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ON AISI-316L AND Ti6Al4V 
IN CHANGING ENVIRONMENTAL 
CONDITIONS
AleksAndrA JAstrzębskA1*, Witold JAkuboWski1, 
krzysztof JAstrzębski2, bogdAn WAlkoWiAk1,3
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stefanowskiego 1/15 st., 90-924 loDz, polanD
2 Department of BiomeDical engineering anD functional 
materials, institute of materials science anD engineering, 
mechanical faculty, loDz university of technology, 
stefanowskiego 1/15 st., 90-924 loDz, polanD
3 Bionanopark laBoratories 
of loDz regional park of science anD technology, 
114/116 DuBois st., 93-465 loDz, polanD 
* e-mail: aleksanDra.jastrzeBska@Dokt.p.loDz.pl

Abstract

Currently, studies on the formation of microbio-
logical biofilm on biomaterial surfaces and medical 
devices have become an important aspect in medicine. 
In vivo studies of the biofilm development show a high 
correlation between the environmental factors and 
attachment of microorganisms to artificial surfaces. 
This paper is devoted to determining the impact of 
specific environmental stimuli and parameters of cul-
tivation of Candida albicans yeasts on their adhesion 
to AISI-316L and Ti6Al4V substrates. 

Environmental parameters include variable glucose 
concentrations in YPG growth medium (0, 2, 4 and 
10% wt.). Development of yeasts was also analyzed 
in terms of variable nutrients level i.e. transferring 
samples from medium with low nutrients level to 
other with higher glucose content. Another studied 
parameter was incubation time and how much fungal 
colonization varies during 24 and 48 h of incubation. 
For all samples, the number of both live and dead cells 
was taken into account.

The results showed that with the increase in sugar 
content in culture media, biofilm development was 
observed, especially on AISI 316L surface. Also, 
significant changes in the number of adhered cells 
were observed with higher glucose concentration in 
medium after 24 h of incubation. Almost similar num-
ber of attached cells was observed for low glucose 
concentrations on both studied materials.

Keywords: biofilm, Candida albicans, glucose level, 
culture conditions, biomaterials 

[Engineering of Biomaterials 141 (2017) 2-7] 

Introduction

Human body is a host environment for a great number of 
bacteria and fungi, many of which play an important role in 
an appropriate functioning of the human organism. However, 
there are plenty of pathogenic microorganisms that instead 
of helping can be very infectious and cause many severe 
diseases. Mostly vulnerable to these types of infections 
are patients with immunodeficiency, after hospitalization, 
long medical treatment, operation or implantation. Many 
of diseases caused by microorganisms take place not only 
by actions of bacteria or fungi themselves, but according 
to World Health Organisation (WHO), the most serious are 
those caused by bacterial or fungal biofilms. Approximately 
65-80% of all bacterial and fungal infections are accused of 
being caused by biofilm on implants and medical devices.

Biofilm formation is a process involving creation of  
a heterogeneous structure composed of extracellular matrix 
surrounding bacterial or fungal cells [1]. After initial attach-
ment to material’s surface, microorganisms attach to each 
other and aggregate by means of self-created matrix (EPS) 
composed of polysaccharides and peptides. In final stages 
of biofilm formation, detachment of cells from biofilm takes 
place as they come back to planktonic forms in order to 
spread through the surrounding environment [2]. 

There can be many factors contributing to the adhesion 
of microorganisms to different surfaces. Among them, there 
are not only parameters concerning surface characteristics 
like its topology [3] or chemical composition [4,5], but also 
those related to environment in which biofilm is formed. 
Environmental conditions due to which biofilm formation 
is regulated can be: temperature, pH [6], flow in medium, 
presence of nutrients (carbohydrates, mineral salts, water, 
amino acids, fats), gases (oxygen, carbon dioxide) and 
pressure [7,8].

Biofilm-related infections are a very serious problem con-
cerning medical implants. Microbial colonization can affect 
any kind of surface, no matter if it is artificial (metal, polymer) 
or biological (host tissues). One of the most dangerous fungi 
that causes many severe diseases are Candida spp. One 
of them, Candida albicans is pathogenic yeast accused of 
contributing to plenty of opportunistic mycoses. They cause 
a lot of circulatory system infections and are one of the 
reasons of oral cavity inflammations [9]. 

Studies of surface colonization are often performed in 
normalized conditions. However, in everyday life it is very 
difficult to control biofilm formation in a dynamically chang-
ing environment similar to human organism. This work 
concerns thus on evaluation of changes of fungal biofilm 
formation with different environmental conditions present 
like variable nutrient level, time of incubation and surface 
chemical composition.

Materials and Methods

Substrate preparation and surface characterisation
In the study two different types of materials were investi-

gated. These were circular disks (φ = 16 mm, h = 8 mm) of 
AISI-316L stainless steel (made of iron with admixtures of: 
17-19% Cr, 12-14% Ni, 2-3% Mo, max 2% Mn, max 0.75% Si,  
max 0.5 Cu, max 0.1% N, max. 0.03% C, 0.025% P, 0.01% S)  
and titanium alloy Ti6Al4V. Before microbiological tests, all 
disks were ground at different grades – 120, 320, 600, 800, 
1200 and 2400, and then polished mechanically to obtain  
a mirror-like surfaces. Then, surfaces were washed in 
distilled water and in acetone in order to degrease. In mac-
roscopic evaluation, they did not have and visible scratches 
or any other surface defects. 
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In order to evaluate if the substrates topography would 

have not affected colonization of microorganisms, mechani-
cal profilometer was used. Investigated roughness param-
eters were Ra (roughness average), Rz (average distance 
between highest peak and lowest valley in each sampling 
length), Rp (maximum peak height) and Rmax (maximum 
roughness). 5 substrates were evaluated, 3 times each. 
Measurement length was 4.8 mm.

Culture media preparation
In order to study the microbial colonisation of metal disk 

surfaces, Candida albicans yeasts were chosen. Those 
microorganisms were incubated in YPG liquid culture 
medium, composed of glucose, yeast extract and gelatine 
pepton G. All media before inoculation were autoclaved for 
21 min at 126°C.

Biofilm formation study due to the environmental 
changes

The influence of environmental factors like time of in-
cubation and also increasing amount of glucose in culture 
media were evaluated. The amount of the glucose content 
was determined on the basis of literature findings in this 
content [10-12].

Increasing amount of glucose in YPG culture medium 
was investigated for 0, 2, 4 and 10% solutions of that sugar. 
Following the 24 and 48 h incubation time, all measurements 
of the samples were performed.

Moreover, variable amount of glucose in media during 
incubation was investigated. This experiment was conducted 
to evaluate, how the amount of attached cells changes 
during 24 h incubation performed in lower concentration 
of glucose, and then – during the next 24 h incubation in 
higher glucose concentration solution. That rearrangement 
was performed for samples transferred from:
• 0% glucose culture medium to 2% one,
• 2% glucose culture medium to 4% one, and
• 4% glucose culture medium to 10% one.

All samples were incubated in glass flasks in tempera-
ture 37°C.

Evaluation of number of attached cell 
For the measurement of the number of Candida albicans 

cells attached to titanium and steel surfaces, fluorescence 
optical microscopy technique and LIVE/DEAD test were 
used. Before microscopic evaluation samples were put 
out of the flasks with growth media and rinsed gently in 
distilled water in order to get rid of remains of suspension 
and unattached cells. C. albicans cells were observed us-
ing fluorescence microscope Olympus GX 71 equipped 
with a digital camera (DP70) - fluorescent dyes used in this 
procedure involved bis-benzamidine and propidium iodide 
(Molecular Probes). 

Calculations and statistical analysis
Next step was calculation of the number of cells attached 

to metallic surfaces, classified as dead and alive ones. 
Counting was performed with ImageJ software with the help 
of Cell counter analyser in-built in that programme. At last, for 
all calculations of the number of live and dead cells attached 
to samples, for both substrates and for different incubation 
time, statistical analysis including two-way analysis of vari-
ance (ANOVA) test was performed. It was assumed, that if 
p value was less than 0.1, the mean values of cells attached 
to metal surfaces were considered significantly different.

Results and Discussion

Surface topography characterisation
Investigation of surface topography has proved that the 

samples with studied roughness level do not influence the 
fungal colonisation of those samples. Results of rough-
ness parameters for investigated samples are presented 
in TABLE 1.

As results in TABLE 1 indicate, the mean values of the 
Ra parameter for both AISI-316L and Ti6Al4V do not exceed  
0.2 μm. Single Candida albicans cell has a diameter in 
range of 3 to 5 μm. Thus, roughness level of metal disks is 
about one order of magnitude lower than size of fungal cell. 

Effect of sugar concentration and incubation time 
on biofilm formation

For different glucose concentrations in the culture me-
dium – 0, 2, 4 and 10%, after 24 h of incubation, it is easy 
to notice significant statistical differences in the number of 
cells attached to the surfaces of metal disks. Only for 48 h 
of incubation on titanium samples, there were observed no 
statistically significant differences between the results. With 
an increase in glucose concentration in the culture medium 
there was observed an increase in the number of attached 
cells on the surface of stainless steel. Qualitatively different 
result was obtained for titanium alloy, where the highest 
number of cells was observed at 4% glucose concentration. 
The lowest number of cells adhered to the surface immersed 
in 2% glucose solution was observed. Also, for 10% glucose 
solution there were fewer cells attached to the titanium disks 
than in the case of colonisation in 4% glucose solution, but 
these differences were not statistically significant.

Moreover, when there was no glucose in culture medium, 
for both surfaces, the conversion of yeasts from spherical 
blastospores to filamentous hyphae takes place. Hyphae 
formation happened due to the unfavourable environmental 
conditions in media. Those structures are presented in the 
images from fluorescent microscope in FIG. 1.

In medium containing no glucose, on titanium surfaces 
were found mycelium forms of Candida albicans cells which 
contributed to 13% of all live, and 18% of dead cells in 
comparison to blastospores. Similar results were observed 
for AISI-316L substrates.

Exemplary biofilm structure created by Candida albicans 
cells that are attached to metal disks’ surfaces are presented 
in FIG. 2.

The same experiment, repeated for glucose concentra-
tions 0, 2, 4 and 10% after 48 h of incubation showed, 
that in this situation also the number of cells adhered to 
the metal surface increase when glucose level is elevated 
from 2 to 10%.

For AISI-316L, in medium with 0 and with 10% glucose, 
the number of living cells adhering to the metal disks in-
creased significantly, comparing to measurements after 
24 h. However, for the experiment in culture media with 2 
and 4% of glucose, the number of both live and dead cells 
decreased.

Ra 
[μm]

Rmax 
[μm]

Rz 
[μm]

Rp 
[μm]

Rpk 
[μm]

AISI-316L 0.01  
± 0.00

0.08  
± 0.02

0.06  
± 0.00

0.04  
± 0.01

0.02  
± 0.00

Ti6Al4V 0.01  
± 0.00

0.11  
± 0.02

0.08  
± 0.01

0.06  
± 0.01

0.02  
± 0.01

TABLE 1. Roughness of metal disks used in the 
experiment.
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FIG. 1. Number of live and dead Candida albicans 
cells attached to titanium alloy and stainless steel 
substrates after 24 h of incubation.

FIG. 3. Number of live and dead Candida albicans 
cells attached to titanium alloy and stainless steel 
substrates after 48 h of incubation.

FIG. 2. Formed biofilm structures after 24 h of incubation. Images taken by means of fluorescence microscopy 
(magnification 500x).
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Slightly different situation was observed for titanium disks. 

After 48 hours of incubation, using glucose-free medium, 
there was observed a significant decrease in number of live 
cells attached to the surface in comparison to other media. 
There were many more dead cells on the substrate than 
alive ones. In any other media, a decrease in number of both 
live and dead cells attached to titanium surface was visible. 
That could be an effect of reduction of nutrient source near 
the metal surface.

