluated.

It has been shown that the surface modification of
the implants affected the obtained stabilization value,
as compared to the implants surface coated only with
hydroxyapatite.

Keywords: implant, hydroxyapatite, Ti6AI4V, silver
nanoparticles

[Engineering of Biomaterials 154 (2020) 9-15]

doi:10.34821/eng.biomat.154.2020.9-15

Introduction

Hip arthroplasty is one of the most commonly performed
surgical procedures consisting in the complete replacement
of a damaged joint by an artificial one. Such surgery is
connected with introducing foreign bodies into the human
internal environment with the assumption that they will meet
the long-term biomechanical function and are biologically
inert [1]. The effectiveness of bone loss treatment predomi-
nantly depends on the implant osseointegration [2] and the
proper selection of the implant material, which can eliminate
possible complications in orthopedic surgery [2].

In order to develop implantology by improving osse-
ointegration the implant surface may be modified in sev-
eral aspects, such as topography, surface chemistry, and
physical surface properties (surface charge and energy) [3].
The osseointegration process (“direct structural and func-
tional connection between the bone and the surface of the
loaded implant”) is a decisive factor in the success of endo-
prosthesis implant surgery. The binding strength between
the joint and the implant is determined by the mechanical
blocking and biological binding of growing bone tissue.
Implants with rough surfaces or porous coatings provide
excellent mechanical coupling with the surrounding bone
and achieve greater stability [4,5].

Alloplastic materials, e.g. titanium, can induce different
defense reactions, including implant rejection. The material
is considered biocompatible when it does not cause patho-
logical reactions in the tissues, does not emit any disintegrat-
ing substances, and - in the case of implants - it allows the
bone to grow directly on the intraosseous surface [5]. One
of the biocompatible materials widely used in medicine is
titanium and its alloys. As the binding strength between the
bone tissue and the biological surface of a titanium-based
alloy is weak [6], many studies have been carried out to
improve the osseointegration of titanium and the bone-
implant binding. Particular attention has been paid to the
combination of surface modification and applying bioactive
coatings on titanium-based alloy surfaces. To strengthen
the bioactivity of implant metal surfaces, hydroxyapatite
(HA) is often used as a thin coating [7,8]. Unfortunately, the
excellent biocompatibility of HA also allows the adhesion
and reproduction of bacteria on the surface, which leads to
the infection and the possible implant rejection. A bacterial
infection is one of the most serious implant surgery compli-
cations that may lead to severe physical damage and the
need for additional costly surgical procedures. Therefore,
the incorporation of anti-bacterial components into the hy-
droxyapatite coating during or after the production process
is of great clinical significance. An inorganic antibacterial
material containing silver, copper, zinc and other metal ions
has excellent properties, such as thermal stability and broad
spectral antimicrobial properties. Of all the antimicrobial
metal ions, silver ions not only have the best antibacterial ac-
tivity including gram-positive, gram-negative bacteria, fungi
and even viruses [9], but also the lowest cytotoxicity [7,10].
In contrast to the bactericidal action of silver ions, the anti-
bacterial activity of colloidal silver particles depends on their
size. The smaller the particles, the greater the antibacterial
effect [11]. When nanoparticles (Np) are used, there is a huge
increase in the contact surface with microbial cells and the
prolonged antibacterial action is associated with a gradual
release of ions from the implant surface in a process lasting
up to several months [12]. Silver-based composite implants
require not only sufficient bactericidal properties but also the
extended and controlled release of silver from the material.
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The monitored release of silver ions inhibits bacterial pro-
liferation. The authors of [13] showed that the amount of
released silver ions depends on the immersion time and
the amount of nanoparticles incorporated into the polymer
matrix. During the incubation, the release of silver ions
increases in proportion to the square root of the fill content.
Due to the polymer stability in the composite, the release
does not proceed rapidly. In addition, it was proved that
silver does not affect the pH of the solution of any of the
tested composites, hence the tested materials are safe for
bones and the surrounding tissues. The composites with
higher nano addition content were more hydrophobic and
had a greater roughness. What is more, as the roughness
increases, the amount of released silver ions increases, and
the better bactericidal efficacy is observed [13,14].

In the presented studies, powdered hydroxyapatite was
sprayed onto the surface of cylindrical titanium samples
(implants), then silver nanoparticles were deposited and
the prototypes of the implants obtained in this way were
tested for ion release during time and bone hyperplasia.
The presented work examined the strength of extraction of
implants from bones. The influence of nano additive on the
osseointegrative properties of hydroxyapatite coatings was
analyzed. For comparison, HA coated implant was used.

Materials and Methods

Production of implants with HA and HA+AgNp
coatings

Titanium and titanium alloys, especially Ti6Al4V are the
most attractive biocompatible alloys due to their excellent
combination of mechanical properties, corrosion resistance
and biocompatibility. For this reason, a titanium alloy was
used as a research material. The prototype implants were
made of titanium alloy Ti6AI4V (the material was obtained
from 2PS Company, Montbazens Germany) coated with
hydroxyapatite and with hydroxyapatite with silver nanopar-
ticles. The titanium samples measuring 4 mm in diameter
and 10 mm in length were coated with HA by the plasma
spraying method in the French company 2PS. The plasma
spraying was used as a traditional technique preferred by
industrialists due to its moderate costs, ease of implementa-
tion and high efficiency. In addition, plasma spraying is used
to produce almost all commercially available HAP coatings
for orthopedic and dental implants. Schematic diagrams of
the prototype implants are presented in FIG. 1. Next, the
process of applying silver nanoparticles on the samples
with the HA coating was carried out on a specially prepared
stand (FIG. 2).
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FIG. 1. Diagram of Ti6Al4V prototype implant.

The in vivo samples were fixed in a specially made holder
(FIG. 2). The process of mixing the suspension was carried
out at the speed of 600 rpm, using an aqueous suspension of
silver particles manufactured by Particular GmbH (Hannover
Germany) with a particle size of 66 nm and a concentration
of 106 mg/l. The samples were then dried in a laboratory
furnace at 70°C for 1 h.

Microscopic observations

Microscopic observations of the surface morphology of
the prototype implants were conducted using an Inspect S
scanning electron microscope (FEI). The amount of silver
nanoparticles on the surface of the implants was monitored
by SEM-EDS.

FIG. 2. Diagram of silver nanoparticle application
stand and in vivo sample fixing.
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lon release studies

The first batch of the prototype implants was subjected
to the ion release testing. The samples were placed with
100 ml of ultrapure water in four flat-bottomed sealed flasks.
The content of silver ions was analyzed after removing the
sample from the relevant flask after 12 h, 7, 14 and 21 days.
The experiment was repeated three times for each period
and the presented results are the average of the measure-
ments. In addition, the ion conductivity test was performed
for each of the obtained samples. The measurement was
carried out at room temperature, the reference sample was
ultrapure water with a conductivity of 1.28 uS/cm. Addition-
ally, the analysis of the silver ions concentration was per-
formed. The elements were determined by atomic absorption
spectrometry with atomization in a graphite cuvette using
a Varian Spectra AA 200 apparatus. The atomic absorption
method with atomization in a graphite cuvette is a sensitive
method useful for trace metal analysis.

