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DO CASTELO, 4900-347 VIANA DO CASTELO, PORTUGAL
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FACULTY OF ENGINEERING, UNIVERSITY OF PORTO,

RuA DR. ROBERTO FRIAS s/N, 4200-465 PORTO, PORTUGAL
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Abstract

Silicone-based elastic composites with a metallic filler
have been strongly developed in recent years. These ma-
terials are considered applicable in many fields of science,
including medicine. The advantageous mechanical parame-
ters provided by the NdFeB micropowder reinforcement are
balanced by the elasticity and biocompatibility guaranteed
by the silicone matrix. So far, there have been several
reports regarding such composites’ properties important
from the biomedical point of view. The article deals with the
physicochemical parameters of the new material for medical
applications as well as the properties of the incubation liquid.
The aim of the work was to determine effects of both the
magnetic particles content (0, 30, 50, 70 wt%) and the
incubation process under physiological conditions on the
physicochemical properties of the material and the solution
after incubation. The samples were incubated for various
periods of time (8, 16 and 24 weeks) at the temperature of
37°Cin a 0.9 wt% NaCl solution. The density, water contact
angle, and water absorption of the materials were measu-
red. The electrolytic conductivity, pH value, redox potential,
surface tension, and kinematic viscosity were determined
for the liquids after the materials incubation. The results
obtained for pure silicone and the silicone-based composite
reinforced with NdFeB microparticles were compared. The
results indicate that incubation affects the samples and
liquids, changing their physiochemical properties. For com-
posites, the density decreased, which results in a noticeable
concentration of the examined elements in the solutions.

Keywords: silicone-based composite, magnetic material,
physicochemical properties, incubation, ICP-MS analysis

[Engineering of Biomaterials 164 (2022) 2-8]

doi:10.34821/eng.biomat.164.2022.2-8

Submitted: 2022-02-15, Accepted: 2022-04-21, Published: 2022-05-05
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Introduction

One of the significant directions of progress in biomedi-
cal engineering is the need to develop new biomaterials.
However, many aspects must be considered to provide safe
and useful materials [1]. Despite the chemical composition,
the fabrication method is essential in assessing biomate-
rial’s properties [2,3]. In the last few years, there has been
an increasing interest in elastic materials endowed with
some additional features. Thus, silicones are widely used
for applications in medicine. Polydimethylsiloxane (PDMS)
is a well-known type of silicone that belongs to the group of
siloxanes [4]. It is altered to manufacture stretchable struc-
tures, elements of surgical instruments, microfluidic devices,
or drug delivery systems [5,6]. PDMS is also used for tissue
simulating optical phantoms useful in the development of
biomedical engineering technologies [3] and for medical
electronics, e.g., electrochemical sensors [7]. Its structural
biocompatibility, biostability, and various applications in
medicine, were the main reasons for choosing PDMS as
a matrix to prepare magnetic powder-based composites
in this work [6].

Soft composites can be reinforced with various fillers.
One of the groups of filling materials that is becoming
increasingly important in materials science is metal alloys
with magnetic properties. The balance between the structure
flexibility and the ability to move in a magnetic field can be
obtained in these composites [8]. Magnetic particles with
different shapes and chemical composition are used in
biomedical engineering [9-11]. The most popular element
showing ferromagnetic behaviour is iron (Fe). Iron is part of
many compounds for medical purpose, such as magnetite
(Fe;O,) or maghemite (yFe,O;) [12]. This element is the main
component of neodymium magnet (NdFeB). Applications of
NdFeB magnets in medical sciences increased in the last
decades [11,13,14]. Silicone-based composites reinforced
with magnetic particles, especially with NdFeB, are of
great interest to researchers from all over the world. Those
materials combine elasticity and biocompatibility supported
by an organic matrix, and the possibility of the material re-
mote control provided by a filler with magnetic properties.
Soft magnetic composites can act as microrobots for precise
surgeries. They can also play a role in targeted drug delivery,
where precision is crucial [8,15,16]. Many cancer therapies
are specific and can be delivered via remotely controlled
structures. In this case, drugs are applied to the composite
surface. The drug activation may be induced by a magnetic
field of a certain value [17,18].

The assessment of new magnetic materials in medicine,
apart from their mechanical, thermal and functional proper-
ties, also includes their biocompatibility study and impact
on the human body. One of the parameters is the influence
of physiological fluids on the physicochemical properties of
composites. The tendency to release the elements of the
magnetic filler from the composite to the environment has
to be considered as well. The most commonly used solution
for the biomaterials incubation is a sodium chloride solution
(0.9 wt% NaCl) [19]. Studies are performed mostly to ana-
lyze the material behaviour under specific conditions. The
material properties change with the incubation time in the
simulated physiological environment is also evaluated [20].
The biomaterial should retain its properties and therefore
should not release toxic compounds into the body [21,22].

Z ommm® © 00000 0000000000000 00000600000000000000000
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NdFeB magnets have already been well-examined for
medical applications and are considered to be cytotoxic to
certain types of animal or human cells. The tests performed
in vitro for mucosal fibroblasts showed high cytotoxicity in
contact with neodymium [23,24]. Neodymium particles,
when not handled with care, can come closer to each other
inside the body, causing harmful injuries. It is proven that
the presence of neodymium in the human body can damage
the liver or cause lung embolism [25,26]. Although, there are
no reports regarding the maximum allowable concentration
of neodymium, it has to be considered if the component
is not rejected by the human or animal body. Iron is an
essential element for the proper functioning of the body.
Itis found in human haemoglobin, cells, and enzymes. Iron
deficiency can be dangerous for human health [27]. Boron
is a trace element in the human body, delivered with water
and food. It can be toxic when the boron intake exceeds
0.75 mg/day for infants, 1.34 mg/day for 50 year-old men,
and 1.39 mg/day for nursing mothers [28,29]. Biodegrada-
tion and biocorrosion studies for NdFeB magnets defined
the neutral or mild behaviour of the material in the microbial
environment [13,30].

The main goal of the presented study was to determine
physicochemical properties of both the PDMS-based mate-
rial and the solution after the incubation process. Another
goal was to analyze the influence of different powder content
on the materials properties. Finally, the research should
reveal whether the incubation time affects the chosen char-
acteristics of both the material and the solution.

Materials and Methods

The examined materials were PDMS-based composites
with NdFeB micropowder as a filler. A silicone with the trade
name Sylgard 184 (Dow Corning, Midland, MI, USA) was
used as an organic matrix. This polymer was supplied in
a two-component form: an elastomer and a curing agent.
The ingredients were mixed in a weight ratio of 10:1. A me-
tallic micropowder with magnetic properties with the trade
name MQFP-14-12 (Magnequench, Singapore, Singapore)
was used as a reinforcement. The size distribution given by
a production company is of d50 = 25 ym. The chemical
composition of the metal alloy is presented in TABLE 1.

The composite manufacturing process started with the
silicone matrix preparation. About 20 g of elastomeric lig-
uid was mixed with approximately 2 g of the liquid curing
agent to obtain a proper silicone. Then, the material was
immediately transferred into four separate Petri dishes. The
reinforcement was added to the second, third and fourth
dish, in order to obtain composites with 30, 50, and 70 wt%
of afiller, respectively. The components for each composite
were hand-mixed to obtain a homogenous mixture. In the
next step, each material was poured on a PTFE mat and put
into a vacuum dryer. Gases entrapped inside the composite
were released. The degassed composites were cured in
a LabEcon 300 hydraulic press (Fontijne, Vlaardingen,
The Netherlands) for 20 min at the fixed temperature
(100°C). The cured materials were cut into uniform 9 mm
diameter discs of a 1 mm thickness. The prepared samples
were weighed before immersing them in a solution.

The solution for the simulation under in vitro condi-
tions was 0.9 wt% sodium chloride (NaCl, Sigma Al-
drich, St. Louis, MO, USA) in ultrapure Milli-Q water
(Merck Milipore, Darmstadt, Germany). The water was
mixed with NaCl and then the physicochemical proper-
ties of the conditioning liquid were determined to obtain
the reference sample characteristics. The composite
samples were placed in plastic containers. Each com-
posite and pure PDMS were conditioned separately.

TABLE 1. Chemical composition of the micro-
powder.

Element Symbol Percentage
Neodymium Nd 26%
Boron B 1%
Niobum Nb 1.9%
Iron Fe 71.1%

TABLE 2. Designation of samples.

Incubation time Concentration

PEEIE [weeks] of filler [wt%]
0-0 0 0
08 8 0
0-16 16 0
0-24 24 0
30-0 0 30
30-8 8 30

30-16 16 30
30-24 24 30
50-0 0 50
50-8 8 50
50-16 16 50
50-24 24 50
70-0 0 70
70-8 8 70
70-16 16 70
7024 24 70

Three sets of each type of examined material were prepared
for investigating the effects of different incubation times.
The samples were immersed in the sodium chloride solution
with a weight/volume ratio of 1:10. The samples designa-
tions are presented in TABLE 2. It should be noticed that
the control samples of solution were incubated in separate
plastic containers for the same time periods as the materi-
als for incubation.

The samples were conditioned in a laboratory incubator
at a constant temperature of 37 + 0.5°C for 8, 16 and 24
weeks. After each period of time, the designated samples
were taken out and dried. The control samples i.e. pure
silicone and the composite materials were not subjected to
the incubation process at all. Having been incubated, the
samples were dried in air at the temperature of 22 + 1°C
and the humidity of 50%. After the materials were removed,
the incubation solutions were examined regarding their pH,
conductivity, redox potential, surface tension, and kinematic
viscosity. The physicochemical properties of materials (den-
sity, wettability, water absorption) were evaluated as well.