What is interesting, only on samples incubated for 48 h 
in the culture medium containing 4% glucose, similarly on 
AISI-316L and titanium alloy, there were observed residues 
of the formerly attached biofilm structures on the metal disks’ 
surfaces (FIG. 3). The most interesting is the fact, that this 
effect has not been observed for any other glucose concen-
trations. Further analysis of that phenomenon could lead to 
better understanding of mechanisms leading to detachment 
of cells only in predetermined environmental conditions.

Effect of changing sugar concentration in medium on 
biofilm formation 

Another examined dependence of sugar concentration in 
growth medium on cells adhesion to the substrate was the 
number of both live and dead cells attached to the surface 
after incubation for 24 h in medium containing lower amount 
of glucose, and then transferring samples for another 24 h 
to medium with higher sugar concentration. 

The results of the  number of cells attached to AISI 316L 
and Ti6Al4V after increasing the glucose concentration in 
culture media after 24 h of samples incubation are presented 
in TABLE 2.

As a result of transferring samples from medium with 
lower glucose concentration to medium with higher one, 
several results were observed: 
• for both substrates, the number of both live and dead cells 

when samples were taken from medium with 0% sugar 
and were passed to 2% glucose solution was higher than 
for 2% medium itself, 

• on AISI-316L, when samples were passed from 2 to 4% 
glucose solution and from 4% to 10% glucose solution, the 
number of live cells colonizing surface grew significantly, 

• on titanium alloy, when samples were passed from 2% to 
4% solution and from 4% to 10% there were observed no 
significant differences in number of adhered cells, both 
live and dead.

C. albicans are pathogenic yeasts responsible for many 
severe bloodstream infections and candidiasis. It is also 
a microorganism present frequently in diabetic patients’ 
oral cavities – generally diabetic patients are predisposed 
to fungal infections due to elevated glucose levels. What 
is more, when glucose level is elevated in the oral cavity 
and in saliva, the growth of yeasts and their adherence 
to epithelial cell and dental materials in oral cavity can be 
increased [13]. In the study of Tapper-Jones et al. (1981),  
the oral candidal population was present in 60% of ex-
amined diabetic patients in comparison to 42% of healthy 
controls [14]. For diabetic patients, the candidal density 
was also much higher. Similar results were presented by 
Zomorodian et al. (2016), in which they showed the Candida 
carriage rate and density were much higher for patients with 
diabetes compared to healthy ones (almost 68% of diabetics 
compared to about 50% of healthy individuals with Candida 
carriage) [15]. However, no study has focused directly on 
the level of glucose concentration in media onto C. albicans 
colonization of abiotic surfaces.

In this study, the aim was to investigate the impact of 
the variable glucose level in growth medium and incubation 
time on C. albicans colonisation of stainless steel AISI-316L 
and titanium alloy Ti6Al4V.

One of the important parameters influencing micro-
biological biofilm formation is substrate roughness. In this 
study, mean value of Ra parameter did not exceed 0.1 μm, 
which is more than one order of magnitude lower value 
than diameter of a single C. albicans cell. According to 
Flint et al. (2000), dependence of that type indicates, that 
the roughness of substrates can significantly affect the 
microbiological biofilm formation onto that surface [16]. 
The results found in literature demonstrated that the higher 
is roughness of the substrate, the highest number of cells 
would adhere to its surface [17,18]. 

To normally function, each living organism needs 
almost an uninterrupted access to water and nutrients 
as mineral salts, amino acids and carbohydrates, be-
ing the main source of energy for bacterial and fungal 
cells. Presence of carbohydrates in medium is espe-
cially significant in fungal biofilm development. Already 
in the 80s, the study performed by Samaranayake et al. 
(1980) and McCourtie et al. (1984) revealed that Candida 
albicans adhesion is favoured by high monosaccha-
rides content like glucose, fructose or mannose [19,20].  

TABLE 2. Mean number of live and dead cells when changing the sugar concentration in medium.

Substrate 
2% after 0% 2%

Live Dead Live Dead

AISI 316L 7.3 ± 1.4 4.3 ± 0.9 3.4 ± 1.6 1.5 ± 0.6

Ti6Al4V 12.8 ± 0.4 1.8 ± 0.4 5.2 ± 0.4 3.1 ± 0.7

4% after 2% 4%

Live Dead Live Dead

AISI 316L 39.2 ± 11.7 6.5 ± 5.3 17.5 ± 3.5 14.6 ± 0.7

Ti6Al4V 8.2 ± 3.7 5 ± 1.1 5.8 ± 2.4 14.7 ± 0.8

10% after 4% 10%

Live Dead Live Dead

AISI 316L 29.2 ± 9.7 13.4 ± 1.7 58.7 ± 28.9 66 ± 10.6

Ti6Al4V 4.9 ± 1.3 2.4 ± 0.1 4.7 ± 1.5 2.3 ± 0.6
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That effect was connected with the changes that take place 
in fungal cellular membrane in presence of high sugar con-
centrations. Newest studies confirm these results, also stat-
ing that the highest influence on fungal and bacterial adher-
ence takes place when monosaccharide dissolved in growth 
medium is glucose [21]. Moreover, research conducted by 
Abu-Elteen (2005) proves that the growing amount of any 
carbohydrate in the culture media has the positive effect on 
the Candida albicans colonisation of the materials surfaces 
[22]. In our study, a non-linear dependence of glucose level 
on amount of C. albicans cells attached to both titanium and 
stainless steel surfaces was observed (see FIG. 1 and 3).

Not only high level of carbohydrates in growth medium 
can positively affect the microbiological biofilm formation, 
but also when medium is deprived of any source of glucose, 
some positive changes take place. In growth media with very 
low nutrients level, biofilm is also formed on material surface, 
but with its extracellular matrix getting more dense [23,24]. 

In this study, when no glucose was present in growth 
medium, the conversion of spherical blastospores to fila-
mentous hyphae took place. Similar results were previously 
stated by Si et al. (2013) [25]. The formation of hyphae forms 
happened due to unfavourable environmental conditions 
present in culture media. 

For AISI-316L, in medium with 10% of glucose, the 
number of living cells adhering to the metal disks after  
48 h increased significantly in comparison to measure-
ments after 24 h. However, for the experiment in culture 
media with 2 and 4% of glucose, the number of both live 
and dead cells was lower. Slightly different situation was 
observed for titanium samples. After 48 h of cultivation,  
in medium with no glucose, in comparison to other media, 
there was observed a significant decrease in number of 
live cells attached to the surface. There were much more 
dead cells on the substrate than alive ones. In any other 
media a lower number of both live and dead cells attached 
to titanium surface was observed. That could be an effect 
of the reduction of nutrients source near the metal surface. 

The statistical considerations by ANOVA showed, that 
for colonisation of AISI 316L in all conditions, differences 
were statistically significant. However, for titanium alloy 
Ti6Al4V, statistical significance of the obtained results was 
reached only for 24 h cultivation, while the results for 48 h 
were insignificant.

In clinical investigations of candidiasis, mycelium form 
of C. albicans cells is considered as more infectious and 
dangerous for human health. Cells in form of hyphae allow to 
attach their colonies to the substrate surface in unfavourable 
environmental conditions. It is also worth remembering, that 
a biofilm formed on abiotic surfaces is much easier to be 
removed when fungal cells, that are creating this structure, 
are in form of blastospores rather than hyphae [26]. 

Comparing the results for Candida colonisation in me-
dium with and without glucose could be useful in studies 
involving creation of pathogenic Candida biofilm. Medium 
deprived of nutrients allows to observe microbiological 
biofilm composed both with blastospores and hyphae.  
Also, experiments conducted with this type of growth me-
dium would allow testing different materials’ resistance to 
bacterial or fungal adhesion.

Variable carbohydrates source is also a factor influenc-
ing the number of cells adhered to metallic substrates.  
In this study, when increase of carbohydrates source 
took place from 0% to 2% in growth medium, a disap-
pearance of hyphae was observed. Less filamentous 
cells on surface could be connected with enrichment 
the environment with easily accessible nutrient source 
and as a result, there was no need for Candida cells 
to transform themselves into more resistant forms.  

When glucose level was elevated from 2% to 4%, and from 
4% to 10% in growth medium, an increase in live cells 
number on the biomaterials’ surface was well visible. This 
effect could result from increased lifetime of fungal cells in 
presence of high sugar content in medium. The increase in 
the glucose content in the culture media after first 24 h of 
incubation resulted in almost 2 times increase in the num-
ber of adhered cells both to titanium and steel – rising the 
glucose level was a very strong signal for cells to develop 
and form biofilm structures. The smallest rise was observed 
while transferring samples from culture media with 4% of 
glucose to those with 10%. Perhaps, this was due to the fact 
that there were too much carbohydrates in the medium and 
thus, cells were unable to fully use the source of carbon and 
energy to grow. Another suggestion is that cells got a signal 
to start the detachment from biofilm structures, which equals 
stopping of the further biofilm formation. What is more, 
biofilm formation is continuously influenced by the environ-
mental changes as reported by Nguyen et.al. (2014) [6].  
The number of attached cells significantly changes over 
time. Ramage et al. also described the dependence of mi-
crobiological biofilm formation over time [27]. In this study, 
XTT analysis revealed steps of C. albicans biofilm formation 
as a function of time. First 2 h was characterized by initial 
adherence of yeast cells, germination and micro-colonies 
formation, next 2 h for filamentation, another for monolayer 
development. After 8 h of incubation, proliferation took place 
and between 24 and 48 h – biofilm maturation. Those results 
are consistent with the dependence of number of attached 
cells on incubation time as calculated in this study. After 48 h 
incubation, in the same environmental conditions, decrease 
in number of cells both live and dead was obtained. That 
phenomenon could result from biofilm maturation and cells 
detachment from the substrate. 

Conclusions

The study revealed that environmental changes like 
variable nutrients level or incubation time influence 
biofilm formation on biomaterials surfaces. As presented 
data reveal, there is a similar number of adhered cells of  
C. albicans in media containing 2 and 4 % of glucose both 
in the case of AISI-316L and Ti6Al4V surfaces. On the other 
hand, the highest content of glucose leads to flourishing of 
biofilm on stainless steel substrates, especially after 48 h  
of incubation (mean number of living cells reached over 130). 
It may be connected with worse antimicrobial properties of 
steel substrate in comparison to Ti6Al4V, especially in the 
case of prolonging incubation. Nevertheless, in medium 
without glucose, C. albicans cells more willingly inhabit 
titanium alloy. Moreover, increasing the glucose concen-
tration in the culture media provoked the fungal growth on 
both substrates.
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Abstract

In this preliminary study, 3D nanofibrous porous 
scaffolds in the form of spiral tubes for future appli-
cation as nasal cartilages implants were fabricated 
by combining polycaprolactone electrospun fibers 
with drug modified hyaluronic acid gel. It is expected 
that the spiral form of the scaffold with open geo-
metries, large surface area, and distance between 
the scaffold walls will be helpful for improving future 
cell penetration into the scaffolds, nutrient transport 
and metabolic waste removal, which are otherwise 
limited in conventional electrospun tissue-engineered  
scaffolds. The tubular scaffolds structure, its porosity 
and fibers’ diameter were assessed via scanning 
electron microscopy, and biological properties of the 
scaffolds were evaluated in an in vitro study using 
Simulated Body Fluid (SBF). SEM results showed 
that apatite formed within a short period on tubular 
scaffolds after its immersion in SBF, demonstrating 
high in vitro bioactivity of the scaffolds.

Keywords: electrospinning, tissue engineering  
scaffolds, nasal cartilages, hyaluronic acid, PCL

[Engineering of Biomaterials 141 (2017) 8-12] 

Introduction

A cartilage tissue is a sort of connective tissues which can 
be flexible and elastic, but still resistant. It can be found in 
the surface of articulations between the bones, in rib cage, 
ear, bronchus, or nose. Cartilage is the support and conne-
ction tissue for different organs and it is mostly composed of 
chondrocyte cells and collagen fibers which are immersed in 
the extracellular matrix [1]. Cartilage lesions have generally 
mechanical origins: naturally with aging or by trauma, which 
is the most frequent lesion origin for nasal cartilage [2]. Thus 
it is important to be able to fix it using rhinoplasty for correct-
ing and constructing the form of the nose and for restoring 
the respiratory functions. The main nasal cartilages are: the 
greater alar cartilage, the lateral nasal cartilage, the lesser 
alar cartilages, and the cartilage of the septum (FIG. 1).  

