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Abstract

Microspheres (MS) made of biostable polymer, 
namely polystyrene, have been used as substrates for 
cell culture enabling rapid cell expansion in dynamic 
conditions. However, due to non-resorbability, polysty-
rene (PS) MS when repopulated with cells cannot be 
directly used in tissue engineering. Our concept was to 
produce MS from resorbable polymer – poly(L-lactide-
-co-glycolide) (PLGA) as a support for adherent cells, 
e.g. osteoblasts. We hypothesize that such MS can 
be applied to the injured site to act as cell carriers or 
as modules for modular tissue engineering (MTE).  
In this article, we present the results of optimizing the 
PLGA MS manufacturing conditions via oil-in-water 
emulsification. Due to such a technique, MS with the 
required size, size distribution and properties suitable 
for cell culturing can be obtained. Three parameters 
of the oil-in-water emulsification were examined: the 
stirring speed of a water phase during MS manufac-
turing, the surfactant concentration, i.e. poly(vinyl 
alcohol) (PVA) in a water phase and concentration 
of PLGA in dichloromethane (DCM) as an oil phase.  
The results proved that the 7.5% PLGA concentration 
in DCM solution as an oil phase, the 0.5-2% con-
centration of PVA solution as a water phase and the 
stirring speed of water phase of 1000 rpm provided 
MS with the 160 µm mean diameter, which is suitable 
for cell culture. Moreover, the developed sieving and 
cleaning procedures were efficient to collect MS with 
the mean diameter of 280 µm, the more coherent size 
distribution and the ability to sink in the cell culture 
medium. The presence on the bottom of cell culture 
wells is crucial for MTE.

Keywords: modular tissue engineering, microsphe-
res, cell culture, oil-in-water emulsification, poly(L-
-lactide-co-glycolide) (PLGA)

[Engineering of Biomaterials 156 (2020) 2-9] 

doi:10.34821/eng.biomat.156.2020.2-9

Introduction

Apart from classical tissue engineering (TE) which uses 
macroscopic porous scaffolds seeded with cells, a new 
approach called modular tissue engineering (MTE) has 
recently been proposed [1]. The main idea of MTE is to 
mimic natural tissues and use microscale parts (named 
also microtissues) that can be assembled into bigger and 
more complex, dense and organomimetic structures [2–5]. 

These structures may form cell aggregates, cell sheets, 
or cells seeded on microcarriers and microspheres (MS). 
MS can be made of natural and synthetic materials (glass, 
polymer, ceramics) [6]. The most common MS that are used 
for the cell expansion in dynamic conditions are made of 
polystyrene (PS) [7]. With regard to MTE, the main advan-
tage of PS MS is the high surface area accessible for cells 
in a comparatively low volume [8] while the disadvantage 
is non-resorbability.

Poly(L-lactide-co-glycolide) (PLGA) is widely used as  
a raw material for medical devices production as it has ap-
propriate mechanical properties and is biocompatible with 
tissues in different applications. PLGA degrades by hydroly-
sis of ester bonds into oligomers and, finally, to monomer 
acids: lactic and glycolic which enter the Krebs cycle and 
are removed from the body as CO2 and H2O [9–10].

PLGA MS can be produced by various methods, such 
as: emulsification, spray-drying, phase separation, hot-melt 
extrusion, inkjet printing, gelation, grinding, coacervation, 
electrospray, supercritical fluid mixing, microfabrication [6].

The oil-in-water emulsification can be used to obtain 
PLGA MS on a laboratory scale and with multiple parameters 
controlled. It was reported that the increase in polymer mo-
lecular weight and its concentration in the oil phase raised 
the average MS diameter [11]. Increasing the oil phase vol-
ume in the water phase may slightly enlarge the MS diameter 
but their shape is less regular [12]. Also selecting a proper 
solvent is highly important the lower the boiling point of the 
organic solvent, the faster the MS formation [6]. The water 
phase also gives possibilities to control the emulsification 
process. For successful MS formation a surfactant addition 
is required. Poly(vinyl alcohol) (PVA) is commonly used and 
its concentration in the water phase may also affect the MS 
diameter – the higher PVA concentration in the water phase, 
the lower diameter and the narrower diameter distribution 
[6]. Additionally, the water phase volume increase can lower 
the MS diameter, however for very high values it causes the 
MS deformation [12]. 

The aim of our experiments was to optimize the PLGA 
MS manufacturing process so as to obtain two batches of 
particles with the diameters of ca. 150 µm and ca. 250 µm, 
respectively. In order to obtain MS with the desired mean 
diameter and the diameter distribution, three parameters 
were examined: the stirring speed of the water phase, the 
surfactant concentration, i.e. PVA in the water phase, and the 
PLGA concentration in the oil phase. The other parameters, 
such as: the oil and water phases volumes, the beaker and 
propeller geometry, the PLGA and PVA molecular weight, the 
lactide to glycolide ratio in PLGA, and the solvent type were 
constant and are not reported in this article, having been 
optimized during the preliminary studies. Dichloromethane 
(DCM) was chosen as a solvent due to its high volatility 
facilitating the faster MS formation. Additionally, the clean-
ing process was developed to dispose of the MS with the 
microstructure and properties inapplicable to cell cultures, 
e.g. MS with the high diameter dispersion or floating on the 
aqueous medium surface.

Materials and Methods

Materials
PLGA (85:15, Mn = 100 kDa, Mw = 210 kDa) was syn-

thesized at the Center of Polymer and Carbon Materials, 
Polish Academy of Sciences, Zabrze, Poland and kindly 
provided by Prof. P. Dobrzyński. DCM (Avantor Performance 
Materials) and PVA (Mowiol® 4-88, MW ca. 31 kDa, Sigma 
Aldrich) were used.

https://doi.org/10.34821/eng.biomat.156.2020.2-9
https://orcid.org/0000-0002-1226-3540
https://orcid.org/0000-0002-0464-6189
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Methods 
MS manufacturing by oil-in-water method

To obtain MS, the oil-in-water emulsification was used 
(FIG. 1). The required amount of PLGA was weighed on an 
electronic laboratory balance. Under a fume hood, a propel-
ler was put in a glass bottle, then DCM was poured. A ground 
glass stopper was put to prevent the DCM evaporation.  
The bottle was placed on a magnetic stirrer and it was turned 
on to make the propeller rotate. Subsequently, PLGA was 
added. Such a sequence prevented the polymer particles 
sticking to the propeller or the glass bottle and assured the 
PLGA proper dissolution. The glass stopper was inserted 
into the bottle neck promptly and protected with Parafilm 
to diminish the DCM evaporation, which would adversely 
change the ultimate PLGA concentration. The applied oil 
phase was the PLGA in DCM solution at the 5-10% con-
centration range. 

The water phase was prepared by dissolving PVA in 
water to obtain the 4% solution. Similarly, the beaker with 
the propeller was prepared, PVA weighed, a small amount 
of water added and the stirring started. PVA was added, 
then the bottle was slowly filled with water to avoid sticking 
PVA to the bottle walls or the propeller. The bottle was left 
overnight and then the obtained solution was filtered with  
a filter paper to remove trace amounts of undissolved PVA. 
The obtained solution was stored at 4°C in the capped bottle 
additionally protected with Parafilm and then used as a con-
centrated stock solution, due to its longer time of preparation 
as compared to the oil phase. Prior to every synthesis, an 
exact amount of the PVA solution was diluted to the desired 
concentration (0.1-4%). The 50 ml water phase was poured 
into the 100 ml beaker. The process was performed at room 
temperature. 

For the MS synthesis, the beaker containing the water 
phase was placed on the magnetic stirrer (JeioTech, Model 
MS-52M) and the propeller was added. While adding the oil 
phase (always 1 ml with an automatic pipette and the same 
type of tip) near the beaker wall, the water phase was stirred 
(at a defined speed of 100-2000 rpm). Placing the oil phase 
precisely on the beaker wall or in the beaker center resulted 
in a very low MS production efficiency and a high number 
of inhomogeneous particles or fibrous structures. The MS 
were left overnight to solidify via the DCM evaporation. 
Subsequently, they were vacuum filtered and washed with 
distilled water multiple times to ensure the PVA residues 
removal. Then the MS were moved to a Petri dish and left 
to dry at 37°C for 24 h. 

MS sieving and cleaning
In order to obtain MS free of defects such as fibers or 

foils and endowed with the defined and coherent diameters, 
the additional process of sieving and cleaning was required. 
Furthermore, some MS revealed air bubbles entrapped 
inside, which made them float on the water surface or the 
cell culture medium. This behavior is highly disadvanta-
geous regarding the culture conditions of bone cells which 
need a support to adhere and grow. That is why the dried 
MS were sieved using a grid of 200 µm to collect the MS of 
higher diameters. Subsequently, the MS fraction was added 
to a beaker with distilled water, stirred manually, and left for 
5 min. After that, the MS which sank to the beaker bottom 
were collected with a 10 ml pipette. Finally, the MS were 
dried and stored at 4oC for further studies.

Determining the MS microstructure and size
The MS were observed with an optical digital microscope 

Keyence VHX-900F. For each sample batch, the diameter of 
600 individual MS was measured with the device software 
and Fiji (ImageJ) software. The data was analyzed by the 
Shapiro-Wilk test (Origin Pro 2020 9.7.0.188 Academic) to 
check normality. Since the distribution failed the Shapiro-
Wilk test, the results were displayed as histograms and the 
median was calculated.

Results and Discussion

To obtain MS with the desired average diameter and 
diameter distribution suitable for bone MTE, three param-
eters were examined: the stirring speed of the water phase 
during MS manufacturing, the surfactant concentration, 
i.e. PVA in the water phase, and the PLGA concentration 
in the oil phase.

FIG. 1. Scheme of PLGA MS manufacturing by oil-in-water emulsification.
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Stirring speed

During the oil-in-water emulsification, the stirring speed 
has a significant impact on the shear of oil phase flux and 
on the MS diameter. In this experiment, the PLGA/DCM 
solution ratio was set at 7.5% and the PVA concentration at 
1%, while five different stirring speeds of the water phase 
were tested: 100 rpm, 250 rpm, 500 rpm, 1000 rpm and 
2000 rpm. It was found that the100 rpm stirring speed was 
too low to form MS – only fibers and irregular foils were ob-
tained. The results showed that all the MS were transparent 
and exhibited a smooth appearance (FIG. 2, left column).  

The results presented in histograms (FIG. 2, right column) 
showed that for the steering speed of 250 and 500 rpm the 
MS sizes were similar but the size distribution changed.  
The percentage of MS with the diameter over 325 µm 
dropped from 71.5 to 50.6 and the contribution of MS with 
lower diameters increased. For the steering speed of 1000 
rpm a much higher differences were observed. The shape of 
histogram changed, and the percentage of 115 and 175 µm  
MS equaled 39%. The highest stirring speed of 2000 rpm 
resulted in even a higher percentage of MS with the low di-
ameter. The MS of 175 µm or below in diameter represented 
72.2% of all the formed MS. Thus, for further studies, the 
steering speed of 1000 rpm was selected.