In vivo studies

In vivo studies were conducted on a group of 10
New Zealand rabbits weighing between 2.3 and 3.7 kg.
The animals underwent implant surgeries. Five rabbits
received the implants with the hydroxyapatite coating,
and the other five ones - the implants with the hydroxy-
apatite coating enriched with silver nanoparticles. Having
immobilized the rabbit, the joint was exposed. The hair
was shaved and the skin was disinfected with alcohol and
iodine and prepared for the sterile operation. Then a lateral
parapatellar skin incision was made extending from a level
at about 1.5 cm above the patella to the tibial tuberosity.
The subcutaneous tissue was incised in the same line.
Then a similar curved incision was made in the fascia lata
and lateral fascia of the stifle joint. Enough fascia was
left on the lateral border of the patella to receive enough
space for sutures when the joint is closed. After opening
a joint capsule, the patella was luxated medially and the
femoral trochlea was exposed. With the knee maximally
flexed a full-thickness cylindrical defect was created (5 mm
in diameter) at the bottom of the trochlear groove, parallel
to the cortical bone, using a drill-bit and a trephine. Firstly,
the predrilling was performed using a drill-bit smaller diam-
eter and the defect was gradually enlarged to the level of
5 mm. All debris was removed and the area was flushed
with saline solution. Then the titanium implant was inserted.
Five rabbits received implants with initial HAP and the rest
of them — the same implants but modified with AgNps.
The implants were fitted at the sub-chondral bone level,
beneath the surface of the adjacent articular cartilage to
ensure a good connection with the bone marrow. Subse-
quently, the patella was repositioned and the joint capsule
closed with a continuous suture pattern using Dexon 3-0.
Then the fascia, subcutaneous tissue and the skin were
closed in the routine manner with absorbable suture ma-
terial. After the operation, all the rabbits were allowed to
move freely in the cages without any splints.

To minimize the risk of post-operative infection, the ani-
mals were given an antibiotic and an anti-inflammatory drug
for 5 days after the surgery. After a 2-month observation
period, the animals were euthanized (blood, kidney and
liver tissue samples were collected for further evaluation).
A fragment of the thigh bone together with the implant was
removed from each rabbit and fixed in a paraformaldehyde
buffer solution with a pH of 7.4. All the implantation activities
were carried out with the consent of the Ethics Committee
for Experiments on Animals. All the tests were performed by
the Poznan University of Medical Sciences (UMP) scientists
holding proper permissions for research from the Local
Bioethics Commission for Research on Animals in Poznan.

Measurements of the force of removing implants from
bone

Assessment of the force used to remove the implant
from the bone is a method used to evaluate the implant
stability. The test is based on measuring the tensile force
at which the implant is extracted from the bone - the
higher the measured value, the better implant stabilization.
The method also indirectly provides information on the
implant stabilization in the bone.

In order to measure the force of extracting the implants
from the bone, a special holder for fixing the sample was
designed at the Lukasiewicz Research Network-Metal Form-
ing Institute in Poznan. FIG. 3 shows the scheme of fixing
the sample in the holder to perform a static tensile test.

The measurements were carried out using a testing
machine - Instron 4483 series H1907 with a 2518-102
measuring head with a lifting capacity of 20 kN and a 500-
181-20 electronic caliper (Mitutoyo). The tests were carried
out at 21.5°C. The maximum force value was noted as the
force needed to extract the implant from the bone. FIG. 4
shows an example of the sample, i.e. the bone fragment
with the implant.

[

| T— punch

I—— direction of force

implant

holder

4— femur

FIG. 3. Diagram of the sample fixing.

FIG. 4. The example of the in vivo sample.
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Results and Discussion

The microscopic analysis of the prototype implant surface
was performed. FIG. 5 shows the SEM micrographs of the
hydroxyapatite coating obtained under conditions typical of
the industrial process. The HA coating is characterized by
low porosity and the presence of microcracks. Irregularities
resulting from imperfections in the machining process are
also visible. In industry the presence of several microcracks
is acceptable. The spherical HA particles of a smaller size
than the initial particles are also visible in the SEM micro-
graphs. The reduction in HA grain size results from the partial
melting and evaporation in the plasma stream.

‘ 9 B & A i 3 i i
HV | mag| det WD ‘ HFW 300 um
20.00 kV|500 x| BSED | 9.8 mm | 597 uym 2PS sample HA

200 ym
Ti + HA 6h, 600 obr/min

4/6/2012 HV

‘mag| WD det |mode HFW}
9:18:25 AM |20.00 kV

0x| 9.3 mm |BSED | A+B | 746 pm

The SEM micrographs of the hydroxyapatite surface
after the silver nanoparticle application process are shown
in FIG. 6; the arrows indicate the nAg particles occurring
on the surface. The distribution of silver nanoparticles on
the implant surface was virtually uniform. In addition, no
significant agglomerates were observed, only those that
occur sporadically. The elemental composition analysis
showed the presence of Ag nanoparticles at the level of 2%.
The results of EDS analysis are presented in FIG. 7.
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FIG. 6. SEM micrographs of hydroxyapatite coating with silver nanoparticles on the surface of Ti6Al4V, with

different magnification.
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In addition, the ion conductivity test was carried out for the
obtained prototypes. The measurement was performed at
room temperature, and the reference sample was ultrapure
water with a conductivity of 1.28 uS/cm (time equal to 0).
The dependence of the ionic conductivity on time and the
dependence of silver ion content on the incubation time are
shown in FIG. 8.

The analysis of the data presented in FIG. 8 allowed the
authors to conclude that with the longer the incubation time
of the implants with the HA+AgNp coating, the higher the
ionic conductivity and the content of released silver ions.
After 21 days, the conductivity of the solution reached the
value of 311 yS/cm and the concentration of silver ions
was 7.54 ug-dm=3. This proved that over time an increas-
ing number of ions got released into the solution, including
silver ions when keeping the tested material in ultrapure
water. During the first 7 days, there was an increase in the
concentration of silver ions to the level of 3.52 ug-dm?,
in the following 7 days the concentration increased by
2.89 pg-dm and in the last week - by 1.32 pg-dm.

During the test, however, no changes in the pH value
were observed, i.e. the acid-base balance of the liquid was
not disturbed. For this reason, it may be assumed that the
material is safe for adjacent bones and tissues of the hu-
man body. Similar results were obtained by the authors of
the work [13].