Septum is the cartilage which separates the nasal cavities 
in front of the nose, making it crucial for the respiratory sys-
tem [3] and exposed to trauma or congenital diseases [4,5].  
Even small chondral defects may necessitate surgical inter-
vention. The requirements for scaffolding materials for use 
in cartilage tissue engineering are well-defined; however the 
ability to produce such materials has been limited.

Electrospinning is a process that can generate three 
dimensional nanofibrous or microfibrous scaffolds with 
high porosities, large surface-to-volume ratios, and vari-
able fiber diameters [6]. However, it has been reported that 
electrospun nonwovens have limited cellular penetration 
depth because of the increased thickness of the nanofiber 
layers and the reduced pore size [7]. Pore size below cellular 
diameter cannot allow cell migration within the structure. 

Porosity and thereby cell penetration could be enhanced 
in scaffolds by using the strategy of creating a spiral tubes 
where additional porosity is created between the walls of the 
tubes. Therefore the purpose of this preliminary work was 
to create an easy method to small nasal cartilage implant 
production. By using post-processes after electrospinning 
of fibrous nonwovens, such as surface modification and roll-
ing up, we were able to produce three-dimensional fibrous 
scaffolds of desired morphology for further application.  
It is expected that the spiral form of the scaffold with open 
geometries, large surface areas, and distance between the 
scaffold walls will be helpful for improving cell penetration 
into the scaffolds, nutrient transport and metabolic waste 
removal, which are otherwise limited in conventional elec-
trospun tissue-engineered scaffolds [8].

The materials chosen to make spiral scaffolds tubes are 
poly(ε-caprolactone) (PCL) and hyaluronic acid modified 
with Osteogenon. PCL is a synthetic polymer with good me-
chanical properties and easy to process. Implants produced 
from PCL are in clinical use for fracture fixation in regions of 
limited mechanical load and are well suited for the fabrication 
of scaffold for the regeneration of cartilage and bone tissue. 
Compared with other polymers such as poly(lactic acid) 
(PLA), poly(glycolic acid)(PGA) or poly(lactic-co-glycolic 
acid) (PLGA), PCL has a much longer degradation time, 
lasting up to three years. In this aspect, PCL may be a suit-
able scaffold material for cartilage tissue engineering in facial 
reconstructive surgery [9,10]. PCL is characterized also 
by good formability into the fibres. However PCL has also 
some disadvantages, as limited bioregulatory activity and 
hydrophobicity [11]. Hyaluronic acid (HA) is a glycosamino-
glycan, distributed widely throughout connective, epithelial, 
and neural tissues. In particular, it is one of the main compo-
nents of the cartilage’s extracellular matrix, providing it with 
good biocompatibility, biodegradability and non-toxicity [12]. 

FIG. 1. Nasal cartilages.
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Osteogenon (Osteo) is an ossein-hydroxyapatite complex 
(OHC) also containing osteocalcin and type I collagen [13]. 
Osteo was added to the HA solution as a modifier to improve 
the bioactivity of the final tubes. 

We hypothesize that producing tubes by combining PCL 
nonwoven manufactured by electrospinning with the HA 
hydrogel layer modified with Osteo, and then rolling up the 
obtained microfibrous sheets, we could provide a spiral form 
of the scaffold with dual and designed porosity that would 
be impossible to obtain by using only an electrospinning 
method. Furthermore, the application of Osteo modified 
HA would improve the bioactive behaviour of the scaffold. 
The aim of our preliminary research was to determine the 
parameters of scaffolds production and to assess the bio-
activity of the scaffolds produced in the form of spiral tubes.

Materials and methods

Materials 
Poly(ɛ-caprolactone) (PCL) was purchased from Sigma 

Aldrich (average molecular weight: 80 kDA). Sodium 
hyaluronate (HA) was obtained from Contipro Company 
(Dolni Dobrouć, Czech Republic) with a molecular weight 
of approximately 1320 kDa. The properties of HA are pre-
sented in TABLE 1. Osteogenon (Osteo) was purchased 
from PIERRE FABRE. Dimethylformamide (DMF, POCH, 
Poland) and deionized water were used as solvents for HA 
solution preparation. The final solution was 0.085 wt% of 
HA in a 1:1 mixture of DMF:H2O. Stable dispersion of Osteo 
suspension was achieved by sonication of the solution.  
A similar solution was also made with an addition of 0.500 g  
of Osteo. A 20 wt% of PCL was dissolved in equal parts of 
chloroform and methanol (POCH, Poland).

The PCL solutions were electrospun using a TIC 1092012 
electrospinning machine (Bielsko-Biala, Poland). There are 
a variety of parameters that influence the morphology and 
diameter of the electrospun fibers, including the intrinsic 
properties of the solution, the operational conditions and 
ambient parameters. Operational conditions (controlled vari-
ables) include the flow rate, electric field strength, distance 
between tip and collector, needle tip design, and collector 
composition and geometry. Evaluation of process param-
eters for drug modified electrospun nonwovens scaffolds 
before setting the final parameters of the experiments was 
conducted. The prepared PCL solution was put in a syringe 
of 10 mL topped with a needle the diameter of which was 
0.22 mm. The needle was connected to 25 kV voltage, and 
the distance between needle and the collector was 200 mm. 
The rotary collector was wrapped with silica-coated paper. 
All parameters used during electrospinning are shown in 
TABLE 2.

Spiral tubes fabrication
In order to make three-dimensional tubular scaffold, 

electrospun PCL nonwoven (FIG. 2a) was cut into strips of 
3 cm x 15 cm. A 0.1 mL of HA was added on the nonwoven 
surface. By pressing the metallic shaft into the surface of 
the PCL nonwoven, a uniform distribution of HA/Osteo 
was achieved. Then a metal spin was used for rolling 
up the nonwoven (FIG. 2b), to finally get the spiral tube  
(FIG. 2c). To investigate the effect of tubular fibrous struc-
ture and hyaluronic acid coating on the properties of the  
scaffolds, three groups of scaffolds have been prepared: 
pure PCL spiral tubes, PCL spiral tubes coated with HA, and 
PCL spiral tubes coated with Osteo modified HA.

Appearance White or almost white powder, 
granules or fibrous aggregate

Molecular weight [MDa] 1.32
pH 6.6
Intrinsic viscosity [m3/kg] 1.96
Sodium hyaluronate [%] 97.6
Residual isopropanol [%] <0.5
Loss on drying [%] 3.4
Protein [%] 0.029
Chlorides [%] <0.05

TABLE 1. Properties of sodium hyaluronate used 
in the study.

Flow rate [mL/h] 3

Distance [cm] 20

Voltage [kV] 25

Collector speed [rpm] 415

Collector diameter [mm] 20

Temperature [oC] 19.7

Humidity [%] 40

TABLE 2. Parameters used during electrospinning 
process.

FIG.2. Scheme of samples preparation.
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Scaffold Characterization

The thickness of the PCL fibrous samples was measured 
using a Mitutoyo 7316S Dial Thickness Gage. Each sample 
was measured five times in order to calculate the average 
value and the standard deviation. The sample microstructure 
was investigated with scanning electron microscopy (Nova 
NanoSEM 200, FEI). Before observation samples were 
coated with a thin carbon layer. Stereomicroscopy (SN from 
OPTA-TECH Company, equipped with CMOS 3 camera and 
OptaViewIS software) was also used to capture images of 
the scaffolds. Pure PCL fibrous nonwovens (PCL), PCL 
spiral tubes coated with HA (PCL/HA), and PCL spiral tubes 
coated with Osteo modified HA (PCL/HA+Osteo) before 
and after immersion in Simulated Body Fluid (SBF) were 
observed. The porosity and fiber diameter were evaluated by 
analysis of the SEM images of the scaffolds using Image-J 
software version 1.50. Two-dimensional (2D) images were 
converted into binary images. Surface area of pores in each 
image was separated from the whole area of the picture and 
reported as an average value for each scaffold. Average 
fiber diameter and the standard deviation were calculated 
from 100 measurements of different fibers.

In vitro tests in Simulated Body Fluid solution (SBF)
The bone-bonding ability of a material is often evaluated 

by examining the ability of apatite to form on its surface in 
a simulated body fluid (SBF) with ion concentrations nearly 
equal to those of human blood plasma. The bioactivity tests 
in SBF were performed as a first step of biological evalua-
tion of tubes in order to check their osteoinductive behavior. 
Simulated Body Fluids (SBF) have the ability to form apatite 
calcium phosphates on immersed osteoinductive materials 
from a few days to 2 weeks. Therefore it is a good way to 
check if it is reasonable to perform more expensive biologi-
cal tests (for instance: cell culture or animal in vivo studies).  
The purpose of the in vitro tests is to observe the forma-
tion of the apatite deposits in samples immersed in a SBF 
solution [14,15]. A common feature of bioactive materials 
is that their surfaces develop a biologically active apatite 
layer after implantation, which is essential for establishing 
bonding with natural tissue [16]. It is believed that if material 
has the ability to induce apatite formation on its surface after 
immersion in SBF solution, it will be bioactive in vivo as well.  

To realize those tests, one litre of 1.5 x SBF was prepared 
according to the Kokubo’s recipe [17]. It had ion concentra-
tions that were nearly 1.5 x as those in human blood plasma. 
A solution with ion concentrations 1.5 times of SBF (1.5 SBF) 
was prepared, in order to accelerate the apatite formation.  
The application of 1.5 x SBF in order to enhance the kinetics 
of coating deposition is commonly used by other researches. 
Samples of PCL nonwoven and spiral tubes of PCL/HA and 
PCL/HA+Osteo were immersed in SBF at 37oC for 1, 3, and 7 
days, respectively. In order to optimize the in vitro simulation, 
the SBF solution was changed every 2 or 3 days. Changes 
of the surface structure of immersed spiral tubes and 
nonwovens were analyzed after the specimens had been 
removed from SBF, washed with distilled water and dried. 

Results and Discussion

The aim of this preliminary study was to fabricate 
three  -dimensional composite scaffolds in shape of spiral 
tubes for cartilage tissue engineering. As a first step of 
our study electrospinning method was used to fabricate 
fibrous nonwovens. When considering the maintenance of 
the geometric structure (which is very important, regard-
ing nasal cartilage replacement application) one obvious 
benefit of PCL application is its comparatively longer 
degradation time, which may help maintain the desired 
shape of the tissue until secreted ECM materials can sup-
plement the scaffold with this function. The electrospinning 
process was successfully used to fabricate randomly ori-
ented fibrous nonwoven of PCL (FIG. 3a). The thickness 
of electrospun PCL nonwoven was 0.44 ± 0.15 mm. The 
obtained nonwoven had open-pore geometry and poros-
ity about 60% according to ImageJ software (TABLE 3).  

FIG. 3. SEM images of obtained samples together with fibers diameter distribution: (a) pure PCL nonwoven; 
(b) surface of PCL/HA tube.