FIG. 2. Optical microscopy pictures (left column) and diameter distribution histograms of PLGA microspheres 
(right column) obtained at a different stirring speed of water phase (250, 500, 1000 and 2000 rpm); with constant 
other parameters: PLGA = 7.5%, PVA = 1%; histograms prepared based on n = 600 MS.
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PVA concentration in water phase

In this experiment five concentrations of PVA in the water 
phase were examined: 0.1%, 0.5%, 1%, 2% and 4%. The 
PLGA concentration in the DCM oil phase was 7.5% and the 
stirring speed – 1000 rpm. The MS morphology, size and 
size distribution were analyzed and compared. The results 
of the MS morphology observed under an optical microscope 
and the corresponding size distribution values are shown in 
FIG. 3. The results proved all the MS to be transparent and 
endowed with a smooth appearance (FIG. 3, left column).  

The histograms presented in FIG. 3, right column, show that 
the percentage of the biggest MS (>260 µm) was the highest 
(44.4%) for the MS produced at the 0.1% PVA concentra-
tion. For the higher PVA concentrations (0.5%, 1% and 2%) 
no significant trend in distribution was observed – a wide 
variety of diameters in the samples was measured. For the 
4% PVA, as expected, the highest number of MS (26.8%) 
was in the lowest partition of 70 µm and in every next parti-
tion it steadily decreased. According to the obtained results,  
the PVA concentration in the water phase of 0.5-2% was 
suitable to produce MS. Thus, the 1% PVA was used to 
manufacture MS in further studies. 

FIG. 3. Optical microscopy pictures (left column) and diameter distribution histograms of PLGA microspheres 
(right column) obtained at different PVA concentrations in water phase (0.1%, 0.5%, 1%, 2% and 4%); with con-
stant other parameters: PLGA = 7.5%, stirring speed = 1000 rpm; histograms prepared based on n = 600 MS.
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PLGA concentration in oil phase
In this experiment three concentrations of PLGA in DCM 

solution (5%, 7.5% and 10%) were examined and their im-
pact on the MS morphology, size and size distribution was 
analyzed and compared. In this case, the stirring speed and 
the PVA concentration were constant (1000 rpm and 1%, 
respectively). The results showing morphology of the MS 
observed under an optical microscope and the correspond-
ing size distribution values are shown in FIG. 4. The results 
showed that all the MS were transparent and exhibited  
a smooth appearance.

The samples produced from the 5% PLGA concentra-
tion in the oil phase revealed the narrowest MS diameter 
distribution. The highest percentage (37.4%) had the size of 
140-160 µm and almost 80% of all the MS obtained at this 
PLGA concentration fell in the range of 120 µm and 180 µm. 
However, the obtained data did not show normal distribu-
tion (normality checked according to the Shapiro-Wilk test). 

 The MS diameter distribution was the most irregular at 
the 7.5% PLGA concentration in the oil phase. These were 
the only conditions where 12.6% of MS had the diameter 
higher than 260 µm and for almost 3% of MS the diameter 
was lower than 100 µm. The MS diameter distribution 
was more regular for the 10% PLGA concentration than 
for the 7.5% PLGA in the oil phase. The highest percent-
age of microspheres (20%) had the size of 120-140 µm.  
The percentage of MS with higher diameters decreased, 
for instance less than 1% of all the MS had the diameter 
higher than 260 µm.

According to the obtained data, the 7.5% PLGA concen-
tration in the oil phase was considered optimal for the MS 
manufacturing. 

FIG. 4. Optical microscopy pictures (left column) and histograms of diameter distribution of PLGA microspheres 
(right column) obtained at different concentrations of PLGA in oil phase (5%, 7.5% or 10%); with constant other 
parameters: 1000 rpm, PVA = 1%); histograms prepared based on n = 600 MS. 
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Comparison of median MS diameters

In order to visualize and compare the obtained results, 
median diameters of MS manufactured under different condi-
tions were collected and presented in FIG. 5.

The results shown in FIG. 5A revealed a strong depend-
ence between the stirring speed and the mean MS diameter 
– namely, the higher the stirring speed, the lower diameter. 
At the lowest speed (250 rpm) the median diameter was the 
highest (383.0 µm) and it decreased slightly (to 312.0 µm) 
when the speed was doubled. The twofold increase in speed 
(to 1000 rpm) resulted in almost two-time lower median MS 
diameter (161.5 µm). The further speed increase did not 
have a considerable impact on the MS median diameter: 
the 2000 rpm speed led to the MS with the median diameter 
of 144 µm.

The results presenting the MS median diameter pro-
duced at five concentrations of PVA in the water phase 
(0.1%, 0.5%, 1%, 2% and 4%) are presented in FIG. 5B. 
The results showed that the PVA concentration significantly 
influenced the MS diameter: the higher concentration, the 
lower diameter. The highest median diameter for 0.1% PVA 
was 323 µm, and the lowest for PVA 4% was 94 µm, so the 
MS diameter changed more than twice. Therefore, the PVA 
concentration may be considered a very convenient and 
effective factor to control the MS diameter.

The results presenting the MS median diameter produced 
at three concentrations of PLGA in DCM solution (5%, 7.5% 
and 10%) are presented in FIG. 5C. The results showed 
that the PLGA concentration in the oil phase did not have  
a significant impact on the MS median diameter. 

In order to perform statistical analysis, we took into 
account all the data regarding the diameters of 1,800 
individual MS. The reason behind such an approach was 
the fact that the manufacturing conditions shown in FIG. 2 
(for the stirring speed of 1000 rpm), FIG. 3 (for 1% PVA) 
and FIG. 4 (for 7.5% PLGA concentration) were the same 
and corresponded to the samples obtained at the following 
parameters: 7.5% PLGA, 1% PVA, 1000 rpm. First, the 
Shapiro-Wilk analysis revealed that the collected data was 
not of normal distribution so we presented it as a histogram 
(FIG. 6). The size distribution proved that the highest number 
of MS (67.5%) was in the range between 115 and 235 µm. 
The median diameter of MS equaled 159.4 µm, which almost 
perfectly fit the expected diameter of 160 µm. 

PLGA MS sieving and cleaning process 
The optical microscopy pictures and histograms of 

the PLGA MS diameter distribution before and after the 
sieving and cleaning processes are presented in FIG. 7.  
The results showed that MS with more homogenous diam-
eters and diameter distribution were successfully selected 
thanks to the developed procedure. The sieving and clean-
ing process effectively increased the MS content with the 
mean diameter of 280 µm and the MS distribution became 
more homogenous.

FIG. 5. Median diameter (D) of PLGA microspheres: 
(A) obtained with a different stirring speed of wa-
ter phase (250, 500, 1000, 2000 rpm), for constant 
PLGA concentration of 7.5%, and PVA concentra-
tion of 1%; (B) obtained for different concentration 
of PVA in water phase (0.1%, 0.5%, 1%, 2% and 
4%), for constant PLGA concentration of 7.5% and 
stirring speed in water phase of 1000 rpm; and (C) 
obtained at different concentration of PLGA in oil 
phase (5%, 7.5% or 10%); for constant steering 
speed of 1000 rpm and PVA concentration of 1%; 
diameter measured for n = 600 individual MS for 
each manufacturing condition.

FIG. 6. Histogram of diameter distribution of PLGA 
microspheres obtained at 7.5% PLGA/DCM con-
centration in oil phase, 1% PVA concentration in 
water phase and 1000 rpm stirring speed of water 
phase; histogram prepared based on n = 1800 MS.
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Conclusion

Three parameters – the stirring speed of the water phase, 
the PVA concentration in the water phase and the PLGA 
concentration in the oil phase – and their impact on the MS 
mean diameter and its distribution were examined. The most 
significant changes were observed for the PVA concentration 
and the stirring speed – the higher concentration or stirring 
speed, the lower MS diameter, which was consistent with 
the literature findings [6]. 

The aim of our experiments was to obtain MS that could 
be used for MTE cell cultures and to create cell-tissue 
constructs. The diameter distribution is of key importance 
in such an application – the higher variety of diameters is 
expected to create more complex and irregular constructs. 
On the other hand, the lower diameter range may be favor-
able for different applications where high repeatability is 
desired (e.g. 3D printing with MS used as cell carriers). For 
all the examined parameters the highest variety of diameters 
was observed for average values of the investigated PVA 
concentration in the water phase, the PLGA concentration in 
the oil phase, and the average values of the stirring speed. 

Taking into consideration all the criteria to choose the 
parameters and the mean diameter, which according to lit-
erature should equal 100-300 µm, the optimal manufacturing 
parameters turned out to be: the 7.5% PLGA concentration 
in DCM solution as the oil phase, the 1-2% concentration of 
PVA solution as the water phase and the 1000 rpm stirring 
speed of the water phase. This combination of parameters 
guaranteed the MS mean diameter equal to 160 µm.

It was found that due to the MS sieving and cleaning 
process the MS with more narrow size distribution was suc-
cessfully obtained. Moreover, only the MS endowed with the 
mean diameter of 280 µm sank in the cell culture medium 
and were collected from the cell culture wells bottoms.

All the aforementioned properties are highly advanta-
geous with regard to cell culturing and modular bone tissue 
engineering applications.
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Abstract

The desire to increase the comfort of patients and 
to continue production despite the decreasing amount 
of available materials on the market has led to the con-
stant search for novel materials that could be used to 
obtain tracheobronchial tubes. The aim of this study is 
to determine the mechanical properties of a new ther-
moplastic elastomer. Two materials - the thermoplastic 
elastomer and the natural rubber were subjected to 
three tests: static tensile test, static compression test 
and static three-point bending test. During the static 
tensile test, samples of the tested materials were 
examined, and during the next two examinations, the 
final products. The materials underwent the processes 
of sterilization, hydrolytic degradation and degradation 
by oxidation. The treated samples were also tested in 
order to compare the obtained results.

The mechanical properties of the tested materials 
improved both after the hydrolytic degradation and 
oxidative degradation, as well as after the sterilization 
process. Yet the thermoplastic elastomer revealed  
a more noticeable increase. The elastomer hardening 
is a positive phenomenon potentially leading to fewer 
accidental closures of the tubes cross-section. Both 
the sterilization process and various degradation 
methods improved the mechanical properties by 
strengthening the tested materials. This phenomenon 
seems to be desirable to avoid the closure of the 
implemented tube during its application.

