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Abstract

The work deals with the mechanical properties
and biological behaviour of composite materials
made of polyether ether ketone (PEEK) polymer
and carbon fibers (CF) designed for laryngeal
biomaterials. Two types of PEEK—based matrix
composites containing carbon fibers in the form
of cloth (2D) and short fibers (MD) were made.
The composite samples were obtained via hot mol-
ding of PEEK/CF prepregs. Mechanical durability of
the composite samples aging in Ringer’s solution
at 37°C was analyzed. The samples were dynami-
cally loaded under bending force up to 10° cycles.
The ultrasonic wave propagation method was applied
to study changes in the composites. The mechanical
changes were analyzed, taking into consideration
the anisotropic structure of the composite samples.
The layered composite samples were modified with
multiwalled carbon nanotubes (CNTs). The changes
in mechanical stability of the composite samples
were not significant after fatigue testing up to 1-10°
cycles. The biological tests were carried out in the
presence of hFOB-1.19-line human osteoblasts
and HS-5-line human fibroblasts. The level of type
I collagen produced from both types of cells was
determined by ELISA test. The tests showed differen-
ces between the samples with regard to the viability
of the cells.

Keywords: composite materials; PEEK, mechanical
properties, cells viability

[Engineering of Biomaterials 151 (2019) 2-8]

Introduction

Larynx is a key element of the upper respiratory tract that
ensures free airflow towards the trachea and bronchi. It also
plays an important role in creating voice and speech. Larynx
cancer is the most common squamous cell carcinoma in
the head and neck area (Head and Neck Squamous Cell
Carcinoma - HNSCC). It is the seventh most frequently oc-
curring malignant tumor in the male population in Poland,
and according to the National Cancer Registry data in 2010,
2,200 new cases of this cancer were found, and more than
1,500 people died [1].

In the case of patients with high clinical advancement of
larynx cancer, the most common treatment is total laryngec-
tomy, i.e. removal of the larynx. After the surgery, the respira-
tory tract is changed. The airflow begins at the trachea level,
and the inhaled air is not cleaned, as it is during its natural
flow through the nose and throat. In addition, without larynx,
a patient is deprived of the basic organ to create the voice.

For many years, voice prostheses have been used
to rehabilitate the speech of laryngectomized patients.
The prosthesis implantation involves creating a fistula com-
municating the trachea with the esophagus, which enables
the development of tracheoesophageal speech. Within the
obtained fistula a voice prosthesis is placed which functions
as a unilateral valve system. The esophagus oscillations
caused by the airflow are then transmitted to the throat and
mouth where they are transformed into intelligible speech
[2-4]. In Poland, the most commonly used silicone pros-
theses are Provox (Atos Medical AB, Horby, Sweden) and
Blom-Singer (InHealth Technologies, Carpinteria, CA, USA).
The voice prosthesis functionality in the specific environment
of tracheal mucosa and esophagus is characterized by lim-
ited “vitality”. Implanted prostheses require periodic replace-
ment due to their deteriorated quality and reduced function-
ing. The prosthesis lifetime, voice quality and ease of voicing
are important factors when choosing the voice prosthesis.
According to literature data, the average lifetime of an
implanted prosthesis is 3-6 months [2,4,5]. After this time,
the prosthesis needs to be replaced. The limitation in the
functioning of the prosthesis is caused by the following fac-
tors: the properties of the prosthesis itself, i.e., mechanical
dysfunction of the valve system resulting from the biofilm
formation, and the properties of tissues surrounding the
fistula, such as superinfection of the implantation site, forma-
tion of granulation tissue around the prosthesis or the fistula
enlargement leading to its expulsion to the esophagus or
trachea, which involves the risk of bronchial aspiration and
life-threatening complications [2,6,7].

The basic features that determine the prosthesis viability
include the quality of the material (usually silicone) and the
efficiency and strength of the valve system. The most dis-
advantageous phenomenon impairing the voice prosthesis
functionality is the biofilm formed on the silicon surface of
the prosthetic valve which changes its kinetic properties.
The biofilm is a specialized colony of bacteria and/or fungi
that produce an extracellular matrix.

Therefore, the inhibition of biofilm formation is researched
to improve the durability of voice prostheses. One of the con-
sidered solutions is using silicone enriched with a 7% addition
of silver oxide which is known for its bactericidal properties.
An example of the prosthesis endowed with bacteriostatic
properties of silver oxide is Blom-Singer® Dual Valve™ [8].
The tracheal mucosal damage can lead to granulation
around the tracheo-esophageal fistula. Therefore, the ap-
propriate design of the prosthesis that minimizes the risk of
mucosal damage may extend its lifetime. Such a modifica-
tion is used in Provox® Vega™ prostheses which are made
of PTFE polymers [9].

Z ommm® © 00000 0000000000000 00000600000000000000000
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FIG. 1. Voice prostheses used in laryngology:
A - Blom-Singer voice prosthesis before surgery;
American company INHEALTH®I, B - Worn off
Blom-Singer voice prosthesis after removal from
tracheoesophageal fistula.

FIG. 1 shows the voice prosthesis before surgery (A) and
after removal from the larynx (B).

The prosthesis dysfunction caused by losing the proper
airflow pressure in the valve system impairs the effective
formation of the tracheo-thoracic speech. The Provox®
ActiValve™ prosthesis, which uses a magnet-enhanced
valve mechanism, is designed to counteract the persistent
early loss of such optimal kinetic values [8].

One of the possible developments of the voice prosthe-
sis may be fibrous composite materials with appropriate
fibers added to the polymer matrix. Proper manufacturing
methods may also ensure the desired mechanical and
biological properties. Polymer composites are compatible
with modern diagnostic techniques (CT, NMR). Non-metallic
composite materials seem to be a particularly good candi-
date to replace both pure polymer-based implants and the
metallic ones used in various medical areas [10-13]. Studies
have shown that the PEEK polymer matrix is endowed with
properties inhibiting the biofilm formation at the implantation
site [14,15]. The composites manufactured from various
types of carbon fibers and PEEK matrix offer several op-
portunities to design and develop implants better suited for
the specific treatment. As light materials, the composites
can provide a high degree of anisotropy, due to physical
properties similar to the replaced tissue. Optimal physical
and mechanical properties of the composite which replaces
the tissue or enhances the impaired organ functionality can
be significantly improved by using fibrous reinforcement of
roving or woven fabrics, braided fibers, fibrous sleeves, as
well as chopped fibers. All those forms of the carbon fiber
reinforcements appear to be beneficial for various structural
applications, such as tubular implants, components of total
hip prostheses, laryngeal implants and for fracture fixation
joints [16-19].

However, there have not been enough experimental
studies on the mechanical durability of PEEK/CF-based
composites in the biological environment. In particular, the
durability of such composites under dynamic loads in biologi-
cal environment is a challenge that should be assessed to
recognize their potential as structural implants.

The aim of the study was to manufacture composites of
PEEK and carbon fiber reinforcements and to assess their
mechanical strength under dynamic loading conditions and
biological behavior in vitro. Cloths made of commercially
available carbon fibers and mats of laboratory prepared
PAN-based carbon fibers - were used as reinforcements.
The target shapes of the composite samples were plates for
laryngology. The study continues the hitherto research on
the PEEK-reinforced carbon fibers composites as structural
composite materials for general surgery and orthopaedics
[19,20].

Materials and Methods

Manufacture of composite samples
The following material components were used to manu-

facture the composite samples:

» powder of polyether ether ketone (PEEK 150PF) de-
livered by Victrex was used as the matrix (TABLE 1).
The Victrex polyether ether ketone for medical applica-
tions is available on the market under the separate InviBio
brand as the PEEK Optima product line. The polymer is
characterized by a high chemical purity and is certified by
the FDA (Food and Drug Administration), and CE (a sign
of compliance with the European Union New Approach
Directives in the field of Active Medical Implants) to be
used in implantable medicine. The polymer used in our
study, under the trade name Victrex PEEK 150 PF, has
identical mechanical properties and purity as the polymer
for medical applications.

* (2D) carbon fiber cloths delivered from Porcher Industries
Composites, code-named Pi preg® 3106-P17. The cloths
in the form of prepregs were made from (2D) 3K,5H- Satin
(3000 elemental fibers in roving) (TABLE 2).

* mats of laboratory manufactured PAN-based chopped
carbon fibers; the thickness of the mat was 3 mm, the
average fiber length in the mat was 9 mm and the tensile
strength of single fiber was 0.3 GPa.

* multiwalled carbon nanotubes (CNT) provided by Na-
noAmor, USA. The nanotubes had diameters in the range
of 10-30 nm and were 1-2 ym long.

TABLE 1. Victrex PEEK 150PF Product charac-
teristics.

Tensile Strength 100 MPa
Tensile Elongation 15%
Melting Point 343°C
Glass Transition (T,) 143°C
Melt Viscosity (400°C) 130 Pa-s
Density 1.3 g/cm?®
Bulk Density 0.3 g/cm?
Processing Temperature 380-400°C

TABLE 2. Prepreg PEEK/2D/CF carbon cloth cha-
racteristics.

Prepreg thickness 0.6 mm
Mass per square meter 490 g/m?
Polymer fraction in prepreg 50vo%
Polymer fraction in prepreg 43wt%
Melting Point 343°C
Glass Transition (T,) 143°C
Processing Temperature 380-400°C
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The PEEK/CF composite was processed via hot com-

® e ® o ® ® ® pression molding, by stacking carbon cloths. The compres-

sion molding was performed using a hydraulic press and
a heated mold. 10 layers cut from the prepreg PEEK/2D
cloth (0/90°) were placed in a performing mold to make the
composite samples of 3.5 mm in thickness. The compres-
sion molding was carried out under the following conditions:
temperature 400°C, pressure 1.5 MPa, compression time
about 3 min and free cooling in the air (about 3°C/min).
The optimum molding conditions were established in earlier
experiments [19-21].

A part of the composite samples was additionally modi-
fied by covering the prepregs’ surface with CNTs. These
composite samples were manufactured, as follows: the
CNTs were introduced into dimethylformaldehyde (DMF) to
prepare a suspension. The suspension was homogenized
with ultrasound and CNTs were spread on the carbon fiber
cloths by spraying and evaporating the solvent in a labora-
tory dryer. The CNTs weight fraction was determined bas-
ing on the weight difference of the composite samples and
the CNT amount used to produce the composite samples.
Samples with the following CNT weight fraction in the
composite were obtained: 0.2wt%, 0.75wt% and 1.2wt%.
The composites with chopped carbon fibers were obtained
by placing the reinforcement mat and spreading the prede-
termined amount of PEEK powdered polymer alternately.
The assumed volume fraction of the matrix in the composite
was about 50%. The excess of the polymer was removed
from the mold during compression molding. As a result of
the compression molding, the composite plates measuring
15 mm x 3 mm x 80 mm were obtained.

The following types of composite samples were manu-
factured:

» PEEK/2D/CF — the composite samples made of 2D
carbon fiber cloths;

» PEEK/2D/CF/CNT — the composite samples made of 2D
carbon fiber prepregs additionally modified with CNTs;

» PEEK/MD/CF —the composite samples made of chopped
carbon fibers- reinforced PEEK.

Methods

The mechanical properties of the composite samples
were tested on a universal testing machine (Zwick 1435)
controlled by TestXpert (v.8.1) software, in a bending mode.
To determine the bending strength and modulus the tests
were performed on the composite plates. The samples
were placed on supports set 50 mm apart. The samples
for bending tests measured 4 mm x 3 mm x 60 mm. The
interlaminar shear strength (ILSS) of the composite samples
was determined in the bending mode by short beam method
with the span-to-depth ratio of 4:1. The composite plates for
ILSS tests measured 3.5 mm x 3 mm x 35 mm. All the tests
were conducted with a strain rate of 1 mm/min. For each
type of the composite samples, 5 individual measurements
were taken. The results are presented as a mean + SD.