The SevenMulti (Mettler Toledo, Columbus, OH, USA)
multifunctional ionoconductometr with dedicated electrodes
was used to measure the pH, conductivity, and redox
potential. The surface tension tests were performed us-
ing a balance (Mettler Toledo, Columbus, OH, USA) with
a platinum ring and the STA1 tensiometer (Sinterface, Berlin,
Germany) [31]. The surface tension value (y) was calculated
from the formula (1):

F
1
4R (1)
where F is the force needed to separate the ring from the

solution surface [N], and R is the radius of the measuring
ring [m].

y:

3
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The kinematic viscosity of solutions was determined us-

® o o o o o o ingtheiVisc system (LAUDA Scientific, Lauda-Kdénigshofen,

Germany) shown in FIG. 1. The system consists of the
Ubbelohde glass capillary and a self-priming handle with
an optical system for the liquid flow measurement. The
capillary was immersed in a thermostat, so the solution
temperature was in the same range for all the experiments.
The measurements were performed using software con-
nected to a device. The evaluation of kinematic viscosity is
person-independent, which makes those calculations very
precise. The physicochemical tests were performed at the
temperature 25 + 1°C and the measurements were repeated
five times for each solution.

waterbath

Ubbelohde
viscometer

FIG. 1. iVisc system for kinematic viscosity de-
termination.

The elements concentration in the solutions was deter-
mined using inductively coupled plasma-mass spectrometry
(ICP-MS). This type of spectrometry is used to measure
trace elements in biological solutions by comparing their
concentration with standards. The ICP-MS analysis of the
solutions after conditioning was performed using the Triple
Quadrupole ICP-MS (8800 ICP-QQQ, Agilent Technolo-
gies, Singapore) fitted with MicroMist nebulizer, Scott-type
double pass spray chamber Peltier cooled, nickel sampler
and skimmer cones, and collision/reaction cell (octopole
reaction system ORS3) [32]. The ICP-MS method was
used to determine iron, neodymium, boron, and niobium
with interfering elements in the model solutions and the
experimental samples.

The samples density (d) was measured by the hydrostatic
method. The experiment was conducted using the balance
(Mettler Toledo, Columbus, OH, USA) with the special
equipment. The procedure is that the weight of the sample
is recorded first on a plate in air, then in water. The den-
sity was automatically calculated by the balance software.
Density tests were performed five times for each sample.
The wettability of the materials surface was determined us-
ing the Contact Angle Goniometer (Ossila, Sheffield, UK).
Wettability is defined by the contact angle (©) between the
surface of the examined material and a droplet of ultrapure
water on the surface. The acquired images of bare PDMS
and PDMS-based composites were analyzed with the Os-
sila Contact Angle software using a tangent method [33].
For each sample, the contact angle was measured five
times. The water absorption (W) was determined using
a balance with a high sensitivity of 0.01 mg (Mettler Toledo,
Columbus, OH, USA). The measurements compared the
samples weight before and after incubation. Each sample
was weighted before immersion in a medium and after a set
incubation time. The experiment was followed by a day of
drying at room temperature of 22 + 1°C and 50% humidity.
The water absorption value is a percentage gain weight of
the examined sample.

The obtained results are presented in the form of mean
values + standard deviations. To determine the significance
level for the conducted studies, the one-way ANOVA and
Tukey’s post-hoc analysis were performed. The statisti-
cal analysis was performed with Statistica 13.1 software.
The value of p <0.05, and the significance level of a = 0.05
were assumed. Probability values less than 0.05 were
considered statistically significant.

Results and Discussion

The properties of sodium chloride solutions after the
incubation of PDMS-based composites with magnetic pow-
der were determined. In FIG. 2 the results for the pH value
(FIG. 2A), electrolytic conductivity (FIG. 2B), redox potential
(FIG. 2C) and surface tension (FIG. 2D) measurements of
solutions vs time in weeks are presented. These properties
are crucial for the material’s potential application in biomedi-
cal engineering, especially when considering the contact
of material with blood and other body fluids. The tests are
aimed at verifying the influence of the material on the en-
vironment they are supposed to work in. Characterization
of the solutions after incubation is essential to identify any
biological hazards and show the compliance with regulatory
expectations. It is a key issue in terms of accelerating the
material or device development in certain conditions.

The initial pH of the sodium chloride was about 7.05
+ 0.02 and it was virtually invariable over the incubation
time. An increase in pH of about 0.15 was observed for the
solutions after incubation of pure PDMS. With the higher
percentage of magnetic filler, the differences were more
visible. For the solutions the composites were immersed in,
the pH value increased significantly as the incubation time
was prolonged. After 24 weeks of incubation, the solution for
the 30-24 sample was characterized by the pH increase of
about 0.20, the 50-24 sample solution was characterized by
the increase of about 0.30 and for the 70-24 solution the pH
increase of about 0.50 was observed. The obtained results
followed the rule: the higher percentage of magnetic filler,
the higher increase in pH value (FIG. 2A), which indicates
the interaction between the solution and the incubated
composites. The pH value increase can be caused by the
chemical processes occurring on the composite surface
during the incubation. The oxides, which are formed on
the basis of elements separated from the material, might
change the pH of the solution. It has to be noticed that the
observed pH value was slightly higher than the pH of natural
saliva (7.2) [34].

The electrolytic conductivity (k) value of the freshly pre-
pared 0.9 wt% NaCl solution was 13.54 mS/cm. Electrolytic
conductivity also showed that the longer incubation time, the
higher value of this parameter was obtained. The lowest dif-
ference was observed for the control sample with the change
of 0.3 mS/cm. The higher changes were noticed for the 70-0
and 70-24 samples solutions differing about 5.1 mS/cm.
The interaction between the composite with the 70 wt% of
the filler was presumably intensive, hence such changes
could have been observed. The lower filler concentration in
a composite, the lower changes of the electrolytic conduc-
tivity were observed. The change was expected, as the
elements in the ionic form could get into solution from the
composite.

The redox potential values (E,) decreased for the so-
lutions after the material incubation, which indicated the
intensification of the reduction reactions. For the solu-
tions, where the composites with higher NdFeB content
were incubated, the E, decrease was more significant.
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FIG. 2. Results of physiochemical properties of solutions vs incubation time: (A) pH value; (B) Electrolytic

conductivity; (C) Redox potential; (D) Surface tension.

This change is connected with a higher concentration of
elements in solutions that may undergo oxidation or reduc-
tion. For the 70-24 solution, E,, was about 25 mV lower, for
the 50-24 solution it was 20 mV lower and for the 30-24
solution 10 mV lower in comparison to the freshly prepared
solution. The inverse relationship i.e. the E, value increase
was observed for the control sample, where mainly oxidation
reactions occurred. For the control solution incubated for 24
weeks (T = 37°C) the E, value increased by approximately
15 mV. The lower E, indicates the tendency to perform oxida-
tion reactions, caused by the electron loss in the solution.

The results of the surface tension for the solutions after
incubation are presented in FIG. 2D. The tested parameter
increased with the materials incubation time and with the
higher percentage content of the powder filler. Between
the initial value and the value for the 70-24 solution the dif-
ference was about 0.035 N/m. Lower differences were ob-
served for solutions where the composites of 50 and 30 wt%
addition were incubated. The surface tension of the control
NaCl solution decreased with the incubation time for about
0.005 N/m. The change in the surface tension value is af-
fected by the changes in the intermolecular forces system in
the examined solution. That might be caused by the release
of elements from the composite to the solution. The surface
tension increase means that the wettability decreases and
causes less adhesion.

The primary value of the kinematic viscosity for the control
solution was of 0.00959 cm?/s and it increased over time.
The value grew significantly for the solutions after incubating
the 70 wt% NdFeB composite over time (for approximately
0.0025 cm?/s). The difference for the solutions after incubat-
ing the composites of 30 wt% and 50 wt% was of 0.0014
cm?/s and 0.0018 cm?/s, respectively. The kinematic viscos-
ity changed with the incubation time, presumably due to the
change in the chemical composition of the solutions and the
ions diffusion into the solution. The kinematic viscosity was
in a linear correlation to the pH value. The data presented
in FIG. 3. show the correlation between the kinematic
viscosity of solutions (v) and pH value. The data prove the
relationship: the higher pH value, the higher kinematic vis-
cosity. Due to the Pearson’s r (0.88) and adjusted R-square
(0.76) coefficients, the data fit the linear regression model.
The data for pH value vs kinematic viscosity are correlated.
At the higher pH values, the solutions viscosity is expected
to increase due to the new compounds in the incubation
liquid and the presence of ions.
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The chemical composition and concentration of selected
©eeo0cooo0 elements in the solutions after the material incubation were
0013 investigated. The results of the ICP-MS analysis are pre-
sented in TABLE 3. The presence of Nd, Fe, B, and Nb in the
solution after incubation was caused by the release of ele-
ments. The concentrations of each element varied and the
following changes were observed. For boron, the lowest con-
centration was observed for the solution after 24 weeks incu-
bation of the composite with 70 wt% NdFeB reinforcement.
The highest value was noticed for the solution after condi-
tioning the composite for 16 weeks. Surprisingly, the concen-
Equation y=a+b™ tration of Fe in the solutions after incubation of the 70 wt%

0.012

~0.011 -

Kinematic viscosity, v [cm?/s]
a
=)
T

Intercept -0.01678 £0.0044 composites, despite repeated experiments, was under the
Slope 000383 £6.1709 detection limit for this element and the method combined.
0.009 |- iesarsow 088183 The content of elements in the solutions after incubation
-Square(COD) 0.77763 . .
Adj. R-Square 0.75742 of all the tested composites (30, 50 and 70 wt% of magnetic
powder) and the total content of all the elements for each
0.008 —_ tested composite are presented in FIG. 4. The highest
7o 7 72 73 4 7 78 diffusion of elements into the solutions was noted for the
pH value samples indexed as 30-24, 50-8, and 50-16. The boron
concentration was relatively high (5 pg/ml or more) for all
the solutions (18 pg/ml or more). The iron concentration was
FIG. 3. The correlation between the kinematic high for the solutions indexed by 30-24, 50-8, and 50-16.
viscosity (v) and pH value of examined solutions. The neodymium content was the highest for the 70-16

solution. The time of exposure did not affect the chemical
composition of the solution.