Keywords: thermoplastic elastomer, tracheobronchial 
tubes, oxidative degradation, hydrolytic degradation

[Engineering of Biomaterials 156 (2020) 10-16] 

doi:10.34821/eng.biomat.156.2020.10-16

Introduction

Both T-type endotracheal tubes and Y-type tracheo-
bronchial tubes are used to allow patients to breathe freely 
in cases of stenosis or obstruction of the airway lumen as  
a consequence of e.g. cancer or trauma. Endotracheal 
tubes additionally support the larynx and trachea tissues 
during the reconstruction of these organs, not only providing 
natural airway through the upper respiratory tract but also 
bypassing breathing through the tracheostomy. The main 
function of tracheobronchial tubes is to restore the trachea 
and main bronchi patency [1-3]. 

As any medical device inserted inside the human body, 
both types of tubes may cause side effects, such as infection 
and bleeding in the respiratory organs, shortness of breath 
and inflammation. There is also a possibility of stent displa-
cement. In order to minimize the likelihood of such adverse 
effects, the tubes must be properly implanted by qualified 
medical personnel. At the same time, these devices should 
be made of a suitable material that does not cause severe or 
chronic reactions and is characterized by high bio-tolerance 
and appropriate strength properties [3-6].

So far, endotracheal and tracheobronchial tubes have 
been made of natural rubber but its availability on the mar-
ket is constantly decreasing. The need to maintain tubes 
production and help patients made scientists search for 
innovative, more cost-effective and convenient solutions. 
Thermoplastic elastomers are widely used for medical 
applications and can be processed using a variety of ma-
nufacturing technologies. The use of this material has the 
potential to increase the production of tracheobronchial 
tubes and to reduce the cost per part, compared to the 
currently used material [7-9].

Thermoplastic elastomers are composite elastomeric 
materials showing the features typical for elastomers 
at normal use temperatures and thermoplastic resins at 
elevated temperatures, and their production is based on 
methods for generating thermo-reversible nodes of a spatial 
network. Such a network is made up of soft elastomeric 
phases separated at the nanoscale level and crystalline or 
amorphous phases [10-12].

Considering the described problems, the aim of this 
study is to determine the mechanical properties of new 
material - a thermoplastic elastomer used in the production 
of tracheobronchial tubes.

Materials and Methods

The research was carried out in two stages at the Facul-
ty of Biomedical Engineering of the Silesian University of 
Technology. The first stage was to test the samples cut from 
tracheostomy tubes made of two materials: the thermopla-
stic elastomer and natural rubber. In order to perform the 
cutting procedure correctly, a special handle was prepared, 
using the 3D printing technology. The dimensions of the 
resulting samples are shown in FIG. 1.

The obtained samples were divided into five groups:
• sterilized samples,
• samples sterilized and subjected to the process of hy-

drolytic degradation lasting 60 days,
• samples sterilized and subjected to the process of hy-

drolytic degradation lasting 2 days,
• samples sterilized and subjected to the process of oxi-

dative degradation lasting 60 days,
• samples sterilized and subjected to the process of oxi-

dative degradation lasting 2 days.

https://doi.org/10.34821/eng.biomat.156.2020.10-16
https://orcid.org/0000-0002-2060-929X
https://orcid.org/0000-0002-8229-3032
https://orcid.org/0000-0003-3416-7354
https://orcid.org/0000-0003-4286-001X
https://orcid.org/0000-0002-9313-0132
https://orcid.org/0000-0003-0598-5921
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Hydrolytic degradation and oxidative degradation were 
performed in accordance to the standard PN-EN ISO:10993-
13:2010 („Biological evaluation of medical devices – Part 
13: Identification and quantification of degradation products 
from polymeric medical devices”). The factor of hydrolytic 
degradation was distilled water and for oxidative degrada-
tion – 3% hydrogen peroxide of pharmacological pureness 
(replaced daily). The specimens were stored in glass. A heat 
chamber Venticell 111 was used. The test was performed 
using the accelerated method at the temperature of 70oC 
+/- 2oC for two periods of time: 2 days and 60 days. 

The sterilization process was carried out under the same 
conditions as for all medical products and accessories. The 
samples were sterilized with ethylene oxide (10% of C2H4O 
and 90% of CO2) for minimum 3 hours. The sterilization 
temperature was 53oC +/- 5oC, the pressure 2.5 bar +/- 5%.

Each group contained 10 samples: 5 made of thermopla-
stic elastomer and 5 made of natural rubber. The total was 
50 samples. The samples were subjected to the static tensile 
test at a speed of 20 mm/min, using the static testing machi-
ne MTS Criterion Model 43. The following properties were 
determined on the basis of the performed measurements: 
• maximum force F [N],
• Young’s modulus [MPa],
• ultimate tensile strength Rm [MPa],
• maximum deformation [mm/mm],
• dimension of sample at the measuring site [mm].

Each tested sample was fixed in the holder so that the 
measuring distances had the same length for every sample. 
The results were obtained with accuracy to 1 N. The samples 
after the hydrolytic and oxidative degradation processes 
were prepared according to the standard PN-EN ISO:10993-
12:2010 („Biological evaluation of medical devices – Part 12:  
Sample preparation and reference materials”). In the second 
stage, two tests were carried out on the final products made 
of natural rubber and the thermoplastic elastomer. Each 
examination was performed twice, the second time 30 days 
after the oxidative degradation. The results revealed how the 
following properties of the tested material changed: 
• maximum bending force [N],
• maximum tension [MPa],
• Young’s modulus [MPa].

A total of 78 laboratory tests were performed. 
The static compression test was performed at a speed 

of 5 mm/min with the cross-section of the tracheobronchial 
tube closed at a distance of 20 mm and 85 mm from the 
tube edge. The measuring distances are shown in FIG. 2. 

The static three-point bending test consisted in placing 
the tube on two supports spaced 50 mm apart and applying 
the load perpendicular to the longitudinal axis of the product. 
The supports and the loading element were three cylinders 
with a diameter of 3 mm. The load was applied at a speed 
of 5 mm/min. 

Results and Discussion

The results of the static tensile tests for the analyzed 
non-degraded samples are presented in TABLE 1. 

The conducted tests revealed that the samples of natural 
rubber had lower stiffness than those of the thermoplastic 
elastomer, which was evidenced by the maximum deforma-
tion values. Natural rubber had an average value of 4.41 
[mm/mm], while the average deformation for the thermo-
plastic elastomer was 1.6 [mm/mm]. Moreover, a significant 
difference in Young’s modulus was noticed. For the natural 
rubber samples, the average value was 2 MPa, while for the 
thermoplastic elastomer samples it was 15 MPa.

The second static tensile tests were performed after the 
hydrolytic degradation processes lasting for 2 and 60 days. 
The results concerning the 2-day process are presented in 
TABLE 2, while those obtained after 60 days are shown in 
TABLE 3.

Subsequent static tensile tests were performed on the 
samples subjected to the oxidative degradation process 
lasting respectively 2 and 60 days. The obtained results are 
presented in TABLES 4 and 5.

The graphs presented below show how the values of the 
three most important criteria - Young’s modulus, maximum 
strength and maximum deformation changed for the sam-
ples made of natural rubber and the thermoplastic elastomer 
subjected to various degradation processes (FIGs. 3-5).

The tests on the final products were carried out on the 
sterilized and unsterilized samples after the 30-day degrada-
tion by oxidation process (30 days is the maximum implant 
placement time in the body). In each case, the samples of 
two lengths were observed: 85 mm and 20 mm. The obtained 
results are presented in TABLES 6-7. 

The last static three-point bending test was carried out 
on the samples prepared in the same way as for the static 
compression test. The results of that study are presented 
in TABLES 8-9. 

The conducted static tensile tests proved that both the 
hydrolytic and oxidative degradation processes altered 
the strength properties of the tested materials. For natural 
rubber, as a result of hydrolytic degradation, the value of 
maximum breaking strength increased by 17.5% after 2 
days and by 20% after 60 days, when compared to the 
samples subjected to sterilization only. As a result of de-
gradation by oxidation, the value of maximum breaking 
strength increased by 23% after 2 days and by 17.7% after 
60 days. The same tendency was noticed when determi-
ning the ultimate tensile strength. In the case of hydrolytic 
degradation, the maximum tension increased by 4% after 2 
days and by 11.9% after 60 days. In the case of degradation 
by oxidation, it increased respectively by 11.1% and 8.1%.  

FIG. 1. Dimensions of tested samples. FIG. 2. Measuring distances for static compres-
sion test.
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TABLE 1. Static tensile test results for samples made of natural rubber (marked as K) and thermoplastic  
elastomer (marked as E).

Number of 
sample

Young
modulus 

[MPa]

Ultimate 
tensile 

strength Rm 
[MPa]

Maximum 
force  
F [N]

Maximum 
deformation 

[mm/mm]
Thickness 

[mm]
Width 
[mm]

K1 2 6.4 65 4.101 1.7 6
K2 2 7.9 81 4.498 1.7 6
K3 2 8.4 74 4.532 1.6 5.5
K4 2 8.8 84 5.525 1.6 6
K5 2 5.3 51 3.404 1.6 6

Average 2 7.36 71 4.41 1.64 5.9
SD 0 1.47 13.36 0.77 0.05 0.22
E1 17 2.9 26 1.544 6 1.5
E2 13 2.2 21 1.229 6 1.6
E3 15 2.5 24 1.679 6.2 1.55
E4 15 2.7 26 1.557 6 1.65
E5 15 2.9 28 1.989 6 1.6

Average 15 2.64 25 1.5996 6.04 1.58
SD 1.41 0.30 2.65 0.27 0.09 0.06

TABLE 3. Static tensile test results for samples of natural rubber (K) and thermoplastic elastomer (E) after the 
60-day hydrolytic degradation.

TABLE 2. Static tensile test results for samples made of natural rubber (K) and thermoplastic elastomer (E) 
after the 2-day hydrolytic degradation.