The fatigue properties under dynamic conditions were
examined by subjecting the samples to a cyclic bending
load in Ringer’s solution at 37°C. The changes in the velocity
of ultrasonic wave propagation in the sample were meas-
ured between consecutive cycles on the ultrasonic probe.
The tests were conducted under a constant force amplitude
conducted in the bending force-control mode, i.e. bending-
bending mode. The level of the maximum force amplitude
was established to be 50% of the strength determined in the
static bending test. The samples were placed in a special
reservoir containing a physiological fluid of 6.5 pH. The
solution was continuously circulated by a pump system.

The samples were subjected to 10° cycles. The ultra-
sonic measurements were taken after each 2x10* cycles.
At the beginning of the tests and between the successive
stages, the wave velocity was measured. An ultrasonic
tester - Ultrasonic Unipan-CT3 with heads of 1 MHz was
used to measure wave propagation velocities. The mean
and standard deviations of velocities were measured from
3 samples for each experimental group. For each measur-
ing point, the velocity of the longitudinal wave propagation
(CL) was determined and the value of the dynamic elastic
modulus was determined from the dependence:
E=C2-p-K

where: C, is the velocity of the longitudinal wave propaga-
tion in the sample in [m/s], E is dynamic longitudinal elas-
ticity modulus in [GPa], and p is sample density, [kg/mq],
K - constant, was taken to be 1. The apparent density of
composite samples was determined from the weight and
size measurements. The water contact angle (6) of the
surface samples was measured at room temperature using
a DSA10, Kruss apparatus (Germany). The roughness of the
surface samples was determined by the surface profilometry
technique (Hommel Tester T1500). The maximum of the
surface roughness height, R, as the mean and standard
deviations from 3 measurements was determined.

Biological tests

In vitro experiments were carried out in the presence
of hFOB-1.19-line human osteoblasts and HS-5-line hu-
man fibroblasts (ATCC, University Boulevard, Manassas,
Canada). MTT tests were to determine the viability of both
types of cells in the presence of the composite samples.
The level of type | collagen produced from both types of
cells was determined by ELISA test. The composite sam-
ples were prepared in the form of discs, 12 mm in diameter.
Prior to testing, the samples were washed in 70% ethanol
solution and sterilized under UV for 30 min on each side.
Then, the samples were placed in the wells of the 48-well
culture plates. The positive control was the polystyrene
bottom of an empty culture plate well (TCPS). Cells viability
was determined after a 7-day incubation, and the results
were expressed as a percentage, assuming 100% of the
absorbance value determined spectrometrically, at 570 nm
wavelength, for the cells without the presence of the com-
posite material.

The results were statistically analyzed using the t-test
from Excel software. The p-values equal to or less than 0.05
were considered significant.

Results and Discussion

The parameters characterizing the obtained composite
samples are presented in TABLE 3.

The composite samples are characterized by similar
density values and volume fractions. A slightly lower density
was obtained for the composites containing short fibers.
The table also presents the values of surface wettability
and surface roughness of the tested materials. The surface
wettability, measured as the contact angle of the samples,
depends on the type of carbonaceous components and
indicates that the samples with carbon fibers have higher
wettability, as compared to the pure polymer. The PEEK has
the 6 value characteristic for hydrophilic materials (64.4°).
The composites modified with CNTs exhibit the distinctly
higher values of water contact angle, i.e. 97.2-101.4°, bring-
ing about a hydrophobic nature of the sample surface.

The mechanical properties of all types of composite sam-
ples determined in the bending test are collected in TABLE 4.
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TABLE 3. Composites characteristics.

RENES Fiber volume fraction Density Surface roughness  Water contact angle
[%] [g/cm’] [um] [l

PEEK - 1.3 84+25 64.4+1.3
PEEK/2D/CF 50% 1.5 46.3 +11.8 89.3+2.3
PEEK2D/CF/CNT(0.2%) 50% 1.5 424 +8.3 97.2+2.3
PEEK2D/CF/CNT(0.75% 50% 1.5 394+7.3 99.1+3.3
PEEK2D/CF/CNT(1.2%) 50% 1.5 36.4+4.3 101.4+£2.3
PEEK/MD/CF 45% 1.4 26.1+1.2 77.3+2.1

TABLE 4. Mechanical properties of PEEK- based samples.

Bending strength

Bending modulus

Work up to fracture

5

[MPa] [GPa] [Nm]
PEEK 67.3+5.3 2.7 - -
PEEK/2D/CF 967.4 + 88.7 68.6 + 9.1 0.75+0.13 57.2+7.8
PEEK/2D/CF/CNT (0.2%) 887.2 + 66.4 59.4+4.38 0.82+0.12 48.5+3.9
PEEK/2D/CF/CNT(0.75%) 890.3 + 26.6 65.7 £ 3.9 0.85 + 0.06 67.3+1.1
PEEK/2D/CF/CNT(1.2%) 826.6 + 49.2 554 +4.3 0.76 + 0.09 59.1+1.1
PEEK/MD/CF 123.5+17.3 54 +0.2 0.16 £ 0.1 278+ 1.4

The results prove that the CNT addition causes a slight

reduction in mechanical parameters, and the standard a) T

. - . —=a— direction "L
deviations of the mean values are significantly lower in the PEEK/2D/CFICNT e direction "b"
case of CNT-modified composites. It may prove a better ho- 1204 - —a— direction "a"
mogeneity of these composites, especially for the samples S + },
containing 0.75% of CNTs. However, the reported content § 1004 1T
of nanotubes refers to the volume of the entire composite & )
sample, whereas they were only deposited on the surfaces 3 80-
of the prepregs. For this reason, it can be assumed that 3
nanotubes quantities at the interface boundaries between E 604 1
(2D) layers are higher than in the entire sample volume. 'E 1
The significantly lower mechanical properties were noted E 40-
for the samples reinforced with short fibers. This is due to °
the fact that the mats of carbon fibers are characterized by 204 ..,
low mechanical properties (tensile strength of 0.3 GPa). T : ; , ; r

For further fatigue tests, the composite samples contain- 0 2 4 6 8 10
ing 0.75wt% CNT and the unmodified composites were cycles number,x10°
selected. b)

The manner of ultrasonic measurements of the composite PEEK/2D/CF —=— direction "L"
plates is shown in FIG. 2. In the case of measurements along 100 . T L Grecton &
the sample (L direction), the ultrasonic heads were applied %.#’, .
to the front surfaces of the sample. For measurements in the S 80+ 8 )

“a” and “b” directions, the heads were applied at three sites °
of the sample (FIG. 2), and the average value of 3 measure- E 60
ments was taken to calculate the dynamic elastic modulus. 3

FIG. 3 shows the changes in the dynamic elastic modulus g H\i’—%\H
of the CNT-modified composite plates (a) and the unmodified o 404
samples (b), respectively. §

2 20
A A —4——a 5 3
a‘—\ az—\ a3—\ 4

o = = - \ R T S S S S P

by L b. bs \‘6\/ cycles number,x10° O |

FIG. 3. Variations in dynamic elastic modulus of
composite samples modified with CNT (a) and
without CNT (b) as a function of cyclic load.

b4
/ Y
X

FIG. 2. Configuration of ultrasonic measurements
of composite plate: L - along the length of plate,

a - perpendicular to the thickness of plate, b - along w
the width of plate. pa E
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—a— direction "a" PEEK/2D/CF
—e— direction "a" PEEK/2D/CF/CNT
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FIG. 4. Variations in dynamic elastic modulus of
composite samples perpendicular to the carbon
fiber layers as a function of cyclic load.

The changes in the dynamic modulus indicate that the
composite samples do not degrade during dynamic loads.
Due to the layered structure of the composite, it can be
expected that the degradation may occur at the interlayer
boundaries, which are represented by ultrasonic measure-
ments referring to the “a” direction. The changes in the
modulus in this direction do not reveal significant differences
between the initial materials and after their dynamic load-
ing to 108 cycles. However, the detailed analysis of these
changes, taking into account the magnitude of the standard
deviation of the ultrasonic wave propagation in the “a” direc-
tion, indicates some differences, which is shown in FIG. 4.
For the composite without CNT a slight increase in SD after
6x10°% cycles (5.2 + 1.8 GPa), as compared to CNT-modified
composite (16.3 £ 1.5 GPa), can be observed. This may
indicate the beginning of the samples’ degradation. Yet,
this observation requires further studies with the increased
value of the load amplitude maximum.

FIGs 5-8 show the results of biological tests run on the
composites with both types of carbon fibrous reinforcements
and on the pure polymer samples. Cell viabilities were deter-
mined on day 7 after seeding cells on the studied materials.

In vitro viability tests revealed differences between the
pure polymer, the composite materials, and the control.
The viabilities of both types of cells were generally more
favourable for the control, as compared to the pure polymer
and the composite samples. Viability values for the control
were taken as 100% and are not shown on the diagrams.
The highest fibroblasts viability was observed on the pure
polymer surface (FIG. 5), and in the case of osteoblasts
the highest viability was noted for the cells cultured on the
composites modified with CNT (FIG. 6). On the contrary,
the lowest viability values were observed for the composites
containing short carbon fibers (PEEK/MD/CF).

FIGs 7 and 8 show the level of collagen | produced
by fibroblasts and osteoblasts in the presence of various
composite samples.

All the PEEK-based samples were found to have
a higher level of collagen | produced by osteoblasts (FIG. 8)
in comparison to the control, whereas the level of collagen
produced by fibroblasts was lower (FIG. 7).

FIG. 5. Viability of HS-5-line human fibroblasts on
composite surfaces on day 7 after seeding.

* statistically significant difference of PEEK-based
composites on day 7 vs pure PEEK; (p<0.05)

90 -
1 78
80 - 72 * T *
o T T E
3.70 I 61
E’ . . . 58
E 50__ v LQL E 5
#a0]| o S 2 =
K o i 2 >4
S 30+ s i o
8 o o
820—_
10 -
o T T T T T T
1 2 3 4

FIG. 6. Viability of hFOB-1.19-line human os-
teoblasts on composite surfaces on day 7 after
seeding.

* statistically significant difference of PEEK-based
samples on day 7 vs pure PEEK; (p<0.05)

This assessment may be considered as a bioactivity test
of the composite samples with respect to different cells.
The results prove the influence of composite materials on
osteoblasts and fibroblasts viability. The differences in vi-
ability and the level of collagen | produced by the cells may
stem from the differences in the chemical and physical states
of the samples’ surface. The surface energy of the carbon-
polymer composites is different from the pure polymers
probably due to the reaction of carbon fibre surfaces with the
polymer structure. The tests indicate that both types of cells
are sensitive to the surface state of the composite samples.

The water contact angle measurements were performed
to evaluate chemical nature of the materials surfaces.
The calculated 6 values for the pure polymer material was
about 64.4° (TABLE 3), which is characteristic for hydrophilic
materials [25]. The polymer samples exhibit smaller values
of the water contact angle when compared to the composite
samples. The composite materials modified with CNT ex-
hibit slightly higher values in comparison to the composites
without CNT.
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FIG. 7. Levels of collagen | produced by fibroblasts
on PEEK-based sample surfaces, normalized to
the level of the control.

* statistically significant difference of PEEK-based
samples on day 7 vs control; (p<0.05)

FIG. 8. Levels of collagen | produced by osteo-
blasts on PEEK-based sample surfaces normali-
zed to the level of the control.

* statistically significant difference of PEEK-based
composites on day 7 vs control; (p<0.05)

The mechanical properties of the composites differ,
depending on the form of carbon fiber reinforcement.
Short fibers significantly reduce the mechanical param-
eters of the obtained composites. Nevertheless, this type
of composite can be used to manufacture composites
whose layers containing chaotically arranged fibers are
combined with layers containing continuous filaments. In
this way, the composite structures with properties suited
to a specific application can be designed. In our research,
we studied two distinctly different types of composites in
terms of strength properties. The use of a fibrous carbon
component modifies not only the mechanical parameters
of the polymer matrix, but also affects other physical and
chemical properties, such as electrical properties, surface
structure, and the interaction with a biological environment.

Numerous findings proved that fibrous carbon components
could act as chondrogenic materials [22-24]. The carbo-
naceous materials, including carbon fibers and carbon
nanotubes, were successfully applied in the treatment of
cartilage defects. CNTs added to the polymer nanofibers
improved biological and physical properties of fibrous scaf-
folds used for tissue engineering [25].