Measurements of the implant stability in bone in animal
models can be used to assess the degree and quality of
osseointegration. Bone remodeling is a lifelong process,
the alternating occurrence of bone resorption and new
bone formation. In the peri-implant area, the remodeling
process is distinctly observed after 6-12 weeks after the
surgical implantation [15]. The in vivo tests confirmed that
the prototypes of the Ti6AI4V+HA and Ti6AI4V+HA+AgNp
implants exhibited good surgical functionality and remained
in the place of implantation. After the operation, all the
animals moved freely in their cages, the majority of rab-
bits had mild swelling around the suture but they did not
stumble. After two weeks, all the operated animals were in
good general condition, with no clinical signs of dysfunction.

13
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FIG. 9. Values of forces needed to pull out implants with standard deviation (A) and results of statistical

analysis (B).

The implants did not induce any negative or unexpected
reactions within the adjacent soft tissues or bones. After
two months, the implants were removed — FIG. 9 shows
the values of the forces needed to remove the implants
from the bone.

When interpreting the obtained data, it was found that
the extraction force for the implants was different and for
both groups of implants it ranged from 388 to 1297 N.
The extraction force for the implants with the hydroxyapatite
coating and silver nanoparticles was slightly higher when
compared to the implants with the hydroxyapatite coating.
The mean, without the extreme values, was 800 N and 580 N,
respectively for the Ti6AI4V+HA+AgNp and Ti6AI4V+HA
implants. The median value for the AgNp samples was 775 N,
and for HA was 541 N. The box graph (FIG. 9B) shows the
dispersion of the results obtained and indicates that the data
obtained was asymmetrical. Despite the large dispersion
of results for the AgNp samples, the smallest value for the
AgNp sample (585 N) was still greater than the median for
HA samples.

The formation of the strong implant-bone bonding is
critical to the clinical success of orthopedic procedures.
The structure of the implant surface can play a decisive
role in creating such a bonding. A rough surface and open
pores of the coating favour the formation of a strong adhe-
sive bond between the implant and the bone due to tissue
interference in the implant interior and its connection to the
bone. In [16] the authors state that strong bone overgrowth
is also associated with the method of coating application
and the lower residual stress occurring in the HA coating.

In the presented study, the implants surface modifica-
tion positively influenced the obtained stabilization value,
in comparison with the implants with the reference surface,
i.e. covered only with hydroxyapatite. Although the anti-
microbial properties of AgNp are well documented, their
effect on the osseointegration of orthopedic implants is not
well understood [17]. Nevertheless, it is believed that the
presence of silver nanoparticles accelerates the healing
process and reduces the duration of inflammation. Due to
this phenomenon, bone cells start to overgrow faster, creat-
ing a stronger connection. The findings suggest a beneficial
effect of silver nanoparticles on processes occurring in the
peri-implant area, but this requires confirmation in further
studies. The authors are aware that the tests should be
carried out on a larger number of samples, but for ethical
reasons, they have been carried out on the smallest pos-
sible number of animals.

Conclusions

The following conclusions were made on the basis of the
conducted research:

 as a result of applying HA, a coating was obtained that
complies with the specification of the plasma spray
process,

» on the hydroxyapatite coating with silver nanoparticles,
a homogeneous distribution of silver nanoparticles with
sporadically occurring agglomerates is observed,

« with the extension of the sample incubation time,
an increasing number of ions is released into the liquid
and this process occurs gradually,

 surface modification with silver nanoparticles has a posi-
tive effect on the implant stability in the bone. The average
force (without the extreme values) needed to remove the
implant with the HA+AgNp coating from the bone is 800 N,
which is 220 N higher when compared to the implants
with the reference surface.
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POLYMERIZATION SHRINKAGE In addition to regaining the functionality of the teeth and
XN NN NN guaranteeing their aesthetic appearance, composite resto-
OF RESIN MIXTURES USED IN rations perform a very important function which is reducing
DENTAL COMPOSITES the risk of health-threatening infections associated with the

development of caries [4]. The key factor in maintaining the
marginal adaptation and durability of these restorations turns
out to be the polymerization shrinkage, resulting from the
exchange of van der Waals intermolecular interactions to
covalent bonds between monomers during polymerization.
As a consequence of this phenomenon, stresses arise in the
restoration-tooth interface, worsening adhesion and leading
to the formation of a marginal fissure where bacteria can
enter causing secondary caries [2]. Stresses exceeding the
enamel strength may lead to a fracture within the bond with
the material [5,6].

Most composites used in restorative dentistry shrink
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Abstract linearly by 0.6-1.4% [7], however, the value of volumetric
contraction may be as high as 7% [8]. The polymerization
Polymerization of dental composites generates shrinkage depends on the resin composition as well as the
shrinkage in the matrix resulting in numerous clinical amount of filler particles and radiation intensity [9]. The size
problems. The influence of the most commonly used of the polymerization shrinkage depends, among others, on
resins on the shrinkage process has not been thorou- the molecular weight and functionality of the monomers.
ghly examined so far in the literature. The purpose When comparing monomers with the same molecular
of this work is to determine the effect of the resin weight, the polymerization shrinkage increases with func-
mixture compositions on the volumetric polymerization tionality. Comparing monomers with the same functionality,
shrinkage. The mixtures used in the tests were pre- the polymerization shrinkage increases opposite to the mo-
pared in specific weight proportions to determine the lecular weight, as a consequence, mixtures of Bis-GMA and
influence of particular monomers, such as Bis-GMA, other monomers will affect the polymerization shrinkage [10].
Bis-EMA, UDMA, and TEGDMA. The shrinkage me- The purpose of this work is to determine the effect of
asurements were performed using the self-designed resin mixture composition on the volumetric polymerization
video-imaging device. The studies showed that the shrinkage.
shrinkage decreased in opposite to the Bis-GMA
concentration in the mixture with the simultaneous Materials and Methods

decrease in the Bis-EMA content. The shrinkage value
decreased in opposite to the molecular weight only for
some monomers and compositions. Bis-EMA resin
as a flexible monomer achieved the lower shrinkage
values than UDMA, and the highest shrinkage values,
above 6%, were achieved by compositions with the
14wt% content of Bis-GMA. Regarding the shrinkage,
the most optimal composition was 56wt% Bis-GMA
with the addition of Bis-EMA (24wt%) and TEGDMA
(20wt%). The obtained shrinkage value was 4.73%.

In order to assess the relationship between the compo-
sition of the resins mixtures used as the matrix of dental
composites and the resulting polymerization shrinkage,
compositions with a suitably wide range of resin proportions
were prepared, and then subjected to shrinkage tests at the
designed stand and via the authors’ own method.