Number of 
sample

Young
modulus 

[MPa]

Ultimate 
tensile 

strength Rm 
[MPa]

Maximum 
force 
F [N]

Maximum 
deformation 

[mm/mm]
Thickness 

[mm]
Width 
[mm]

K11 2 7.3 88 4.842 2 6
K12 2 6.7 71 4.435 1.7 6.2
K13 2 7.6 86 4.597 1.9 6
K14 2 6.8 74 4.235 1.8 6
K15 2 9.9 98 5.043 1.7 5.8

Average 2 7.66 83.4 4.6304 1.82 6
SD 0.0 1.30 11.0 0.32 0.13 0.14
E11 16 2.6 29 1.636 1.8 6.1
E12 17 2.9 27 1.554 1.6 5.9
E13 15 2.7 31 1.326 1.7 6.88
E14 14 2.9 29 1.745 1.7 6
E15 18 2.6 26 1.135 1.6 6.2

Average 16 2.74 28.4 1.4792 1.68 6.2
SD 1.6 0.15 1.9 0.25 0.08 0.39

Number of 
sample

Young
modulus [MPa]

Ultimate 
tensile 

strength Rm 
[MPa]

Maximum 
force 
F [N]

Maximum 
deformation 

[mm/mm]
Thickness 

[mm]
Width 
[mm]

K6 2 6.9 73 5.042 1.8 5.9
K7 2 8.5 92 5.251 1.7 6.4
K8 2 7.7 73 4.536 1.6 5.9
K9 2 8.4 91 5.433 1.9 5.7

K10 2 9.7 97 5.52 1.7 5.9
Average 2 8.24 85.2 5.154 1.74 5.96

SD 0.0 1.04 11.4 0.39 0.11 0.26
E6 13 3.1 0.032 1.647 6.45 1.6
E7 18 2.8 0.026 1.643 5.7 1.6
E8 14 2.6 0.028 1.555 6.5 1.6
E9 17 2.7 0.024 1.506 5.7 1.55

E10 16 2.9 0.03 1.48 6.1 1.7
Average 15.6 2.82 0.028 1.5662 6.09 1.61

SD 2.1 0.19 0.0 0.08 0.39 0.05
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TABLE 4. Static tensile test results for samples of natural rubber (K) and thermoplastic elastomer E after the 
2-day oxidative degradation.

Number of 
sample

Young
modulus 

[MPa]

Ultimate 
tensile 

strength Rm 
[MPa]

Maximum 
force 
F [N]

Maximum 
deformation 

[mm/mm]
Thickness 

[mm]
Width 
[mm]

K21 2 9 90 5.482 1.7 5.9
K22 2 8.9 97 5.12 1.8 6.1
K23 2 8.1 83 4.685 1.7 6
K24 2 6.7 73 4.077 1.8 6
K25 2 8.2 94 5.039 1.9 6

Average 2 8.18 87.4 4.8806 1.78 6
SD 0.0 0.92 9.6 0.53 0.08 0.07
E21 16 3 29 1.683 1.6 6
E22 19 3.4 34 1.906 1.6 6.2
E23 16 2.8 25 1.575 1.5 6
E24 18 2.8 27 1.26 1.6 6.2
E25 16 2.5 31 1.196 1.9 6.5

Average 17 2.9 29.2 1.524 1.64 6.18
SD 1.4 0.33 3.5 0.30 0.15 0.20

TABLE 5. Static tensile test results for samples of natural rubber (K) and thermoplastic elastomer (E) after the 
60-day oxidative degradation.

Number of 
sample

Young
modulus 

[MPa]

Ultimate 
tensile 

strength Rm 
[MPa]

Maximum 
force 
F [N]

Maximum 
deformation 

[mm/mm]
Thickness 

[mm]
Width 
[mm]

K16 2 6.3 64 4.192 1.8 5.7
K17 2 8.5 10 5.748 1.8 6.5
K18 2 9.8 99 5.477 1.6 6.3
K19 2 8 89 5.585 1.8 6.2
K20 2 7.2 66 4.397 1.6 5.7

Average 2 7.96 83.6 5.0798 1.72 6.08
SD 0.0 1.32 34.5 0.73 0.11 0.36
E16 19 1.8 18 0.343 1.7 5.9
E17 15 1.5 15 0.29 1.6 6.1
E18 17 1.4 15 0.288 1.7 6
E19 16 1.4 16 0.379 1.7 6.5
E20 17 1.2 11 0.253 1.5 6.4

Average 16.8 1.46 15 0.3106 1.64 6.18
SD 1.5 0.22 2.5 0.05 0.09 0.26

TABLE 6. Results of static compression test obtained for thermoplastic elastomer samples.

Type of sample

8.5 cm 2 cm

Maximum 
force 
F [N]

Maximum 
tension 
[MPa]

Young
modulus 

[MPa]

Maximum 
force 
F [N]

Maximum 
tension 
[MPa]

Young
modulus 

[MPa]

Samples unsterilized 6.66 0.128 1.53 5.96 0.118 1.31

Samples unsterilized,
after 30 days of degradation 7.42 0.138 1.86 6.43 0.120 1.47

Samples sterilized 7.33 0.137 1.61 6.35 0.118 1.34

Samples sterilized, after 30 
days of degradation 7.66 0.142 1.96 6.75 0.126 1.59
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FIG. 3. Values of Young’s modulus obtained for the samples subjected to various degradation processes.

FIG. 4. Values of maximum strength F obtained for the samples subjected to various degradation processes.
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TABLE 7. Results of static compression test obtained for natural rubber samples.

Type of sample

8.5 cm 2 cm
Maximum 

force 
F [N]

Maximum 
tension 
[MPa]

Young
modulus 

[MPa]

Maximum 
force 
F [N]

Maximum 
tension 
[MPa]

Young
modulus 

[MPa]

After sterilization 4.95 0.094 0.86 5.20 0.099 0.96

30 days after sterilization 4.86 0.073 0.76 4.76 0.072 0.73

TABLE 8. Results of three-point bending test ob-
tained for thermoplastic elastomer samples.

TABLE 9. Results of three-point bending test ob-
tained for natural rubber samples.

Type of 
sample

Maximum 
force 
F [N]

Maximum 
tension 
[MPa]

Young
modulus 

[MPa]

Before 
sterilization 4.2 0.081 1.4

30 days before 
sterilization 6.96 0.134 1.62

After 
sterilization 4.5 0.083 1.3

30 days after 
sterilization 7.08 0.131 1.60

Type of 
sample

Maximum 
force 
F [N]

Maximum 
tension 
[MPa]

Young
modulus 

[MPa]

After 
sterilization 3.3 0.063 0.7

30 days after 
sterilization 5.41 0.102 0.99

FIG. 5. Values of maximum deformation obtained for the samples subjected to various degradation processes.
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The Young’s modulus value for all the variants remained 
unchanged at 2 MPa. For the thermoplastic elastomer it 
was observed that, as a result of the hydrolytic degradation, 
the maximum breaking strength value increased by 13.6% 
after 2 days and by 12% after 60 days. As a result of oxi-
dative degradation, the strength increased by 16.8% after 
2 days and decreased by 40% after 60 days. The ultimate 
tensile strength after the hydrolytic degradation increased 
by 3.7% after 2 days and by 6.8% after 60 days. The 2-day 
degradation by oxidation increased the ultimate tensile 
strength by 9.8%, while the 60-day degradation caused 
its decrease by 44.6%. Unlike the natural rubber case, the 
modulus of elasticity of the tested elastomer samples also 
changed - as a result of the hydrolytic degradation after 2 
days its value increased by 6.6% and by 4% after 60 days, 
while the degradation by oxidation caused the increase by 
13.3% and 12%, respectively. 

The static compression tests showed that after the 
oxidative degradation process the strength properties and 
stiffness of the thermoplastic elastomer tubes improved. 
The maximum strength the cross-section was closed with, 
increased after 30 days of degradation for both types of 
tubes, before (11.4% increase) and after sterilization (4.5% 
increase), and the maximum tension increased by 7.8% for 
the tubes before sterilization and by 3.6% after that process. 

However, the biggest difference was observed for the 
longitudinal elasticity modulus. The non-sterilized tube value 
increased by 21.5%, and the sterilized one by 12.2%. On the 
other hand, the natural rubber tubes revealed the lowered 
mechanical properties over time. After 30 days the maximum 
closing strength decreased by 1.8%, the maximum tension 
value by 22.3% and Young’s modulus by 11.6%. 

During the three-point bending test, an increase in the 
values was observed over time for the tubes made of ther-
moplastic elastomer and of natural rubber as well.

On the basis of the conducted research, it can be 
concluded that both the sterilization and the degradation 
processes improved the mechanical properties of natural 
rubber and the thermoplastic elastomer. A similar ten-
dency was noticed for polyethylene intended for injection 
processing whose mechanical properties improved after 
the processes of hydrolytic and oxidative degradation [4].  
Our tests proved that the tested thermoplastic elasto-
mer was characterized by higher strength than natural 
rubber, which was observed in both stages of the study.  

Since the main function of tracheobronchial tubes is to resto-
re the patency of the trachea and main bronchi, the material 
strengthening will reduce the likelihood of accidental cross-
-section closure of the implanted tubes. Therefore, taking 
into account the strength properties, the tested thermoplastic 
elastomer meets the requirements set for materials used to 
produce tracheobronchial tubes. It seems that the elasto-
mer properties are advantageous to even a greater extent 
than the previously used natural rubber, however, further 
biological evaluation of the tested material is necessary.  
The authors are also planning to carry out studies on a larger 
number of samples to perform statistical analysis.

Conclusions

Both the technological aspect and the desire to increase 
the comfort of patients led to the search for new better so-
lutions in the production of tracheobronchial tubes. The aim 
of this study was to determine and compare the mechanical 
properties of the thermoplastic elastomer and the currently 
used natural rubber. Based on the research, it can be con-
cluded that the desired mechanical properties of both the 
tested materials improved after the processes of hydrolytic 
degradation and degradation by oxidation. The properties 
were also upgraded via the sterilization process, and in the 
case of the thermoplastic elastomer the increase was more 
noticeable. The strengthening phenomenon seems to be 
desirable for endotracheal tube designs, mainly to avoid 
the accidental closure of the tube cross-section during its 
application in the body. In order to determine whether the 
tested material can be used for tracheobronchial tubes,  
it is necessary to perform biological evaluation of the me-
dical devices.
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Abstract

Collagen is the dominant component of the ex-
tracellular matrix of mammals. It occurs almost in all 
animal tissues. Collagen is a highly heterogeneous 
protein. The collagen protein family is characterized 
by great diversity in terms of structure, occurrence, 
and function. Up till now, 29 types of collagens prote-
ins have been classified. The representation of indivi-
dual types of collagen has certain common features. 
The most important property is the above-average 
mechanical strength that results directly from the spa-
tial structure. Collagen is a building material for most 
tissues and organs. It also plays an important role in 
the process of cell growth and differentiation, which 
results from the specific structure of collagen fibers 
as well as their ability to adhere. The development 
of research techniques allowed to study in detail the 
molecular structure and properties of collagen. The-
refore, collagen has become a subject of interest in 
many branches of science. Synthetic recombinant 
collagen fibers were developed as the basis of colla-
gen biomaterials for medical applications, including 
implantology or gynecology. The specific structure of 
collagen also makes it applicable as a protein carrier 
in drug delivery systems (DDS), particularly in the 
treatment of cancer and genetic diseases. The use 
of tissue regenerative abilities and an interdisciplinary 
look at the properties of collagen and collagen-based 
biomaterials may constitute the future of medical 
development.