The study showed that the use of carbon nanotubes
to modify the interface boundary between 2D layers did
not enhance the mechanical properties of the composite
materials. Yet, it improved the composites homogeneity,
which was revealed by lowered values in the standard
deviation of mechanical parameters, while the mechani-
cal stability was maintained under dynamic loading. The
fatigue bending tests at the level of variable loads (50%
of maximum amplitude at which the composite fractures)
indicated that such composites are durable and meet the
requirements of mechanical durability for voice prostheses.
Still, further tests are necessary, in particular on designing
and manufacturing of the complete structure of a composite
voice prosthesis.

The surface roughness, measured as the maximum
of the surface roughness height, depends on the type of
a carbon component and its arrangement in the polymer
matrix (TABLE 3). The highest roughness was observed for
the composite samples containing carbon fibrous cloths,
and this parameter was significantly higher in comparison
with the pure polymer.

The results of the biological tests are more complex and
ambiguous. The obtained results indicate that the modifica-
tion of the biocompatible polymer matrix with carbon fibers
can induce significant changes in the cellular response.
The research has also shown that the carbon fibers addi-
tion significantly changes the surface roughness and wet-
tability values of the composite samples. The changes in
surface properties brought about by the presence of fibers
can affect the cell viability on the surface of the modified
composite materials. The nanotubes introduced between
the composite laminate layers increase the material hy-
drophobicity. Considering its prospective application for
a voice prosthesis, a highly hydrophobic surface of the
composite biomaterial may ensure the lack of undesirable
interaction with the biological environment. Many studies
on surface modification of biomaterials indicate that the
use of nanometric components, e.g. various carbon na-
noforms, can lead to the formation of superhydrophobic
surface properties [26]. The conducted research indicated
that an increase in the hydrophobicity of the composite
surface may enhance the proper fixing of the biomaterial
in situ. Studies have also shown that a carbon fibrous
component in the polymer matrix may affect the wettability
of the composite, which facilitates more efficient fitting of
the composite biomaterial to the site. Another important
requirement for a voice prosthesis is the ability to inhibit
bacterial biofilm formation. The previous study has shown
that the chemically modified PEEK surface has favorable
surface properties inhibiting the development of bacterial
biofilms [15].

The biological tests have shown a distinct influence of
the carbon fibrous reinforcements on cells responses, and
further research on the manufacturing of the composite for
a voice prosthesis will be continued.
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Conclusions

The composite samples containing carbon fibers were
fabricated via the compression molding method. Two
combinations of carbon fiber reinforcement, i.e. carbon
fiber cloth and short fibers, in the PEEK matrix were used.
The composite samples were modified with CNTs. The static
and fatigue properties of the composites under dynamic
cyclic tests were compared for both types of materials.
The samples modified with carbon nanotubes improved
their homogeneity in the interlayer polymeric phase between
the carbon cloths, which was demonstrated by a decrease
in standard deviations of the mean strength and modulus
values. The results of the mechanical tests under dynamic
bending loads indicated that ultrasonic wave propagation in
the composite materials depended primarily on the elasticity
of the carbon fibers themselves and their orientation to the
propagation direction. The composite materials subjected
to dynamic load amounting to 10° cycles retained their me-
chanical integrity when the maximum amplitude (deflection)
of bending was 50% of the failure load. In the (2D) layered
composites without CNTs a small increase in the standard
deviation of dynamic elastic modulus was noted after the
fatigue test.

The biological tests revealed that the viability of fibro-
blasts and osteoblasts determined in the MTT test after one
week was slightly different from the control and the pure
polymer. The value of viability was influenced by both the
type of the material and the type of a cell line. Of the cells
studied, osteoblasts displayed a higher survival level. The
amount of collagen | produced by osteoblasts in contact with
PEEK- based composites was higher than the amount of
collagen | produced by these cells in the case of the control.

Acknowledgements

The work has been supported by the Polish National
Centre for Research and Development, project no N N507
463437 and by the Laryngology Department, School of
Medicine, Medical University of Silesia in Katowice (Statute
Found no: KNW-1-102/K/8/0 and no: KNW-1-043/K/7/0).

ORCID iDs

W. Smotka: (@ https://orcid.org/0000-0003-4074-9705
M. Dworak: (@ https://orcid.org/0000-0002-6962-9283
M. Gubernat: (@ https://orcid.org/0000-0002-5424-1091
J. Markowski: (@ https://orcid.org/0000-0003-3416-7354

M. Btazewicz: (@ https://orcid.org/0000-0001-9138-5409

Zammm® 0 0000000000000 00000006000006000000000000000

L


https://orcid.org/0000-0002-6962-9283
https://orcid.org/0000-0002-5424-1091
https://orcid.org/0000-0003-3416-7354

https://orcid.org/0000-0001-9138-5409
https://orcid.org/0000-0003-4074-9705

CHANGES OF STRUCTURE
AND PROPERTIES OF PMMA-
BASED BONE CEMENTS WITH
HYDROXYAPATITE AFTER
DEGRADATION PROCESS

ANNA LASKA-LESNIEWICZ'™ (5, MALGORZATA
RAcCzYNSKA'!, MACIEJ WROTNIAK? (),
ANNA SOBCZYK-GUZENDA'

" Lobz UNIVERSITY OF TECHNOLOGY,

DEPARTMENT OF MECHANICAL ENGINEERING,
INSTITUTE OF MATERIALS SCIENCE AND ENGINEERING,
1/15 STEFANOWSKIEGO ST., 90-924 Lobz, POLAND

2 DEPARTMENT AND HOSPITAL DEPARTMENT

OF ORTHOPAEDICS, SILESIAN MEDICAL UNIVERSITY,
ST. BARBARA 5™ REGIONAL SPECIALISED HOSPITAL

IN SOSNOWIEC,

PL. MEDYKOW 1, 41-200 SOSNOWIEC, POLAND
*E-MAIL: ANNA.LASKA.LESNIEWICZ@GMAIL.COM

Abstract

PMMA-based bone cements are commonly used
for implant fixation or as bone void fillers. Hydroxyapa-
tite added as a filler to bone cement may positively
affect the final properties of the material, in particular
its biological properties. In this study, the preparation
of poly(methyl methacrylate)-based bone cements
with incorporated hydroxyapatite (HAp) is reported.
The purpose of this article is to examine the proper-
ties of bone cements enriched with HAp filler (the
concentration of 3wt% and 6wt%) and reveal the
changes in the composites properties (chemical stru-
cture, surface morphology and distribution of HAp in
the composite matrix, moisture absorption, hardness
in Shore D scale) during the long-term incubation
in the PBS (phosphate-buffered saline) solution at
37°C. The incubation lasted up to 21 days, but only
the period when the changes actually occurred was
analysed. The studies have shown that the samples
containing HAp absorb more moisture and have
a lower hardness. These characteristics vary depen-
ding on the concentration of HAp. There is no elution
of HAp and ZrO, from the composite during the incuba-
tion. The surface morphology and chemical structure
do not change during long-term studies. The obtained
bone cements are characterized by high stability in
the PBS solution.

Keywords: bone cement, PMMA, hydroxyapatite,
vertebroplasty

[Engineering of Biomaterials 151 (2019) 9-16]

Introduction

Bone cements have been widely used in medicine
since the 1960s when joint replacements started to be
common orthopaedic surgical procedures. The signifi-
cant increase in physical activity among people over 50
years of age, a higher rate of obesity in the population,
ageing of the population and perpetual rise of patients’
demands combined with development of new implants
used in treatment of osteoarthritis will result in a rise
of numbers of joint replacements in next decades.

According to the latest data, osteoarthritis (OA) affects

240 million people globally, about 10% of men and 18% of ® @ e e @ @ ®

women over 60 years of age [1]. There are both conserva-
tive and surgical methods of OA treatment, however the first
one is still ineffective and cannot stop the OA progression.
Therefore, the total joint replacement is the most successful
method of osteoarthritis treatment reducing pain and improv-
ing the quality of life. The total hip replacement arthroplasty
(THA) and total or uni-compartment knee arthroplasty (TKA,
UKA) are the most common procedures in the everyday
practice of orthopaedic surgeons. In both cases, the bone
cement is to fasten the joint endoprosthesis. The final result
of the treatment depends on a properly selected implant,
accordingly to the patient’s age, bone quality and future
activity, their demands and expectations and indications
for the operation. Therefore, selecting biomaterials that will
provide the efficient and long-lasting stability of the implant
is yet another aspect. In patients with osteoporosis, whose
bone tissue is less resistant to physical stress, fixing bone
cement is the most important factor that influences the im-
plant lifespan and may provoke its early loosening.

Among other applications, bone cements are imple-
mented to fill up minor bone cavities mainly in the facial area.
They are also used in other medical procedures, such as
vertebroplasty (VP) and kyphoplasty (KP) —that are preferred
methods of treating stable, compression fractures of verte-
bral body. This type of vertebral fractures, combined with
fractures of the proximal humerus and femoral neck, are the
most frequent injuries in patients with osteoporosis. Both VP
and KP are minimally invasive and designed mainly to relieve
the pain, strengthen collapsed vertebrae and finally restore
geometry of the vertebral column [2]. Furthermore, VP is
a palliative method of treatment in pathological spinal frac-
tures in the case of metastases of the vertebral column [3].
As the population in Europe is ageing and the statistics
shows progressive osteoporosis, increased spinal fractures
and joint problems, the development of such biomaterials
as bone cements that will fully meet the requirements of
bone rebuilding and bonding the implant with tissue seems
to be inevitable [4].

Bone cements can be divided due to the materials
they were made of. There are polymeric, phosphate-
calcium-based, hydrogel and composite bone cements [5].
The most popular ones are cements based on poly(methyl
methacrylate) (PMMA). They have long clinical history,
therefore it is easier to predict their behaviour in the hu-
man body over the years. The PMMA cement exhibits bio-
compatibility and appropriate mechanical properties. Still,
it is possible to develop composites so that the connection
between the injected cement and surrounding tissue will
improve. That is why bioactive bone cements with the ad-
dition of bioactive glass or hydroxyapatite are a particularly
promising solution [6,7].

Requirements for bone cements are strictly related to
their use. In the case of fixing endoprostheses, cement can
form just a mechanical connection with the bone (without
chemical bonding). According to the ISO norm (ISO 5833),
its compressive strength must be higher than 70 MPa.
For the bone defect reconstruction or filling, cements should
also exhibit osteoconductive effects and support tissue re-
generation. The material introduced into bone defects may
be characterized by lower strength parameters, similar to the
properties of natural spongy bone tissue (at least 30 MPa).
PMMA-based cements are endowed with good mechanical
properties (Young’s modulus — 1800-2200 MPa, compres-
sive strength — 75-105 MPa, bending strength — 60-75 MPa)
and the ease of feeding resulting from good rheological
properties [8,9].
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In addition, the rheological properties of cement, its set-

® e e @ o o o tingtime and behaviour in contact with the physiological fluid

are important. The chemical and granular composition has
a significant impact on these parameters. The widespread
use of bone cements in orthopaedics and facial-jaw surgery
forces their modifications which will improve their biological
and mechanical properties.

Polymeric cements are two-component systems — pow-
der and liquid, whose weight ratio is about 2:1. The powder
usually consists of poly(methyl methacrylate) (PMMA) or
a copolymer of styrene and methyl methacrylate. In addition,
a polymerization initiator — benzoyl peroxide and radiopaque
agents — barium sulphate or zirconium dioxide are added.
The liquid contains methyl methacrylate monomer (MMA),
about 98% by weight. Additionally, bone cements may
contain antibiotics, e.g. gentamicin or vancomycin, which
increases the septicity of the medical procedure [10].

Unfortunately, PMMA cements are also burdened with
negative effects on the human body. The biggest problems
associated with their use include:
 exothermic reaction related to the mechanism of polym-
erization of this material,

* polymerization shrinkage,

» poor adhesion to the bone surface and inorganic sub-
stance,

* lower resistance to cracking (compering to natural bone),
* leaving 4-7% unreacted MMA monomers with toxic effects.