The four most popular dimethacrylate resins: Bis-GMA
(CAS 1565-94-2), Bis-EMA (CAS 41637-38-1), UDMA (CAS
72869-86-4) and TEGDMA (CAS 109-16-0) were mixed in
the proportions shown in TABLE 1. The weight ratios for the

K : pol 1 ]
eywords: polymer blends, volumetric shrinkage, mixtures and their markings are shown in TABLE 2.

dimetacrylates, dental composite

[Engineering of Biomaterials 154 (2020) 16-21] TABLE 1. Physical properties of tested dimethac-
rylates.

doi:10.34821/eng.biomat.154.2020.16-21

Introduction Molecular  Double bond . .
Monomer weight concentration V'(?DC;z')ty
Light-curable dental composites are currently the most (average) (mol/kg)
commonly used materials for the direct reconstruction of
enamel and dentin, accounting for about 70% of all dental Bis-GMA 510.6 3.90 1200.00
- U) restorations [1]. They are made of a polymer matrix reinforced
O | with organic or inorganic, mineral, or mixed particles [2]. Bis-EMA 540.0 3.70 0.90
From the 1960’s, with the invention of the Bis-GMA monomer
O < by Bowen, they became the main direction of develop- UDMA 470.0 4.25 23.10
~ ment in aesthetic dentistry, gradually replacing amalgams,
P m cements and restorations made of precious metals [3]. TEGDMA 286.3 6.99 0.01

— LlJ The universality in the use of composites based on light-
1 curable resins is primarily implied by their beneficial me-
w I_ chanical properties, wear resistance, durability, ease of
m < application and aesthetic [1].
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Each mixture contained camphorquinone (an initiator;
CAS 10373-78-1) and N,N-dimethylaminoethyl methacrylate
(CAS 2867-47-2) as a co-initiator for light-cured free-radical
polymerization, as well as 20wt% of the TEGDMA, which
acts as an active solvent decreasing the viscosity of the
mixture and facilitating effective mixing. The amount of

TABLE 2. Resin compositions used to measure
polymerization shrinkage. Each specimen con-
tained 20wt% of TEGDMA.

Bis-GMA

Bis-EMA

UDMA

TEGDMA monomer was constant for all the tested mixtures. Specimen (Wt%) (Wt%) (Wt%)
The compositions were prepared by mixing precisely (G) () (8))
weighed ingredients (+ 0.1 mg) using the WAS 220 labora- G 80.0 - -
tory balance (Radwag). The mixing process was carried out E - 80.0 -
under low energy lighting to avoid an accidental polymeriza- U N N 80.0
tion of the resins.

The shrinkage measurements were carried out on the GIIETD 40.0 40.0 .
self-designed video-imaging device which is schematically G56E24 56.0 24.0 -
presented in FIG. 1. The specimen was deposited on the G24E56 24.0 6.0 N
stainless steel pin of the 3 mm diameter. The top surface G40U40 40.0 - 40.0
of the pin was placed in the optical axis of the camera to G56U24 56.0 - 24.0
minimize the geometrical deformations of the acquired G24U56 24.0 - 56.0
image. The pin with the resin droplet was rotated during G27E27U27 26.7 26.7 26.7
the _measurement in a full angle range with the gtep of 20°, G26E40U14 26.0 40.0 14.0
realized by a stepper motor controlled by the dedicated soft-

" ; . G26E14U40 26.0 14.0 40.0
ware. In each angular position, an image (640x480 pixels)
was taken until the last position of the sample was reached. G14E26U40 14.0 26.0 40.0
The image acquisition was also controlled by the software. G40E26U14 40.0 26.0 14.0
Yellow diffused light was used to obtain good exposure con- G40E14U26 40.0 14.0 26.0
ditions (without reflections) and to avoid accidental curing. G14E40U26 14.0 40.0 26.0
s N Y resin
droplet
camera i|
3 pin
e s
stepper
L PC mgt%r

FIG. 1. The idea of the measuring system.

The resin polymerization was performed right after the
first scan (of the uncured resin) followed by the second a) ! A
scan of the specimen. The halogen lamp Cromalux 75
(Mega-Physik) was used for curing for 20 sec. A set of 18
images of each scan was then analyzed in order to obtain L T 5
the sample volume.

The sample volume was measured from the projection of
the samples’ visible area. The volume of such a rotational i
figure can be determined as the product of the half surface o
area A (indicated by the axis of rotation) and the radius of rota’qon
its rotation r. The radius of rotation r was established as axis
the distance of the analyzed figure centroid from the axis b) e
of rotation (FIG. 2a). The area A was measured by image A
analysis. All the measurements were carried out in the
CTAnalyser software (Bruker microCT). The measurements
were taken with an accuracy of 6.6 um for 10 samples of /_\
each resin type (each measurement for 18 + 18 images in
total) and the results were statistically analyzed using the

Statistica software (TIBCO Software Inc.) at the confidence
level a<0.05. Superimposing images taken before and after
curing revealed the material loss due to shrinkage (FIG. 2b).

FIG. 2. a) The principle of determining data for
volume calculations, b) trace of material loss after
superimposing images before and after curing.
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The volumetric polymerization shrinkage was calculated
® e o000 0 3sfollows:

V,-V,
Sv=%-100% (1
1

where: V, is the initial droplet volume and V, is the droplet
volume of the material after polymerization.

Such a method is suitable especially for materials of
relatively low viscosity, which allows them to spread freely
over the pin surface and create a symmetrical drop.

Results and Discussions

The results of volumetric shrinkage for the mixtures based
on Bis-GMA, Bis-EMA, UDMA, and TEGDMA are presented
in FIG. 3 and TABLE 3 which also presents the standard
deviation values and the variation coefficient. The material
G presented the lowest shrinkage and at the same time the
highest deviation. However, among all the tested samples,
deviation remained low.

The varied properties of the used materials, such as
viscosity, double bond concentration, and in particular the
molecular weight of the monomer (TABLE 1) determine the
shrinkage value generated in the polymer. Unlike UDMA
and TEGDMA, the Bis-GMA as well as Bis-EMA resins
have approximately the same molecular weight, and there-
fore a higher concentration of double bonds. According
to the work [4], the main factors that affect shrinkage are:
the conversion degree, the molecular weight of the mono-
mer and the type and amount of the used reinforcement
(for composites). The polymerization shrinkage increases
with the conversion degree and decreases with the increas-
ing monomer molecular weight and the decreasing double
bond concentration.

According to the above statement, the G composi-
tion achieved the lowest contraction among the subjects.
It contained 80% by weight Bis-GMA which has a high mass
and a relatively low number of double bonds. The shrinkage
value increased successively for the E and U compositions
together with the decrease in the double bond concentration.
Sideridou et al. [11] examined the conversion degree for dimeth-
acrylates, such as Bis-GMA, Bis-EMA, UDMA and TEGDMA,
and obtained an upward trend for the resins, respectively.