TABLE. 3. Results for ICP-MS analysis (LOD is the limit of detection).

Solution Sample 8 ke Nd Ab
Concentration [ug/ml]  Concentration [ug/ml] Concentration [ug/ml] Concentration [ng/ml]

0-0 0.00 <LOD 0.018 <LOD
0-8 0.00 <LOD 0.035 <LOD
0-16 0.07 <LOD 0.035 <LOD
0-24 0.00 <LOD 0.087 <LOD
30-8 14.26 7.16 1.614 3.83
30-16 12.13 4.05 0.673 1.37
30-24 15.00 18.01 1.203 1.01
50-8 10.69 18.73 0.928 0.33
50-16 10.75 20.04 0.860 4.54
50-24 14.95 2.70 0.698 0.27
70-8 17.40 <LOD 0.251 0.30
70-16 20.59 <LOD 8.112 9.61
70-24 4.63 <LOD 0.249 1.49

70-24 .

= - 773 e
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&\\Fe
V)8

Sample
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LLl I Concentration, C [ug/ml]

<

=z _-_>—_ FIG. 4. Concentration of Nd, Fe and B in solutions for different materials and incubation times.
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FIG. 5. The correlation between chosen parameters. (A) The water absorption (W) vs density (d) for the exami-
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The results of water absorption by the materials as
a function of density are presented in FIG. 5A. The analy-
sis of the data shows that the composites density is highly
dependent on the percentage of composite filler. The pre-
sented results indicate that with the incubation time, the
density decreased for each composite, which might result
from the ions release to the solution and changes in the
internal structure of the composite. The water absorption
was less than 1% of weight of the sample for the examined
composites. It was observed that for more dense materials
the water absorption was higher and for the composites the
water absorption increased with the incubation time.

It was expected that the contact angle value would
change due to the elements diffusion to the contact solu-
tion. The relationship between those properties are shown
in the graph (FIG. 5B). At first, it can be noticed that the
samples wettability depends on the filler concentration in
a composite. For the higher percentage of the metal filler, the
more hydrophobic surface was obtained. Another relation-
ship is connected with the incubation time. Longer incuba-
tion resulted in a lower contact angle for all the examined
materials. It may be observed that there is no significant
difference in a contact angle results between 16 and 24
weeks of incubation. Presumably, the impact of the solution
reduces with time. The contact angle for pure PDMS leads
to a conclusion that it is less hydrophobic than the PDMS-
based composites. The changes between non-incubated
composites and the materials after 24-week incubation is
of a few degrees, for 30-0 and 30-24 it is around 8.5°, for
50-0 and 50-24 it is around 16.5°, for 70-0 and 70-24 it is
around 23.5°. The contact angle obtained for pure PDMS
is of a lower range than the data reported in the literature
(107-116°). This can be caused by different manufacturing
methods and the surface treatment [35-37].

Conclusions

The combination of the PDMS silicone and NdFeB mi-
cropowder can provide soft composite with advantageous
properties. The presented data obtained for the examined
materials show that the addition of metal powder results in
the water contact angle and density increase.

The changes in a chemical composition of the condition-
ing solution are observed. The elements from the incubated
samples are released into the solution, causing the increase
in pH, redox potential and electrolytic conductivity values.

The ICP-MS analysis showed that the concentration of the
elements is of a few ug/ml. That seems to be in a low range,
but it is important from biomedical point of view. Potential
applications can be considered after the reduction of ele-
ments release. The results show that an additional coating
is needed. Special features of coating e.g. antibacterial
properties or hydrophobic surface can improve composites
characteristics.

The influence of the incubation solution on the material
properties is noticeable. The density and water contact an-
gle decrease, changing the ability of a material to work in
a biological environment. For biomaterials the stability of the
properties is crucial and has to be considered in fabrication.
An additional coating for the composite surface can prevent
from chemical decontamination of the environment the com-
posite works in and from the changes in material properties.

The data presented in this work are preliminary investi-
gations of this kind of biomaterials. Additional research is
needed to evaluate the materials characteristics, especially
biological properties and living cells behavior when in con-
tact with a composite. At the same time, the research and
experiments for surface coatings that meet the requirements
should be carried out in order to increase the functionality
of the material.
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Abstract

The use of liquid rubber as a component of light-cured
dental composites is one of the methods of increasing their
fracture toughness. It also reduces polymerization shrinkage
and offers the potential to lower water sorption. The aim of
the study was to evaluate the miscibility of liquid rubber in
composite matrix resins as well as changes in the wettability
and surface free energy (SFE) values of commercial light-
curing composites after their modification with liquid rubber.
The research materials were Flow Art and Boston (Arkona)
light-cured composites and resin mixtures used in their pro-
duction. Liquid rubber Hypro 2000X168LC VTB (Huntsman
Int.) was used as a modifier. The solubility of liquid rubber
was assessed under light microscopy. The contact angle and
SFE measurements were made on a DSA30 goniometer
(Kruss) using water and diiodomethane. It was found that
the liquid rubber solubility depended mainly on the viscosity
of the resin, which was related to the amount of BisGMA.
The resulting mixture showed good temporal stability with-
out larger domains. The curing process released the liquid
rubber as a separate phase formed as spherical domains.
The morphology of these domains was homogeneous and
their size did not exceed 50 um in diameter. The presence
of liquid rubber in modified composites increased their
hydrophobicity and reduced the surface free energy value.
The obtained properties might help to reduce the formation
of bacterial biofilm on dental fillings.

Keywords: dental composite, solubility, liquid rubber, wet-
tability, surface free energy
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Introduction

Light-cured polymer-ceramic composites used in den-
tistry are among the most commonly used biomaterials in
the human body. Currently, dental composites account for
about 70% of all dental fillings [1]. These materials, made
of a polymer matrix reinforced with organic or inorganic
mineral or mixed particles of various sizes and shapes, are
characterized by good mechanical properties and Young’s
modulus close to the value of tooth tissue [2]. Since the
invention of the BisGMA monomer by Rafael Bowen in
1962, they have become the main direction of development
in conservative dentistry, gradually replacing amalgams,
silicon cement, and noble metal fillings [3]. The widespread
use of composites based on light-curing resins is primarily
implied by their good wear resistance, which determines
their durability, moreover, the ease of forming and applica-
tion, or the natural color-matched to the teeth [1].

The properties of dental composites result from their
composition. Their matrix is a mixture of methacrylate res-
ins, most often BisGMA, BisEMA, TEGDMA, and UDMA.
The size of the reinforcement particle has been reduced
over the years until it reached nanometric dimensions to
achieve better properties [4]. Apart from changes in the
amount and shape of particles and their surface treatment,
alterations were also made in the structure or chemistry of
the monomer used and the dynamics of the polymerization
reaction [5]. Despite many years of development, light-
cured dental composites are still not free of disadvantages.
Their durability is limited under in vivo conditions, which
results in a relatively short period of replacement of the filling
and causes additional loss of tooth tissue. Despite the im-
provements, several clinically negative effects of using light-
cured composite fillings are still observed, e.g., marginal
leakage [6], discolorations [7], cusp fractures [8], unbond-
ing, lack of marginal integrity [9], secondary caries [10,11],
postoperative sensitivity or pain [12]. These effects are
often associated with polymerization shrinkage stress [9],
although there is little clinical evidence to support a clear
relationship between these effects [13]. As a result, the
above-mentioned disadvantages cause the unwavering
interest of the scientific community for medical, technical,
and economic reasons.

Research is constantly underway to improve the proper-
ties of composites. There are many methods of boosting
their mechanical properties, including the use of spherical-
shaped reinforcement particles [14], whiskers [15], or glass
fibers [16]. Along with the increasing proportion of the
ceramic reinforcing phase, a decrease in polymerization
shrinkage and an increase in the hardness and strength
of these composites were observed, however, most often
at the expense of fracture toughness [17]. Reduction of
polymerization shrinkage can be achieved, among others,
by controlling the proportions of the matrix components
[18] and its modification with liquid rubber [19]. The po-
tential increase in the fracture toughness of composites
is also possible due to the modification of matrix resins
by introducing liquid rubber [20-23]. These modifiers may
be, for example, low molecular weight butadiene [24] and
butadiene-styrene rubbers [22]. Recent work has also shown
an increase in the strength of resins for dental applications
due to the use of polybutadiene/bisphenol A copolymers [22].
Poly(butadiene-acrylonitrile-acrylic acid) terpolymer with
methacrylate functional groups with good solubility in Bis-
GMA resin caused a 25% increase in fracture toughness
and an increase in hydrolytic resistance [21]. This solution
uses a copolymer made with the use of acrylic acid, which
is, unfortunately, a toxic component also showing a carci-
nogenic effect [25].
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The presence of liquid rubber in the matrix of dental

® e @ @ @ o ® composites, in addition to potentially reducing shrinkage

and improving mechanical properties, may also have a
positive effect on the hydrophobic and biological properties.
Work [26] on bone cement with a modified poly(ethyl meth-
acrylate) matrix with n-butyl(PEMA-nBMA) reinforced with
hydroxyapatite showed a reduction in water sorption. In ad-
dition, such a modification of the cement matrix reduced the
value of the modulus of elasticity and increased its plasticity,
which favors the reduction of contact stresses and limits
cracking. The hydrophobicity of dental composites enhances
protection against hydrolytic degradation [27], bacterial film
formation [28], and the resulting biodegradation [29].