Composite bone cements are the answer to problems
occurring mainly with PMMA-based cements. The selec-
tion of the reinforcement phase plays a key role for the
strength and stability of the bone cement in the human body.
The contribution of reinforcement (a filler) in the composites
equals usually from a few to several percent by weight.
Changes in material properties may be noted even after
minor addition of a filler (such as 1%wt) but there is no obvi-
ous correlation that can be simply stated about all reinforce-
ment types. In the case of such fillers as bovine bone pulp,
bone-substitute material and Al,O, the significant changes
in mechanical properties and the polymerisation course are
found in samples with a filler quantity of more than 5% [11].
What is more, the type and amount of a filler determines
the polymerization course, the material solidification and its
behaviour in contact with the tissue. The addition of bioac-
tive glass, hydroxyapatite or calcium triphosphate results in
a decrease in compressive properties (slight deterioration
of strength properties), it reduces porosity and improves
fracture toughness. Composites containing starch are
characterized by better degradation and resorbability [12].

Hydroxyapatite (HAp) — Ca,o(PO,)s(OH), naturally occurs
in human bones. ltis slightly soluble in water and resilient in
tissues, therefore it facilitates the integration of tissues and
bone restoration. The introduction of hydroxyapatite into the
polymer phase may increase biocompatibility and facilitate
performing biomechanical functions. Additionally, bioactive
HAp particles can act as anchors for the composite - bone
bonds, which ensures good restoration of the living tissue
and promotes bone growth around the implant [13]. Moreo-
ver, according to the research, the bone cement based on
poly(methyl methacrylate-co-styrene) filled with HAp has
a lower exothermic effect during the curing process and
a higher degree of conversion (which means a lower residual
monomer amount ) than the cement without this addiction
[14,15]. The HAp addition also influences the mechanical
properties of bone cement, but it is hard to clearly estimate
the trend.

The aim of the present study was to describe and char-
acterise the novel composite bone cements in terms of the
chemical composition and structure, surface morphology,
moisture uptake and changes in hardness over different
time of incubation in a buffer at 37°C. The new materials
described in this work are based on the commercial PMMA
bone cement loaded with a biocompatible and bioactive
hydroxyapatite powder (HAp) that was precisely selected
and synthesised.

Materials and Methods

Materials

Commercial bone cement is used as a polymeric matrix
of the tested samples. The chemical composition of bone
cement (BC) is presented in TABLE 1.

TABLE 1. Chemical composition of commercial
basic bone cement.

Poly(methyl acrylate, methyl methacrylate)
Powder Zirconium dioxide
phase -
(26 g) Benzoyl peroxide

Colouring agent E141 — Chlorophyll

Liquid Methyl methacrylate
phase N, N-dimethyl-p-toluidine
(o) Hydroquinone

Hydroxyapatite powder, a filler in the created bone ce-
ment, was synthesized via the chemical wet method i.e.
precipitation. The process was based on the experiments
carried out by Afshar and co-workers [16] via the following
chemical reaction (1):
6H,PO,+ 10Ca(OH), — Ca,(PO,)s(OH), + 18H,0 (1)

As it was calculated, for the synthesis approx. 50 g of
powdered HAp and 37 g of calcium hydroxide (Ca(OH),,
Chempur) was added to 4 liters of distilled water and mixed
for 1 hour at 40°C (+ 2°C). Then, 34.6 g of orthophosforic
acid (H,PO,, POCH) was gradually poured into the mixture
at the speed of 1 drop per second. At that stage, it was
crucial to control the temperature (40 + 2°C) and the pH
value (above 9). If pH came closer to 9, a small amount
(10 ml) of ammonia solution 25% (POCH) was added.
After the synthesis, the sediment was purified at least 10
times in order to get rid of the ammonia solution. Then, the
synthesized HAp was dried at room temperature. Final steps
were milling and sifting (screening). The material was milled
in the planetary ball mill (Retsch, Germany) and sieved in
the laboratory sifter (Morek Multiserw, Poland) to get the
proper particle size of 25-50 um.

Dulbecco’s phosphate-buffered saline (PBS, Corning
Media) without calcium and magnesium was used to im-
merse all the bone cement samples for the experiments.

Preparation of bone cements

The three types of specimens were prepared for examina-
tions: (1) the control sample — the commercial bone cement
without hydroxyapatite (Osteopal® plus), (2) the 3%HAp/
BC - the commercial bone cement with 3wt% HAp, (3) the
6%HAp/BC - the commercial bone cement with 6wt% HAp.
The composition of all specimens is presented in TABLE 2.
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TABLE 2. Composition of specimens.

Sample name Powder phase Liquid phase Powder'/Liquid
Bone Cement HAp Ration
Control sample (Bone Cement — BC) 39 - 1.154 ml 2,6
I3%HAp/BC 39 0.126 g 1.154 ml 2,7 |
l6%HAp/BC 39 0.261g 1.154 ml 2,83 |

The novel bone cements were prepared in three steps.
Firstly, the powder phase of the commercial bone cement
was precisely mixed with synthesised HAp powder in proper
amounts. Then, the new powder phase was manually mixed,
using a spatula, with the liquid in a small glass beaker for
30-40 s at room temperature. Finally, the material was
transferred into silicon moulds. The samples were prepared
as cylinders of measuring 6 mm or 12 mm in diameter and
2 mm in height.

Degradation test
Three types of specimens (the control sample BC, the
3%HApP/BC, the 6%HAp/BC) were subjected to degrada-
tion tests. The samples (cylindrical shape, 6 mm) were
soaked in the PBS buffer and kept in an incubator at 37°C
for different periods of immersion. i.e. 7 days, 21 days, 42
days. After the incubation, the samples were preliminarily
dried with a paper towel and then left at room temperature.
The incubated specimens were tested, using the following
techniques:
» Scanning Electron Microscope (SEM) — morphology of
the sample surfaces,
» Energy Dispersive X-ray Spectroscopy (EDS) — elemental
composition and maps of the distribution of elements,
» Furrier Transform Infrared Spectroscopy (FTIR) — chemi-
cal structure,
» Shore D hardness test after 7 and 21 days of incubation,
» Moisture uptake after 7-day, 21-day and 42-day immer-
sion in the buffer.

Morphology of the bone cements

The surface morphology of the composite bone cements
was examined on the JSM-6610LV Scanning Electron Mi-
croscope (SEM, JEOL USA). The samples were observed
right after preparation (before the incubation) and after
being soaked in PBS for 21 days. To obtain clear images
the samples were covered in a thin (10 nm) layer of gold.
The detailed images of two different magnifications (x100
and x1000) were obtained under high vacuum and at 20 kV
accelerating voltages.

Elemental composition of bone cements

The composition of the cements was confirmed via EDS.
The additional module X-MAX 80 (Oxford Instruments) at-
tached to the JEOL JSM-6610LV scanning electron micro-
scope was used for the EDS X-ray microanalysis. The 20 kV
acceleration voltage was used for the measurements. The
scanning time of 7 min, the resolution of 2048 px and the
excitation time of 100 us/px were set for the measurements.
The maps of the distribution of selected elements were made.

Chemical structure

For studies of the chemical structure of the samples, the
Nicolet IS 50 FT-IR Spectrophotometer (FTIR, ThermoSci-
entific) was used. The system was equipped with deuterated
tri-glycine sulphate (DTGS) KBr beam splitter. The special
reflection attachment (DRIFT type) with the incidence angle
of 90° was used for the measurements. The FTIR spectra
of absorbance over the wavelength range of 4000-400 cm"*
with the resolution of 4 cm™ were measured.

Hardness test

The indentation hardness of the specimens was deter-
mined by means of the durometer (Shore hardness scale
D) according to the norm ISO 868:2003. The tests were
conducted using the manual durometer MC-DX/D (max:
control measuring instruments). Ten independent meas-
urements were taken for each sample. The samples were
tested before the immersion in PBS and after the immersion
of 7 and 21 days.

Moisture uptake

The cement samples (small cylinders of 6 mm in diameter
and height of approx. 3 mm) were soaked in PBS at 37°C,
up to 42 days. The moisture uptake (MU) was calculated
according to the equation: (1) [12].

MU = [(my — m;)/m] x 100 (1)

m;,— initial mass (before immersion)
m, — sample mass after i immersion days.

Results and Discussions

The morphologies of the studied bone cements are
presented in FIG. 1. At the x100 magnification, there are
no significant differences between the samples with varied
HAp additions and the control sample (the bone cement
without HAp). In the samples containing hydroxyapatite
there are small white particles visible in the pictures (FIG.
1B and FIG. 1C). The morphologies, investigated at the low
magnification, confirm the non-defected structure in all the
specimens. Therefore, it can be deduced that the HAp ad-
dition does not adversely affect the material structure and
the bone cements preparation proceeds correctly.

There are three characteristic structures visible in the
images presented in FIG. 2: zirconium dioxide ZrO,, PMMA
and HAp. ZrO, creates the bright, sizeable, cauliflower
structures. PMMA can be recognised as spherical, bubble-
like and dark-grey grains. HAp is noticeable as tiny irregular
shapes, bright shreds on the surface. It is worth recalling
that both zirconium dioxide and HAp act as fillers in the cre-
ated bone cements. Their regular distribution and degree of
fineness have a strong impact on the mechanical properties
of the composite. The content of zirconium dioxide in the
composite is 40wt%, which is many times more than the HAp
amount. It is also clearly visible that the amount of zirconium
is higher than HAp (even considering 6%HAp specimen).
What is more, the zirconium tendency to agglomerate is
observed. The size of the zirconium dioxide agglomerates
was estimated to be of 20-30 um and is significantly larger
than HAp grains (about 1-2 um). It cannot be unequivocally
stated that any of the components eluted during the incuba-
tion. The comparison of the morphology before and after the
immersion does not reveal any visible changes.

The distribution of such elements as zirconium, calcium
and phosphate is illustrated in the maps (FIG. 3). The
control sample contains only zirconium, there are no maps
for Ca and P, as it does not contain HAp. The maps of the
3%HAp/BC and the 6%HAp/BC confirm the occurrence of
hydroxyapatite in their structures. In all the specimens, Zr,
Ca and P show the tendency to agglomerate, they create
clusters that are quite unevenly distributed in the material.
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FIG. 1. Morphology of the prepared bone cements (A — control BC sample, B — 3%HAp/BC, C — 6%HAp/BC).

Without immersion After 21 days of immersion

< FIG. 2. SEM images before and after immersion in PBS (A1 — control BC sample before
L immersion, A2 — control BC sample after immersion; B1/ B2 — 3%HAp/BC before/after
= E immesion; C1/C2 — 6%HAp/BC before/after immesion).
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FIG. 3. Maps of the distribution of zirconium, calcium and phosphate in all tested samples.

The maps were also prepared after the 21-day immersion
in the PBS solution. There was no visible elution of either
HAp or zirconium dioxide over time. In FIG. 4 there are vis-
ible agglomerates of calcium. The tendency to agglomerate
increases with the higher content of HAp. After the incubation
the amount of calcium noticeably rises over 1wt% in both
the sample types (3%HAp/BC and 6%HAp/BC).

FIG. 5A depicts the FTIR spectra for the bone cement
samples. Based on the spectra, it can be concluded that
a minor HAp addition slightly affects the chemical structure
of the material.

As expected, the collected FTIR spectra display peaks
characteristic for the bone cements based on poly(methyl
methacrylate) (FIG. 5). The most prominent peaks occur
at 1729 cm™ and from 2750 to 3000 cm' corresponding to
C=0 stretch and -CH,, -CHj stretch, respectively. The peak
at 3000 cm' decreases with the rising amount of HAp in
the samples.

The characteristic peaks for Zr-O at 750, 610 and
430 cm™ are visible in all the spectra, which confirms the
presence of that kind of a radiopacifier agent.

For the 3%HAp/BC and the 6%HAp/BC spectra the
wide and visible peak at 857 cm™ can be attributed to ions
HPO,> presentin HAp. The peak rises substantially with the
increasing HAp content. Another peak at 1083 cm™ changes
similarly. It represents ions PO,* present in HAp.