TABLE 3. Results of volumetric shrinkage mea-

surements.
. Volumetric ) Coefficient
Mixture shrinkage o, of variation
[%] (%] [%%]
G 3.51 0.63 17.93
E 4.73 0.66 13.95
U 5.55 0.62 11.17
G40E40 5.00 0.48 9.60
G56E24 4.73 0.56 11.88
G24E56 5.65 0.63 11.15
G40U40 5.49 0.66 12.02
G56U24 5.37 0.33 6.20
G24U56 5.01 0.53 10.58
G27E27U27 5.51 0.34 6.23
G26E40U14 5.45 0.61 11.20
G26E14U40 4.84 0.44 9.09
G14E26U40 6.10 0.58 9.45
G40E26U14 5.42 0.47 8.61
G40E14U26 5.44 0.42 7.71
G14E40U26 6.22 0.54 8.74

The trend was explained by the claim that the conversion de-
gree increases with the increasing polymerization shrinkage,
as evidenced by the test results for the analogous G, E, and
U materials. In the work of Yoon [12], the studies of Bis-GMA
monomer shrinkage were found by the density determina-
tion. The obtained result of 3.4 + 0.3%, was approximate
to the result of our work. The above results confirmed the
reliability of the measuring method presented in this paper.

Only four of the sixteen compositions achieved the
shrinkage level below 5%: G, E, G56E24, and G26E14U40.
The mixtures containing Bis-GMA and Bis-EMA were the
majority in these materials. However, the result obtained
for the G26E14U40 sample, which contained only 40wt%
of Bis-GMA and Bis-EMA, was unexpected. The standard
deviation for this sample was 0.44% and its shrinkage value
was similar to the other materials.
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FIG. 3. Results of volumetric shrinkage measurements.
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TABLE 4. Probability values p from the t test. Statistically significant differences at p<0.05.
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G 0.003 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 [0.000
E 1.000|0.051|0.471|0.981|0.051|0.052 | 0.041 | 0.467 | 0.016 | 0.070 | 0.755 | 0.009 | 0.043 | 0.090 |0.000
U 1.000|0.091{0.012(0.795|0.841|0.448 | 0.107 | 0.854 | 0.744 | 0.021 | 0.160 | 0.621 | 0.744 | 0.032
G40E40 1.000|0.324 | 0.079|0.112 | 0.098 | 0.971 | 0.028 | 0.146 | 0.530 | 0.005 | 0.098 | 0.146 | 0.000
G56E24 1.000|0.012|0.013|0.006 | 0.323 | 0.002 | 0.019 | 0.651 | 0.001 | 0.008 | 0.023 |0.000
G24E56 1.000|0.648|0.311 | 0.092 | 0.608 | 0.573 | 0.021 | 0.301 | 0.448 | 0.586 | 0.093
G40U40 1.000|0.607|0.130{0.937|0.891|0.026 | 0.104 | 0.786 | 0.889 | 0.014
G56U24 1.000|0.126 |{0.362 | 0.731| 0.011 | 0.008 | 0.777 | 0.713 | 0.000
G24U56 1.000|0.040|0.168 | 0.523 | 0.008 | 0.121 | 0.175 [ 0.000
G27E27U27 1.000|0.799|0.002 | 0.026 | 0.632 | 0.767 | 0.003
G26E40U14 1.000| 0.036 | 0.086 [ 0.912|0.993 |0.011
G26E14U40 1.000|0.001|0.015|0.033 {0.000
G14E26U40 1.000|0.028 | 0.075 | 0.691
G40E26U14 1.000|0.918 |0.002
G40E14U26 1.000|0.013

The 5% shrinkage was demonstrated for the G40E40 and
G24U56 samples. The shrinkage above 6% was achieved
by two compositions: G14E26U40 and G 14E40U26 contain-
ing the smallest amount of Bis-GMA among all the tested
materials. These materials displayed the highest volumetric
shrinkage. The difference in the average shrinkage value of
the G14E40U26 sample was not statistically significant only
when compared to the average of the G14E26U40 sample.
The results of the t test, carried out in Statistica, for all the
compositions are presented in TABLE 4.

Effect of varied two resins proportions on shrinkage

The test results confirmed the literature reports that the
higher molecular weight of the monomer generated lower
polymerization shrinkage. The obtained results were con-
sistent with the literature data [7,9] regarding resins with
the variable concentration of Bis-GMA and TEGDMA. In the
U composition, 80% by weight of the Bis-GMA monomer
was replaced by the same amount of UDMA monomer that
had over 40% lower weight, thus obtaining the 2% higher
shrinkage.

The above statement is contradictory to the analysis
of the Bis-EMA shrinkage results because the resin has
a higher molecular weight than Bis-GMA and the obtained
shrinkage is higher. The difference between the result
obtained for the G sample with the highest concentration
of Bis-GMA and Bis-EMA as well as the other results is
statistically significant, as demonstrated by the t test. The
analysis of the above results is shown in FIG. 4. In addition,
a significant shrinkage increase was noted with a gradual
increase in the Bis-EMA monomer content and the decrease
in Bis-GMA concentration. The proportions visible in the
chart do not include the weight content of the TEGDMA
resin. The mass concentrations are assumed relatively to
the materials considered in a given context.

As for the relationship between compositions, it must
be noted that the difference between the mean values of
volumetric shrinkage for G40E40 and G56E24 was not
statistically significant. The difference in the shrinkage value
between the mixtures containing 30wt% Bis-EMA and the
70wt% Bis-Ema was approximately 1%. Despite the higher
molecular weight (540 g/mol), the ethoxylated version of
Bis-GMA did not have such strong molecular interactions
occurring due to the existence of hydroxyl groups, which
reduced its viscosity and resulted in the higher conversion
degree and thus the higher polymerization shrinkage [13].
Therefore, the thesis cited in many papers about the de-
pendence of the shrinkage on the molecular weight of the
monomer was not confirmed for all types of resins.

In turn, the results obtained by Sideridou et al. showed
the lower conversion degree for materials with a higher
concentration of Bis-GMA monomer which is associated with
a small number of double bonds and high system viscosity.
The hydroxyl groups contained in Bis-GMA molecules are
capable of forming intermolecular hydrogen bonds, which
in turn limit the slip of polymer chains. Fewer double bonds
are transformed, gradually increasing the system viscosity
as the Bis-GMA content in the composite increases. Limit-
ing the increasing mobility of macro-radicals and monomers
affects the propagation of free radicals and thus reduces
the conversion degree [11].

Varied concentrations of Bis-GMA and UDMA were
used in the G40U40, G56U24, and G24U56 compositions.
The shrinkage results were inconclusive for these two
monomers endowed with different properties. Although
both monomers are relatively large molecular structures,
Bis-GMA prevails in terms of molecular weight and also
has significant conversion restrictions [14] which the po-
lymerization progress is related to. Therefore, a partial
replacement of the Bis-GMA monomer in the composite
may be essential to optimizing the resin composition.
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FIG. 4. Polymerization shrinkage of resins con-
taining a constant amount of 20% TEGDMA with va-
riable Bis-GMA:Bis-EMA and Bis-GMA:UDMA rates.
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FIG. 6. Polymerization shrinkage of resins con-
taining a constant 40% UDMA and 20% TEGDMA,
with a variable rate of Bis-GMA:Bis-EMA.