Average fiber 
diameter [μm] Porosity [%]

PCL 2.28 ± 0.76 59.8 ± 2.4
PCL/HA 2.73 ± 1.21 52.1 ± 3.7

TABLE 3. Porosity and average fiber diameter of 
obtained materials.
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However, the accuracy of this method depends on the 
contrast and quality of the SEM images and the assumption 
that the region being imaged is characteristic of the whole 
material. The disadvantage is that it often underestimates 
the total porosity. The diameter of obtained PCL fibers 
was in the range from 400 nm to 3.6 µm, and an average 
fiber diameter was 2.28 ± 0.76 μm. Obtained electrospun 
nonwovens had high surface area and interconnected pore 
network. Achieved porosity of the scaffold should provide 
a facile transport of metabolic nutrients and waste through 
its pores. However the efficient cell implantation and blood 
vessel invasion would be impossible as the size of pores is 
too small. The porosity of obtained scaffold was improved 
by rolling up PCL nonwoven with a small amount of pure or 
modified HA solutions. Although PCL is not elastomeric, its 
electrospun nonwoven is fairly flexible and generally it was 
easy to roll it up. Spiral shape tubes (FIG. 4) were obtained 
with additional gaps between the spiral layers. Another no-
table limitation of the PCL nonwoven in cartilage tissue engi-
neering field is its hydrophobic surface properties and lack of 
bioactive ligands. Therefore PCL has poor cellular adhesion 
properties on its own, without some form of functionalization 
[18]. In order to overcome this disadvantages, and to im-
prove bioactivity of PCL scaffolds coating with HA with Osteo 
modified HA on electrospun PCL nonwovens was applied.  

HA is one of the main components of the cartilage’s ex-
tracellular matrix, providing it with good biocompatibility.  
The measurements showed that the average diameter 
of fibers after addition of HA solutions is slightly higher 
than for pure PCL sample (TABLE 3). This suggests that  
a thin layer of hydrogel solutions covered the PCL fibers. 
The average porosity (space between the fibers) slightly 
decreased (about 13%) when HA solution was added on 
PCL nonwoven surface (TABLE 3). However novel porosity 
appeared, which represent space between scaffold walls 
in spiral tube (FIG. 4). Pores with elongated shapes could 
be observed on the cross section of obtained spiral tubes. 
The distance between walls was about 20 μm, however it 
can be regulated during fabrication process in order to ob-
tain the pore size adequate for implantation side. As a first 
step of biological evaluation of tubes the bioactivity tests in  
1.5 x SBF was performed in order to check their osteoinduc-
tive behavior of obtained materials. FIG. 5 shows the surface 
of the PCL, PCL/HA and PCL/HA+Osteo samples after 7 days 
of immersion in SBF solution. Apatite crystals were found 
on PCL/HA+Osteo samples after its immersion in SBF for  
7 days, and covered most regions of the surface of the sam-
ple, whereas on PCL/HA samples, apatite growth was very 
slow and gentle apatite formation after 7 days was observed.  

FIG. 5. PCL, PCL/HA and PCL/HA+osteo samples after immersion in SBF solution for 7 days.

FIG. 4. Cross section of obtained spiral tubes (PCL/HA). Gaps between the walls.
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Our study indicated that the apatite layer was formed con-
tinuously on the surface of Osteo modified PCL/HA samples, 
which means that such samples had greater ability to induce 
the formation of minerals in vitro. SEM demonstrated the 
changes in SBF that the scaffolds underwent after surface 
modification. Coating PCL with Osteo modified HA changes 
the surface properties of the pure PCL scaffold. It is expected 
that it would improve cell-scaffold interactions, however 
further biological study in cell cultures need to be performed.

Conclusions

Electrospinning has been widely used to produce fibrous 
scaffolds for tissue engineering applications. Although the 
method is very simple, easy, and effective for obtaining 
fibrous materials, the fabrication of three dimensional (3D) 
shapes has been a major obstacle for use in tissue engi-
neering. In this study, a new fabrication method to produce 
controllable 3D spiral structures is developed. While there 
are still a number of challenges, 3D nanofibrous porous 
scaffolds in the form of spiral tubes hold a promising future 
for cartilage tissue engineering applications. The cartilage 
scaffold should require a 3D shape because a 2D structure is 
unable to replicate the behavior of cells in vivo. The structure 
of the tube proposed in our preliminary work consists of dual 
porous architecture containing fibrous walls and microsized 
pores formed between the walls of the rolled scaffold.  

The microscopic observation indicates that the obtained 
scaffolds in the form of tubes have an open pore geometry 
and additional porosity between the spiral walls which will 
be helpful for improving cell penetration into the scaffolds, 
nutrient transport and metabolic waste removal. The addition 
of Osteo into HA solution improves the bioactivity of obtained 
tubes. Osteo was incorporated into HA hydrogel to form  
a bioactive layer on fibrous PCL. This layer is essential 
for establishing bonding with natural tissue after implanta-
tion. By controlling appropriate processing conditions, we 
can successfully fabricate a highly porous 3D structure.  
Our spatially designed scaffold could provide more bio-
mimetic micro-cellular environmental conditions than 2D 
electrospun scaffold, however further cellular study will be 
performed to confirm possible application in cartilage tissue 
engineering.

Acknowledgments

This work was supported by the National Science Cen-
tre, Poland in the frame of project: “Layered scaffolds for 
nasal cartilages reconstruction fabricated by 3D printing 
and electrospinning” 2015/18/E/ST5/00189 (Sonata Bis 5).

References
[1] A.J. Sophia Fox, A. Bedi, S.A. Rodeo: The Basic Science of 
Articular Cartilage. Sport Health 1(6) (2009) 461-468.
[2] K. Ansari, J. Asaria, P. Hilger, P.A. Adamson: Grafts and implants 
in rhinoplasty - Techniques and long-term results. Operative Tech-
niques in Otolaryngology 19 (2008) 42-58.
[3] A. Shafiee, E. Seyedjafari, E.S. Taherzadeh, P. Dinarvan,  
M. Soleimani, J. Ai.: Enhanced Chondrogenesis of Human Nasal 
Septum Derived Progenitors on Nanofibrous Scaffolds. Materials 
Science and Engineering C 40 (2014) 445-454.
[4] G. Tuncbilek: Congenital isolated absence of the nasal cartilagi-
nous septum. International Journal of Pediatric Otorhinolaryngology 
86 (2016) 72-76.
[5] Y. Liu, G. Zhou, Y. Cao: Recent Progress in Cartilage Tissue 
Engineering. Engineering 3 (2017) 28-35.
[6] R. Murugan, Z.M. Huang, F. Yang, S. Ramakrishna: Nanofibrous 
scaffold engineering using electrospinning. J Nanosci Nanotechnol 
7 (2007) 4595-4603.
[7] Q.P. Pham, U. Sharma, A.G. Mikos: Electrospun poly(ε-
caprolactone) microfiber and multilayer nanofiber/microfiber scaf-
folds: Characterization of scaffolds and measurement of cellular 
infiltration. Biomacromolecules 7 (2006) 2796-2805.
[8] S. Chen, Z. He, G. Xu, X. Xiao: Fabrication of nanofibrous tu-
bular scaffolds for bone tissue engineering. Materials Letters 182 
(2016) 289-293. 
[9] S. Yang, K.F. Leong, Z. Du, C.K. Chua: The design of scaffolds 
for use in tissue engineering. Part I. Traditional factors, Tissue Eng. 
7 (2001) 679-689.

[10] C.H. Chen, M.Y. Lee, V.B.H. Shyu, Y.C. Chen, C.T. Chen,  
J.P. Chen: Surface modification of polycaprolactone scaffolds fabri-
cated via selective laser sintering for cartilage tissue engineering. 
Materials Science and Engineering C 40 (2014) 389-397.
[11] S. Surucu, H. Turkoglu Sasmazel: Development of core-shell 
coaxially electrospun composite PCL/chitosan scaffolds. Interna-
tional Journal of Biological Macromolecules 92 (2016) 321-328.
[12] D.S. Young. Hyaluronic Acid-based Nanofibers via Electrospin-
ning. Masters of Science Thesis. North Carolina State University 
(2006).
[13] I. Rajzer, O. Castaño, E. Menaszek: Electrospun polymer  
scaffolds modified with drugs for tissue engineering. Materials 
Science and Engineering C 77 (2017) 493-499.
[14] T. Kokubo, M. Hanakawa, M. Kawashita, M. Minoda, T. Beppu, 
T. Miyamoto, T. Nakamura: Apatite formation on non-woven fabric of 
carboxymethylated chitin in SBF. Biomaterials 25 (2004) 4485-4488.
[15] M. Bohner, J. Lemaitre: Can bioactivity be tested in vitro with 
SBF solution? Biomaterials 30 (2009) 2175-2179.
[16] L.L. Hench: Bioceramics: from concept to clinic. J. Am. Ceram. 
Soc. 74 (1991) 1487-1510.
[17] T. Kokubo, H. Takadama: How useful is SBF in predicting in 
vivo bone bioactivity? Biomaterials (2006) 2907-2915.
[18] Z. Cheng, S.-H. Teoh: Surface modification of ultrathin poly 
(ε-caprolactone) films using acrylic acid and collagen. Biomaterials 
25 (2004) 1991- 2001.



13ADHEZJA WARSTW SiO2 
NANIESIONYCH METODĄ ALD  
I ZOL-ŻEL NA STAL 316LVM
mArcin bAsiAgA1*, Witold WAlke1, AnitA kAJzer1, 
WoJciech kAJzer1, mArcin stAszuk2, PrzemysłAW kurtykA1

1 katedra BiomateriałóW i inżynierii WyroBóW medycznych, 
Wydział inżynierii Biomedycznej, Politechnika Śląska, 
ul. Generała charlesa de Gaulle’a 72, 44-800 zaBrze
2 instytut materiałóW inżynierskich i Biomedycznych, 
Wydział mechaniczny technoloGiczny, Politechnika Śląska, 
konarskieGo 18, 44-100 GliWice

* e-mail: marcin.Basiaga@polsl.pl

Streszczenie
 

Celem prezentowanej pracy była ocena przydat-
ności stosowania warstw SiO2 naniesionych dwiema 
metodami Atomic Layer Depositon (ALD) i zol-żel 
na podłoże ze stali 316LVM stosowanej na implanty 
w układzie sercowo-naczyniowym. Do badań wy-
typowano stal austenityczną 316LVM i poddano ją 
następującym modyfikacją powierzchni: polerowanie 
elektrochemiczne, pasywacja chemiczna, naniesie-
nie warstw SiO2 zarówno metodą ALD, jak i zol-żel.  
Wymienione metody są obecnie najczęściej stoso-
wane w przypadku nanoszenia warstw powierzch-
niowych na implanty. W ramach oceny przydatności 
zaproponowanych metod modyfikacji powierzchni 
analizowanej stali autorzy pracy przeprowadzili ba-
dania własności mechanicznych, elektrochemicznych 
oraz fizycznych. Na podstawie uzyskanych wyników 
stwierdzono, że niezależnie od metody nanoszenia 
zaobserwowano korzystny wpływ warstwy SiO2 na 
badane własności w porównaniu do stanu wyjścio-
wego. Ponadto stwierdzono, że najkorzystniejszym 
zespołem własności mechanicznych, elektrochemicz-
nych i fizycznych charakteryzuje się warstwa SiO2 
naniesioną metodą ALD. Tak naniesiona warstwa 
charakteryzowała się większą siłą krytyczną powodu-
jącą delaminację warstwy, większą odpornością na ko-
rozję wżerową oraz większym kątem zwilżania wodą 
(charakter hydrofobowy), co w przypadku implantów 
stosowanych w układzie krwionośnym jest zjawiskiem 
pożądanym, ponieważ wymagana jest mała adsorp-
cja białek, która ogranicza proces krzepnięcia krwi. 
Zaproponowanie odpowiednich wariantów obróbki 
powierzchniowej z wykorzystaniem metody ALD oraz 
zol-żel ma perspektywiczne znaczenie i przyczyni 
się do opracowania warunków technologicznych  
o sprecyzowanych parametrach wytwarzania powłok 
tlenkowych na implantach stosowanych w układzie 
sercowo-naczyniowym.