Keywords: collagen, collagen structure, physico-
chemical properties, biological properties, DDS, 
physicochemical techniques, atelocollagen

[Engineering of Biomaterials 156 (2020) 17-23] 

doi:10.34821/eng.biomat.156.2020.17-23

Introduction

Collagen constitutes about 25% of all human proteins. Its 
name refers to the family of collagen proteins which differ 
in characteristic, location, molecular and spatial structure. 
Collagen is highly heterogeneous. Fibers chains are coded 
by different genes and biosynthesized in various tissues. 
Specific features of individual collagen types are the result 
of differences in post-translational modifications. Collagen is 
the dominant element of connective tissue extracellular ma-
trix (ECM). Due to its physicochemical properties, collagen is 
responsible for the integrity, strength and elasticity of tissues.  
This natural biopolymer is constantly synthesized in the 
body by various cells in different amounts, depending on 
the current demand. Collagen plays an important role in 
the healing process, tissue growth, regeneration, and also 
participates in the processes of cells adhesion, growth and 
differentiation. These collagen functions take place mainly 
due to the specific structure of its fibers. This spatial struc-
ture, called a superhelix, provides the beneficial properties 
of collagen, especially very high mechanical strength [1-4].

The characteristic features of collagen fibers, their com-
mon occurrence, and relatively easy accessibility are still of 
interest to scientists from different research fields. In certain 
areas of medicine and industry collagen has been widely 
used as a biopolymer compatible with the human body. Yet 
the use of collagen as a biomaterial is still being explored [5].

Collagen structure
A basic structural unit of collagen is tropocollagen - α-helix 

left-handed molecule, composed of three polypeptide, 
spirally wound chains. Collagen fibers are formed through 
the aggregation of tropocollagen molecules by the elec-
trostatic and hydrophobic side bonds. Further aggregation 
creates cross-links, such as covalent or non-covalent bonds 
between the fibrils Lysine – Lysine (Lys-Lys) and Hydroxy-
proline – Hydroxyproline (Hyl-Hyl) amino acids pairs [1,6,7]. 

The structure of the collagen molecule mainly results 
from the interaction between the components building poly-
peptides. The amino acids composition and their amount in 
polypeptide chains differ between different types of collagen. 
However, they show some common structural features. Six 
different types of subunits have been described and they 
consist of three identical (homotrimer) or three different 
(heterotrimer) chains or the mixture of the same two and 
one different chains. The collagen molecule does not only 
consist of helical fragments – the non-helical domains are 
also characteristic for some types of collagen [1,3,6].

Glycine (Gly) is the main collagen amino acid. It is about 
every third amino acid residue in a single polypeptide chain 
(approx. 35%). Proline (Pro) is the second abundant amino 
acid, present in an amount of 12% of all amino acids. Rarely 
occurring but important are lysine (Lys) and alanine (Ala), 
as well as aspartic (Asp), glutamic (Glu) and arginine (Arg) 
amino acids. A characteristic feature of the collagen molecu-
lar structure is the occurrence of nearly equimolar amounts 
of basic and acidic amino acids. In addition, a significant 
concentration of hydroxyproline (Hyp) and hydroxylysine 
(Hyl) can be distinguished in the composition of the poly-
peptide chain. These two amino acids are already formed 
in the post-translational and enzymatic protein processing 
and are responsible for the formation of higher-order struc-
tures [1,3,6,8].

Collagen-forming polypeptide chains are characterized 
by the presence of repeatable amino acid sequences, where 
the most common sequence is proline and the next one - 
Gly-Pro-Hyp (FIG. 1). 
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A slightly less common amino acid sequence is Gly-Pro-

Ala. This repeatability is important for the collagen spatial 
structure. The systematic presence of Gly allows the forma-
tion of hydrogen bonds between its molecules. Consistency 
and regularity are the most important factors that signifi-
cantly increase the strength of the entire helical structure.  
The aqueous environment plays an important role in this 
process as it stabilizes the hydrogen bonds. However, it has 
been proved that if the structure regularity is interfered the 
collagen molecule shows considerable flexibility. It means 
that the lower regularity in amino acid sequence, the greater 
number of kinks in the polypeptide chain. This relationship 
determines the elasticity of collagen molecule [3,4,6-10]. 

There are 29 types of collagen. The classification has 
been presented in FIG. 2. 

FIG. 1. The structural formula of Gly-Pro-Hyp ami-
no acid sequence.

FIG. 2. The collagen proteins family.
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The collagen proteins family classification is based on the 

differences in structure, location and properties of individual 
types. The two main collagen groups are: fibrillar collagen 
and non-fibrillar one [11,12]. Fibrillar collagen forms fibrils, 
constituting about 90% of all collagen presented in the 
human body. It is encoded by 11 genes and formed from 
three helically rolled up polypeptide chains, separated by 
short non-helical fragments called teleopeptides. The spatial 
structure of fibrillar collagen is cross-striated with transverse 
bands repeating every 64–67 nm. Non-fibrillar collagen is 
much more differential in terms of structure, location and 
properties. Although it amounts only to 10% of all the col-
lagen in the human body, it is a vital part of many organs 
[8,13-15]. 

TABLE 1 presents the types of fibrillar and non-fibrillar 
collagen with examples of their location in tissues.

Collagen biosynthesis

The collagen protein family is coded by 44 genes located 
on the 17th pair of chromosomes. Collagen biosynthesis 
consists of many steps and occurs in different regions inside 
and outside the cell [8]. The beginning of this process does 
not differ much from the synthesis of every other protein 
in the human body. The biosynthesis begins with the tran-
scription of genetic information in the cell nucleus, then the 
mRNA transcript leaves out the nucleus and goes to the 
endoplasmic reticulum (ER) where the genetic information 
is translated. As a result of this process, a new molecule, 
called pre – procollagen, is formed. Pre – procollagen in its 
structure contains a signal peptide fragment that is respon-
sible for identifying and delivering the polypeptide molecule 
to the appropriate place in the ER. The other characteristic 
fragments of this chain are the terminal fragments located 
at both ends. Thanks to them proper polypeptide chains are 
selected to form procollagen αhelix. They also prevent the 
premature formation of collagen fibrils [2,4]. 

The post-translational modification consists of three steps 
and takes place in the ER. First, the signal peptide is cut off, 
using a signal peptidase. Next, the Lys and Pro hydroxyla-
tion takes place with the participation of lysine hydroxylase, 
prolyl-4-hydroxylase and prolyl-3-hydroxylase. This is one of 
the primary stages of collagen biosynthesis that requires an 
appropriate environment reaction, which is provided by the 
presence of ascorbic acid, molecular oxygen, iron ions (II) 
and α-ketoglutarate. Due to the post-translational modifica-
tion, it is possible to create hydrogen bonds stabilizing the 
spatial structure of this protein [2,4,11,16]. 

The final step of post-translational modification is 
glycosylation. The reaction occurs in the presence of glu-
cosyltransferase and galactosyltransferase while glucose 
or galactose is attached to the Hyp residues. The formed 
polypeptide chains have an ability to self–aggregate and 
the new aggregated structure is called procollagen. Pro-
collagen is stabilized by hydrogen and disulfide bonds and 
the oligosaccharide fragments get attached to its molecule 
in the Golgi apparatus. It is the last modification before the 
procollagen transport to the ECM [2,4]. In ECM, using N – 
proteinase and C – proteinase, the terminal propeptides 
are removed and tropocollagen is formed. Tropocollagen is 
able to aggregate with tropocollagen molecules spontane-
ously, thus forming collagen fibrils. Collagen fibrils are the 
final stage of collagen protein biosynthesis [2,4]. Collagen 
biodegradation in the body is a complicated process that 
can be divided into two types: extracellular and intracellular 
[2]. The intracellular biodegradation occurs in the process of 
collagen endocytosis by cells capable of phagocytosis [2,5], 
while extracellular biodegradation occurs due to extracellular 
matrix metalloproteinases (MMPs). After their activation, 
the triple helix spatial structure is destroyed through the 
degradation of peptide bonds between the pairs of amino 
acids: glycine-isoleucine and glycine-leucine. The collagen 
molecule disintegrates into two molecules in a ratio 3:1. 
The collagen disintegration products denature and become 
water-soluble in the environment [1,2,17,18].

The collagen synthesis in the human body depends on 
the constitutional specifics, yet it is conditioned by environ-
mental factors. For instance, the collagen precursors synthe-
sis (pro-collagen) can be stimulated by mechanical stress. 
It has been shown that collagen synthesis and degradation 
increase under the influence of short-term and long-term 
exercise [19]. Chang J. et. al. proved that the collagen syn-
thesis may alter during 24 h cycles. Such a conclusion was 
based on the transmission electron microscopy observations 
of Achilles tendons extracted from mice [20]. 

a)                            Fibrillar Collagen
Collagen 

Type Location

I skin, bones, tendons, cornea
II gristle, vitreous body 
III skin, vessels, intestine, uterus
V skin, bones, cornea, placenta
XI gristle, intervertebral disc

XXIV bones, cornea
XXVII gristle

b)                                     Non-fibrillar Collagen
Collagen 

Type
Location

IV basal membrane, capillaries
VI bones, vessels, skin, cornea, gristle
VII mucous membranes, skin, bladder, 

umbilical cord, amniotic fluid
VIII skin, brain, heart, kidneys, vessels, 

bones, gristle
IX cornea, vitreous body, gristle
X gristle 
XII gristle, tendons, skin
XIII skeletal muscles, heart, eye, skin, 

endothelial cells
XIV vessels, eye, nerves, tendons, bones, 

skin, gristle
XV capillary vessels, ovaries, heart, 

testicles, skin, placenta, kidneys
XVI heart, skin, kidneys, smooth muscle
XVII skin
XVIII kidneys, lungs, liver 
XIX skin, kidneys, liver, placenta, spleen, 

prostate gland
XX corneal epithelium 
XXI stomach, kidneys, vessels, heart, 

placenta, skeletal muscles
XXII tissue connections
XXIII metastatic carcinogenic cells
XXV eye, brain, heart, testicles
XXVI testicles, ovaries
XXVIII nervous system cells
XXIX skin

TABLE 1. Location of a) fibrillar and b) non-fibrillar 
collagen in tissues. Adapted from [12] with addi-
tional data from: [8,11,13-15].
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Collagen in medicine – physicochemical 
and biological properties

The physicochemical properties of collagen are the result 
of its molecular structure. The most important features of 
collagen proteins include very high tensile and tear strength 
which protects the tissue against mechanical damage.  
The collagen fibers resistance to mechanical forces in-
creases in direct proportion to the fiber age and cross-linking. 
This cross-linking is also associated with the fact that col-
lagen binds the remaining elements of the ECM, ensuring 
the integrity of the tissues it occurs in. [1-3].

Due to the spatial structure of superhelix and its ability 
to retain water, collagen is insoluble in water. This feature 
makes its resistant to proteolytic enzymes, such as trypsin, 
chymotrypsin or pepsin. Water solubility plays a significant 
role in the proper biochemical process. However, this pro-
cess can be limited by adding sulphate anions (IV) and (VI), 
metal cations Na+ and K+, as well as a solution of NaCl [1,2]. 