This study aims to evaluate the miscibility of liquid rubber
in composite matrix resins as well as changes in wettability
and the value of surface free energy (SFE) of commercial
light-curing composites after their modification with liquid
rubber.

Materials and Methods

The variety of dental work requires the use of materials
of different viscosities. Therefore, two groups of dental com-
posites were tested: flow type and condensable composites.
Commercial light-cured composites Flow-Art (flow type)
and Boston (condensable) produced by Arkona Laboratory
of Dental Pharmacology in Nasutéw were used as control
materials. Flow-Art is a micro-hybrid composite consisting of
a dimethacrylate organic matrix (BisGMA, UDMA, TEGDMA,
EBADMA), reinforced with inorganic particles in the amount
of approx. 60% by weight. (barium-aluminum-silicon glass,
pyrogenic silica) and additional substances (photoinitia-
tor, co-initiator, inhibitor, stabilizers, pigments). Boston is
a micro-hybrid light-cured composite. Its matrix is the same
mixture of resins as in the case of Flow-Art but with different
proportions of components, thanks to which this resin has
a lower viscosity, and therefore it is optimized for mixing with
a higher amount of reinforcement. The reinforcement of the
Boston composite consists of 78 wt% barium-aluminum-
silica glass and pyrogenic silica. The composition of the
above-mentioned commercial composites is proprietary by
the manufacturer and, for confidentiality reasons, it is not
presented in detail here.

All composites were made by Arkona based on Polish
patent no. 238167.

The research material consisted of analogous composites
(flow and condensable type), in which the matrix resin was
modified with liquid rubber in an amount of 5% by weight to
the resin. Synthetic nitrile-free polybutadiene rubber Hypro
2000X168LC VTB (CAS 68649-04-7; Huntsman Interna-
tional LLC, USA) was used [30]. The liquid rubber was
characterized by a relatively light color (4 on the Gardner
scale), which did not affect the shade of the final product.
The following samples marks were used:

* F — Flow Art composite,

* FM — Flow Art composite modified with liquid rubber,
* B - Boston composite

* BM - Boston composite modified with liquid rubber

For the miscibility tests, resin blends used in commercial
Flow-Art and Boston materials containing a package of ad-
ditional ingredients (initiator, stabilizer, inhibitor) were used.
The following resin designations were used:

* resin F - the resin used in the Flow-Art composite, and
* resin B - used in the Boston composite.

The viscosities of these resins, determined at 23°C, were
12 Pa-s for resin F and 7 Pa-s for resin B. The portions of
the resins were mechanically mixed with the rubber in prede-
termined weight proportions in a darkened room, preventing
the material from curing. Evaluation of the miscibility and
stability of the mixture was performed with a light micro-
scope (Eclipse MA200, Nikon, Japan). Undissolved liquid
rubber formed a separate phase in the liquid resin mixture.
The samples were placed on a microscopic glass slide with
spacers at the edges to ensure a resin layer thickness of
20 ym. Having covered the slide with the applied sample
with a coverslip, the desired thickness of the specimen was
obtained. Observations were made in the yellow-transmitted
light. The first images were taken immediately after mixing
the resin with the rubber, while the next images after 1 and
24 h, securing the material against curing. The final images
were taken after curing with a LED lamp with an intensity of
1400 mW/cm? for 20 s (Cromalux LED 1200, Mega-PHYSIK
GmbH & Co., Germany). After curing, the presence of the
second phase was also observed.

The composite samples for the contact angle © and sur-
face free energy (SFE) ys measurements were prepared as
discs of 15 mm in diameter and 1 mm in height according
to the ISO 4049 standard. The measurements mentioned
above were carried out using the sessile drop technique
on a DSA30 goniometer (Kruss, Germany) using type |
ultrapure water (obtained from Milli-Q® system, Merck Mil-
lipore) and diiodomethane (Sigma Aldrich Chemicals) as
polar and non-polar liquid, respectively. The liquid droplets
were dosed at 2 uL. The samples were tested 24 h after
polymerization (dry stored) as well as after 24 h incubation
in distilled water as simulations of the oral environment to
evaluate changes in surface properties under the influence
of the aqueous environment. Surface free energy and its
components, polar ys” and dispersion ys°, were determined
based on the Owens-Wendt method [31]. For each type of
the material, four samples were prepared and at least five
measurements were taken (N > 20).

The results were assessed for statistically significant
differences between the mean values using the Student’s
t-test for independent samples, with the Statistica software
(TIBCO Software Inc.) at the significance level a <0.05.

Results and Discussions

The microscopic observation of the resins without modi-
fication showed their complete homogeneity, with no inclu-
sions or foreign phases present. The curing process did not
change the morphology of these resins either.

The effects of mixing resins with liquid rubber and their
time stability are shown in FIG. 1. The components formed
a homogeneous system immediately after mixing. Over
time, spherical domains of rubber with diameters ranging
from less than 1 ym to approx. 10 um were released from
the system. For resin B (with lower viscosity), rubber dis-
solution was initially observed, followed by the release of
domains. Additional studies revealed that the solubility limit
of liquid rubber in this resin was about 4%. After the liquid
rubber was mixed with resin F, which was characterized by
a higher viscosity, the domains of a slightly larger size than
those released in resin B were observed. After 24 h in resin F,
the formation of larger domains was observed by joining
the smaller precipitates. In both resins, the morphology of
the liquid rubber showed a homogeneous distribution over
the entire volume.

Z ommm® © 00000 0000000000000 00000600000000000000000

L



immediately after mixing after 1 hour

resin F

resin B

after 24 hours

after curing

FIG. 1. Solubility and morphology of liquid rubber domains in the tested resins (scale bars 100 ym).

before curing after curing

FM

FIG. 2. Microstructures of F and FM composites
before and after curing.

before curing after curing

BM

FIG. 3. Microstructures of B and BM composites
before and after curing.

The mixture of liquid rubber in the resins, especially those
with higher viscosity, did not show satisfactory stability as
the domains of large size were formed. It was observed
in two-component systems (resin - liquid rubber), while in
multicomponent systems (resin - liquid rubber - ceramic
particles) higher stability was noted, as a result of higher
size reduction of the domains due to mixing and blocking
their movement in the presence of particles.

The microstructure of flow-type composites before and
after polymerization is shown in FIG. 2. In the case of
a composite without modification, fine reinforcement par-
ticles were visible, including translucent ceramic particles
visible due to illumination. The material microstructure was
homogeneous, the reinforcement was evenly distributed
without clusters or agglomerates. Polymerization did not
change the appearance of the microstructure. The com-
posites after modification with liquid rubber also showed
homogeneous structure without the clusters of reinforcement
particles. However, after the modification, the composite
microstructure changed, i.e. a large number of round (prob-
ably spherical) domains (marked with arrows in the figure)
with a diameter of approx. 1-2 um appeared.

The reinforcement particles located inside the domains
were also observed as a result of good wetting and com-
patibility of liquid rubber with silica reinforcement [30]. The
curing process caused the formation of “shells” resulting
from a change in optical properties, as well as possible de-
formation of the rubber due to the polymerization shrinkage
of the resin. Comparing the domains before and after curing,
it could be stated that there were no noticeable differences in
their sizes, yet their optical properties changed - after curing
they were much darker. In some areas, the domains were
not visible before curing. However, after curing, round rubber
domains were revealed due to the release of the second
phase or the domains being pushed out of the deeper lay-
ers of the composite, in consequence of viscosity changes
during curing or polymerization shrinkage.

The microstructure of the condensable composite B (FIG. 3)
showed high uniformity of ceramic phase dispersion; there
were no clusters and agglomerates. Larger particles as
brighter spots were visible. The curing process, similarly to
the case of composite F, did not significantly change the ap-
pearance of the microstructure. In composite B, there were
also visible “shells” formed around the reinforcement parti-
cles, caused by changes in the optical properties of the resin
due to the generated stresses and polymerization shrinkage,
and changes in the resin viscosity during polymerization.
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Images of liquid drops on the surface of tested materials,

® @ @ o o ® o hich were the basis for the measurement of the contact

angle and SFE, are shown in FIG. 4, and after the 24 h
incubation in water, in FIG. 5.

The results of the contact angle measurements together
with the value of the surface free energy and its components:
dispersion and polar, are presented in TABLE 1 and FIG. 6.

The results of the measurement of contact angles for
composite surfaces were consistent with those obtained
by Rittermann S. et al. [32]. All the tested materials
showed hydrophilic surface properties (©<90° [19]).
Modification of both types of composites significantly
increased the water’s contact angle, but it still remained
at a level below 90°. The reasons for the hydrophobic-
ity increase of the rubber-modified composites should
be seen in the change of surface topography (increased
roughness), as well as in physicochemical factors. Bis-
GMA resin, as the main component of the composite’
matrix, has polar hydroxyl groups [33], while liquid rubber
is non-polar [34], which will increase the contact angle.