Słowa kluczowe: SiO2, ALD, zol-żel, 316LVM, włas-
ności mechaniczne i elektrochemiczne
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Abstract
 

The aim of this study was to evaluate the usefulness 
of SiO2 layers deposited by two methods - atomic 
layer deposition (ALD) and sol-gel, on the surface 
of stainless steel 316LVM used in application of 
cardiovascular implants. In assessing the suitability 
of the proposed methods to modify surfaces of the 
analysed steel, authors carried out tests of mecha-
nical, electrochemical and physical properties. The 
austenitic steel 316LVM was chosen and subjected 
to the following surface modifications: electrochemical 
polishing, chemical passivation and application of the 
SiO2 layer using both methods – ALD and sol-gel. 
These methods were proposed for research, because 
they are most commonly used in the case of applying 
surface layers to implants. Based on the obtained 
results, it was observed that regardless of the method 
of application, the SiO2 layer has beneficial effect on 
examined properties compared to control. Moreover, 
it was found that the SiO2 layer deposited by ALD is 
characterized by the most preferred combination of 
mechanical, physical and electrochemical properties. 
The layer obtained by this method is characterized 
by a higher critical force, which causes delamination 
of the layers, higher resistance to pitting corrosion 
and higher water contact angle (hydrophobic cha-
racter), which is a desirable phenomenon in the case  
of implants used in the circulatory system, resulting 
in lower adsorption of proteins and blood clothing. 
Proposing of suitable variants of surface treatment 
using the ALD and sol-gel methods is of perspective 
importance. It will contribute to the development of 
technological conditions with specified parameters 
for the production of oxide coatings on implants used 
in the cardiovascular system.

Keywords: SiO2, ALD, sol-gel, 316LVM, mechanical 
and electrochemical properties 
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14 Wprowadzenie

W dzisiejszych czasach, w których świadomość istoty 
krążenia krwi w organizmie dla utrzymania stanu zdrowia 
jest ogromna, dąży się do opracowywania nowych oraz 
rozwijania już istniejących metod profilaktyki zdrowotnej, 
jak również leczenia patologii w obrębie tego układu. Wie-
loletnie obserwacje mechanizmów pracy układu krążenia,  
a także liczne badania prowadzone przez lekarzy przy ścisłej 
współpracy inżynierów pozwoliły na modelowanie struktur 
i procesów biologicznych związanych z krążeniem. Dzięki 
temu uzyskano szerokie możliwości prowadzenia testów 
pracy całego układu i symulowania sytuacji patologicz-
nych, na podstawie których opracowano szereg implantów 
oraz metod zabiegowych przywracających stan normalny  
w organizmie lub maksymalnie do niego zbliżony. Obecnie 
stosuje się różnorodne metody leczenia dysfunkcji układu 
sercowo-naczyniowego, m.in. leczenie implantologiczne. 
Popularną, jeśli chodzi o zastosowanie, grupę wyro-
bów implantowanych stanowią stenty naczyniowe [1-3].  
Ich użycie pociąga jednak za sobą dwa zasadnicze problemy 
związane z wykrzepianiem i restenozą. W celu ograniczenia 
tych niekorzystnych procesów wskazuje się kształtowanie 
własności fizykochemicznych warstwy powierzchniowej 
implantów. Do tej pory nie osiągnięto jednak w tej dziedzinie 
w pełni zadowalających efektów [3]. W literaturze niewiele 
miejsca poświęca się roli procesu obróbki powierzchniowej 
biomateriału metalowego. W ramach pracy zaproponowano 
nanoszenie warstw krzemionkowych, ponieważ w zależności 
od metody nanoszenia, jak również parametrów, cechują 
się m.in.: dobrą przyczepnością do metalicznego podłoża, 
bardzo wysoką biotolerancją oraz zwiększoną odpornością 
korozyjną w porównaniu do materiału niepokrytego [4,5]. 
Dane literaturowe wskazują na szereg niezdefiniowanych 
zjawisk towarzyszących wytwarzaniu powłok tlenkowych 
z udziałem krzemu na powierzchniach biomateriałów me-
talowych [6]. Wciąż nierozwiązanym problemem pozostaje 
dobór odpowiednich parametrów wytwarzania powłok, jak  
i kompleksowych badań pokazujących pełną charakterystykę 
ich zachowania w warunkach implantacji oraz długotrwałego 
kontaktu ze środowiskiem tkankowym podczas użytkowania 
implantu. W ostatnich latach coraz częstszym obiektem za-
interesowania badaczy zajmujących się modyfikacją bioma-
teriałów metalowych stały się warstwy tlenkowe nanoszone  
w procesach zol-żel czy Atomic Layer Deposition (ALD) [7-9]. 
Podstawową zaletą tych metod jest możliwość otrzymywania 
powłok w niskich temperaturach. Dlatego też autorzy pracy 
zaproponowali porównanie wybranych własności użytko-
wych zmodyfikowanej powierzchniowo stali 316LVM poprzez 
naniesienie warstwy SiO2 dwiema metodami ALD i zol-żel. 

Materiały i metody
Do badań wytypowano stal Cr-Ni-Mo (typu 316LVM)  

w postaci krążków o średnicy d = 14 mm. Próbki poddano 
obróbce powierzchniowej obejmującej następujące pro-
cesy: polerowania elektrochemicznego oraz pasywacji 
chemicznej. Polerowanie elektrochemiczne prowadzono 
w kąpieli na w mieszaninie kwasu siarkowego i fosforowe-
go aż do momentu uzyskania chropowatości powierzchni 
Ra < 0,16 µm zalecanej dla implantów. Następnie próbki 
poddano procesowi pasywacji chemicznej w 40% kwasie 
azotowym. Są to podstawowe etapy kształtowania włas-
ności użytkowych biomateriałów metalowych stosowanych 
na implanty o zminiaturyzowanych cechach geometrycz-
nych. Następnie na tak przygotowane próbki nanoszono 
warstwę SiO2 dwiema metodami: ALD i zol-żel. Warstwę 
SiO2 metodą zol-żel naniesiono przy następujących para-
metrach procesu: T = 430°C, t = 60 min, v = 2,5 cm/min.  

Introduction

Nowadays, the aim is to develop new and improve 
existing methods of preventive health care as well as the 
treatment of cardiovascular pathologies. Most likely it is 
caused by increasing awareness of the importance of blood 
circulation to remain in good health. Long term observation 
of the operating circulatory system phenomena, as well as 
the research cooperation of doctors and engineers allowed 
for modelling of structures and biological processes associ-
ated with blood circulation. There are various methods of 
treatment of cardiovascular system disorders currently used, 
including surgical implantation. The coronary stents are 
the most common group of implants in terms of application 
[1-3]. However, their use entails two fundamental problems 
associated with clotting and restenosis. The designing 
of physical and chemical properties of the surface layer  
of the implants is indicated in order to reduce these negative 
processes. In this field the completely satisfactory results 
still have not been achieved. In the literature, little space is 
devoted to the role of the surface modification process of 
metallic biomaterials [3]. As part of this work the application 
of silica layer was proposed due to the fact that depending 
on the methods and parameters, it is characterized by: good 
adhesion to the metallic substrates, very high biotolerance 
and increased corrosion resistance in comparison to un-
coated materials [4-5]. The literature indicated a number of 
not defined phenomena during producing oxide coatings 
containing silicon on the surface of metallic biomaterials 
[6]. There are still many unresolved issues such as selec-
tion of appropriate parameters of coating technology and 
comprehensive study demonstrating full characterization 
of their behaviour under conditions of implantation and 
prolonged contact with the tissue environment during use 
of the implant. In recent years, the oxide layers deposited 
in sol-gel processes or Atomic Layer Deposition (ALD) are 
more frequent as an object of interest by many researchers 
developing the modification of metallic biomaterials [7-9]. 
The main advantage of these methods is the possibility of 
obtaining coatings at low temperatures. Therefore, the au-
thors propose a comparison of selected functional properties 
of the modified surface of steel 316LVM by applying a layer 
of SiO2 by two methods: sol-gel and ALD.

Materials and Methods

Samples of stainless steel Cr-Ni-Mo (LVM 316) in the 
form of discs with a diameter d = 14 mm were chosen for 
studies. Then the surface treatment was conducted, which 
consisted of the following processes: electrochemical pol-
ishing and chemical passivation. Electrochemical polishing 
was carried out in phosphoric and sulfuric acids bath until 
obtaining a surface roughness of Ra < 0.16 μm recom-
mended for implants. Then the samples were subjected 
to chemical passivation in 40% nitric acid. These are the 
basic stages of development of functional properties of 
metallic biomaterials used for miniaturized implants. Then 
so-prepared samples were subjected to SiO2 layer ap-
plication using two methods: ALD and sol-gel. A layer of 
SiO2 using sol-gel method was applied with the following 
process parameters: T = 430°C, t = 60 min, v = 2.5 cm/min.  



15Stosowanym w badaniach prekursorem krzemionki był 
tetraetoksysilan Si(OC2H5)4, tzw. TEOS i tetramethoxysila-
ne Si(OCH3)4, tzw. TMOS. Pozostałe składniki wyjściowe 
zawierały alkohol etylowy (EtOH) i wodę. Jako kataliza-
tor zastosowano kwas solny [10]. Z kolei warstwę SiO2 
metodą ALD naniesiono przy parametrach: 2000 cykli  
i T = 300°C. Stosowanym prekursorem w tym przypadku 
był Tris(dimethylamino)silan ((CH3)2N)3SiH (TDMAS) i O3.  
Parametry procesu nanoszenia warstwy SiO2 zarówno 
metodą zol-żel, jak i ALD wytypowano na podstawie wcześ-
niejszych badań autorów pracy [10], które wykazały zbliżoną 
grubość warstwy SiO2 (ok. 200 nm). W końcowym etapie tak 
przygotowane próbki poddano procesowi sterylizacji paro-
wej w autoklawie w temperaturze T = 134°C przy ciśnieniu 
p = 2,1 bar przez czas t = 12 min.

W celu oceny przydatności stosowania analizowanych 
warstw w ramach pracy przeprowadzono badania własności 
mechanicznych, elektrochemicznych oraz fizycznych zmo-
dyfikowanej powierzchniowo stali 316LVM. 

W ramach oceny własności mechanicznych przeprowa-
dzono badania przyczepności analizowanych warstw do 
podłoża z wykorzystaniem metody zarysowania (scratch 
test) [11]. Test polegał na wykonaniu rysy z wykorzystaniem 
penetratora – stożka diamentowego Rockwella – przy stop-
niowym wzroście siły normalnej obciążającej ten penetrator. 
Siła krytyczna, będąca miarą adhezji, to najmniejsza siła 
normalna powodująca utratę adhezji powłoki z podłożem. 
Do oceny wartości siły krytycznej Lc posłużył zapis zmian 
sygnałów emisji akustycznej, siły tarcia i współczynnika 
tarcia oraz obserwacje mikroskopowe wykonane na mikro-
skopie świetlnym stanowiącym integralną część platformy. 
Badania wykonano przy narastającej sile obciążającej  
Fc = 0,03÷30 N i przy następujących parametrach pracy: 
szybkość obciążania vs = 10 N/min, prędkość przesuwu 
stolika vt = 10 mm/min, długość rysy l = 3 mm.

Dodatkowo w ramach oceny własności elektrochemicz-
nych przeprowadzono badania odporności na korozję 
wżerową metodą potencjodynamiczną rejestrując krzywe 
polaryzacji. Badanie przeprowadzono zgodnie z zalece-
niami normy ASTM F2129 [12]. Stanowisko pomiarowe 
składało się z potencjostatu VoltaLab PGP201, elektrody 
odniesienia (nasycona elektroda kalomelowa SCE typu 
KP-113), elektrody pomocniczej (elektroda platynowa typu 
PtP-201), anody (badana próbka) oraz komputera PC wraz 
z oprogramowaniem VoltaMaster 4. Badania korozyjne 
rozpoczynano od wyznaczenia potencjału otwarcia EOCP w 
warunkach bezprądowych. Krzywe polaryzacji rejestrowano 
od wartości potencjału początkowego Epocz = EOCP − 100 mV. 
Zmiana potencjału następowała w kierunku anodowym  
z szybkością 0,167 mV/s. Na podstawie uzyskanych krzy-
wych wyznaczono potencjał korozyjny Ekor oraz korzystając 
z metody Sterna wartość oporu polaryzacyjnego Rp. Dodat-
kowo wyznaczono również gęstość prądu korozyjnego ikor, 

którą wyznaczono ze wzoru (1).  Badanie to zrealizowano 
w próbce roztworu (250 ml) - sztucznego osocza w tempe-
raturze T = 37 ± 1°C, pH = 7 ± 0,2.