The peak at 565 cm-' is generated by benzene rings and
the other three bands come from the O-H bond in alcohols
and phenols. Such groups are present in compounds that
regulate the initiation and kinetics of polymerization (benzoyl
peroxide, hydroquinone, N, N-dimethyl-p-toluidine). These
substances are not inert to living organisms and their amount
should be vestigial. All the visible differences are related to
the chemical composition of the prepared bone cements
and changes in the HAp/polymeric matrix ratio.

The peak at the wavelength of 716 cm™ is visible in
each spectrum, but it is slightly wider and less pointy in the
6%HAp. Itis connected with the Ar-OH bond in phenols (pre-
sent in the hydroquinone structure). The mentioned change
is related to another peak (at the wavelength of 716 cm™,
generated by P,0,*) that merges with it. It seems that, as
a result of the HAp precipitation, the trace amount of other
ions was noted (absent in the HAp structure).

The peak at the wavelength of 1012 cm™ which decreases
with the increasing HAp amount represents the C-O bonds
in esters.

The minor, slightly visible peak at the wavelength of 565
cm and more visible peaks at 3629, 3830, 3946 cm™ slightly
decrease with the increasing HAp content and are less vis-
ible in the 6% specimen spectra. The peak at 565 cm' is
generated by benzene rings and the other three bands come
from the O-H bonds in alcohols and phenols. Such groups
are present in the compounds that regulate the initiation and
kinetics of polymerization (benzoyl peroxide, hydroquinone,
N, N-dimethyl-p-toluidine). These substances are not neutral
to living organisms and their amount should be limited.
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Without immersion

Ca Kal

f 100pum 1
Ca Wt%: 0,74+0,12
Ca Kal

f 100pm 1
Ca Wt%: 3,35+0,20

After 21 days of immersion

Ca Kal

f 100pm 1
Ca Wt%: 1,93+0,16

Ca Kal

f 100pm 1
Ca Wt%: 4,44+0,23

FIG. 4. Maps of calcium distribution before and after immersion in PBS (A1 — 3%HAp/BC before immersion,
A2 - 3%HAp/BC after immersion, B1 — 6%HAp/BC before immersion, B2 — 6%HAp/BC after immersion).

FIGs 5B-5D show the spectra of all the types of bone
cements after different immersion time. The analysis of the
control sample spectra (bone cement) does not reveal any
significant changes. In contrast, the spectra of the samples
containing HAp display clearly visible changes.

The trend of the observed changes cannot be unambigu-
ously determined. Non-schematic changes in peak values
that represent bonds in HAp and polymeric bone cement
matrix are most likely related to minor changes in the com-
position and the HAp distribution in heterogeneous samples.

Before the incubation, the highest hardness value was
noticed for the control sample — the bone cement without
hydroxyapatite (FIG. 6). The higher amount of HAp was the
lower hardness. The differences in hardness between the

bone cements with HAp are slight. After the incubation there
< were some changes in the hardness values. In general,
the storage in PBS worsens the samples hardness. Those
changes may be partly connected with the moisture uptake
of the bone cements. Small molecules of water absorbed
into the bone cement between the long chains of poly(methyl
methacrylate) act as a “plasticizer” of the polymer structure.
< Most probably, the addition of a ceramic filler such as HAp

H increases the inhomogeneity and influences the mechanical
Z E properties of the composites.
(D >

The moisture uptake results (FIG. 7) show that the cement
is getting filled by liquid most at the beginning of the immer-
sion, regardless of its composition. The tests indicate that the
largest increase in mass, i.e. the greatest moisture uptake
at that time, which is coherent with the literature [12,17].
The amount of the absorbed solution gradually decreases
over time. However, another process should be taken into
consideration that has an impact on the specimen mass —
the release of residual monomer. Since the PMMA matrix is
hydrophobic, it is possible that the mass values of the
absorbed moisture and the released monomer are compa-
rable. One can assume that the released monomer amount
is higher than the absorbed moisture weight. The weight
changes vary, depending on the HAp content. The 6%HAp
weight increased twice as much as the control sample on
the 7th day of measurement. The 3%HAp weight grew one
and a half times more than the control. The most significant
change in weight was recorded for the specimens with HAp,
this phenomenon is related to the heterogeneous structure
of the composite with the highest value of a ceramic filler.
Water easily penetrates a porous, heterogeneous structure
with the well-developed area of the phases boundary be-
tween the PMMA matrix and the filler. The more numerous
the heterogeneities are, the more spaces where water can
be accumulated.
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FIG. 5. FTIR spectra (A — spectra of all prepared samples before immersion, B — spectra of control sample over
immersion time, C — spectra of 3%HAp/BC over immersion time, D — spectra of 6%HAp/BC over immersion time).
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FIG. 6. Changes in hardness (Shore D scale) after
immersion in PBS buffer.

FIG. 7. Moisture uptake over different immersion
time.
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Conclusions

Hydroxyapatite is a ceramic filler that can be used in
polymer-based bone cements. It may improve poor biologi-
cal properties of those biomaterials, especially by enhancing
osseointegration between the living bone and an artificial
implant.

The morphology and the chemical structure of the
prepared samples — the bone cements without and with
hydroxyapatite have insignificantly changed over time of the
PBS incubation. However, the amount of calcium increased
under the liquid conditions. After the FTIR analysis, it may be
concluded that there are no big differences in the position or
magnitude of intensity peaks after the samples immersion,
indicating that hardly any new chemical groups were formed.
The chemical structure analysis revealed unexpected fea-
tures of precipitated HAp. Despite the strict compliance with
the procedure, additional phosphate ions were observed.
The SEM images and the maps of the sample composition
draw attention to another issue. The ceramic filler (HAp) is
significantly less finely divided than zirconium dioxide (ZrO,).
This feature may affect the properties of the entire bone
cement. However, HAp is distributed more evenly and has
a smaller tendency to agglomerate than ZrO,. Unfortunately,
it is also noticeable that the most common location of HAp
is in the phases boundary and the HAp adhesion to other
compounds is weak.

The PMMA-based bone cements also undergo changes
in mechanical properties during the incubation. The extent
of these changes can be attributed to the moisture uptake,
the cement composition and the immersion time. A typical
change is an increase in the sample mass. Regarding the
moisture absorption test, it can be estimated that the HAp
addition enhances the moisture absorption, which may af-
fect the material structure, worsen the mechanical proper-
ties and accelerate the cement degradation in the future.

Exact changes are difficult to assess due to the simultaneous
occurrence of another process affecting mass — the release
of residual monomer (MMA) into the solution.

The differences in hardness are not enormous but these
changes are problematic in time. This factor influences the
growth of adjacent bone tissue and variable mechanical
properties of the material may lead to the implant loosening
in the human body. Therefore, taking into account the rapid-
ity of these changes, the sample filled with a large amount of
the filler (6% HAp and 3% HAp) seem to be the best solution.

What is more, too high concentration of the HAp filler
may worsen the injectability, which is a crucial factor for
medical applications. Since the results of the study indicated
changes in the polymerization process depending on the
HAp content, the appropriate selection of components that
regulate the kinetics, course and initiation of this reaction
is also worth considering.
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Abstract

Nowadays, the Mechanical Circulatory Support
(MCS) within the Ventricular Assist Devices (VAD)
appears to be a reliable and effective solution for
patients with advanced heart failure (HF). After many
years of work, extracorporeal pulsatile VADs have
been replaced by new generations of implantable
continuous flow (CF) pumps. Clinical experience has
shown that present-day pump constructions still need
to be improved to minimize the risk of complications
during heart assistance.

One of the complications is the pump inflow obstru-
ction caused by the ingrowth of tissue into the blood
inflow path and pump thrombosis. The main goal is
to develop a coating for the external surface of the
inflow cannula to provide controlled tissue ingrowth.
The smooth surface of the cannula external wall
results in the tissue overgrowth into the pump inflow
orifice, and may be a source of emboli. The paper
presents external surface modifications of the inflow
cannula performed by different VAD manufacturers
within the topography characterization.

The inflow cannulas used in CF VADs are mainly
made of titanium alloy due to its mechanical properties
and high biocompatibility. In general, the discussed
surface coatings were characterized by the roughness
of about = Ra = 15 um, high porosity and good wetta-
bility @ = 60°. The surface was covered with titanium
microspheres or titanium mesh.

The developed surfaces and clinical experience
confirm the ability to control the tissue ingrowth along
the external surfaces of the inflow cannula at the
tissue-implant interface.

Keywords: surface modification, VAD inflow cannula,
tissue-implant interface, porous surface

[Engineering of Biomaterials 151 (2019) 17-23]

Introduction

Surface modifications of medical implants provide many
possibilities to control the processes occurring after im-
plantation in peri-implant tissues. The healing process of
orthopaedic implants and the processes occurring in bone
tissues after implantation have already been well described
in the literature and the provided knowledge is successfully
used in the clinic. An example is the modification of surfaces
in cementless endoprostheses where the surface coating
increases the potential for biomechanical bonding at the
implant-bone interface and affects the rate of protein adsorp-
tion [1-5]. A close correlation between pore size and bone
ingrowth is also noticeable [5-7]. Unfortunately, there is still
no data concerning issues of cardiac surgical implants heal-
ing, despite the widespread use of mechanical circulatory
support systems. Therefore, it is necessary to provide clinical
data which will determine the morphological parameters of
the surface coating providing a permanent and stable con-
nection of cardiac implants with myocardial tissue.

Nowadays, the Mechanical Circulatory Support (MCS)
is becoming a viable alternative to heart transplantation
for non-effective pharmacological and minimally invasive
treatment of advanced heart failure (HF). The actual de-
gree of heart failure is determined with the New York Heart
Association (NYHA) functional scale and referred on the
Interagency Registry for Mechanically Assisted Circulatory
Support (INTERMACS) profiles, which provide important
prognostic information for HF patients with MCS. The HF
is a complex set of clinical symptoms that are character-
ized by an insufficient blood supply in accordance with the
body’s metabolic needs. The number of patients suffering
from heart insufficiency increases every year. Meanwhile,
the number of successful heart transplants has remained
stable. The number of organ donors, including the heart,
is limited, while the MCS systems often give patients time
to wait for transplantation. In the case of long-term MCS
the Continuous Flow Ventricular Assist Devices (CFVAD)
(FIG. 1) are the most commonly used.

The implantation of the blood pump stops the expanding
ischemia zone, provides the relief of the weakened heart and
increases coronary perfusion, but - above all - it improves
the cardiovascular hemodynamic. The fast development
of technology brought about a variety of MCS solutions
on the market, including LVAD (Left Ventricular Assist De-
vice) for left ventricular support, RVAD (Right Ventricular
Device) for right ventricular support and BIVAD (Biven-
tricular Assist Device) for the assistance of both ventricles.

INFLOW
CANNULA

OUTFLOW
GRAFT

FIG. 1. The position of the implanted VAD on the
example of MEDTRONIC HEARTWARE® pump [8].
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VADs were developed to improve the failing heart function
without replacing the biological organ. The methods of MCS
can be described according to the diagnosis and prognosis
of assistance goal and duration as: Bridge To Decision
(BTD), Bridge To Recovery (BTR), Bridge To Transplant
(BTT) and the Destination Therapy (DT) [9].

After many years of work, extracorporeal pulsatile VADs
were replaced by new generations of implantable continu-
ous flow (CF) devices in long term assistance [10]. So far,
the clinical experience has shown that present-day pump
constructions still need to be improved to minimize the risk
of complications during heart assistance. In comparison to
older constructions, there is a huge improvement thanks
to the most modern biocompatible materials and surface
engineering, along with the VAD miniaturization, limitation of
its complexity and removal of mechanical bearings systems.
Despite many new solutions, patients still experience high
morbidity, many side effects and mortality. Actual VAD con-
structions consist of many components that may fail. As the
pump is fully implantable, the procedure is difficult, invasive
and requires the use of systemic anticoagulation. Moreover,
the patients themselves become more complex and undergo
VAD implantation in an increasingly critical form, causing
many postoperative and direct support complications.
One of the most important complications is embolization
of the pump which may be caused by thrombus formation
resulting from the thrombocyte activation. The thrombus may
form in any part of the pump on the surfaces which stay in
direct contact with blood. Bleeding and thrombotic compli-
cations are strongly related with haemostasis affected by
antithrombotic and/or antiplatelet treatment. So the optimal
balance is sometimes a challenge. However, there is still
room to improve the pump construction to minimize blood
clotting. One way is to change the design of the inflow can-
nula, its tissue attachment, as well as the length, location,
and orientation of its introduction into the heart left ventricle.
There is still no perfect solution and each device utilizes its
own cannula design.