Depending on the temperature, collagen denatures in 
two steps. This process is slower and slightly different from 
other proteins. In the first stage, the superhelix structure is 
broken by the hydrophobic and hydrogen bonds degradation 
and this process is reversible. In the next stage, the helical 
structures are destroyed and transformed into globular ones. 
The temperature range necessary for the collagen degrada-
tion is between 5°C and 50°C, depending on the molecule 
structure and the reaction conditions (pH, the concentra-
tion of salts and electrolytes and amount of hydroxyproline 
residues in collagen). Collagen changes its consistency, 
plasticity and viscosity under the thermal treatment or due 
to various solutions of acids and bases, both inorganic and 
organic. The knowledge of these properties was crucial to 
determine the preparation methods and obtain collagen 
proteins for research [13,21-23].

In addition to supporting and building functions, collagen 
has the ability to bind ligands of various origins, thus taking 
an indirect part in the biochemical processes in the surround-
ing tissue. Collagen binds to integrins and other mediator 
proteins, thereby they mediate the cells signal transmission, 
regulate the cells proliferation and proper migration inside 
the tissue. They also interact with proteoglycans, providing 
specific tissues with appropriate mechanical properties. 
Biosynthesis and biodegradation are also dependent on the 
collagen binding to other substances, such as collagenases 
or protein chaperones [24,25].

Collagen is also involved in the process of neoplastic cell 
formation, angiogenesis and metastasis. The tumor micro-
environment influences the ECM, resulting in the deposition 
of fibronectin, proteoglycans and collagen types I, III, IV.  
It promotes tumor progression through the increased mutual 
cells adhesion, cells polarity disorders, and the increasing 
growth factor signaling [26].

Moreover, collagen has a positive effect on the proper 
immune system functioning, mainly through the impact on 
the complement system functioning. Collagen also binds the 
C1r or C1s components that are responsible for activating 
the system and enhancing the immune response. Due to 
the characteristic spatial structure, collagen also has the 
ability to nonspecific binding of polyanionic compounds, 
such as oxidized low–density lipoprotein (LDL). The list of 
ligands that can be bound by collagen is very long and is 
constantly expanding. Some of them bind only to a specific 
type of collagen, while others bind nonspecifically and more 
spontaneously. Unfortunately, not all ligand binding regions 
in the collagen molecule have been accurately characterized 
and described [27-34].

Thanks to the detailed knowledge of the molecular struc-
ture and physicochemical properties, collagen has become 
an object of interest in many scientific areas, e.g. nanotech-
nology or biomedical engineering. Numerous studies have 
allowed to create synthetic, recombinant collagen fibers to 
produce collagen biomaterials with different structure and 
function [12,35,36].

Among others, collagen-based biomaterials engage 
atecollagen. It is the type I collagen derivative deprived of 
telopeptide fragments that are responsible for the lack of 
immunogenicity. Due to low toxicity, antigenicity, common 
occurrence and ease of obtaining, collagen is a safe building 
unit for materials synthesis. Collagen-based materials are 
biocompatible and biodegradable. They are often used in 
reconstructive medicine, implantology and pharmacology 
[12,35,37]. 

Insoluble and porous collagen sponges are one of the 
many collagen-based biomaterials. They are formed during 
the lyophilization of acid or alkaline animal collagen aqueous 
solutions. The sponges pore size can be controlled during 
production and depends on the amount of dry collagen mass 
and the speed of solution freezing. Collagen sponges are 
able to absorb liquids. During the production process, they 
are enriched by elastin, glycosaminoglycans or fibronec-
tin, making them more flexible. Additional cross-linking of 
these materials, using glutaraldehyde and conjugated with 
poli(hydroxyethylmethacrylate), increases their mechanical 
strength. 

Collagen sponges are used in medicine as a dressing 
for burn wounds and bedsores. They can be soaked with 
antibiotics, usually gentamicin, acting as drug carriers.  
Collagen sponges protect tissue against infection. The pres-
ence of opened and semi-closed pores in collagen sponges 
allows for the quick and prolonged local effect of the drug, 
which depends on the biodegradation rate. The advantage 
of this type of biomaterials is also a possibility to obtain 
the maximum drug concentration in the appropriate place 
and to reduce the side effects during the antibiotic therapy 
[12,18,35,36,38].

In the structure of collagen hydrogels, there are numer-
ous dispersed water molecules. They can be formed in the 
process of spontaneous polymerization which already takes 
place in physiological conditions. The spatial structure of 
collagen gels is maintained thanks to strong electrostatic 
interactions and hydrophobic bonds. Due to the large fluid 
accumulation inside the gel, they have the ability to effec-
tively exchange ions and metabolites with the surrounding 
tissue. The rich cross-linking of collagen gels is the reason 
for keeping fluids inside the biomaterial structure, which 
affects its characteristic mechanical properties and appli-
cation. Collagen hydrogels can be compressed, in a more 
or less controlled manner, depending on the application.

 Due to their properties and structure similar to soft 
tissues, collagen gels have found wide clinical applica-
tion. Microgels based on collagen type I are mainly used.  
Depending on the type of cells, they can be used to regen-
erate and rebuild different types of tissues. Collagen type 
II is also used in hydrogels. Its structure and functional-
ity resembles cartilage. It stimulates the differentiation of 
mesenchymal stem cells towards chondrocytes, therefore 
collagen type II gels have been used in the regeneration of 
this type of tissue. The examples of hydrogel applications 
are presented in TABLE 2 [12,35,36,38].
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Collagen films are very thin and durable. The film thick-
ness is between 0.1 to 0.5 mm. They are formed by evapo-
rating the solution that may contain medical substances, 
such as gentamycin or tetracyclines. Collagen films and 
membranes are useful in ophthalmology, in the treatment of 
corneal infections and wound healing. They can also be used 
indirectly to cover other biomaterials to change their surface 
properties. Collagen films containing rapamycin are used 
in the production of coronary stents and drug–free collagen 
film are used to produce lenses. Their function is protect-
ing lenses from mechanical damage [12,35,36,38]. The 
examples of using biomaterial are presented in TABLE 3. 

Collagen can be also used as a protein carrier in drug 
delivery systems (DDS). Their function is to deliver an old 
and new generation drug to the destination inside the body 
[39]. The connection between the carrier and the drug sub-
stance occurs thanks to the formation of a covalent bond. 
The carrier may be atelocollagen. This completely safe 
biomaterial has a positive charge to facilitate the transfer 
of pharmaceuticals. Collagen protein in drug delivery sys-
tems is primarily used to transport proteins and nucleic 
acids. It is applicable to treat cancer and genetic diseases.  
TABLE 4 presents the examples of drugs transported using 
DDS [34,39,40]. 

TABLE 4. Examples of drugs transported using 
DDS. Adapted from: [35,37-39].

Types of collagen Types of cells Application

Collagen type I

Fibroblasts Dermis regeneration
Cardiomyocytes Heart muscle reconstruction 

Growth factors and polypeptides Promote polarity nerve cells, alignment 
and increase adhesion 

Collagen type II Cartilage regeneration

TABLE 2. Hydrogels in medicine. Adapted from: [12,18,35,36,38].

Medicine area Biomaterial form Application

Skin regeneration

Collagen type I hydrogels with fibroblasts Reproduction of skin defects

Compensated collagen hydrogels Skin reconstruction in vitro and in vivo

Hydrogel with liposomes Drug delivery in skin during regeneration, 
accelerating the wound healing process

Collagen sponges Treatment of severe burns and bedsores

Dental surgery and 
implantology Collagen membranes

Post-implant skin regeneration, closure of 
sinus fistulas, treatment of bone and cartilage 

tissue defects

Ophthalmology Collagen films and membranes

Treatment of corneal defective, 
reconstruction of the corneal epithelium after 
surgical removal, drug delivery to the surface 

of the eyeball

Urology/Gynecology Collagen materials containing bladder cells, 
muscle cells or fibroblasts

Bladder plastic surgery, treatment of 
urethral stricture

Orthopedics
Scaffold based on polyurethane with 

collagen type I hydrogel and TGFβ-1 [45], 
sponge structure collagen implants [46]

Treatment of vertebrae [45]. 
collagen meniscus (Menaflex - CMI, ReGen 
Biologics, Franklin Lakes, New Jersey) [46] 

Laryngology Collagen hydrogel, autologous grafts 
from skin [47]

Nestorian function of vocal cords and 
epiglottis [47]

Neurology (in the 
experimental stages) Various collagen materials Peripheral nerves regeneration

Aesthetic medicine Masks, gels, creams, injection preparations Wrinkle filling, scar regeneration, improve 
facial contours, lips, overall skin improvement

TABLE 3. Examples of the use of collagen as a biomaterial in medicine. Adopted from [12,18].

Drug Application 

Interferon Viral diseases treatment

Interleukin - 2 Immune deficiencies

Nerve Growth factor 
(NGF)

Central nervous system 
diseases treatment 

Basic Fibroblast 
Growth Factor (bFGF) Fracture treatment
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Physicochemical techniques of collagen 
analysis

The complexed spatial structure and physicochemi-
cal properties of collagen can be analyzed using various 
techniques. The constantly expanding knowledge on this 
subject makes it possible to apply different collagen types 
as building materials in the medical industry [32,33,41].

To assess the structure of collagen fibers, two comple-
mentary techniques: transmission electron microscopy 
(TEM) and synchrotron X-ray scattering can be used.  
TEM provides information about local structural on the 
scale of 15 nm to several micrometers, while X-ray scat-
tering gives general information about the packing collagen 
molecules. The morphology of fibrils and of whole collagen 
membranescan also be observed using a scanning electron 
microscope (SEM), however, this technique requires spe-
cific chemical preparation of the tested material [32,33,35]. 
TEM enables the analysis of collagen in biological systems, 
X‐ray scattering can be used to investigate the structural 
features of fibrillar human collagen, while SEM – collagen 
morphology. 

To determine the thermal stability of collagen and its 
derivatives, differential scanning calorimetry (DSC) is used. 
Miles et al. used DSC to determine the thermal stability of 
native and artificially cross-linked collagen, derived from 
rat tail tendon at different levels of hydration [42]. DSC can 
be used for thermal analysis during the collagen treatment 
and inflammatory pathological states (besides the classical 
histological methods).

The structural properties of collagen proteins can be 
described by circular dichroism (CD). CD describes the 
secondary structure and it determines the triple helix – the 
presence, profile and stability. This technique can also be 
used to assess the optical ability of collagen solutions and 
to monitor conformation changes in the structure of the 
polymer triple helix. CD in the wavelength range from 100 
to 200 nm (vacuum ultraviolet - VUV) can also be used to 
determine the purity of collagen samples [43,44]. Spectros-
copy CD could be helpful in the analysis of collagen based 
on biomaterials exposed to chemical and physical agents 
during their manufacturing for medical purposes.