Ikor  = 0,026/Rp                                        (1)
Ostatnim etapem badań była ocena własności fizycznych, 

w ramach których przeprowadzono badania zwilżalności 
powierzchni. W ramach określenia zwilżalności powierzchni 
przeprowadzono analizę kątów zwilżania θ i swobodnej 
energii powierzchniowej γS (SEP) metodą Owensa-Wendta. 
Pomiary kąta zwilżania wykonano z użyciem dwóch cieczy: 
wody destylowanej (θw) (prod. Poch S.A.) oraz dijodome-
tanu (θd) (prod. Merck sp.z o.o.), każda o objętości 1,5 µl,  
w temperaturze pokojowej na stanowisku badawczym skła-
dającym się z goniometru SURFTENS UNIVERSAL firmy 
OEG oraz komputera z oprogramowaniem Surftens 4.5 do 
analizy zarejestrowanego obrazu kropli.

As the silica precursor the tetraethoxysilane Si(OC2H5)4 - 
TEOS and tetramethoxysilane Si(OCH3)4 - TMOS were used 
during the process. The other components included ethyl 
alcohol (EtOH) and water. Hydrochloric acid was used as  
a catalyst. In contrast, the SiO2 layer using ALD was applied 
with the parameters: 2000 cycles at T = 300°C. In this case 
a Tris(dimethylamino)silane ((CH3)2N)3SiH TDMAS and O3 

were used as precursors. The parameters of the application 
process of SiO2 layer for both methods, ALD and sol-gel, 
were selected based on previous studies of the authors [10], 
which showed a similar thickness of the SiO2 layer (about 
200 nm). In the final stage so-prepared samples were sub-
jected to steam sterilization in an autoclave at a temperature 
T = 134°C, pressure p = 2.1 bar and during time t = 12 min.

In order to assess the suitability of the use of analysed 
layers, as part of the work the mechanical, physical, and 
electrochemical properties of the surface-modified steel 
316LVM were studied. 

The study of the layer adhesion was carried using scratch 
test in order to evaluate the mechanical properties of the 
SiO2 layer [11]. The test involved the performance of the 
scratch on samples surfaces using penetrator – Rockwell 
diamond cone – with gradually increasing load. The critical 
force, which is a measure of layer adhesion, is the smallest 
normal force resulting in the loss of adhesion of the coat-
ing to the substrate. The value of the critical force Lc was 
determined based on: the record of the changes in acoustic 
emission signals, the friction force, friction coefficient and 
microscopic observations performed on light microscopy. 
The study was performed for increasing load Fc = 0.03-30 N 
and the following operational parameters: speed load  
vs = 10 N/min, feed rate of the table Vt = 10 mm/min and the 
length of scratch I = 3 mm.

Additionally, the evaluation of the electrochemical prop-
erties was carried out, which involved the performance of 
the research of resistance to pitting corrosion using po-
tentiodynamic method and recording polarization curves.  
The study was conducted according to the recommendations 
of ASTM F2129 standard [12]. The test stand consisted of 
VoltaLab PGP201 potentiostat, reference electrode (saturat-
ed calomel electrode SCE type KP-113), the auxiliary elec-
trode (platinum electrode type PtP-201), the anode (the test 
sample) and a PC with VoltaMaster 4 software. Corrosion 
tests were initiated from indicating the opening potential EOCP 
with electroless conditions. Polarization curves were record-
ed beginning from the starting potential Epocz = EOCP − 100 mV.  
The potential change was followed in the direction of the 
anode at a rate of 0.167 mV/s. The corrosion potential Ekor 
was determined based on the obtained curves and the 
resistance polarization Rp from Stern method. Addition-
ally, the corrosion current density ikor was determined from 
the formula (1). This study was carried out in the sample 
solution of artificial plasma (250 ml) at a temperature of  
T = 37 ± 1°C and pH = 7 ± 0.2.

Ikor  = 0.026/Rp                                         (1)
The final stage of the research was to evaluate the physi-

cal properties, which contained the surface wettability tests. 
As a part of this stage the studies of contact angles θ and 
surface free energy γS (SEP) were performed with the use 
of Owens-Wendt method. The contact angle measurements 
were performed using two liquids: distilled water (θw) (prod. 
Poch S.A.) and diiodomethane (θd) (prod. Merck Sp. z o.o.) 
in drop volume of 1.5 µl at room temperature. The tests were 
made on OEG SURFTENS UNIVERSAL goniometer and 
Surftens 4.5 computer software was used to analyse the 
recorded drop images.
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Warstwa musi charakteryzować się odpowiednimi włas-
nościami mechanicznymi m.in. wymaganą przyczepnością 
do materiału podłoża, aby mogła należycie spełniać swoje 
zadanie. Dlatego też w pierwszej kolejności przeprowa-
dzono badania metodą zarysowania scratch test. Na 
podstawie uzyskanych wyników stwierdzono, że większą 
przyczepnością do podłoża ze stali 316LVM charaktery-
zuje się warstwa SiO2 naniesiona metodą ALD. Dla tego 
przypadku zaobserwowano większą wartość siły krytycznej 
Lc2 powodującej delaminację warstw, gdzie Lc2 = 7,8 N.  
Z kolei wartość siły dla warstwy naniesionej metodą zol-żel 
była zdecydowanie mniejsza i wynosiła Lc2 = 3,5 N (FIG. 1).  
Dodatkowo niezależnie od metody nanoszenia warstwy 
SiO2 nie wystąpił sygnał emisji akustycznej, co świadczy  
o tym, że energia wiązania między powłoką a podłożem była 
zbyt niska. Ponadto w każdym przypadku zaobserwowano 
ciągłą plastyczną perforację warstwy.

Wyniki uzyskanych badań potencjodynamicznych przed-
stawiono w TABELI 1 i na RYS. 2. Analiza uzyskanych  
w pracy przebiegów krzywych polaryzacji dla próbek  
w stanie wyjściowym jak i po procesie ALD i zol-żel wyka-
zała brak pętli histerezy oraz występowanie korzystnego, 
w porównaniu do potencjału przebicia, potencjału trans-
pasywacji (RYS. 2 i TABELA 1) świadczącego o dobrej 
odporności korozyjnej badanej stali w środowisku sztucz-
nego osocza. Zarówno proces nanoszenia warstwy SiO2 
metodą ALD, jak i zol-żel w odniesieniu do powierzchni  
w stanie wyjściowym przyczynił się do korzystnej poprawy 
odporności korozyjnej i zmniejszenia aktywności badanej 
powierzchni w środowisku korozyjnym. W szczególności 
zaobserwowano wzrost wartości potencjału korozyjnego 
Ekor oraz oporu polaryzacyjnego Rp, przy jednoczesnym 
obniżeniu wartości prądu korozyjnego ikor (TABELA 1).  

Results and Discussion

The layer must be characterized by the appropriate 
mechanical properties, i.e. the required adhesion to the sub-
strate, in order to properly fulfil its specified task. Therefore, 
scratch test was performed as the first stage, which allowed 
to observe that SiO2 layer applied by ALD method is charac-
terized by the higher adhesion to 316LVM substrate. In this 
case, a higher value of the critical force Lc2 was observed, 
which is responsible for causing delamination of layers and 
equals Lc2 = 7.8 N. Whereas the value of the critical force 
of the layer applied by sol-gel method was much lower and 
equals LC2 = 3.5 N (FIG. 1). Additionally, regardless of the 
applying method of the SiO2 layer, there was no acoustic 
emission signal, which indicates that the binding energy 
between the layer and the substrate is too low. Furthermore, 
in any case, the continuous plastic perforation of the layer 
was observed.

The obtained results of potentiodynamic tests are 
shown in TABLE 1 and FIG. 2. The analysis of the obtained 
polarization curves for baseline samples and after the 
application process of SiO2 layer using ALD and sol-gel 
method, showed no hysteresis loop and the presence of 
favourable transpassivation potential (FIG. 2 and TABLE 1)  
in comparison to the breakthrough potential, providing good 
corrosion resistance of this material in artificial plasma. 
Either, the process of applying the layer of SiO2 using 
ALD and sol-gel method in relation to the surface in the 
initial state contributed to a preferred improvement of the 
corrosion resistance and reduction of the activity of tested 
layers in a corrosive environment. There was observed an 
increase in corrosion potential Ekor and polarization resist-
ance Rp, while reducing the corrosion current ikor (TABLE 1).  

RYS. 1. Przykładowe wyniki adhezji dla próbek z warstwą SiO2 naniesioną metodą ALD.
FIG. 1. Exemplary results for the samples from the adhesion layer of SiO2 deposited by ALD.
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Z kolei autorzy pracy [13] donoszą, że badania implantów 
ze stali 316LVM zarówno przed jak i po implantacji, których 
powierzchnia została poddana polerowaniu elektrolityczne-
mu i pasywacji chemicznej, przeprowadzone w SBF wyka-
zały występowanie pętli histerezy pomiędzy potencjałami 
przebicia o wartości około Eb = 1285 mV oraz potencjałami 
repasywacji wynoszącymi około Ecp = -41 mV. Z kolei autorzy 
pracy [10] donoszą, że na odporność korozyjną stali 316LVM 
z warstwą SiO2 niekorzystnie wpływa proces sterylizacji 
zarówno parowej, jak i tlenkiem etylenu przyczyniając się 
do obniżenia wartości potencjału korozyjnego, oporu pola-
ryzacyjnego i wzrostu gęstości prądu korozyjnego.

Wyniki zwilżalności powierzchni przedstawiono na 
RYS. 3 i 4. Jedną z ważniejszych właściwości materiału 
jest jego hydrofilowość, którą określa się poprzez pomiar 
kąta zwilżania. Wpływa ona między innymi na poziom 
adsorpcji na powierzchni różnych molekuł, co związane 
jest z energią powierzchniową. Na podstawie uzyskanych 
wyników badań stwierdzono, że próbki o powierzchni 
polerowanej elektrochemicznie i pasywowanej są hydro-
filowe o dużej zwilżalności powierzchni (θav = 81,63°). 
Badania implantów ze stali 316 LVM prowadzili również 
autorzy pracy [14]. Analizowali oni wpływ środowiska 
tkankowego na zmianę wartości kąta zwilżania implan-
tów o powierzchni polerowanej elektrochemicznie oraz 
pasywowanej. Stwierdzili oni zwiększenie zwilżalności po 
określonym czasie przebywania implantu w organizmie. 
Wartości kąta zwilżania zmieniały się od 59,6° do 64,2°.  

However, the authors [13] reported that studies of the im-
plants made of steel 316LVM both before and after implanta-
tion, which surface has been subjected to electropolishing 
and chemical passivation performed in SBF, showed the 
presence of a hysteresis loop between the breakthrough 
potentials of about Eb = 1285 mV, and the repassivation 
potentials amounting to about Ecp = -41 mV. On the other 
hand, the authors [10] reported that the corrosion resistance 
of steel 316LVM with a layer of SiO2 is adversely affected 
by the sterilization process, both steam and ethylene oxide 
(EO) contributing to the reduction of the corrosion potential 
and polarization resistance and increase of the corrosion 
current density.

The results of the surface wettability are shown in FIGs. 3 
and 4. One of the most important properties of the material 
is its hydrophilicity, which is determined by contact angle 
measurement. This material property affects the adsorption 
of different molecules on the surface, which is related to the 
surface energy. It was found, based on the obtained results, 
that the samples with surfaces after electrochemical polish-
ing and passivation are hydrophilic with high surface wet-
tability (θav = 81.63°). The authors [14] have also performed 
studies concerning implants made of steel 316 LVM. They 
analysed the influence of the tissue environment on the 
value of contact angle of the implants after electrochemi-
cal polishing and passivation. They found an increase in 
the wettability after a certain residence time of the implant 
in the body. The contact angle varied from 59.6° to 64.2°. 