Materials and Methods

The main goal of the project is to develop coating for the
external surface of the inflow cannula of the Polish CF-VAD
RELIGAHEART ROT [11] (FIG. 2) to provide the controlled
myocardial tissue ingrowth around the cannula external wall.
The clinical records exhibit the high importance of this phe-
nomenon. The smooth external surface of the inflow cannula
in the CF pump may cause the growth of tissue upwards
the cannula inflow orifice, which may result in adverse flow
turbulences or suction events disrupting the proper work of
the inflow cannula.

The pump inflow obstruction is one of complications
which are directly connected to the external surface of the
inflow cannula design. Itis caused by the tissue ingrowth into
the flow passage, resulting in the pump flow collapse and
possible pump thrombosis. According to the literature, the
surface of the confluent cells monolayer may prevent throm-
bogenicity and develop an ideal blood-contacting surface
eliminating the platelet deposition. The key role is played
here by the surface topography including the presence of
grooves, ridges, hills or pores. The textured topography
represents the three-dimensional morphology, therefore it
cannot be sufficiently characterized by only the linear profile.
It requires additional measurement methods, such as Scan-
ning Electron Microscopy (SEM), Energy-dispersive X-ray
spectroscopy (EDS), atomic force microscope (AFM) and
optical profilometer.

INFLOW

SURFACE

FIG. 2. The 3D visualization of the RELIGA HEART
ROT pump under development in the Founda-
tion of Cardiac Surgery Development in Zabrze,
Poland.

The majors on the market are currently MEDTRONIC®
with HEARTWARE (HW) ventricular assist system (VAS)
and ABBOTT® with HEARTMATE Ill (HM3) VAS. However,
there are many other VAD devised used in the clinical
practice or during preclinical trials. The titanium alloy is the
most common material used for the inflow cannulas and
as the pump of most systems. Below there are presented
VADs with modified inflow cannulas — FIG. 3. Every VAD is
characterized by the different design of the inflow cannula,
although many similarities can also be observed.

It is also worth noting that the surface modification was
performed only on the external side of the inflow cannula in
the case of HeartWare, Evaheart and Jarvik. This surface
mainly contacts the heart muscle tissue and a small volume
of flowing blood. However, the HeartMate Il and HeartMate
Ill have both external and internal surfaces subjected to
spherical modifications. Similarly to other constructions, the
external surface of the inflow cannula interfaces with the
heart muscle tissue, whereas the internal porous surface
is subjected to dynamic blood flows, which requires shear
stress limitation and simultaneous stimulation of the protein
film formation.

The clinical experience has confirmed positive effects
of applying surface coating on the inflow cannula. Samer
S. Najjar et al. performed the analysis of 382 patients who
underwent the HVAD implantation to evaluate the statistics
on the pump thrombus and treatment outcomes. One of the
analyzed issues was the application of the inflow cannula
coating. The original design of HVAD included highly pol-
ished titanium alloy on internal and external surfaces of the
inflow cannula. However, the examinations of the explanted
heart showed the tissue ingrowth encircling the external
surface, which may be a source of emboli — FIG. 4a. There-
fore, the modification of the inflow cannula was performed.
To create a matrix enhancing the tissue ingrowth, the ex-
ternal surface was covered with the titanium microspheres
via sintering. Thus, the tissue surrounding the well-polished
inflow cannula did not adhere to the pump surface and may
continue to grow upwards the orifice of the inflow cannula.
The microspherical coating on the HVAD inflow cannula al-
lowed the controlled growth of tissue in the coated area and
limitated the tissue overgrowth upwards the cannula. Yet, the
paper did not show the direct impact of surface modifications
on the thrombus events limitation, as the longer observation
period was required to conclude [17].
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a) Jarvik Heart b) Evaheart e0ee0eo00o0o0

c) HeartWare d) HeartMate lll

FIG. 3. Four VAD construction with presented inflow cannulas: a) Jarvik Heart [12], b) Evaheart [13,14],
c) HeartWare [15], d) HeartMate Ill [16].
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FIG. 4. Tissue ingrowth after surface modifications on the inflow cannulas of:
a) Heartware [17], b) Jarvik 2000 [18], c) Evaheart [13]. = 2
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Craig H. Selzman et al. presented a paper on Jarvik 2000

e e o o @ @ o improvements to eliminate adverse events related to the

pump thrombus and embolic events. One of the solutions
was a modification of the inflow cannula design and the
use of microsphere coating. The angle between the pump
and the surrounding ventricular endocardium may result in
the blood stasis and formation of thrombus. The external
surface of the inflow cannula was modified within titanium
microspheres to improve tissue adherence, provide better
healing and reduce the risk of wedge thrombus formation
—FIG. 4b[18].

Yukiko Yamada et al. hypothesized that the titanium
mesh scaffold commonly used for cell culture could pro-
mote the growth of neointima, which would suppress the
thrombus formation. The titanium wire of a diameter 85 ym
was wrapped around the inflow cannula creating a textured
external surface characterized by the volumetric porosity of
40-70%. The mesh was then treated with high temperature
to bond titanium fibers to the substrate. The wire structure
was developed on the external surface of the inflow can-
nula on the section of <20 mm in length. To prevent the
tissue overgrowth, an area of unmodified surface was left
between the mesh tip and the cannula. The animal trials
were performed on four healthy calves weighing 81-98 kg
that were sacrificed humanely after 2 months. The analysis
after the ex-plantation revealed white neointimal tissue on
the titanium mesh structure without any wedge thrombus
formation around the tip of the inflow cannula — FIG. 4c.
A single layer of endothelial-like cells and mature con-
nective tissue was detected during histological studies.
The surface coating, which induces the ingrowth of autolo-
gous neointima, may result in limitation of thromboembolic
events related to wedge thrombus, but also may allow
the clinical introduction of less stringent anticoagulation
procedures [13].

The presented studies confirm the ne-
cessity of surface modifications to enhance
tissue ingrowth to the inflow cannula, which
will minimize the risk of thrombus formation

The roughness measurements were performed in the
axial direction of the inflow cannula. In order to preserve
statistics, 5 measurements were taken for each sample.
The roughness results are presented in TABLE 1, how-
ever parameters are very similar for both HM3 and HW.
Additionally, the microcontour function was used to assess
the step between the polished and porous surface of the
HeartWare inflow cannula, which equals ~200 uym. In the
case of HeartMate Ill the modified surface covers the whole
inflow cannula — no step is observed.

The SEM analysis revealed the microspherical morphol-
ogy of the surface in the inflow cannulas of both the Heart-
Mate Il and HeartWare VADs — FIG. 6ab. The surfaces were
probably subjected to the sintering process and most of the
microspheres partially melted to each other. In the case of
HM3 the surface consists of microspheres of 130 ym mean
diameter and includes 3 spherical layers. The actual thick-
ness of coating is ~300 um. The surface morphology is char-
acterized by high porosity with inhomogeneous pore sizes in
the range of 1-200 ym. Such porosity allows migration and
penetration of cells deep into the coating, enhancing tissue
adhesion to the substrate. In the case of HW the surface
is covered with microspheres of 115 ym mean diameter.
The thickness of the coating is ~200 um and consists mainly
of 2 spherical layers. Similarly to HM3, the surface of HW
is characterized by high porosity and loose packing of the
spheres on the cannula surface with inhomogeneous pore
sizes in the range of 1-250 ym. The pore sizes were esti-
mated by means of microscopic observations using SEM.
It is necessary to use a more precise test method to obtain
more reliable data regarding the degree of porosity and
average pore sizes. For both devices, the magnification in
the 860-1,3k range revealed the mechanical deformations
of spheres, a result of thermal stresses during the sintering
process — FIG. 6cd.

TABLE 1. Roughness measurements obtained for HM3 and HW.

and pump embolization. This paper focuses [SIHEARESS HeartMate Il HeartWare

on the physicochemical analysis of the WETETIEE ST Standard Avrithmetic Standard
porous surfaces developed in HeartMate mean value deviation mean value deviation
Il and HeartWare. The study includes the

use of MarSurf XR for roughness meas- Ra [um] 14.57 2.07 12.30 1.98
urements — FIG. 5, the Scanning Electron

Microscopy (SEM) for morphology analysis Rq [um] 17.73 2.74 15.38 2.50
with the dimensions measurements, the

Energy-dispersive X-ray spectroscopy Rz [um] 72.77 12.05 66.21 10.90
(EDS) for the surface composition study

and the contact angle test using gonio- Rt [um] 90.23 18.83 89.98 14.62
metric method.

FIG. 5. The MarSurf XR measuring unit and exemplary measurement.
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FIG. 6. Morphological analysis of microspherical coatings in HM3 and HW with different magnifications using

Scanning Electron Microscopy.

The EDS analysis performed on the microspheres have
shown the composition of Ti, Al, V. The HM3 surface con-
sists of Ti = 92.68%, Al = 4.73%, V = 2.59%, however the
HW surface includes Ti = 91.48%, Al = 3.66%, V = 4.86%.
For both devices, the surface was characterized as the
titanium alloy Ti6Al4V, which confirmed the information
disclosed by the manufacturer. The Ti6Al4V alloy is the most
widely used material to manufacture implants because of
its high biocompatibility and corrosion resistance. However,
according to literature, vanadium (V) may cause potential
cytotoxicity and adverse tissue reactions. Nowadays, the
Ti6AI7NDb alloy is becoming more and more often used for
long-term medical implants.

The investigation of the contact angle was carried out
on the samples at 20°C with the Moller-Wedel Optical ap-
paratus, using the goniometric method — FIG. 7. The distilled
water was applied on the sample surface with a volume of
the 1.5 yl measuring drop.

In order to preserve statistics, 5 measurements were
taken for each sample. The samples were cleaned and
dried from the residual water, using compressed air before
each measurement. The measurements were performed for
the spherical surface of HM3 and HW. In the first case the
surface was characterized by the contact angle of @ =72.4°.
In the case of HW the contact angle was equal to @ =69.3°.
The obtained results for both devices allowed determining
the wettability characteristics of modified surfaces which
proved to be highly hydrophilic. The good wettability has a
positive effect on the cell migration in the area of surface
modification, which results in good tissue ingrowth.

Results and Discussions

Currently surface modifications of medical implants pro-
vide enormous opportunities to customize and functionalize
implant-tissue connections. The phenomenon of bone tissue
growth has already been successfully investigated in the
clinical practice. Unfortunately, the issues of cardiac surgi-
cal implants have not found such interest so far, despite the
widespread use of mechanical circulatory support systems.
There is still a lack of detailed data on advanced assess-
ment of the phenomena occurring in the heart muscle at
the tissue-inflow cannula interface. There are no data in the
literature which determines the morphological parameters
of the surface coating that would provide a permanent and
stable connection of the cardiac support device with myocar-
dial tissue. The clinical experience has shown the positive
influence of surface modifications on the inflow cannula.
On the basis of actual literature, the microspherical coat-
ing on the inflow cannula of HVAD allowed the controlled
growth of tissue and limited the tissue overgrowth upwards
the cannula. On the other hand, the surface modification
which stimulates the ingrowth of autologous neointima may
limit thromboembolic events related to wedge thrombus,
possibly allowing the clinical introduction of less stringent
anticoagulation procedures. The presented studies confirm
the necessity of surface modification to enhance tissue
ingrowth to the inflow cannula, which will minimize the
risk of the thrombus formation and pump embolization.
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FIG. 7. Wettability measurements performed for HM3 and HW with exemplary resuilt.