In order to assess the collagen fibers elasticity, nuclear 
magnetic resonance spectroscopy (NMR) can be used [8]. 
NMR spectroscopy can also assess collagen in native ECM. 
The way collagen molecules move provides information 
about its mechanical and biological properties. Another 
interesting method to assess the collagen molecular struc-
ture without damage is the solid state NMR spectroscopy, 
performed both in vivo and in vitro. This technique can 
provide information about the aging process of collagen 
fibers and/or their molecular changes under the influence 
of an ongoing disease [47].

Summary

The collagen protein family is characterized by me-
chanical strength resulting from the spatial structure, wide 
structure diversity, occurrence and function. The super 
helical structure is unique in the world of animal proteins. 

The regenerative potential of the human body is still the 
subject of numerous studies. Taking advantage of natural 
tissue regenerative abilities, along with the application 
of new technologies and biomaterials, is the future of 
medicine. The knowledge about collagen has gradually ex-
panded with the progress of research techniques, enabling 
a thorough investigation of their structure. These proteins 
still remain a subject of research and our knowledge is not 
complete. Characteristic features, such as strength and 
common occurrence, have facilitated the use of collagen as 
a biomaterial for many clinical purposes. An interdisciplinary 
look at the possibilities of using collagen and biomaterials 
created on its basis can help to develop medicine and other 
scientific areas.
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Abstract

The presented publication discusses the test re-
sults regarding samples of a prosthetic alloy from the  
Co-Cr-Mo system. The test samples were obtained by 
means of two different methods applied in prosthetics 
laboratories to compare their properties and micro-
structure. To obtain the samples via the traditional 
lost wax casting method, the cast alloy Co-Cr-Mo 
was used, commercially known as Wironit LA. In the 
case of the modern technique DMLS (Direct Metal 
Laser Sintering), metallic powder Co-Cr-Mo, called 
EOS Cobalt Chrome MP1, was used. The samples 
of both Co-Cr-Mo alloys obtained via the two methods 
were prepared for metallographic tests; they also 
underwent microstructural observations with the 
use of light microscopy (LM) and scanning electron 
microscopy (SEM), and next they were subjected to 
hardness tests. The obtained samples demonstrated 
a dendritic structure. In the samples cast with the lost 
wax casting method, a segregation of the chemical 
composition was revealed. The samples obtained by 
means of the DLMS method were characterized by 
chemical composition homogeneity. The hardness 
measurements with the statistical analysis of the 
measurement results showed a difference between 
the examined alloys. On the basis of the performed 
studies, it was stated that the applied methods of 
manufacturing prosthetic elements make it possible 
to obtain diversified microstructural and mechanical 
properties of the alloys. The hardness value signifi-
cantly affects the subsequent mechanical and finishing 
treatment of prosthetic elements, such as metal bases 
of crown caps, bridges, mobile prostheses or other 
retention elements.

Keywords: Co-Cr-Mo alloys, dental prosthetics, 
lost wax casting method, selective laser sintering of 
metal powders (DLMS), microstructure, hardness 
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Introduction

The modern techniques applied to recreate toothing 
losses have to meet growing requirements. The develop-
ment of dental prosthetics provides more and more pos-
sibilities to select the optimal method of filling losses in 
the patient’s toothing [1-3]. A group of metallic materials 
commonly applied in prosthetics are Co-Cr alloys with Mo 
and/or W microadditions [4-7]. The technology of producing 
metal prosthetic elements determines their microstructure 
[6,8-11,32], thus affecting their mechanical properties [12], 
corrosion resistance [13] and tribological wear [14,15,27].

One of the most popular methods used to manufacture 
prosthetic elements is the lost wax casting [16-18] which 
makes it possible to match the element with the patient’s 
anatomy. Another frequently applied method is direct metal 
laser sintering (DMLS) [16,17,19]. Thanks to these methods 
elements of complicated shapes can be manufactured, 
hence the high interest in their possibilities in dental pros-
thetics. 

The production of a metal prosthetic element via the 
precision casting method (lost wax technique) takes place 
during the casting process. In this process, a previously 
prepared ceramic mould based on a wax model is filled 
with a liquid metal alloy. The quality of the obtained casts 
depends largely on the metal’s melting point among other 
factors [20,21]. Already at the beginning of the modelling 
process, special attention should be paid to a uniform thick-
ness of the prosthetic element’s wall [23]. In the lost wax 
casting method, in its first stage, a wax model represent-
ing the shape of the final prosthetic element is produced.  
The wax moulds are placed in a casting ring and covered 
with a protective body, consisting of a binding agent, such as 
calcium sulphate hemihydrate (CaSO4*2H2O) and a refrac-
tory ceramic mass of quartz or cristobalite. The casting ring 
is left for about 45 min until the ceramic mass completely 
binds. The process of wax burning consists in heating the 
casting ring in order to harden the refractory mass and re-
moving the wax by melting and burning. If during the ceramic 
mass cooling, a thermal expansion occurs, the wax burning 
temperature is within the scope of 500-600°C. In turn, if  
a hygroscopic expansion takes place during the ceramic 
mass cooling process, the wax burning temperature should 
be maintained at about 460oC [20,23]. Directly after the wax 
burning process, the casting process should begin so that 
the casting ring does not cool down significantly [23]. The 
liquid alloy (Co-Cr-Mo) from the temperature of 1350-1400oC 
is cast into a hot mould with a temperature of 800-1000oC. 
In order to uniformly distribute the metal in the casting 
mould, a centrifuge with a centrifugal force is used. In this 
method, the metal is introduced from the crucible where it 
has been melted, directly through the casting channels, into 
the casting mould located in the ring. The whole process 
in the centrifuge does not last longer than 1 second. After 
the casting process, the centrifuge should continue to exert 
pressure on the solidifying metal, as this guarantees the 
proper shaping of the cast edges, and the mould has to cool 
down. During that time, the alloy crystallization takes place. 
Next, the ceramic mould is broken, and the metal prosthetic 
element is cleaned, milled and polished [20]. 

It should be emphasized that producing a high-quality 
cast is possible only if the recommendations are met 
and the appropriate melting and casting temperatures for  
a given alloy are applied. If the parameters are improper, the 
cast metal element will have an inhomogeneous structure 
and lowered mechanical properties. Additionally, casting 
defects, such as pores and micro shrinkages, will occur.  
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In the lost wax method, soft modelling wax was used to 

make models of elements measuring 3x19x19 mm which 
casting pins were fixed to. The construction was fixed to the 
base of the casting ring with a pin. The prepared protective 
mass was poured into the casting ring and left for 20 min 
until a complete solidification of the mould took place.  
In the following step, the ceramic mould was placed in the 
furnace heated up to 970oC in order to melt the wax. Next, 
the hot ceramic mould and the crucible with the Co-Cr-Mo 
(Wironit LA alloy) were placed in the centrifuge equipped 
with an inductive heater. The centrifuge was activated and 
the Co-Cr-Mo liquid alloy was pressed into the ceramic 
mould due to the centrifugal force. The temperature of the 
liquid alloy was about 1400oC. After the casting process, the 
mould was removed and cooled in the air until the complete 
alloy crystallization. At the last stage, the cast Co-Cr-Mo 
alloy samples were cleaned of the remains of the ceramic 
mass with a sandblasting unit and an abrasive disk. Next, 
the channels and the casting cone were cut off. A total of 10  
Co-Cr-Mo samples measuring 3x19x19 mm were cast and 
subjected to tests.

The second batch of the test materials were the Co-Cr-
Mo samples obtained via the direct laser metal sintering 
technique (DLMS). The EOS CobaltChrome MP1 powder 
was used to prepare the samples. It fulfils the chemical 
and mechanical specifications of the standards ISO 5832-4 
and ASTM F75 for casting alloys Co-Cr-Mo assigned for 
implants, as well as the specifications of the standards ISO 
5832-12 and ASTM F1537 for alloys Co-Cr-Mo assigned 
for forged elements. The chemical composition and the 
mechanical properties of the powder EOS CobaltChrome 
MP1 are presented in TABLES 3 and 4 [30].

The laser sintering process was performed with a 3D 
EOSINT M280 printer by means of the DMLS technique. 
The initial value of the laser beam equalled 1 mW, and the 
laser wavelength was 600-700 nm. Nitrogen was applied 
as a protective gas. The detail made on the printer was 
shaped as a cylinder measuring 140 mm in length and 
10 mm in diameter. The shape and size of the produced 
element required the use of a support mesh to protect the 
element from bending during the printing, as the powder 
layer beneath the element did not withstand the pressure. 
The experiments were performed on a total of 10 Co-Cr-Mo 
samples measuring 10 mm in length and 10 mm in diameter.

In consequence, the lost wax casting makes it impossible 
to produce a precision cast with efficient microstructural 
and mechanical properties. That is why an increasing 
role in prosthetics laboratories is played by DMLS (Direct 
Metal Laser Sintering) techniques which belong to the most 
popular additive technologies (additive manufacturing) [24].  
The laser does not sinter but completely melts the pow-
dered material. Therefore, the obtained elements are very 
strong and suitable for the subsequent treatment and their 
structure is not weakened [25]. The dimensional accuracy 
grade of the DMLS techniques according to DIN EN ISO 
2768 is category C, depending on the size of the detail (in 
practice from +/-0.15 for details of up to 100 mm to +/-0.3 
for larger details, depending on the geometry type and 
the arrangement in the working chamber). In the series 
production of one detail, the process can be optimized and 
it is possible to obtain accuracies of more than +/-0.1 mm.  
The minimal wall thickness of metal prints equals 0.6 mm 
[26]. In the additive techniques, numerically controlled de-
vices apply the CAD/CAM (Computer-Aided Design/Com-
puter-Aided Manufacturing) technology. CAD systems are 
used to design the shape of crowns and bridges, whereas 
CAM makes it possible to generate a machine code based 
on the created CAD models. 

CAM packets also visualize and simulate the production 
process so as to limit errors. The virtually designed compo-
nents are free of imperfections that might occur in the lost 
wax method [20,21,27,28]. 

The aim of the performed research was to evaluate the 
effect of the two production methods, i.e. the lost wax cast-
ing method to produce a prosthetic alloy Co-Cr-Mo and 
the direct metal laser sintering method (DMLS) to produce 
metallic powder Co-Cr-Mo, on the obtained material micro-
structure and hardness.

Materials and Methods

The materials assigned for the tests were the Co-Cr-Mo 
alloys samples used to produce prosthetic elements, such 
as crowns, bridges, attachments and frameworks of partial 
dentures. Some of the test samples were obtained through 
remelting of the commercial alloy Wironit LA by Bego Com-
pany [29] during the lost wax casting process. The chemi-
cal composition and the mechanical properties of the alloy  
Co-Cr-Mo Wironit LA are presented in TABLES 1 and 2.