Próbka
Sample Ekor, mV Etr, mV Rp, kΩ⋅cm2 ikor, µA/cm2

stan wyjściowy
initial state -211.7 ± 63.5 1198.5 ± 12.0 221.4 ± 79.4 0.094 ± 0.011

ALD +15.8 ± 32.0 1262.5 ± 0.7 1075.0 ± 21.2 0.017 ± 0.005

zol-żel
sol-gel -13.7 ± 22.0 1223 ± 0.6 479 ± 52.4 0.054 ± 0.008

TABELA 1. Wyniki badań potencjodynamicznych - wartości średnie.
TABLE 1. The potentiodynamic test results - average values.

RYS. 2. Krzywe polaryzacji dla zmodyfikowanej powierzchniowo stali 316LVM.
FIG. 2. Polarization curves for the surface-modified steel 316LVM.
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Wytworzenie warstwy SiO2 metodą ALD w temperaturze 
300°C przy liczbie cykli 2000 na powierzchni badanych 
próbek spowodowało zwiększenie wartości kąta zwilżania 
(θav = 91,47°), czyli charakter powierzchni zmienił się na 
hydrofobowy, co jest zjawiskiem korzystnym dla implantów 
do kontaktu z krwią w przeciwieństwie do warstw SiO2 na-
noszonych metodą zol-żel. W tym przypadku stwierdzono 
zwiększenie się zwilżalności powierzchni, co w przypadku 
biomateriałów stosowanych do kontaktu z krwią jest nieko-
rzystne (RYS. 4).

Wnioski

Na podstawie uzyskanych wyników, niezależnie od 
metody nanoszenia warstwy SiO2 stwierdzono korzystny 
jej wpływ na wybrane własności użytkowe w porówna-
niu do stanu bez warstwy. Ponadto zaobserwowano, że 
najkorzystniejszym zespołem własności mechanicznych, 
elektrochemicznych i fizycznych charakteryzuje się warstwa 
SiO2 naniesiona metodą ALD. W tym przypadku zaobser-
wowano większą przyczepność do badanego podłoża, 
co ma zasadniczy wpływ na zachowanie się materiału  
w warunkach implantacji oraz długotrwałego kontaktu ze śro-
dowiskiem tkankowym podczas jego użytkowania (RYS. 1).  

The application of the SiO2 layer on the samples surface 
using ALD method at 300°C with the number of 2000 cycles 
resulted in an increase of the contact angle (θav = 91.47°). 
This indicates for a change in the surface property into 
hydrophobic, which is quite advantageous for implants in 
contact with blood. In the case of SiO2 layer applied using 
sol-gel method the increase in the surface wettability was 
found, which is disadvantageous for biomaterials used in 
contact with blood (FIG. 4).

Conclusions

Basing on the obtained results, regardless of the SiO2 

application method, the beneficial impact on selected func-
tional properties was found. Moreover, it was observed 
that the layer of SiO2 deposited by ALD was characterized 
by the most preferred combination of mechanical, physical 
and electrochemical properties. In this case, the increased 
adhesion of the tested layer to the substrate was observed, 
which has a significant impact on the behaviour of the 
material under conditions of implantation and prolonged 
contact with the tissue environment during its use (FIG. 1). 

RYS. 4. Ocena zwilżalności i energii powierzchniowej na podstawie pomiarów kąta zwilżania.
FIG. 4. Summary of wettability and surface energy on the basis of contact angle measurements.

RYS. 3. Przykładowy pomiar kąta zwilżania: a) stan wyjściowy, b) warstwa SiO2 naniesiona metodą ALD,  
c) warstwa SiO2 naniesiona metodą zol-żel.
FIG. 3. Example of the measurement of contact angles: a) the initial state, b) SiO2 layer deposited by ALD,  
c) SiO2 layer deposited by sol-gel.

a) c)b)
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teryzowała się dwukrotnie lepszą odpornością na korozję  
w porównaniu do warstwy naniesionej metoda zol-żel  
(RYS. 2, TABELA 1). Bardzo ważna jest również analiza 
charakteru warstwy powierzchniowej biomateriału pod 
względem zwilżalności, która pozwala na ocenę, między 
innymi zachowania się komórek organizmu. Uzyskane 
wartości kąta zwilżania w przypadku metody ALD są 
bardzo korzystne, ponieważ warstwy charakteryzują się 
powierzchnią hydrofobową, czyli mniejszą zwilżalnością, 
dla których pożądana jest mała adsorpcja białek, która 
ogranicza proces krzepnięcia krwi. Jednakże w przypadku 
metody zol-żel uzyskano powierzchnię hydrofilową, czyli  
o większej zwilżalności, co jest zjawiskiem niekorzystnym, 
ponieważ sprzyja to adhezji komórek do powierzchni bio-
materiału. Zastosowane metody ALD dla analizowanego 
biomateriału jest uzasadnione i w pełni przydatne dla 
poprawy bezpieczeństwa użytkowania wszczepu. W celu 
pełniejszego scharakteryzowania powierzchni stali 316LVM 
z naniesioną warstwą SiO2 metodą ALD w kolejnych etapach 
przeprowadzone zostaną badania m.in. stopnia hemolizy. 
Uzyskane wyniki będą stanowić podstawę do opracowania 
bardziej szczegółowych kryteriów oceny finalnej jakości 
wyrobów medycznych do kontaktu z krwią, co zapewni 
wymaganą hemokompatybilność implantów i przyczyni się 
do minimalizacji ryzyka powikłań pooperacyjnych. W efekcie 
przyczyni się to do wzrostu skuteczności leczenia schorzeń 
układu krwionośnego, zmniejszenia wskaźnika hospitalizacji 
i poprawy jakości życia pacjentów. Uzyskane wyniki badań 
mogą stanowić istotny wkład w wyjaśnienie procesów za-
chodzących na powierzchni implantów w kontakcie z krwią.
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Additionally, the SiO2 layer deposited by ALD was character-
ized by twice better resistance to corrosion in comparison to 
the layer applied using sol-gel (FIG. 2, TABLE 1). It is very 
crucial to perform the analysis of the surface layer of the 
biomaterial in terms of wettability, which allows to evaluate 
the behaviour of blood cells. The results obtained from con-
tact angle measurements are very favourable in the case 
of ALD, because the hydrophobic surface is related to low 
protein adsorption, which restricts the blood clotting process. 
However, in the case of sol-gel method, the hydrophilic 
surface was observed, which is disadvantageous due to the 
cellular adhesion to the surface of the biomaterial. The use 
of ALD method is fully reasonable and useful for improving 
the safety of the implant. In order to obtain more completed 
characterization of the surface of steel 316LVM with SiO2 
layer applied by ALD, it is necessary to carry out subsequent 
studies including hemolysis. The results will provide basis 
for the development of more specific criteria for assess-
ing the quality of the final medical devices in contact with 
blood, which will determine the required hemocompatibility 
of implants and will help to minimize the risk of postopera-
tive complications. As a result, this will help to increase the 
effectiveness of the treatment of cardiovascular system 
disorders, reduce the rate of hospitalization and improve 
the quality of patient’s life. The research results can provide 
an important contribution to the explanation of processes 
occurring on the surface of the implant in contact with blood.
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Streszczenie

W pracy przedstawiono technikę stabilizacji złusz-
czonej nasady dalszej kości promieniowej i złamanie 
przynasadowe dalsze kości łokciowej u dziesięciomie-
sięcznego kota rasy europejskiej za pomocą drutów 
Kirschnera. Wykonano diagnostykę obrazową metodą 
rentgenograficzną przed i po zaimplantowaniu drutów. 
Na podstawie badania rentgenowskiego postawiono 
diagnozę: kilkudniowe złuszczenie nasady dalszej 
kości promieniowej lewej i złamanie wyrostka rylco-
watego kości łokciowej. Kot został poddany sedacji, 
a następnie narkozie wziewnej. Przeprowadzono 
zabieg operacyjny polegający na stabilizacji kości 
promieniowej za pomocą drutów Kirschnera stosując 
ułożenie na krzyż przechodzące przez nasadę dalszą 
i istotę korową kości promieniowej. Kończyna została 
zabandażowana i usztywniona na okres 4 tygodni. 
Po miesiącu przeprowadzono zabieg reoperacji ma-
jący na celu usunięcie wszczepów. Następnie przy 
użyciu skaningowego mikroskopu elektronowego 
i spektrometru dyspersji energii promieniowania X 
(SEM-EDX) przeprowadzono obserwacje mikrostruk-
turalne i analizę chemiczną EDS w mikroobszarach 
implantów. Przeprowadzone badania RTG wykazały 
poprawne nastawienie kości i całkowite jej zrośnięcie 
po 4 tygodniach od operacji. Analiza SEM-EDS wyka-
zała brak śladów korozji drutów Kirschnera oraz brak 
obecności niklu w tkankach otaczających implanty. 
Przez cały czas rehabilitacji zastosowana stabilizacja 
zapewniła kotu normalne funkcjonowanie, bez znacz-
nego dyskomfortu.

Słowa kluczowe: druty Kirschnera, implanty do os-
teosyntezy, analiza RTG, analiza SEM-EDS

[Inżynieria Biomateriałów 141 (2017) 20-27] 

Wprowadzenie

Koty, mimo że w swojej naturze przygotowane do odda-
wania długich skoków i amortyzowania zeskoków z dużej 
wysokości, ulegają urazom kończyn. Najczęściej dochodzi 
do nich podczas zeskoku, zaplątania (np. w siatkę ogrodze-
niową), potrącenia przez samochód lub agresji ze strony 
innego zwierzęcia lub człowieka. Kot ze złamaną kończyną 
wymaga opieki weterynaryjnej.
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Abstract

This case study shows a cross pin technique of 
treating an epiphyseal fracture using the Kirschner 
wires in the case of a ten-month old European cat. 
The radiological diagnosis was performed both before 
and after the implantation. The radiological diagnosis 
proved a few day epiphyseal exfoliation of the left 
distal radius and the epiphyseal fracture of the distal 
ulna. The cat was sedated and subjected to general 
anesthesia. An operation was performed to stabilize 
the radius with the Kirschner wires, using the cross 
pin technique going through the distal epiphyseal 
and the cortical bone of the radius. The limb was 
immobilised for 4 weeks. After one month the reope-
ration was performed to remove the Kirschner wires.  
The microstructure of the implanted wires was 
observed using the scanning electron microscope 
equipped with X-ray energy dispersion spectrometer 
(SEM-EDS). The chemical analysis in the area around 
the operated tissue was performed. The radiological 
analysis showed the proper bone adjustment and 
its complete healing after 4 weeks after the surgery. 
The SEM-EDS analysis revealed no corrosion of the 
wire and lack of nickel in the tissues surrounding the 
implants. Throughout the rehabilitation the applied 
stabilization assured the cat the ordinary living con-
ditions without noticeable discomfort. 

Keywords: Kirschner wires, implants for osteosynthe-
sis, RTG analysis, SEM-EDS analysis

[Engineering of Biomaterials 141 (2017) 20-27] 

Introduction

Cats, despite their natural ability of agile moves and 
absorbing jumps from heights, sometimes fall victim to 
accidents. Injuries occur as a consequence of entangling 
the limbs, being hit by a car or attacked by another animal 
or human. An injured cat requires a veterinary treatment. 

At first, depending on the type of injury, it is recommended 
to treat the injured cat with anti-shock drugs and painkillers 
in order to calm it and prepare for further procedures. Next, 
the radiological examination should be performed to define 
the injuries and take decisions regarding the further steps 
and prevision concerning the wound healing. The technique 
of stabilization the fracture with nails or wires is well-known 
and it is often used to help small animals [1-4]. Although it 
is quite easy to implement, it is not suitable for every injury. 