The physicochemical analysis of the porous surfaces
on the inflow cannulas of the two VADs was performed.
The SEM analysis revealed the microspherical morphol-
ogy of the surface in both cases. The mean diameter of
spheres observed in HM3 is 130 ym, however in HW it is
115 pym. Both surfaces are characterized by high porosity
and loose packing of spheres on the cannula surface. Pore
sizes are inhomogeneous and vary in the range of 1-200 pm
for HM3, and 1-250 um for HW, respectively. The HM3 coat-
ing consists of 3 spherical layers, while in HW there are just
2 layers. Consequently, the thickness is ~300 ym for HM3
and ~200 for HW. In both cases, the surface was charac-
terized as the titanium alloy Ti6Al4V. The external surface
of the inflow cannula for both VADs was characterized by
similar roughness of Ra (12-15 ym) and Rz (66-73 um)
parameters. The contact angle measurement for both de-
vices allowed determining the wettability characteristics of
modified surfaces which proved to be highly hydrophilic.
Further research is needed to collect data on the cellular
profile of tissues in the contact area with the biomaterial.

Conclusions

So far, the clinical research has shown that VAD
pumps still need to be improved in order to mini-
mize the risk of complications during heart assistance.
In comparison to older systems, there is a huge improve-
ment through the application of modern biocompatible
materials and surface engineering, accompanied by the
VAD minimalization, the complex limitation of its complex-
ity and removal of mechanical bearings systems. Despite
many new solutions, patients still experience many side
effects, including high morbidity and even death. One of
the complications directly connected to the inflow cannula
design is the inflow obstruction, caused by the ingrowth
of tissue into the flow passage and pump thrombosis.

The solution may be improving the design of the inflow
cannula, its attachment, as well as the length, location, and
orientation of its introduction or development of the bioactive
surface. There is still no perfect solution and each device
has its own cannula design with different external surfaces
promoting cell adhesion. The clinical experience confirms
that thanks to the developed surfaces, it is possible to
control the tissue ingrowth on the external surfaces of the
inflow cannula at the tissue-implant interface. However,
it is still necessary to perform more trials to provide a better
understanding of the phenomena occurring at the implant-
tissue interface.
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Abstract

Since it is known that various cell lines may ex-
press different behaviours on the scaffolds surface,
a comprehensive analysis using various cellular mo-
dels is needed to evaluate the biomedical potential
of developed biomaterials under in vitro conditions.
Thus, the aim of this work was to fabricate bone
scaffolds composed of a chitosan-agarose matrix
reinforced with nanohydroxyapatite and compare
the biological response of two cell lines, i.e. mouse
calvarial preosteoblasts (MC3T3-E1 Subclone 4)
and human foetal osteoblasts (hFOB 1.19). Within
this study, the osteoblasts number on the scaffold
surface and the osteogenic markers level produced
by MC3T3-E1 and hFOB 1.19 cells were determined.
Furthermore, changes in calcium and phosphorous
ions concentrations in the culture media dedicated for
MC3T3-E1 and hFOB 1.19 were estimated after the
biomaterial incubation.

The obtained results proved that the fabricated
biomaterial is characterized by biocompatibility and
osteoconductivity since it favours osteoblasts at-
tachment and growth. It also supports the production
of osteogenic markers (collagen, bALP, osteocalcin)
by MC3T3-E1 and hFOB 1.19 cells. Interestingly, the
developed biomaterial exhibits different ion reactivity
values in the two culture media dedicated for the
mentioned cell lines. It was also revealed that mouse
and human osteoblasts differ in the cellular response
to the fabricated scaffold. Thus, the use of at least
two various cellular models is recommended to carry
out a reliable biological characterization of the novel
biomaterial. These results demonstrate that the tested
bone scaffold is a promising biomaterial for bone
regeneration applications, however further biological
and physicochemical experiments are essential to fully
assess its biomedical potential.

Keywords: bone tissue engineering, biocompatibility,
osteoconductivity, cell growth, osteogenic differen-
tiation

[Engineering of Biomaterials 151 (2019) 24-29]

Introduction

Bone grafting is a routinely applied treatment in regen-
erative medicine. Despite the high efficiency of bone tissue
transplantations, this treatment is constrained by painful pro-
cedures of tissue harvesting, donor-site morbidity, potential
infections, disease transmission and anatomical limitations.
Thus, whenever the application of bone grafts is impossi-
ble, tissue-engineered constructs are used in regenerative
medicine [1,2]. Typical bone scaffolds applied in bone tissue
engineering (BTE) are characterized by a three-dimensional
(3D) structure which imitates the microstructure of natural
bone. BTE involves the use of biomaterials as cellular
devices or as scaffolds combined with cells, growth factors
and/or drugs [3].

Itis worth emphasizing that tissue-engineered constructs
should trigger the right host response without side effects,
e.g. chronic inflammation or immune rejection [4]. In order
to assess the medical potential of fabricated scaffolds un-
der in vitro conditions, the biomaterials are subjected to a
comprehensive analysis using various cellular models [5,6].
The cellular response to the bone scaffolds depends on
many features of the biomaterials. First of all, the architec-
ture of scaffolds is of critical importance. Bone scaffolds
should be characterized by high porosity with interconnected
pore structure to ensure space for cells penetration and
new vascular network formation. Moreover, the biomaterial
porous structure allows nutrients and waste products diffu-
sion and ensures good oxygenation [1,7,8]. Another critical
feature is the pores size within the solid structure of the
scaffold. According to the available literature, the pore size
of atleast 100 um is considered crucial for bone ingrowth [7].
Furthermore, scaffolds for BTE applications should have
adequate mechanical properties to withstand loads at
the implantation site [9]. The chemical characteristics of
the scaffold surface, such as charge, functional groups
and wettability, also affect cell behaviour. The polar and
positively charged surface supports the cell attachment and
spreading [10], whereas the hydrophilic surface favours the
adsorption of cell adhesive proteins (e.g. laminin, vitronectin,
fibronectin) [6,11]. Likewise, the rough bone scaffold surface
facilitates the proteins adsorption [8,10], which is critical
for cell attachment, spreading, and proliferation. It is worth
noting that cells do not interact directly with the biomaterial
surface but with the adsorbed proteins [6].

As it was mentioned above, the cellular response to tissue-
engineered constructs may depend on many factors. Thus,
novel scaffolds should be subjected to a complete biological
and physicochemical analysis. In this study, we fabricated
the highly porous scaffold composed of the chitosan-agarose
matrix reinforced with the hydroxyapatite nanopowder. The
scaffold composition was to mimic bone and accelerate bone
regeneration. The polysaccharide matrix was designed to
imitate flexible organic parts of bone, whereas the synthetic
hydroxyapatite nanopowder was to mimic the natural bone
mineral [6]. Moreover, in order to obtain a highly porous
structure with interconnected pores, we produced the scaf-
fold applying a gas-foaming agent and the freeze-drying
method simultaneously. Both the scaffold composition and
the applied production method are characterized by high
novelty and claimed in the Polish patent application no
P.426788. The novel scaffold was proved to have the total
open porosity (approx. 70%) and the compressive strength
values (1.4 MPa) comparable to cancellous bone. Moreo-
ver, the chitosan/agarose/hydroxyapatite material is non-
toxic and it favours the cell attachment and spreading [12].
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Since it is known that various cell lines may exhibit differ-
ent behaviours on the biomaterial surface, the primary goal
of this work was to evaluate and compare the biological
response of the mouse calvarial preosteoblast cell line
(MC3T3-E1 Subclone 4) and the normal human foetal
osteoblast cell line (hFOB 1.19) to the fabricated scaffold.
Within this study, we evaluated the osteoblasts number after
the 3-day culture on the biomaterial surface and the level of
osteogenic markers produced by the mouse MC3T3-E1 cells
and the human hFOB 1.19 ones. Additionally, changes in
calcium (Ca?*) and phosphorous (HPO,?) concentrations in
the culture media (dedicated for MC3T3-E1 and hFOB 1.19
cells) after incubating the scaffold were assessed. Thus we
determined the ion reactivity of the material which also may
influence the cellular response.

Materials and Methods

Materials

Chitosan, agarose, hydroxyapatite nanopowder (nanoHA)
and sodium bicarbonate (NaHCO,) were purchased from Sig-
ma-Aldrich Chemicals. Acetic acid (CH,COOH) and sodium
hydroxide solution (NaOH) were obtained from Avantor Per-
formance Materials. Cell experiments were performed using
osteoblast cell lines: the mouse calvarial preosteoblast cell
line (MC3T3-E1 Subclone 4) and the normal human foetal
osteoblast cell line (hFOB 1.19), which were purchased from
American Type Culture Collection (ATCC). The Alpha-MEM
medium was obtained from Gibco, USA. The DMEM/Ham
F12 medium without phenol red, the 0.25% trypsin-EDTA
solution, the penicillin-streptomycin solution, the G418 disul-
fate salt solution, ascorbic acid, $-glycerophosphate, dexa-
methasone, paraformaldehyde, Triton X-100, bovine serum
albumin (BSA) and DAPI were obtained from Sigma-Aldrich
Chemicals. Lactate Dehydrogenase Activity Assay Kit (LDH)
was also obtained from Sigma-Aldrich Chemicals. Foetal bo-
vine serum (FBS) was purchased from Pan-Biotech GmbH.
Ca?*and HPO,*ions concentrations in media were estimated
using Calcium CPC and Phosphorous Assay Kits, which
were acquired from Biomaxima. AlexaFluor635-conjugated
phallotoxin was obtained from Invitrogen. Bone alkaline
phosphatase (bALP) activity in cell lysates was measured
using the mouse-specific ELISA assay (Mouse Bone Alkaline
Phosphatase ELISA Kit) and the human-specific ELISA as-
say (Human Bone Alkaline Phosphatase ELISAKit) obtained
from FineTest. Type | collagen (Col I) and osteocalcin (OC)
levels in cell lysates were measured using the mouse-specific
ELISA assays (Mouse Collagen alpha-1(l) chain ELISA Kit,
Mouse Osteocalcin ELISAKIit) and the human-specific ELISA
assays (Human Collagen alpha-1(l) chain ELISAKit, Human
Osteocalcin ELISA Kit) supplied by ElAab.

Scaffold production

The scaffold was synthesized via the simultaneous ap-
plication of the gas-foaming agent and the freeze-drying
method. Briefly, 2%w/v chitosan (75-85% deacetylation
degree, viscosity < 300 cP, 50-190 kDa molecular weight)
and 5%w/v agarose (low EEO, gel point 36 + 1.5°C) were
suspended in 2%v/v CH;COOH. Then, the obtained sus-
pension was mixed with 40%w/v nanoHA and NaHCO; (a
foaming agent). The resultant paste was put into a cylinder-
shaped form and subjected to heating in a water bath at
95°C. Then, the sample was cooled, frozen in a liquid vapour
phase and lyophilized (LYO GT2-Basic). The final scaffold
was neutralized in 1%w/v NaOH solution, washed with
deionised water, and left to dry at room temperature. The
scaffold was sterilized by ethylene oxide. The microstructure
of the produced scaffold was visualized using a stereoscopic
microscope (Olympus SZ61TR) (FIG. 1).

37 “5@

FIG. 1. Microstructure of the fabricated scaffold
visualized by a stereoscopic microscope.

lon concentrations assessment

The changes in ion concentrations were estimated in
the culture media (dedicated for MC3T3-E1 and hFOB 1.19
cells) after the incubation with the scaffold. The biomaterial
discs were immersed in the alpha-MEM and DMEM/Ham
F12 medium maintaining the proportion of 100 mg sample
per 1 ml culture medium and incubated at 37°C for 24 h.
Culture media without the scaffold were treated as the
control media. After 24-h incubation with the scaffold, the
culture media were collected by centrifugation and Ca?*
and HPO,% concentrations were estimated spectrophoto-
metrically using the Calcium CPC and Phosphorous Assay
Kits following the manufacturer’s protocol.