Alow conversion leads to the transfer of unreacted compo-
nents to soft tissue and causes irritation [11,15] and such
restorations have a lower clinical performance [16]. Due to
the high viscosity of Bis-GMA, the addition of another more
flexible monomer is recommended. For the 50/50 concen-
tration, the highest shrinkage of 5.37% was obtained of the
three samples, but no statistical significance was observed
for all the results. Despite this, Ferracane [7] revealed the
decreasing shrinkage with the increasing UDMA concen-
tration in the mixture, which occurred in the results of the
G56U24 and G24U56 samples. However, replacing Bis-
GMA with 70% UDMA still did not lead to the low shrinkage
values represented by sample G (80% by weight Bis-GMa,
20% by weight TEGDMA) but reduced it by almost 0.4% as
compared to the 30wt% content.

Considering the series of samples with the same pro-
portion variation (FIG. 4) where Bis-GMA is replaced by
Bis-EMA or UDMA, two of the three samples achieved the
lower shrinkage values for the Bis-EMA substitute. Moreo-
ver, in the case of the G56E24 composition with the 70:30
Bis-GMA and Bis-EMA ratio the obtained shrinkage value
was the second smallest.

FIG. 5. Volumetric shrinkage of resins with a
constant concentration of Bis-GMA (40wt%) con-
taining a variable fraction of Bis-EMA:UDMA.

Effect of the proportion variability of three resins on
shrinkage

Polymerization leads to only a partial reaction of the dou-
ble bonds, which is perceived as a negative phenomenon
[17]. Under such conditions, only very flexible monomers
undergo the complete conversion. Among the resins with
the relatively low viscosity used in commercial composites
are Bis-EMA and UDMA as an alternative to TEGDMA.
Identification of new flexible monomers is necessary since
TEGDMA contributes to the increasing polymerization
shrinkage in composites [7]. The Bis-EMA monomer has
a slightly higher molecular weight and the lower concen-
tration of double bonds in the structure than the UDMA
monomer, which is also reflected in the achieved value of
shrinkage (FIG. 5).

The test results showed a correlation between the
shrinkage and concentration of Bis-EMA and UDMA.
The volumetric shrinkage slightly increased with the con-
centration of UDMA. There was a statistically significant
difference between the average values for the G40E40
and the G40E14U26 samples. There were no statistically
significant differences between the other tested samples.
The G40E40 sample, without UDMA, obtained a relatively
low shrinkage of 5%. To summarize, Bis-EMA as a mono-
mer of moderate viscosity was more effective than UDMA
in reducing the shrinkage.

The effect on the shrinkage performed by the Bis-GMA
and Bis-EMA concentrations with the constant UDMA and
TEGDMA content is explained in FIG. 6. The molecular
weight of the presented compositions increased together
with the Bis-EMA content. It resulted in the shrinkage in-
crease similarly to the compositions with two resins. How-
ever, the lack of Bis-EMA in the G40U40 composition led to
the even greater shrinkage than its 14wt% addition. Again,
the molecular weight was not the reason for the value of
generated shrinkage.

The highest 6% shrinkage was obtained for the
G14E26U40 and G14E40U26 materials containing the
smallest amount of Bis-GMA, which was replaced by Bis-
EMA, UDMA and TEGDMA monomers. The most optimal
composition, containing a relatively small amount of Bis-
GMA, and achieving the shrinkage of less than 5% was
the G26E14U40 mixture. The same Bis-GMA content but
a different UDMA and Bis-EMA monomers proportion of did
not guarantee a result below 5% (G26E40U14).
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Conclusions

The polymerization shrinkage is one of the most im-
portant properties of dental composites, but its level is still
unsatisfactory in the context of generated stresses and
clinical durability of restorations. The measurements of the
polymerization shrinkage of the Bis-GMA, UDMA, Bis-EMA
and TEGDMA resins in varying weight proportions allowed
us to determine the following relationships:

The decreasing shrinkage as the molecular weight of
the monomer increases was not the rule. Apart from the
molecular weight of resin, other properties such as the resin
viscosity, the double bond concentration and the presence
of the filler, also could have an influence on the composite
shrinkage.

The shrinkage decreased with the increasing Bis-GMA
and simultaneous decreasing of Bis-EMA concentration in
the mixture.

The compositions containing 14wt% of Bis-GMA achieved
the highest shrinkage values, above the 6wt%. However,
the increase in the Bis-GMA concentration to 24% and the
addition of a specific amount of Bis-EMA and TEGDMA
reduced the shrinkage below 5% and such compositions
seem to be the optimal ones.

Considering the polymerization shrinkage, Bis-EMA is
a better alternative to TEGDMA than UDMA.
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Abstract

The purpose of the study was to synthesize and
characterize a series of porous polyurethane-based
composites modified with B-tricalcium phosphate
(TCP) and hydroxyapatite (HAp). The composites
were obtained by the one-step bulk polyaddition
method using poly(ethylene glycol) (PEG) as a soft
segment, 4,4’-diphenylmethane diisocyanate (MDI),
1,4-butanediol (BDO) as a chain extender and selec-
ted bioactive bioceramics. The obtained composites
were characterized using FTIR, DSC, TG and SEM/
EDX methods. Moreover, in vitro chemical stability
and wettability tests were performed. The preliminary
assessment of mechanical properties, porosity and in
vitro chemical stability was performed. The test results
showed that the best pore distributions, as well as
Young’s modulus, were found for the hydroxyapatite-
-modified composites and PU/20% TCP. The wettabili-
ty investigations revealed that the contact angle of PU
composites was in the range 50-80°, which indicates
the hydrophobic nature of the materials. The in vitro
biostability studies confirmed that all tested compo-
sites were chemically stable during incubation in the
simulated body fluid. By using infrared spectroscopy
the presence of urethane bonds and completion of
reaction were evidenced. The results showed that
the bioactivity of the materials was improved, which
makes good perspectives for the obtained materials
to be considered as potential scaffolds in bone tissue
regeneration.

Keywords: polyurethane, HAp, TCP, orthopaedics,
bone regeneration
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Introduction

One of the observed trends in the development of medi-
cine is the biomimetic approach. Currently, studies are per-
formed on materials imitating human tissues, such as bone.
Different types of materials and implants not only perform
mechanical functions but also facilitate the regeneration of
damaged tissues.