Following the presumptions contained in the article [35]
it was found that the increase in the micro-roughness of
the composites surface after modification may result from
a different morphology of the reinforcement in the matrix
due to the presence of liquid rubber whose properties are
different from the properties of the rest of the resin matrix.
Nanosized particles may preferentially be placed in the rub-
ber domains, thus causing changes in the micro-roughness.
Such a location of the reinforcement particles in the rubber
domains was confirmed by additional microscopic observa-
tions (not presented here).

After the incubation, a statistically significant reduction
in the water’s contact angle value was observed for the FM
material, while the BM became significantly more hydro-
phobic. Lower values of contact angles after incubation in
water indicated an increase in hydrophilicity, which might
be related to the formation of bridged hydrogen bonds be-
tween the absorbed water and the composite surface [32].

diiodomethane

FIG. 4. Representative images of liquid droplets on the surfaces of the tested materials after curing.
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FIG. 5. Representative images of liquid droplets on the surfaces of tested materials after curing and 24 h of
incubation in distilled water.

TABLE 1. Summary of the measurement results of the contact angle and surface free energy of the tested
composites immediately after polymerization and after 24 h incubation in distilled water. The indices at the ©
angles for water and SFE mean statistically significant differences between the determined values.

Composites F FM B BM

13

after curing "
contact angle (water) © [deg] 78.62+248" | 81.98+2.74'2 | 7539+ 1.51° | 77.23+£1.9234 (D
contact angle (diiodomethane) © [deg] 23.55 + 1.64 23.68 + 3.15 25.26 + 2.20 20.08 + 1.24 o |
Dispersive component of surface energy [mJ/m?] 46.66 + 0.56 46.61 £ 1.07 47.76 £ 0.37 46.06 + 1.27 <
Polar component of surface energy [mJ/m?] 2.68 £ 0.71 1.81+0.66 2.91+0.57 3.79£0.53 O
SFE [mJ/m?] 49.33 +1.27 ® 48.42 +£1.74 50.67 +0.94° | 49.84+1.74° z rY
after 24 h of incubation In distilled water — LlJ
contact angle (water) © [deg] 78.24 + 4.68 7817 £2.102 | 75.44 +2.323%% | 83.77 + 3.05 4% o I_
contact angle (diiodomethane) © [deg] 33.34 £ 2.54 28.48 +2.37 29.97 + 3.07 27.78 £ 2.69 L
Dispersive component of surface energy [mJ/m?] 4278 +1.14 4484 + 0.94 4423 +0.79 4512 +1.05 w
Polar component of surface energy [mJ/m?] 3.46 +1.53 3.1+ 0.66 412 +0.85 1.58 £+ 0.69 = E
SFE [mJ/m?] 46.24 +1.672° | 47.95+*1.61" | 48.36 £1.12¢°¢ | 46.70 + 1.32 d° _
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FIG. 6. Summary of SFE measurement results for materials without and after 24 h
of incubation in distilled water (the number 24 in the sample designation). The sym-
bols (*) indicate statistically significant differences against material F, (#) - against
material B, $ - statistically significant difference between materials BM and BM24.

Higher contact angles might be associated with the exist-
ence of strong repulsive forces between the surface and
the absorbed water molecules. This could create a thin
and even more hydrophobic layer above the surface of the
water-saturated material. This layer might be a surface that
can be damaged by abrasion but also renewed during the
service life of the filling.

The values of the surface free energy y, for the tested
materials before and after incubation in water, along with the
statistically significant differences, are presented in FIG. 6.
A statistically significant decrease in the SFE value was
noted in the case of composite FM when comparing to F,
from 49.33 to 48.42 mJ/m?2. Composite B achieved a higher
SFE value compared to F composite, however, similar to BM
and FM composites, which indicated the effect of a higher
amount of reinforcement. Composite BM showed lower val-
ues of SFE than the composite B ones, yet the differences
did not show statistical significance. The incubation in water
significantly lowered the surface free energy values for all
the tested materials. Importantly, in all the tested compos-
ites, the dispersion component has a decisive share in the
surface free energy value, which means a higher adhesive
affinity for non-polar substances. Similar dependencies
were revealed by Rittermann et al. [32]. For FM composite,
the value of this component decreased by 32% compared
to the F one. On the other hand, an increase in the polar
component value was achieved for BM composite.

The obtained results of y4 presented higher values than
those reported in the studies [32,36]. An increase in surface
free energy was related to a different composition of res-
ins and reinforcement; it might also suggest the adhesion
reduction resulting in a limited formation of a bacterial film.

Anincrease in the wettability or free energy of the surface
of dental fillings is an important factor contributing to the
plaque formation on dental materials [37]. Many studies on
dental composites wettability indicated that hydrophobic sur-
faces have a lower potential for bacterial colonization [38].
Thus, the materials for dental fillings should have good
wettability to the bonding system to ensure the required
adhesion of the joint, while the outer surface should show
low wettability to prevent bacterial adhesion.

Thus, the modification of dental composites with liquid
rubber favored their hydrophobicity and lowered the sur-
face free energy value. It is particularly important in terms
of reducing the possibility of colonization of such modified
fillings by bacteria.

Conclusions

The miscibility of Hypro 2000X168LC liquid rubber with
the blend of methacrylate resins was limited by their com-
position and viscosity. However, regardless of miscibility,
the curing process released the liquid rubber as a separate
phase in the form of spherical domains. The morphology of
these domains was homogeneous, and their size did not
exceed 50 pm in diameter.

The presence of liquid rubber in modified composites
increased their hydrophobicity and reduced the value of
surface free energy. The obtained properties might reduce
the formation of bacterial biofilm on the dental fillings, while
the adhesion to the bonding system might strengthen the
bond between the filling and the tooth tissues. Atendency to
limit water sorption as a result of liquid rubber modification
was also observed.
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Abstract

For the last three decades, an increasing interest in new
materials based on blends of two or more polymers has been
observed. Fish skin collagen and chitosan are constantly
highly popular among scientists. This study aimed to obtain
thin films from mixtures of low and medium molecular weight
chitosan with fish collagen in three different ratios and exam-
ine their features for potential use in medicine and cosmetic
industry. Polymer blends in ratios 25:75, 50:50, and 75:25
were made to obtain thin films. The infrared spectroscopy,
mechanical properties study, contact angle measurements,
topographic imaging, and swelling test were used to charac-
terize the features of the films. A statistical appraisal of the
results was conducted with the Q-Dixon’s test. The infrared
spectroscopy analysis showed that in the IR spectra of the
examined biomaterials, there are shifts in the bands posi-
tions proving intermolecular interactions between collagen
and chitosan in the blends. The mechanical properties in
the mixtures were different from those of a single biopoly-
mer film. Hydrophilicity and polarity of the blends decrease
with the increasing collagen content, which may suggest
that the adhesion to the skin will be enhanced. The surface
topography of the obtained films varies depending on the
ratio of biopolymers in the mixtures. The swelling tests
indicated that chitosan absorbs more water than collagen.
The properties of the films made of collagen-chitosan mix-
tures vary depending on the molecular weight of chitosan
and the content of each biopolymer in the blend.

Keywords: collagen, chitosan, biomaterials, blends, medi-
cine, cosmetics
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Introduction

Chitosan is a cationic copolymer obtained by the chitin alka-
line deacetylation process. Itis constructed of 2-amino-2-de-
oxy-D-glucopyranose units, which are mostly devoid of acetyl
groups and connected with a B-1,4-glycosidic bond [1,2].
Chitosan is present in some fungi species’ cell walls but its
content is much lower than in the case of chitin [3]. In the
medical and cosmetic industries such properties of chitosan
as biodegradability, biocompatibility, non-toxicity, mucoadhe-
siveness, anti-tumor, and antibacterial activity are the most
desired. The possibility of processing chitosan in many dif-
ferent forms, such as thin films, membranes, nanoparticles,
hydrogels, and scaffolds, is also of significance.

Collagen is the most abundant protein in the human body,
where it plays an important role in providing the strength
and right structure maintenance of the tissues and creating
a scaffold for internal organs [4-6]. Currently, 29 types of
genetically different collagen are known [7]. In the human
body, type |, Il, and Il are primarily found [4]. Due to the risk
of typical hoggery and cattle zoonotic diseases transmission,
as well as religious aspects, the interest in the alternative for
mammalian collagen increased [8,9]. The attention focused
on fish waste which makes up about 50-70% of the seafood
production [9,10]. In favor of using fish for collagen produc-
tion speaks the 75% content of this protein in a fish body.
Skin, head, scales, bones, fins, air bladders, and other en-
trails can be used in the extraction process of this biopolymer
[11]. Due to the lower hydroxyproline content, fish collagen is
marked by a significantly lower denaturation temperature in
comparison to mammalian collagen. In this regard, collagen
extracted from silver carp (Hypophthalmichthys molitrix)
stands out. It shows quite a high denaturation temperature
in contrast with other fish species [10,12].

Comparedtotheirpure components, mixtures of chitosanand
collagen gain unique mechanical and structural properties [13].
The materials obtained from the mentioned blends are bi-
oresorbable, elastic, amenable to further modifications, and
have higher resistance to enzymes than pure collagen [14].
The fact that after combining both biopolymers there is still
a possibility to obtain different forms such as thin films,
membranes, hydrogels, and sponges is also an eminent
advantage. All of these features make collagen-chitosan
mixtures, as well as the polymers that create them, widely
applicable in the medicine and cosmetic industries [7].