Cell culture experiments

Prior to cell seeding onto the scaffold surface, the sam-
ple discs were placed in the wells of polystyrene plate and
preincubated in the appropriate complete culture medium.
The MC3T3-E1 cell line was maintained in the alpha-MEM
medium supplemented with 10% FBS, 100 U/ml penicillin
and 0.1 mg/ml streptomycin. The hFOB 1.19 cell line was
maintained in the DMEM/Ham F12 medium without phenol
red supplemented with 10% FBS, 300 ug/ml G418, 100 U/
ml penicillin and 0.1 mg/ml streptomycin. The MC3T3-E1
cells and the hFOB 1.19 cells were incubated in a humid
atmosphere with 5% CO,at 37°C and 34°C, respectively.
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Osteoblast number assessment

The assessment of osteoblast number on the scaffold
surface was conducted after the 3-day culture. The MC3T3-
E1 and hFOB 1.19 cells were seeded directly on the scaf-
fold discs (4 mm in diameter and 2 mm thick), placed in
a 96-wells plate in 100 ul of the medium at the concentration
of 5 x 10* cells/ml. On the 3rd day, the cells grown on the
surface of the scaffold were lysed, as described previously
[13]. Then, the total cell number in lysates was estimated us-
ing LDH Activity Assay following the manufacturer’s protocol.
The exact number of cells was estimated using a calibration
curve made for the known cell number of MC3T3-E1 cells
and hFOB 1.19 cells.

Additionally, osteoblasts on the scaffold surface were
visualized by fluorescent staining of cytoskeleton and nuclei.
After the 3-day culture, the cells were fixed with 3.7%v/v
paraformaldehyde, permeabilized with 0.2%v/v Triton X-100
and blocked with 1%w/v BSA. The cytoskeleton filaments
and nuclei were stained with AlexaFluor635-conjugated
phallotoxin and DAPI, respectively. The stained cells were
visualized by confocal laser scanning microscope (CLSM).

Evaluating the level of osteogenic markers

The osteogenic differentiation of the cells on the scaf-
fold surface was carried out for 16 days. The MC3T3-E1
cells and the hFOB 1.19 cells were seeded directly on the
scaffold discs (7 mm in diameter and 2 mm thick), placed
in a 48-wells plate in 500 ul of the appropriate complete
culture medium at the concentration of 4 x 10° cells/ml and
incubated for 24 h at 37°C and 34°C, respectively. Then,
the culture medium was discarded and replaced with the
osteogenic medium made of the appropriate complete
culture medium supplemented with 50 pg/ml ascorbic acid,
0.01 uM B-glycerophosphate, and 0.01 uM dexamethasone.
Every third day, half of the osteogenic medium was changed
with a fresh portion. On the 8th and 16th day of the experi-
ment, the cells were lysed, as described previously [13],
and the level of osteogenic markers in cell lysates was
estimated using appropriate ELISA assays for mouse and
human species. The bALP activity and Col | concentration
were estimated on the 8th day of the experiment, whereas
the bALP activity and OC concentration were estimated on
the 16th day of the experiment.

Statistical analysis

All the experiments were conducted in triplicate (n = 3)
and the obtained results were showed as mean values *
standard deviation (SD). The data were statistically analyzed
using an unpaired t-test (GraphPad Prism 8.0.0 Software).
Statistically significant differences were considered at
p <0.05.

Results and Discussions

lon concentrations assessment

The surface of calcium phosphate-based biomaterials
may interact with the ions which are present in the culture
environment, causing fluctuation in ion concentrations
which, in turn, may influence cellular response [14,15]. Thus,
in this study, the evaluation of ion concentrations in the
culture media after the scaffold incubation was performed.
In this experiment, the media dedicated particularly for main-
taining the MC3T3-E1 and the hFOB 1.19 cell were used.
As shown in FIG. 2a, the biomaterial incubation in the cul-
ture medium dedicated for the MC3T3-E1 cell line resulted
in the significant uptake of Ca?*ions from the surrounding
microenvironment. Interestingly, the divergent results were
obtained for the scaffold incubated in the culture medium
dedicated for the hFOB 1.19 cell line (FIG. 2b) where the
significant release of Ca? ions was observed. As for the
HPQO,% concentration in the culture media, it was revealed
that the scaffold caused the significant uptake of theseions,
regardless of the applied culture medium. The observed
fluctuations in ion concentrations in the liquid environment
are typical for calcium phosphate-based biomaterials.
The uptake of Ca?*and HPO,? ions from the culture medium
probably resulted from the electrostatic interaction between
the charged biomaterial surface and ions in the culture
microenvironment [16]. Moreover, this phenomenon may
be also associated with the bone-like apatite formation on
the scaffold surface [16,17]. The Ca?*ions release was pos-
sibly caused by the hydroxyapatite dissolution or the ionic
substitution of Ca?* ions present in hydroxyapatite by other
ions occurring in the culture medium [18].
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FIG. 2. Changes in Ca** and HPO,*ions concentration [mg/L] in culture medium dedicated for (a) MC3T3-E1 and
(b) hFOB 1.19 cells after incubation with the scaffold (scaffold-treated medium); *statistically significant results
compared to appropriate control medium (p < 0.05, n = 4, unpaired t-test).
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Osteoblast number assessment

To compare cell behaviour of the two different osteoblast
cell lines on the scaffold surface, the mouse (MC3T3-E1)
and human (hFOB 1.19) osteoblasts were seeded directly on
the scaffold and cultured for 3 days, then the cell numbers
were evaluated by the LDH total test. FIG. 3 shows that
after the 3-day culture, the number of the MC3T3-E1 cells
was 8.99 + 1.04 x 103, whereas the number of the hFOB
1.19 cells equalled 7.14 + 1.65 x 10%. Thus, the MC3T3-E1
cells were slightly more numerous on the material surface
as compared to the hFOB 1.19 osteoblasts. However,
the observed differences were not statistically significant.
It should be noted that the cell growth on the scaffold sur-
face may be affected by fluctuations in ion concentrations
occurring in the surrounding culture medium. Itis well known
that extracellular Ca?* ions support osteoblast adhesion,
proliferation and extracellular matrix (ECM) formation [8].
However, too high Ca? concentrations in the culture mi-
croenvironment may lead to hyperosmotic stress causing
cell shrinkage and intracellular dehydration, followed by
cell death [19]. It was observed that the scaffold caused
the increase in Ca?* concentration in the culture medium
dedicated for human osteoblasts. Thus, a slightly lower
number of the hFOB 1.19 cells on the scaffold surface as
compared to the mouse osteoblasts could result from local
too high concentration of Ca?* ions.

Cell number on the scaffold on the 3rd day
12
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x @
X L
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2 3
o
MC3T3-E1 hFOB 1.19

FIG. 3. Comparison of osteoblast number on the
surface of the scaffold (n = 4, unpaired t-test).

MC3T3-E1

The CLSM images showed that both the MC3T3-E1 cells
and the hFOB 1.19 cells cultured on the scaffold surface
were well spread and had flattened morphology (FIG. 4),
proving that the surface of the fabricated scaffold supported
the cell attachment and growth. Thus, the developed bio-
material possesses osteoconductive properties which are
defined as the ability of the scaffold to favour cell adhesion,
growth, and differentiation [6].

Evaluation of osteogenic markers level

The osteogenic differentiation of cells is a 3-step process
involving: 1) intensive cell proliferation, 2) ECM synthesis, 3)
ECM mineralization. During each phase of the osteogenic
differentiation, cells produce specific osteogenic markers.
During the proliferation stage, cells exhibit rapid proliferation
and produce mainly a great amount of Col | and fibronectin.
In the ECM synthesis stage, cells do not divide anymore and
begin the intensive synthesis of the bone ECM proteins.
Additionally, during this stage cells exhibit the highest bALP
activity. In the third stage, cells reveal high mineralization
activity. This phase is also characterized by high production
of OC and osteopontin which are responsible for binding
calcium ions and thus ECM mineralization. Importantly,
during the ECM mineralization stage, the bALP activity is
at a moderate level [6,20].

The evaluation of osteogenic cells differentiation on the
surface of the engineered bone scaffold is crucial in terms of
medical application. In this study, we tested in vitro two cel-
lular models (MC3T3-E1 Subclone 4 and hFOB 1.19) which
are commonly used in preclinical testing of biomaterials
and are considered proper models for studying osteoblast
behaviour and osteogenic differentiation [6]. The MC3T3-
E1 cell line is known for cell proliferation and mineraliza-
tion potential similar to human primary osteoblasts [21].
Moreover, MC3T3-E1 Subclone 4 forms a well mineralized
ECM and exhibits high mRNAs expression for osteogenic
markers, such as OC, parathyroid hormone (PTH)/parathy-
roid hormone-related protein (PTHrP) receptor and bone
sialoprotein while cultured in presence of ascorbic acid and
inorganic phosphate [22]. Whereas, the hFOB 1.19 cell line
is considered a great cellular model, since it may differenti-
ate into mature osteoblasts with the phenotype similar to
normal primary osteoblasts [23].

hFOB W19

FIG. 4. Visualization of osteoblasts grown on the scaffold surface (cytoskeleton filaments — red fluorescence,
nuclei — blue fluorescence; magn. 400x, scale bar = 20 pm).
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In this research, the level of typical osteogenic mark-

® e e o000 o ¢grs (bALP, Col I, OC) produced by the MC3T3-E1 and

the hFOB 1.19 cells cultured on the scaffold surface was
estimated. The bALP activity was evaluated on the 8th
and 16th day of the experiment since this enzyme is es-
pecially important for the second and the third stage of
the differentiation process. Col | which is characteristic of
the first and second stage was determined only on the 8th
day, whereas OC, which is a late marker, was determined
only on the 16th day of the experiment. The performed
ELISAs clearly showed that the level of osteogenic mark-
ers which were synthesized by the cells cultured on the
scaffold surface depended on the cell line type (FIG. 5).
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FIG. 5. Evaluation of osteogenic markers level:
(a) bALP, (b) Col I, and (c) OC in MC3T3-E1 and
hFOB 1.19 osteoblasts cultured on the surface of
the scaffold for 8 and 16-days; *statistically sig-
nificant results compared to MC3T3-E1 cell line
(p < 0.05, n =4, unpaired t-test).

It was observed that on the 16th day, the bALP activity in-
creased when compared to the 8th day of the experiment
for both cell lines (FIG. 5a). However, on the 16th day of
the experiment, the hFOB 1.19 cells exhibited a significantly
higher bALP activity than the MC3T3-E1 cells. Interestingly,
the MC3T3-E1 cells produced a significantly higher amount
of Col | than the hFOB 1.19 cells (FIG. 5b), whereas the
hFOB 1.19 cells produced a significantly higher amount
of OC than the MC3T3-E1 cells (FIG. 5c). Since human
osteoblasts revealed the higher bALP activity (typical of 2
and 3 phase), they produced lower amounts of Col | (early
differentiation marker, typical of 1 and 2 phase) and syn-
thesized greater amounts of OC (late marker, typical of 3
phase) in comparison to mouse cells, it may be concluded
that the hFOB 1.19 cells were in a more advanced phase
of osteogenic differentiation than the MC3T3-E1 cells. The
lower differentiation degree of the mouse cells cultured
on the scaffold most likely resulted from the preosteoblast
phenotype of MC3T3-E1 cells, as compared to human os-
teoblasts. According to the available literature, in contrast
to the MC3T3-E1 cells, the differentiated hFOB 1.19 cells
exhibit phenotype and gene expression typical of primary
mature osteoblasts [6]. Importantly, the obtained results
clearly demonstrated that the surface of the fabricated scaf-
fold facilitated the osteogenic differentiation, confirming that
the developed biomaterial has osteoconductive properties.

Conclusions

The obtained results demonstrated that the fabricated
scaffold composed of the chitosan-agarose matrix reinforced
with hydroxyapatite nanopowder is characterized by bio-
compatibility and osteoconductivity. The scaffold allows for
the attachment and growth of both the mouse calvarial pre-
osteoblasts (MC3T3-E1 Subclone 4) and the normal human
foetal osteoblasts (hFOB 1.19). The innovative biomaterial
also promotes the production of osteogenic markers by the
mentioned cells. Interestingly, the developed scaffold reveals
the different ion reactivity in the culture medium dedicated
for mouse cells in comparison to the medium for human
osteoblasts. It was also proved that the cell lines may dif-
fer in the cellular response to the investigated biomaterial.
Therefore, to yield more reliable results it is recommended
to perform biological characterization of the novel scaffold
using at least two various cellular models. The presented
results indicate that the novel bone scaffold has a great
potential to be used in bone regeneration applications,
however further experiments need to be performed to fully
confirm its biomedical usefulness.
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