Cr Mo Si C Co

29.0 5.5 1.2 max. 
0.25 rest

TABLE 1. Chemical composition of the tested  
Co-Cr-Mo alloy (Wironit LA), % wt. [29].

TABLE 2. Physical and mechanical properties of 
Co-Cr-Mo alloy (Wironit LA) [29].

ρ 
[g/cm3]

Melting 
temp. 
[oC]

Casting 
temp. 
[oC]

E
[GPa]

Rp0,2
[MPa]

Rm
[MPa]

A5
[%]

8.2 1300-
1340 1450 220 640 940 8

TABLE 3. Chemical composition of the tested 
Co-Cr-Mo powder (EOS CobaltChrome MP1),  
% wt. [30].

Cr Mo Si C Mn Fe Co

26-30 5-7 ≤ 1.0 ≤ 0.16 ≤ 1.0 ≤ 0.75 rest

TABLE 4. Physical and mechanical properties of 
Co-Cr-Mo powder (EOS CobaltChrome MP1) [30].

ρ 
[g/cm3]

Rp0,2 
[MPa]

Rm
[MPa]

A5
[%]

8.3 600 1100 20
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The metallographic tests of the examined Co-Cr-Mo al-

loys included the samples grinding and polishing in order to 
obtain a flat surface and their etching to reveal the micro-
structure. Abrasive papers (SiC) with the granularity 320, 
500, 800, 1000, 1200 and 2000 µm were used for grinding 
and polishing cloth with an agent of a diamond suspension 
3 and 1 µm was applied for polishing. The finishing treat-
ment was conducted on a polishing cloth type OPS with 
the use of a diamond suspension ¼ µm. In order to reveal 
the microstructure of the examined samples, the microsec-
tions were subjected to electrolytic etching. The etching 
reagent was a mixture of 60 cm3 HCl, 15 cm3 HNO3, 15 cm3 
CH3COOH and 15 cm3 distilled water and the voltage used 
for the electrolytic process was 4-5 V. The microstructure 
observations were performed with a light microscope (LEICA 
DM4000 M) and a scanning electron microscope (HITACHI 
S-3500N) equipped with an X-ray spectrometer EDS by 
NORAN 986B-1SPS. 

The samples’ hardness was measured by means of 
the Vickers method using a hardness tester ZWICK/ZHU 
187.5, with a load of 100 N (HV10) and a measurement time 
of 10 s. The tests were conducted on all the 20 samples 
obtained by both production techniques and the number 
of measurements in randomly selected areas was 10.  
The obtained measurement results were subjected to 
statistical analysis. The following parameters were deter-
mined: the hardness measurement mean value (HV10), 
the standard deviation ( s(HV10)), the absolute limiting error 
(δg) and the relative limiting error (γg), where tα = 1.98 - the 
value read from the t-Student distribution table, dependent 
on the number of performed measurements, the significance 
level α = 0.05 and the number of degrees of freedom k = 9 
(k = n - 1, where n constitutes the number of measurements 
performed on the sample).

Results and Discussion

The etched Co-Cr-Mo alloys samples underwent ob-
servations by means of light microscopy. The selected 
micro-images of the examined alloys, both after casting by 
the lost wax method and after laser sintering by DLMS, are 
presented in FIGs 1 and 2. 

The Co-Cr-Mo (Wironit LA) alloy samples (FIG. 1a-d) 
are characterized by the dendritic microstructure, typical of 
casting alloys. It is visible especially under low magnifica-
tion (FIG. 1a). Based on the literature data [31], we know 
that the alloy’s primary structure obtained directly after 
crystallization consists of large matrix grains constituted 
by a solution of chromium and molybdenum in cobalt.  
As a result of the structural and thermal stresses present in 
the material, microcracks occurred, causing a drop in the 
material’s strength. The crack propagation proceeded in the 
interdendritic spaces (FIG. 3a,b).

FIG. 4a shows the typical microstructure of the cast 
Co-Cr-Mo alloy obtained by lost-wax casting with visible 
precipitates enriched in Mo and Cr. It is known that cast 
materials are characterized by the chemical composition 
micro-segregation and inhomogeneity. That is why, the SEM 
observations and EDS chemical composition analyses were 
carried out in micro-areas (FIG. 4b,c).

The chemical composition analyses performed in micro-
areas of the lost-wax cast Co-Cr-Mo alloy confirmed that its 
matrix was constituted by a solid solution of chromium and 
molybdenum in cobalt (FIG. 4c). The SEM observations and 
the analysis of X-ray spectra revealed the phenomenon of 
inverse Cr micro-segregation (FIG. 3 and 4) which diffused 
both into the dendritic cores and the interdendritic spaces.

FIG. 1. Microstructure of Co-Cr-Mo alloy after the lost-wax casting method (a-d); LM, etched state.

a)

d)c)

b)
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The carbide phases are the main source of the alloy’s 
reinforcement [10,32-34]. It is possible to notice the areas 
(FIG. 3a,b) between the arms of the dendrites, the so-called 
interdendritic spaces, where carbide phases precipitate. 
According to the literature data [9,18,32], type M7C3 and 
M6C, as well as M23C6, carbides can be present in Co-Cr-Mo 
casting cobalt alloys. The chemical composition analysis 
performed on micro-areas proved larger segregation of 
Mo into the interdendritic spaces (FIG. 4c, point 1-3 of the 
analyses).

The microstructure of the Co-Cr-Mo (EOS CobaltCh-
romeMP1) alloy samples obtained by the direct metal laser 
sintering technique (DMLS) resembles “fish scales” in the 
light microscope images (FIG. 2a-d). The traces of the 
crossing laser beam are clearly visible. The fine-grained 
microstructure and multi-directionality of the occurring 
crystallization can be seen (FIG. 2d and FIG. 5b). One can 
notice that the grain boundaries exhibit geometrical diversity 
(FIG. 5). Also, the phenomenon of epitaxial dendrite growth 
is visible - the already present crystal growing through the 
consecutive melted layers.

FIG. 2. Microstructure of Co-Cr-Mo alloy after selective laser sintering using the DLMS technique 
(a-d); LM, etched state.

a)

d)c)

b)

FIG. 3. Microstructure of Co-Cr-Mo alloy obtained by the lost-wax casting method with revealed 
microcracks in the dendritic microstructure; the images taken for different places on the sample 
(a, b); SEM, etched state. The arrows show examples of microcracks in the alloy.

a) b)
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The dendrite axes formed in the microstructure stay 
in accordance with the heat removal direction during the 
crystallization process. The dendrites maintain their direc-
tions and run through the grain boundaries (FIG. 5a,b).  
The main dendrite axes are long and not much branched, 
which proves that the directional crystallization proceeds at 
a high rate [35,36]. The Co-Cr-Mo alloy samples obtained 
by DMLS have a very fine-grained microstructure which 
provides good mechanical properties of the alloy. Cobalt 
ensures high hardness, abrasive resistance and bending 
strength. The presence of chromium and molybdenum 
provides the alloy with good corrosion resistance. 

The results of the EDS chemical composition analysis 
performed on the microsections of the Co-Cr-Mo (EOS Co-
baltChrome MP1) alloy obtained by the DMLS method are 
presented in FIG. 5 in the form of X-ray spectra. The EDS 
analysis of the sample’s micro-areas did not reveal visible 
differences in the element content in the examined points, 
which confirms the homogeneity of the examined Co-Cr-Mo 
alloy, also established in the study [37]. No precipitation of 
carbide phases was observed for the samples obtained 
via the DLMS technique. During the DLMS process, the 
applied Co-Cr-Mo (EOS CobaltChrome MP1) powder was 
melted down.

FIG. 4. Microstructure of Co-Cr-Mo alloy obtained by the lost-wax casting, SEM image (a) and X-ray spectra (c) 
of the places shown in the SEM microphotograph (b).

a) b)

c)
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FIG. 5. Microstructure of Co-Cr-Mo alloy obtained by DMLS technique, SEM images (a, b) and X-ray spectra (d) 
of the places shown in the SEM photomicrograph (c). 

a)

d)c)

b)

Co-Cr-Mo samples obtained in the 
method

δg γg

[%]

Lost-wax casting method 365 6.5 12.9 3.5

DLMS technique 474 5.4 10.6 2.2

TABLE 5. Hardness test results (          ) of Co-Cr-Mo alloys obtained by the lost-wax casting method and the 
DLMS technique.
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Having in mind the microstructure observation results 
and the performed investigations [12,14,15] of the possible 
chemical inhomogeneities of the Co-Cr-Mo alloy obtained 
by the lost wax method and the finishing treatment (milling, 
grinding and polishing), the samples of both tested types 
underwent hardness measurements (HV10) in randomly 
selected areas. The mean hardness of the cast alloys was 
calculated, together with the standard deviation, the absolute 
limiting error (δg) and the relative limiting error (γg), according 
to the guidelines presented in the study [38]. A summary of 
the results is shown in TABLE 5.

The Co-Cr-Mo alloy samples obtained by the lost wax 
method exhibited the hardness of 366 HV10, whereas the 
mean hardness of the DMLS alloy equalled 477 HV10.  
The observed differences in the hardness values result from 
the fact that no significant differences in hardness in the 
whole volume are present in the EOS CobaltChrome MP1 
alloy as it is chemically homogenous. In turn, the Co-Cr-
Mo alloy samples obtained by the lost wax method display 
the diversified hardness: the lowest values were recorded 
in their central area, i.e. HV10 at the level of 340-350, 
while on their edges the values reached 360-370 HV10.  
This phenomenon is connected with the crystallization and 
the heat removal, the dendritic microstructure and the lack 
of chemical homogenization of the cast Co-Cr-Mo alloy.

Conclusions

Based on the performed microscopic observations (light 
microscopy and scanning electron microscopy, together 
with an EDS analysis in microsections) and the hardness 
measurements of the analysed alloys, the following conclu-
sions were drawn:

The examined samples of the alloys Co-Cr-Mo (Wironit 
LA) and Co-Cr-Mo (EOS CobaltChrome MP1) were char-
acterized by the dendritic microstructure.

The Co-Cr-Mo alloy samples had the matrix (dendrites) 
consisting of a chromium and molybdenum solution in cobalt, 
whereas, precipitations of carbide phases were present in 
the interdendritic areas, resulting from the chemical segre-
gation of Mo and Cr.

The microstructure of the Co-Cr-Mo (EOS CobaltChrome 
MP1) alloy samples obtained in the DMLS technology 
exhibited fine grains and multi directionality of the alloy’s 
crystallization. Also, the epitaxial growth of the dendrites 
was observed. 

The samples obtained by the DLMS were character-
ized by the hardness higher than the cast alloy Co-C-Mo 
samples. The hardness values were directly affected by 
the fine-grained and more homogeneous microstructure of 
the examined DLMS material, as compared to the lost wax 
cast samples.
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