The bone tissue can be considered as a nanocomposite
of an organic collagen matrix, reinforced with an inorganic
phase - hydroxyapatite (HAp). Having been damaged, the
bone tissue exhibits a very high self-healing ability. However,
there is a critical size of the loss which the bone is not able
to heal properly [1-3]. Resorbable polymers are most com-
monly used as they can stabilize the damaged tissue and
then degrade in the body. During the gradual resorption,
they simultaneously release the medicaments, such as
antibiotics or proteins [1,4]. One of the most promising poly-
mers for bone tissue regeneration are polyurethanes (PU).
Polyurethane-based materials for bone tissue regeneration
and replacement have been widely studied in recent years.
Hence, in the work by Gabard et al. [5], PU modified with
HAp nanocrystals was described. They showed that the
addition of nanoHAp reduced the surface energy of the
material, which made it possible to control the initial absorp-
tion of the protein and simultaneously inhibit the spread of
inflammatory cells. The tests confirmed the material’s high
decomposition temperature, which enables the proper steri-
lization. Biological studies revealed biocompatibility in both
in vitro and in vivo conditions. The foam composite made of
PU modified with bioglass was investigated by Ryszkowska
et al. [6]. The porosity of the obtained composite meets the
requirements for bone tissue engineering. Additionally, the
material has a high biological activity, which was confirmed
by incubation in the simulated body fluid (SBF) when
apatites were formed on the foam surface. Dulinska-Molak
etal. [7]studied PU filled with calcite composites. They found
that ceramic composites based on polyurethanes exhibited
better properties as implants than the unfilled materials.
The results showed that calcium carbonate particles im-
proved the properties of composites, such as biostimulation
or adhesion capacity. In addition, fillers such as calcite and
argonite were compared. Studies revealed that despite the
smaller particle diameter and more uniform distribution in
the PU matrix, the composite with argonite showed worse
properties than those with calcite. In the work of Das et al. [8]
a composite consisting of vegetable-oil-based hyper-
branched polyurethane and rapeseed protein functionalized
multi-walled carbon nanotubes was prepared. The results
showed that the obtained composite rebuilt the bone in 93%
after only 45 days. Composites made of polyurethanes and
bioactive ceramics show some similarities to human bones.
The HAp chemical structure is very similar to the mineral
part of bone. The polymer matrix ensures adequate flex-
ibility, hardness and compressive strength [9]. In addition,
ceramic nanoparticles in the polymer matrix have good
adhesion [10]. HAp is also responsible for bioactivity, which
results in forming the apatite layer through ion-exchange
reactions [9,10]. Another application of polyurethane foams
is the development of composite bones. The PU foam struc-
ture resembles spongy bone, therefore, in order to restore
the bone structure, the polyurethane foam was coated with
the glass fibre reinforced epoxy resin to mimic the cortical
bone. This composite exhibits very similar fatigue proper-
ties, Young’s modulus, strength and hardness to natural
bone [11,12].

The main goal of our research was to design and study
the biodegradable PU-based composite scaffolds filled
with B-TCP microparticles and hydroxyapatite (HAp) which
can be applied as biomaterials in bone tissue engineering.
The influence of B-TCP and HAp on mechanical and ther-
mal properties, porosity, biodegradability and bioactivity of
PU-based scaffolds was investigated.
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Materials and Methods

Preparation of porous polyurethane-based
composites

4,4’-diphenylmethane diisocyanate (MDI), poly(ethylene
glycol) (PEG) with an average molar mass 2000 g/mol and
1,4-butanediol (BDO) were obtained from Sigma Aldrich
company. B-TCP and HAp microparticles were produced
by Fluka Chemie GmbH. It was assumed that the result-
ing foam should contain 40% of the soft segments (PEG).
For this purpose, appropriate calculations were made and
the amounts of substrates used are shown in TABLE 1.

Mpgg = X " Mpy

where:
Mees - PEG mass [g],
x - PEG content,
mp, - PU mass [g].

Mypy = (Mpy = Mpgg) = Mppo
R=M,/f
Myp; / Rupr = Meeg / Regs + Mapo / Repo
where:
My, Megg, Mppo, Mpy - Masses of MDI, PEG, BDO and PU,
respectively, [g]
Rup» Reess Repo - €quivalents of MDI, PEG, BDO,
respectively, [g/mol]
Myp, Mpgg, Mgpo - molar mass, respectively: MDI, PEG,
BDO, [g/mol]
fuow Teees Tapo - NUMber of active functional groups:
MDI, PEG, BDO, respectively.

Polyurethanes were foamed using water. Polyurethane
composite materials were obtained using the one-step bulk
polyaddition method. In the first step, PEG was dried at
the temperature 60-70°C under vacuum. Next, the proper
amount of melted PEG was mixed with the TCP or HAp by
sonication. The appropriate amounts of BDO and water were
then added and mixed mechanically. Then the isocyanate
was melted and preheated up to at 55-60°C and added into
the previously prepared mixture. The reaction mixture was
stirred intensively for one minute and next the foam growing
was observed. Finally, the obtained foams were heated and
conditioned for 24 h at 50°C.

The FTIR measurements were performed using a VAR-
TEX 70 spectrometer, with the ATR attachment with diamond
crystal, at room temperature in the range of 4000-550 cm-"
and at the 2 cm™' resolution. The porosity was determined
planimetrically, using the VHX 5000 digital microscope.

The DSC tests were performed using the DSC 1 dif-
ferential scanning calorimeter from METTLER TOLEDO.
The samples for DSC with mass ca. 4 + 0.1 mg were placed
in closed and pierced aluminium pans. The measurements
were taken at the 10°C/min heating rate under a nitrogen
atmosphere with the 30 ml/min flow rate. At the beginning
the samples were heated form -90° up to 200°C, then cooled
to -70°C and again heated up to 200°C.

The mechanical tests (static compression) were per-
formed using ZWICK machine, in accordance with 1ISO
3167 on the cubic samples with dimensions 10x10x10 mm
and at 2 mm/min speed. The results were the mean of three
measurements.

The surface wettability analysis was performed using
the DSA10 automatic drop analysis system. The obtained
results are the mean of 5 measurements of distilled water
drops with 15-25 pl volume range.

TABLE 1. Quantitative proportions of substrates
for PU composites synthesis.

TCP[%] PEG[g] MDI[g] BDOI[g] TCP [g]
0 -
2.5 0.5
5 8 10.45 2.91 1
10 2
20 4
HAp [%] PEG[g] MDI[g] BDO[g] HAp [g]
0 -
2.5 0.5
5 8 10.45 2.91 1
10 2
20 4

The chemical stability of the materials was determined by
changes in pH and ionic conductivity of the water extracts
in accordance with EN ISO 10993-13. The samples were
placed in plastic containers with the sample to water ratio
1:10, and incubated for 8 weeks at 37°C. The pH and con-
ductivity were measured each week.

The preliminary bioactivity assessment was performed
in the simulated body fluid (SBF). The samples were incu-
bated for 21 days at the constant temperature of 37°C, the
SBF was replaced every 3 days. The changes occurring
on the surface of the samples were observed using NOVA
NANO SEM 200 scanning electron microscope equipped
with EDAX EDS analyzer.

Results and Discussions

The FTIR spectra for obtained PUR composites are
presented in FIG. 1.