Chitosan and collagen blends can mimic the extracellular
matrix to a large extent, thus contributing to the growth and
proliferation of cells. These properties are used in dermal
matrixes production, which are applied for treating full-depth
wounds [15]. The influence of the mixtures on matrix min-
eralization as well as on proliferation and differentiation of
osteoblasts finds its use in artificial bones and bone tissue
implants production [7]. Chitosan-collagen crossed-linked
membranes can be used successfully for artificial cornea
fabrication and other tissue engineering purposes [16].
Crosslinking of scaffolds made of mentioned biopolymers
makes it possible to use them in cartilage regeneration
and reconstruction [17]. The medicine also benefits from
chitosan-collagen scaffolds made by the 3D-printing method,
which are able to partially recreate the right environment
for axons regeneration. This feature is used in the spinal
cord injury treatment [18]. By crosslinking chitosan-collagen
microspheres obtained in the emulsification process, it is
possible to use them in the increasingly popular cytotherapy.
These microspheres form a matrix for the 3D macrophage
proliferation. The studies indicated that such microspheres
increased the proliferation, lifetime, and functionality of the
macrophages [19].
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For the cosmetic industry, the mechanical properties,
the surface roughness and wettability of polymeric thin
films are significant. It is possible to adjust these features
by combining collagen and chitosan in different ratios [11].
The film forming properties of the mentioned biopolymers
make both of them valuable ingredients for various kinds of
cosmetics. They create a thin layer on the skin surface and
limit transepidermal water loss, which contributes to better
hydration of the epidermis [11]. The chitosan-collagen blend
with an addition of hyaluronic acid can make a valuable
component of haircare products [20]. Collagen in the form
of peptides is used for stimulating the production of this pro-
tein in the skin, protecting skin lipids from degradation and
preventing photoaging [21,22]. Chitosan-collagen hydrogels
can be loaded with vitamins, antioxidants, or other active
ingredients, making up the base for various kinds of cosmetic
products and reducing the use of preservatives thanks to the
antibacterial properties of chitosan [23]. Collagen peptide
nanoparticles and chitosan nanoparticles can be used as
emulsion stabilizers. The studies showed that emulsions
with the addition of the mentioned stabilizer were marked
by very high stability during storage [24]. Chitosan-collagen
composites in the presence of proper additives are used for
making 3D models of the human skin. It is an increasingly
used alternative for testing new active substances on ani-
mals. Such components also enable the determination of
the efficacy of a given ingredient and its potential to cause
phototoxic reactions [25].

In this work, the blends of collagen from skin of Silver
carp and chitosan were prepared, and their properties were
studied. To the best of our knowledge such blends have not
been studied yet.

Materials and Methods

Collagen (Col) from the skins of Silver carp (Hypophthal-
michthys molitrix) was purchased from WellU Sp. z o.0.,
Gdynia, Poland. Low molecular weight chitosan (LCh)
and medium molecular weight chitosan (MCh) were pur-
chased from Sigma-Aldrich, Iceland. Sodium chloride was
purchased from STANLAB, Poland. 99.5%-99.9% acetic
acid and glycerine were purchased from CZDA — POCH,
Poland. A0.5M acetic acid solution was prepared by diluting
a concentrated acetic acid with distilled water. To obtain the
2% solutions of collagen and both types of chitosan, each
biopolymer was dissolved in the previously prepared sol-
vent, which is 0.5M acetic acid. Mixtures of the previously
prepared polymeric solutions were made by combining them
in three different ratios: 25:75, 50:50, and 75:25. Thin films
were obtained by pouring 25 g of each solution onto plastic
plates measuring 100x100x20 mm. To investigate the films
properties, the following equipment was used: Thermo Fish-
er SCIENTIFIC PIKE GladiATR NICOLET iS10, Waltham,
MA, USA for obtaining IR spectra and OMNIC 9 software
to edit the spectra; Zwick/Roell Z 0.5 testing machine, Uim,
Germany for the mechanical properties analysis; goniom-
eter with a system of drop shape analysis (DSA 10, Kriss,
Germany for the contact angle measurement; Multimode
scanning probe microscope with a Nanoscope llla control-
ler (Veeco Digital Instruments, Santa Barbara, CA, USA)
working in air atmosphere, room temperature and tapping
mode for the topographic imaging and NanoScope Analysis
1.40 software for editing the images. Using the contact angle
measurements, the values of surface free energy were cal-
culated by the Owens-Wendt method. A swelling test of the
film samples in a PBS buffer solution with a pH of 7.4 was
done. The statistical appraisal of the results was conducted
with the Q-Dixon’s test. All photographs were taken by one
of the authors with a POCO X3 Pro smartphone camera.

Results and Discussions

Obtaining biopolymeric films

Photographs of the obtained polymeric films are pre-
sented in FIG. 1. The fish collagen film is translucent and
mat (FIG. 1a). The chitosan films are clear and glossy
(FIGs. 1b, 1f). The films made of chitosan-collagen blends
are mat, the higher the collagen content is, the more opaque
they are (FIGs. 1c-e, FIGs. 1g-i).

FTIR spectroscopy analysis

For each obtained film, Infrared spectroscopy analysis
was done. The IR spectra of examined biomaterials are
shown in FIG. 2.

FIG. 2a shows that the FTIR spectra of LCh and MCh
are almost the same. The analysis revealed that the amide |
peak observed in fish collagen at 1631 cm™' is present in the
chitosan spectra at 1640 cm™" in LCh and 1636 cm™' in MCh.
The amide Il peak appears at 1544 cm™ in the collagen
spectra and 1556 cm" in the chitosan spectra. The amide Il
peak characteristic for collagen disappears in the spectra
of chitosan. In the range between 2000 cm"and 4000 cm-,
chitosan shows a greater absorbance than collagen.

The analysis indicated that in the IR spectra of the blends
(FIGs. 2b-g) the amide A and amide | peaks are shifted in
comparison to the corresponding peaks in the pure polymers
spectra. The amide B peaks are in the same position as in
the chitosan spectra.

The amide Il peak in the blend with the 75% MCh content
(FIG. 2e) does not change its position in regard to the same
peak in the pure collagen spectra. As for the same blend
with LCh instead (FIG. 2b), shifts are present regarding the
collagen, and LCh spectra. In the remaining blends with LCh
(FIG. 2c, 2d) the amide Il peak position is consistent with
its position in the pure LCh spectra.

In the 75:25 (FIG. 2e) and 50:50 MCh-Col blends (FIG. 2f),
there is no peak of the CH, group present in the fish col-
lagen spectra. Only in the 25:75 MCh-Col blend (FIG. 2g),
the CH, peak appears without a significant shift. As for the
LCh-Col blends, the shifted CH, peak is present when the
LCh content comes to 25% (FIG. 2d) and 50% (FIG. 2c).
In all of the blends, the CH, peak does not change its posi-
tion with regard to the pure LCh, and MCh blends spectra.

The amide Il peak appears in the blends spectra at the
higher wavelength number; the higher the chitosan con-
tent in the given mixture is. At the 75% collagen content
(FIGs. 2d, 2g) the amide Ill peak has a position similar to
that in the pure collagen spectra.

The C-O-C group peaks present in the chitosan spectra
do not exist in the pure collagen spectra due to the absence
of a glycosidic bond in this protein’s structure. The C-O-C
peaks appear in all the blends spectra without significant
shifts, except the blends with a 25% LCh and MCh content,
where the peak at 1071 cmis shifted and the blend with
a 75% LCh content, where the 1029 cm™' is shifted.

The changes observed in the peaks positions are indica-
tive of interactions between fish collagen and chitosan as
well as of good miscibility of the mentioned polymers in each
studied ratio. The effect of these interactions is the forma-
tion of new hydrogen bonds between the carboxylic, amine,
and hydroxyl groups present in the studied biopolymers.
Furthermore, in the blends, ionic interactions might appear
between protonated amine groups of chitosan and anionic
groups of the collagen.
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TABLE 1. The characterization of mechanical properties of collagen, chitosan and chitosan-collagen blends

thin films.
Material E od F nax Elongation at F,, Eoreh Elongation at break
[GPa] [MPa] [mm] [N] [%]
Collagen 2.29+0.87 89.17 £ 19.05 1.65+0.78 23.80 + 5.34 6.59 + 3.16
LCh 2.90 +0.47 76.45 + 10.61 0.94 £0.13 26.20 £ 1.63 4.78 + 1.69
75LCh/25Col 1.78 £ 0.33 69.40 £ 16.94 2.36 £ 0.87 33.98 +2.27 11.03 £ 1.93
50LCh/50Col 1.33+1.03 86.56 + 21.91 0.94 + 0.41 31.79 + 8.33 3.77 + 1.64
25L.Ch/75Col 2.58 £ 0.67 99.31 +7.55 218 £0.33 30.99 + 1.36 8.71+1.33
MCh 2.63+£0.71 98.00 +6.10 1.19+0.16 35.54 +4.69 13.29 + 8.01
75MCh/25Col 1.47 £0.73 75.54 +5.03 1.18 £ 0.08 28.62 +2.19 6.00 £ 1.45
50MCh/50Col 0.99 £ 0.54 75.41 £ 9.94 1.45+0.31 28.94 + 0.64 6.58 £ 1.72
25MCh/75Col 1.79 + 0.66 84.87 + 6.85 1.47 + 0.53 28.99 + 3.34 5.88 +2.12

TABLE 2. The glycerine and diiodomethane contact angle and surface free energy values for the collagen,
chitosan and chitosan-collagen blends.