In the unmodified polyurethane sample, the absorption
bands were observed in the range of 3450-3300 cm™', which
was characteristic for the N-H group stretching vibrations.
The bands in the range of about 2900 cm™ derived from
stretching vibrations typical for CH,. They were also present
in the spectra of PU composites. At about 1520 cm-' there
were bands derived from secondary amide groups, and at
1240 cm from the tertiary. The obtained results confirmed
forming the urethane bonds during the polyurethane syn-
thesis. In the range of about 1160-1040 cm there was the
triplet derived from the stretching vibrations of the C-O-C
group in PEG [13].

With the addition of TCP, an increase in the band
intensity around 1040, 600 and 550 cm™' was observed.
These were typical bands derived from the stretching and
bending vibrations of PO,*. An increase in the band intensity
at 1040 cm™ may be attributed to the overlapping of C-O-C
group and those characteristic for the phosphate group
originating from TCP. The absorption bands at ca. 1700 cm"'
came from the carbonyl group. There were no bands from
isocyanate groups at ca. 2270 cm™' that confirmed the
complete reaction of isocyanate groups [13,14]. Moreover,
for the composites with HAp no absorption bands from
OH group at 3571 cm™ were observed that suggest the
chemical bonding of HAp with PU chains.
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The DSC curves of the obtained composites are shown
in FIG. 2 and the results are summarized in TABLE 2.

The DSC curves analysis of the unmodified polyu-
rethane revealed two glass transitions: the first one at
-13.6°C with a ACp equal to 0.086 kJ/molK derived from
the soft segments, and the second one at 29.7°C with
a ACp of 0.235 kd/molK originating from the hard seg-
ments. Next, at 89°C a broad exothermic peak was ob-
served that could be attributed to the cold crystallization.
The melting of hard segments was observed at ca. 160°C.
Analysing the DSC curves of the samples containing HAp,
it was revealed that the glass transition of soft segments
ranged from -35°C to -10°C depending on the amount
of HAp. Moreover, the incorporation of HAp only slightly
changed the glass temperature of the hard segments.

For the composites with 2.5% and 10% HAp, the melting
temperature of the soft segments was 48.3°C and 47.9°C,
respectively. This effect overlapped the changes in the base-
line derived from the glass transition of the hard segments.
Melting of the hard segments in the PU/HAp composites
was not observed.

For the PU with TCP the glass transition temperatures
for the hard segments were close to those of the samples
containing HAp. The PU/TCP samples showed neither the
glass transition for the soft segments nor their melting.
On the other hand, the cold crystallization and melting were
observed for the hard segments at a level similar to the
unmodified polyurethane.

FIG. 3 presents the PU composites microphotographs
and FIGs. 4-6 the pore size distribution in the PU composites.

FIG. 3. Microphotographs of PU composites: un-
modified PU (A), PU/10% HAp (B) and 10% TCP (C).
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FIG. 6. Contact angle values for the samples
tested.
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FIG. 8. Conductivity vs. incubation time for PU/TCP (A) and PU/HAp (B) composites.

The composites with TCP revealed a higher number of
pores with larger diameters, which is favourable for oste-
ointegration. The highest number of pores in the 0-0.5 mm
range was observed in the 10% TCP composite. In the
PU/HAp composites, a high number of small pores was
observed. The HAp incorporation significantly influenced
the pore size distribution, even at the small Hap amount
(2.5wt%), while the TCP incorporation led to significant
changes in pore sizes at the higher TCP contents (20wt%).
In all the samples, pores of 0.4-0.6 mm diameter were
observed. Most of the smallest pores were observed in the
PU/2.5% HAp. It can be concluded that the most favourable
microstructure and pore size distribution was found in the
PU/HAp composites [13,14].

In the next step, the mechanical properties were in-
vestigated. The compression tests results are presented
in FIG. 7.

It was observed that only the addition of TCP did not change
the PU composites compressive strength significantly.
However, for the PU/HAp composites, the incorporation
of 2.5% caused a significant increase in the compressive
strength. Moreover, it was observed that the increasing HAp
content resulted in the compressive strength decrease.

The wettability investigation showed that the contact
angle of PU composites was in the range 50-80° - FIG. 6.
In the case of the PU/TCP composites with the TCP con-
tent increasing, the contact angle diminished. On the other
hand, for the PU/HAp composites, an opposite trend was
observed.

During the incubation studies, the pH measurements
showed that both the TCP and HAp incorporation only
slightly decreased the pH of the unmodified PU and PU
composites - FIG. 7. This effect can be explained by the
slightly alkaline character of TCP and HAp. In the work by
Szczepanczyk et al. the similar behaviour of the samples in
the PBS and Ringer solutions was observed [13].

It can be seen that for the PU/TCP composites the highest
conductivity of filtrates was observed for the PU/10% TCP
- FIG. 8. Generally, the higher conductivity was observed
for the PU composites when compared to the unmodified
PU. With the bioceramics content increase, the conductivity
increased due to the TCP and HAp slow dissolution.

In the next step, the preliminary assessment of bioactivity
was performed using the Kokubo method [15]. Results of
SEM-EDX observations are presented in FIGs. 9 and 10.

It was observed that the PU sample surface is strongly
wrinkled and uneven with only sodium chloride crystals - no
apatite crystals were found. Generally, the uniform distribu-
tion of TCP and HAp in the PU matrix was confirmed. In the
PU/TCP composites, the apatites were not observed on
the surface, and calcium phosphates were introduced as
a filler. The PU/HAp composites revealed better bioactivity,
a formation of the apatite layer was observed especially for
the PU/5% Hap sample. This phenomenon can be explained
by the nucleation effect of HAp on forming the apatite layer
on the composite surface. A similar effect was observed by
Szczepanczyk et al. [5,13] where incorporating HAp into
the PU matrix increased the apatite formation in the SBF.
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FIG. 9. SEM microphotographs and EDS analysis results for PU with: A) 2.5%, B) 5%, C) 10%, D) 20% TCP after

incubation in SBF.
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Conclusions

In this work, the PU composites enhanced with TCP and
HAp were obtained and characterized. The FTIR results
confirmed the polyurethane structure and the complete
polyaddition reaction. Moreover, for the HAp composites, the
absorption bands from the OH group were not observed at
3571 cm™, which suggests the chemical bonding of HAp with
the PU chains. The porosity investigations of the obtained
materials showed that the best pore distribution was found
in the PU/HAp and PU/20% TCP composites. The SEM ob-
servations confirmed the uniform distributions of fillers in the
composites. Moreover, the PU/HAp composites exhibited
better bioactivity. The mechanical tests showed an increase
in Young’s modulus of the samples with hydroxyapatite and
20% TCP content. The chemical stability assessment con-
firmed the good hydrolytical stability of the composites in
distilled water. The composites only slightly affected the pH
of the environment and pH changes did not exceed 7.0 + 0.8.
The conductivity increased with higher amounts of ceramic
additives. The results proved that the obtained composites
possess some potential in orthopaedics.
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