Material Contact angle © Contact angle © IFT (s) IFT (s,P) IFT (s,D)
(glycerine) [°] (diiodomethane) [°] [mJ/m?] [mJ/m?] [mJ/m?]
Collagen 60.5 56.6 37.43 15.13 22.27
LCh 72.4 58.1 31.95 8.11 23.84
75LCh/25Col 69.1 46.5 37.40 7.1 30.32
50LCh/50Col 71.6 54.5 33.57 7.63 25.94
25LCh/75Col 75.6 53.8 32.81 5.48 27.33
MCh 81.7 60.6 28.53 417 24.36
75MCh/25Col 75.3 59.1 30.67 6.81 23.86
50MCh/50Col 81.7 65.5 26.38 5.19 21.19
25MCh/75Col 85.3 65.1 25.83 3.59 22.24

Mechanical properties study

For each film obtained in this research, mechanical prop-
erties were measured. The results are presented in TABLE 1.

The results of the mechanical properties study indicated
that the film made of pure LCh was the least deforming, ergo
the stiffest. The 50:50 MCh-Col blend film was marked by
the highest deformation and the lowest stiffness. The film
with a 25% LCh content withstood the highest stress, while
the film made of pure MCh withstood the highest breaking
force. The 75% LCh film was the least resistant to the stress
and the collagen film was the least resistant to the breaking
force. In many cases, the values of standard deviation were
high which made it difficult to decide which of the films was
the most resistant to breaking. The elongation in millimetres
is not proportional to the elongation percentage, ergo the
conclusion about the elasticity of the studied materials is
not unequivocal.

The observed variance might be caused by a slightly dif-
ferent sample mass and by a disparate mass of the polymers
and the blends on the plates as well as by some differences
in clamping the samples in the testing machine.

Contact angle measurements

Determining the contact angle informs about the qual-
ity of a material surface. The surface properties, such as
roughness and wettability, are important in cosmetic and
biomedical applications of biopolymer films. Wettability,
i.e. the amount to which a liquid can spread on a surface,
is determined by the intermolecular forces between the
surface and the liquid.

TABLE 2 shows the results of the thin films surface
wettability study. All of the examined biopolymer samples
were marked by a glycerine contact angle below 90°, ergo
it might be deduced that they are easily wettable and hy-
drophilic. The diiodomethane contact angle values were
lower than in the case of glycerine and also lower than 90°.
The reason for that might be the diiodomethane lower sur-
face tension which lowers the contact angle. It is indicative
of the more hydrophobic character of the samples, despite
the earlier stated hydrophilicity. Furthermore, in the case of
both liquids, the contact angles rose in the following order:
collagen, LCh, and MCh. The addition of fish collagen to
chitosan films caused the increase of a glycerine contact
angle with the increasing content of this protein. In the case
of diiodomethane, the tendency was similar, although at the
lowest collagen content the contact angle value decreased.

The collagen film was marked by the lowest glycerine
contact angle, ergo it was the most polar and hydrophilic.
It was also confirmed by the highest value of the polar part
and surface free energy. The high value of the polar part
is indicative of the high polar, hydrogen, inductive, or acid-
base interactions contribution between the biopolymers’
molecules in the blends. In view of the mentioned properties,
the collagen film might be marked by the highest adhesion
to the skin which is hydrophobic. The 25:75 MCh-Col film is
the least polar and hydrophilic one, which is also confirmed
by the highest glycerine contact angle and the lowest value
of the polar part and surface free energy. It is indicative of
the mentioned film’s lowest adhesion to the skin.
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Diiodomethane is a liquid with a preponderant dispersive
® @ @ @ @ @ o part. The film with a 75% LCh content was marked by the TABLE 3. The R, and R, parameters of collagen,
lowest diiodomethane contact angle, which speaks to the chitosan and chitosan-collagen blend thin films.

fact that there is the highest dispersive interactions con-

tribution between the biopolymers in this blend. It finds its

confirmation in the highest value of the dispersive surface Material Rq [nm] Ra [nm]
free energy. The least dispersive interactions appear in the
50:50 MCh-Col film, which is also confirmed by the lowest Celkger .78 6.10
value of the dispersive part. LCh 592 260
Topography imaging 75LCh/25Col 63.3 45.4
The images of the surface topography structure of the
studied thin films are presented below (FIG. 3). The values 50LCh/50Col 70.8 56.7
of the surface roughness are listed in TABLE 3.
The surface of the studied thin films is very diverse, 25LCh/75Col 67.3 52.9
whereby the films made of pure biopolymers were marked by
a much lower roughness than the films made of the polymer MCh 5.19 3.99
blends (TABLE 3). The AFM analysis indicated that the col-
lagen addition to the chitosan films modifies the roughness 75MCh/25Col 34.2 235
without a specific relationship. The films made of MCh-Col
blends have a less rough surface than the films made of 50MCh/50Col 28.2 221
LCh-Col blends, which might be indicative of better miscibil-
ity, and thereby of a higher homogeneity of the first ones. 2R ClZ el 584 45.7

FIG. 3. The AFM images of: a) Col; b) LCh; c) 75:25 LCh-Col blend; d) 50:50 LCh-Col blend; e) 25:75 LCh-Col
Z E blend; f) MCh; g) 75:25 MCh-Col blend; h) 50:50 MCh-Col blend; i) 25:75 MCh-Col blend.
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Swelling test

The pictures of thin films samples in PBS solution after
soaking for 1 hour are presented below (FIG. 4).

The swelling tests indicated that chitosan absorbs more
water than collagen, as the chitosan film samples increased
their size while soaking much more than the fish collagen
samples. After 1 h of soaking in PBS solution, almost all
the samples fell apart while taking them out of the solution.
Only a few ones made of collagen and blends with 75%
collagen content remained integral for up to 4 h.

Conclusions

The interactions between collagen from skins of Silver
carp and chitosan have been confirmed by IR spectra. The
addition of fish collagen to chitosan films variously alters
their mechanical properties. All of the studied thin films
show good wettability and a hydrophilic character. The fish
collagen film is marked by the highest hydrophilicity and po-
larity, while the 25:75 MCh-Col film is marked by the lowest
hydrophilicity and polarity. The roughness of the films made
of the blends is higher than the roughness of the films made
of pure biopolymers and it changes irregularly, depending
on the collagen content. The surface roughness of the thin
films might be modified by altering the biopolymers ratio in
the blend or the chitosan molecular weight.
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Abstract

The properties of diamond-like carbon coatings (DLC)
obtained via plasma-assisted chemical vapor deposi-
tion (PACVD) on the Ti13Nb13Zr alloy were evaluated.
For this purpose, measurements of the thickness, the sur-
face geometric structure, adhesion, as well as tribological
tests of the tested coatings were performed. The thickness
of the deposited coating was measured using the spherical
grinding method. Surface geometry measurements before
and after tribological tests were performed with a Leica
DCMS8 optical profilometer. A scratch test was performed
to measure the adhesion of the coating. An indenter with
a Rockwell geometry was used during the adhesion tests.
The test offered the possibility of real-time recording of the
coefficient of friction and acoustic emission. In addition,
it was also possible to measure the geometrical parame-
ters of a scratch and to carry out a microscopic analysis of
a scratch during the coating damage. The test was carried
out on an Anton Paar MCT? instrument. The model tribologi-
cal tests were carried out in rotary motion under technically
dry friction conditions and friction conditions with lubrication
with the Ringer’s solution and an artificial saliva solution.
The tests were carried out using an Anton Paar TRB? tribo-
meter. The scratch test proved that the deposited layer was
characterized by good adhesion. Based on the results of the
tribological tests, it was found that the lower resistance to
motion and wear was obtained for the DLC coatings on the
Ti13Nb13Zr substrate. The results of the tests performed on
the DLC coatings indicate the possibility of their application
in biotribological systems.
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texture, hardness, friction, wear
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Introduction

The increase in demand for modern biomaterials has
led to the rapid development of implantology. Implants,
in addition to appropriate mechanical properties, must be
highly biocompatible and resistant to bacteria and fungi. This
poses a huge challenge to modern materials science. In this
context, one of the most often studied classes of materials
are carbon materials, including diamond-like carbon (DLC)
coatings [1-3]. Compared to commonly used anti-wear
layers, DLC coatings are characterized by high resistance
to wear by friction, high adhesion to the substrate, high
hardness, and high thermal and chemical stability [4-7].
DLC coatings are mixtures of amorphous carbon with sp?
and sp?bonds. Hybridisation of sp?, which is characteristic
of the diamond, results in increased resistance to abrasion
and hardness, and good thermal conductivity. The sp?bonds
derived from graphite determine the low resistance to mo-
tion values. The carbon hybridisation degree, the mixture
composition, and the physicochemical properties of a DLC
coating are determined by the selected production method
and the production process conditions [8-11]. Carbon coat-
ings are obtained via classical chemical methods which are
multi-step and labour-intensive. The surface modification of
biomaterials via plasma provides completely new possibili-
ties for tailoring their surface properties to specific applica-
tions. In this paper, the authors examined the properties of
diamond-like carbon coatings obtained via plasma-assisted
chemical vapour deposition (PACVD) in terms of their use
in biotribological systems.

Materials and Methods

The subject of the study was the Ti13Nb13Zr titanium
alloy with the chemical composition shown in TABLE 1 and
the mechanical properties summarised in TABLE 2.

Disks made of the Ti13Nb13Zr titanium alloy with a diam-
eter of 30 mm and a height of 6 mm were processed using
a grinding-polishing machine made by Pace Technologies.
Silicon carbide abrasive papers with increasing grain size
from 120 to 2500 ym were used. The finishing treatment
involved polishing on cloth with the addition of a polishing
slurry with Al,O,, with a grain size of 0.05 ym. After grinding
and polishing, the sample surface roughness value of Ra =
0.06 uym was obtained. The other amplitude parameters of
the reference surface are shown in TABLE 6. Before coat-
ings were deposited, the samples were degreased in ethanol
in an ultrasonic cleaner. A DLC coating was deposited on
the prepared material by plasma-assisted chemical vapour
deposition (PACVD).

The thickness of the coating was determined using
a Calotest device. A steel ball of 20 mm in diameter, rotated
on the surface of the coating at the speed of 3000 rpm.
The duration of the test was 1240 s. During the test, a dia-
mond paste with a small grain size of < 0.2 ym was used.
Adiagram of the friction pair in the Calotest device is shown
in FIG. 1a. As a result of friction, the material from both the
coating and the substrate was removed. The geometric
traces of the removed coating and the substrate mate-
rial had the shape of concentric circles. To determine the
thickness of the coating, the diameters of the circles were
measured using an optical microscope (FIG. 2). The test
was repeated 5 times.

The geometric structure was examined using confo-
cal microscopy. The measurement involved scanning the
surface of the tested materials over an area measuring
1.2 mm x 1.6 mm.
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Tribological tests were carried out on a TRB? tribometer

® o o o o o o of the ball-on-disc type in rotary motion in technically dry

friction conditions and in conditions of friction with lubrication
with the Ringer’s fluid and with an artificial saliva solution,
with constant parameters of the friction pair (TABLE 3).
The chemical composition of the lubricants is shown in
TABLE 4. The counter samples in the examined friction pairs
were Al,O, balls with a diameter of 6 mm. A photograph of
a friction pair is shown in FIG. 1b.

Element

Ti13Nb13Zr <0.08 < 0.015 <0.016

<0.05

The primary method used to determine the coating quality
is the evaluation of a mechanical indicator, namely adhesion.
The advantage of adhesion testing is that the changes in
the coefficient, the friction force, and the acoustic emission
can be recorded in real-time. In addition, it is also possible
to measure the geometric parameters of a scratch and to
perform microscopic analysis of a scratch during coating
damage. The technical parameters of the scratch test are
shown in TABLE 5.

% weight
N Fe
<0.25

12.5-14.0 | 12.5-14.0 based

Material Rm [MPa] Re [MPa] A [%] E [GPa]
Ti13Nb13Zr 973-1037 836-908 10-16 27-53 79-84
a) ball
sample
Friction pair
Parameter Unit  ball Al,O,- disk Ti13Nb13Zr
ball Al,O,— disk Ti13Nb13Zr DLC

Load N 5
Linear speed | m/s 0.1
Friction path | m 1000

base drive roller REeE mm i
Cycle - 14 458
Humidity % 50 +1
Temperature | °C 23 +1

b)

load

Ringer solution
Artifical saliva

Lubricant -

Adhesion
Device MHT?
Indenter Diamond Rockwell
Load 0.03-30 N

10046.65 mN/min
Unloading rate -

Loading rate

Scratch length 2 mm

Chemical composition [g/dm?]

NaCl KClI

CaCl,- 2H,0

NaH,PO, - 2H,0 | Na,S - 9H,0

[Ringer solutions 8.6 0.3 0.243

| Artificial saliva 0.4 0.4 -

0.906 0.690 0.005 1.0 |
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Results and Discussion

The thickness of the diamond-like carbon coating was
measured using optical microscopy. The resulting layer was
1.77 um thick. FIG. 2 shows an abrasion mark.

FIG. 3 shows the results of the examination of the surface
geometric structure. The study presents the axonometric im-
ages and the surface profiles of both the reference sample
and the DLC coating. The average profiles for each sample
were generated based on 100 profiles. The amplitude pa-
rameters (acc. to ISO 4287) are shown in TABLE 6.

Examinations of the surface geometric structure revealed
that the deposition of a diamond-like carbon coating on the
Ti13Nb13Zr alloy did not change the values of the amplitude
parameters (there was a slight increase in the Rp Rv, Ra,
and Rq indices). Additional information on the surface shape
of the studied samples was obtained by determining the
coefficient of surface inclination (asymmetry) Rku and the
clustering coefficient Rsk. Both parameters are very sensi-
tive to the presence of local elevations, depressions, and
defects on the surface. A negative value of Rskindicates
that the surface of the reference sample is flat. If the index
for the coating reaches 0.49, the emergence of steep eleva-
tions with sharp tops is demonstrated.

FIG. 4 shows the results of the adhesion tests. The critical
force was evaluated based on the microscopic observations
and the recorded changes in the friction coefficient and the
acoustic emission.

Based on the plot of the friction coefficient (u) and the
acoustic emission, it was found that the first cracks in
the coating appeared under a load equal to 3.6 N (LC1).
Microscopic analysis of the crack at this location showed no
changes in the coating structure. When the force of 8.1 N
(LC2) was exceeded, a sharp increase in the acoustic emis-
sion values was observed. The microscopic image showed
the first chipping at the edge of the scratch. The scratch test
of the diamond-like carbon coating revealed that the depos-
ited layer became delaminated under the load of 13.3 N
(LC3); at the same time, the friction coefficient increased
almost threefold from 0.16 (at LC2) to 0.45.

Red diameter: 180.3 pm
Blue diameter: 457.2 ym

‘1:-

5

sk o
ey

FIG. 2. An image recorded during thickness mea-

surement of the DLC coating.

TABLE 6. The parameters of surface texture.

Ti13Nb13Zr Ti13Nb13Zr
Parameter reference DLC
mean mean
Rp [nm] 268 348
Rv [nm] 243 244
Ra [nm] 65 73
Rq [nm] 80 90
Rsk -0.03 0.49
Rku 3.41 4.41

b)

um

FIG. 3. The isometric image of surface and the sample profile of the surface: a) Ti13Nb13Zr, b) Ti13Nb13Zr DLC.
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FIG. 5a shows the sample plots of friction coefficient p
as a function of the number of recorded friction pair cycles.
The values in FIG. 5b are averaged values of the friction
coefficient measured during three measurement series. The
diagram shows the average values of the friction coefficient
calculated from three measurement series. The results of the
tribological tests showed that the diamond-like carbon coat-
ing is characterized by low resistance to motion. In the case
of technically dry friction, the average friction coefficient was
0.11 which was eight times lower than the Ti13Nb13Zr alloy.

Moreover, it was observed that for both the reference sample
and the coated sample, the application of lubricants resulted
in a reduction in the resistance to motion.

After the tribological tests, microscopic observations were
performed on the samples. FIG. 6-8 shows examples of the
axonometric images of abrasion marks and the abrasion
profiles on a cross-section. TABLE 7 shows the average
wear area for the samples on the cross-sectional area
determined after five measurement series.
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FIG. 6. The axonometric image of the trace of wear and the wear profile in a cross-section during technical dry

friction: a) Ti13Nb13Zr, b) Ti13Nb13Zr DLC.
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FIG. 7. The axonometric image of the trace of wear and the wear profile in a cross-section during friction
in the Ringer’s solution environment: a) Ti13Nb13Zr, b) Ti13Nb13Zr DLC.

29

MATERIALS

G

[
[ ]
[ J
[
[
[
[ J
[ J
[ J
[
[ ]
[
[
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
[ ]
[ J
[ J
[ ]
[
[
[ J
[
[ ]
[
[
[ J
[
[ ]
[
[ ]
[
[ J
[
[ J
[ J
[
N

E



30

E 0 ° "B G

8 B8 &8 &

© = N WAoo E

I S S

-20 4

-40

T
0.0

LI S B A I L A L B I B S I L I R SRR L BN B NN SR BN IR B B I
0.5 1.0 15 2.0 25

T T T T T T T T T T T T T
0.2 04 06 038 10 12 14

FIG. 8. The axonometric image of the trace of wear and the wear profile in a cross-section during friction
in an artificial saliva environment: a) Ti13Nb13Zr, b) Ti13Nb13Zr DLC.

TABLE 7. Average wear area on the cross-section.

Technical 5 2
dry friction | 17000 000 im 0.54 ym
Ringer | 34 100 000 pm? 0.08 prm?
solution
Artificial | 54 540 000 pm? 0.05 pm?
saliva

The analysis of the surface geometric structure examina-
tions after the tribological tests showed that the Ti13Nb13Zr
titanium alloy had lower wear resistance compared to the
DLC coating. It was observed that the use of lubricants in
the case of the Ti13Nb13Zr resulted in an almost twofold
increase in wear. Most likely, the reason for the increased
wear of the titanium alloy was the presence of chloride ions
(CI) contained in the lubricants, both the Ringer’s solution
and the artificial saliva. In the case of the DLC coating,
there was a reduction in wear after the application of the
lubricants, which was probably associated with the passive
nature of the coating. The analysis of axonometric images of
the reference sample indicated the presence of numerous
free wear products on the tested surfaces, which intensified
the wear processes.

Conclusions

The tested DLC coating deposited on the Ti13Nb13Zr
titanium alloy, using the PACVD technique, was 1.77 pm
thick. The examination of the surface geometric structure
showed that the amplitude indices did not change signifi-
cantly as a result of the coating deposition. The scratch test
revealed that the deposited layer was characterized by the
high adhesion. The tribological tests proved that the DLC
coating was characterized by the low resistance to motion
and that the use of lubricants reduced this index almost two-
fold. The highest friction coefficient was obtained during the
technically dry friction of the Ti13Nb13Zr - Al,O, friction pair.
It was eight times higher than the values recorded for the
coating. The results of the friction-wear tests indicated that
the Ti13Nb13Zr titanium alloy was characterized by the lower
resistance to wear by friction than the DLC coating, and the
lubricants application increased its wear almost twofold.
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