21W pierwszej kolejności zaleca się, w zależności od urazu, 
odpowiednie zaopatrzenie przeciwwstrząsowe pacjenta 
oraz podanie leków przeciwbólowych, aby uśmierzyć ból  
i uspokoić kota. Po stabilizacji stanu ogólnego wykonuje się 
badanie radiologiczne w celu określenia uszkodzeń, podję-
cia decyzji dalszego leczenia i przewidywań dotyczących 
gojenia się rany. Technika stabilizacji przy pomocy gwoździa 
lub drutu jest często stosowana u małych zwierząt i stosun-
kowo prosta jednak nie w każdym wypadku wystarczająco 
skuteczna [1-4]. Niezależnie od tego wymaga cierpliwości  
i ekspertyzy technicznej połączonej z dobrym zrozumieniem 
biomechaniki i procesu gojenia się złamanych kości. Zwy-
kle u kotów używane są druty Kirschnera. Celem każdego 
zabiegu zespolenia złamania jest szybkie i kompletne 
przywrócenie funkcji kończyny. Niezbędne jest zapewnienie 
stabilnego ustawienia kości i przywrócenie pełnego zakresu 
ruchu stawu. Osteosynteza przy użyciu wewnętrznie za-
mocowanych implantów zmierza do osiągnięcia tego celu 
poprzez wykonanie repozycji i stabilizacji złamania poprzez 
założenie stabilizujących drutów Kirschnera [5,6].

Techniki zespolenia wewnętrznego zaczerpnięte są  
z technik i metod zespoleń stosowanych u ludzi. Wyroby 
medyczne, czyli implanty stosowane w medycynie wete-
rynaryjnej obejmują między innymi szpilkę Steinmanna, 
drut Kirschnera, gwoździe Kuntschera, szpilki Rusha, drut 
kostny, płyty blokowane oraz stabilizację zewnętrzną [7-9]. 
Asortyment implantów dostępnych dla zwierząt jest coraz 
większy, jednakże to lekarz weterynarz mając na uwadze 
dobro swojego pacjenta oraz indywidualny charakter złama-
nia decyduje o wyborze wszczepu oraz techniki operacyjnej. 
Podstawowym warunkiem decydującym o wyborze materia-
łu przeznaczonego na implant jest jego biozgodność, czyli 
zgodność biologiczna, która związana jest z zachowaniem 
się biomateriału w organizmie. Materiały biozgodne nie 
powinny wykazywać działania cytotoksycznego dla otacza-
jącego układu biologicznego.

Typowe przykłady metali stosowanych na implanty 
ortopedyczne u zwierząt obejmują stopy chirurgicznej 
stali nierdzewnej i tytanu. Stal nierdzewna używana jest 
do produkcji implantów ze względu na dobre właściwo-
ści mechaniczne, stosunkowo niską cenę i łatwy sposób 
wytwarzania. Wykazuje ona jednak słabą odporność na 
zużycie i niską odporność na korozję. Interakcja między 
otaczającym środowiskiem fizjologicznym a powierzchnią 
implantu ma także kluczowe znaczenie, ponieważ może 
prowadzić do utraty funkcji implantu i mieć niepożądany 
wpływ na pacjenta, powodując odrzucenie implantu przez 
otaczające tkanki [10].

Celem tego artykułu jest zatem przekazanie czytelnikowi 
informacji o leczeniu złamań kości za pomocą drutów me-
talowych i wykazanie, że te badane implanty są odporne 
na korozję.

Materiały i metody

Kot rasy europejskiej w wieku 10 miesięcy został przy-
wieziony do kliniki ARKA, z utrzymującą się kulawizną lewej 
przedniej kończyny od kilku dni. Badanie kliniczne wyka-
zało bolesność i deformację okolicy lewego nadgarstka.  
W badaniu radiologicznym stwierdzono złuszczenie nasady 
dalszej kości promieniowej lewej, złamanie przynasadowe 
dalsze kości łokciowej. Złamanie zgodnie z klasyfikacją 
Saltera-Harrisa sklasyfikowano jako typ I [11]. Jest to uraz 
występujący u młodych zwierząt z niedojrzałym kośćcem  
i niezakończonym procesem wzrostu.

It also takes an experienced surgeon to correctly define 
a scale of the damage and act in respect to biomechani-
cal details and the healing process of the broken bones.  
In general, cats’ injuries might be successfully treated with 
the Kirschner wires. The aim of any fracture treatment is  
a rapid and complete restoration of the limb function.  
A stable realignment of bones and restoration of the full 
range of motion in the joint are necessary for the complete 
limb function. Osteosynthesis attempts to achieve this goal 
by open reduction and internal fixation using implants [5,6]. 

The technique of the internal fixation of the animal bone 
fractures is derived from the one used for humans. The medi-
cal devices, i.e. implants used in veterinary medicine include 
among others: the Steinmann pin, Kirschner wire, Rush pin, 
Kuntscher nail, bone wire, locking plates and external joints 
[7-9]. The assortment of implants available for animals is 
increasing. Therefore, keeping in mind the wellness of the 
patient and the individual nature of the fracture, a veterinary 
doctor chooses the implant type and the surgical technique. 
The fundamental requirement for a metallic implant material 
is its biocompatibility, which is related to the behaviour of 
biomaterials. Materials should not exhibit any toxicity to the 
surrounding biological system.

Common metals used in animal orthopaedic implants 
include the surgical stainless steel and titanium alloys. Stain-
less steel is used as an implant due to its good mechanical 
properties, a relatively low price and an easy manufacturing 
process. However, it possesses poor wear properties, such 
as the force-bearing surface and low corrosion endurance. 
The interaction between the surrounding physiological 
environment and the surface of the implant is crucial as it 
may lead to the failure of the implant to function the way  
it was intended to. Another risk may be an adverse effect 
on the patient, resulting in the rejection of the implant by 
the surrounding tissue [10]. 

Therefore, the aim of this study is to give a reader the in-
formation of bone fracture treatment using metallic wires and 
prove the corrosion resistance of the investigated implants.

Materials and Methods

A 10-month old European cat was delivered to the ARKA 
veterinary center with the lameness of the left forelimb per-
sisting for several days. The clinical examination showed 
pain and deformation in the area of the wrist. The radiologi-
cal diagnosis proved epiphyseal exfoliation of the left distal 
radius and epiphyseal fracture of the distal ulna. According 
to the Salter-Harris classification, the bone fracture was 
described as type I [11]. Such an injury is typical for young 
cats with immature skeleton and still within the growing 
process. In many cases such injuries are treated in a tradi-
tional manner, i.e. the fracture reposition and application of 
a stiffening bandage. 

In this case such a treatment would not have been  
effective as the accident had taken place quite a long time 
before and the bone fracture was considerably displaced. 
Therefore, the Kirschner wires were selected as the most 
effective method of treatment (FIG. 1). 

In addition, it was decided to use the Kirschner wires 
because of the simplicity of the method, the minimal risk of 
growth plate damage and a very small (a few millimeters) 
size of the distal fraction. Such a method also makes the 
removal of the implant an easy procedure. The proposed 
stabilization is an optimal solution for young cats. It was 
decided to stabilize only the radial bone, which is responsible 
for load carrying of the front limb. The ulna fracture was left 
to spontaneous healing.



22 Często metodą leczenia takiego urazu jest leczenie za-
chowawcze, repozycja i opatrunek ustalający. Jednak w tym 
wypadku, ze względu na znaczne przesuniecie odłamów  
i czas, który upłynął od urazu zaproponowano leczenie 
operacyjne przy użyciu stabilizacji drutami Kirschnera  
(RYS. 1).

Dodatkowo zdecydowano się na zastosowanie drutów 
Kirschnera ze względu na prostotę metody, minimalne 
uszkadzanie chrząstki wzrostu, bardzo mały (kilkumilime-
trowy) rozmiar odłamu dalszego oraz łatwość późniejszego 
usunięcia implantów. Zaproponowana stabilizacja jest opty-
malnym rozwiązaniem do zastosowania u młodych kotów. 
Zdecydowano się na stabilizację tylko kości promieniowej, 
która przenosi większość obciążeń kończyny przedniej, 
złamanie kości łokciowej pozostawiono do samoistnego 
zagojenia.

Kot został poddany sedacji: Medetomidyny chloro-
wodorek (Dorbene) w dawce 50 μg/kg j.m. + Butorfanol 
(Torbugesic) w dawce 25 μg/kg j.m. + Ketamina (Bioketan) 
w dawce 3 mg/kg j.m. Następnie założono kateter dożylny. 
Indukcja znieczulenia ogólnego - Propofol (Scanofol) do-
żylnie według efektu działania. Intubacja pacjenta i narkoza 
wziewna izofluranowa + tlen. Przygotowano powierzchnię 
operacyjną. W tym celu kończyna, część obwodowa (palce 
i dłoń) została zabezpieczona sterylną serwetą. Dostęp 
chirurgiczny: okolica grzbietowa nadgarstka pomiędzy 
mięśniami: prostownikiem wspólnym palców a prostow-
nikiem promieniowym nadgarstka. Dokonano repozycji 
złamania przy zgiętym stawie nadgarstkowym, a następnie 
ustabilizowano złamanie przy pomocy dwóch gwoździ Kirs-
chnera o średnicy 1,2 mm firmy Medgal, wprowadzonych od 
strony bocznego i przyśrodkowego wyrostka rylcowatego  
i zakotwiczonych w przeciwległej istocie korowej przynasady 
kości promieniowej. Zamkniecie rany było rutynowe: resor-
bowalne nici chirurgiczne, Biosyn 3/0. Na ranę w obszarze 
operacyjnym zastosowano maść gentamycynową i założono 
opatrunek Roberta-Jonesa. Po zabiegu zastosowano osłonę 
antybiotykową amoksycylina + kw. klawulonowy początkowo 
w iniekcji (Synulox), a w kontynuacji w tabletkach (Clava-
septin ) 10 mg/kg, oraz ochronę przeciwbólową początko-
wo Tramadol (Tramal) 4 mg/kg + Meloxicam (Meloxidyl)  
0,2 mg/kg w iniekcji, a następnie Meloxidyl w zawiesinie  
0,05 mg/kg. Kończyna została zabandażowana i usztyw-
niona na okres 4 tygodni. 

W przypadku niedojrzałych pacjentów ważne jest by 
wszczepy usuwać, gdy tylko ich obecność przestaje być 
niezbędna dla stabilności i funkcjonowania kości. Może 
to być moment zrostu klinicznego (6-12 tygodni), ale 
bezpieczniejszy jest moment zrostu radiologicznego [12].  
W przypadku badanego pacjenta czas ten wyniósł 4 tygo-
dnie.

Po upływie miesiąca wykonano ponownie prześwietlenie 
RTG i przeprowadzono reoperację celem usunięcia drutów 
stabilizujących. Druty poddano obserwacjom i analizie 
przy użyciu skaningowego mikroskopu elektronowego 
współpracującego ze spektrometrem dyspersji energii pro-
mieniowania X.

Diagnostyka RTG
Diagnostykę obrazową RTG wykonano przy użyciu 

analizy rentgenowskiej (Lampa Orange 1060HF, Skaner 
CR- Agfa CR 10-X w warunkach: 3,2 mAs i 46 kV).

The cat was sedated with Medetomidine hydrochloride, 
(Dorbene) in the amount of 50 μg/kg IU + Butorphanol, 
(Torbugesic) in the amount of 25 μg/kg IU + Ketamine 
(Bioketan) in the amount of 3 mg/kg IU. An intravenous 
catheter was then placed. The induction of general anesthe-
sia was achieved by means of Propofol (Scano-fol) applied 
intravenously as needed. Next, the patient was intubated 
and inhaled with narcotic isoflurane + oxygen. The surgi-
cal area was prepared. For this purpose the peripheral 
part of limb (fingers and palm) was protected by a sterile 
serviette. The surgical access was the dorsal region of the 
wrist between the muscles: common finger joint rectifier 
and the radial wrist rectifier. Afterwards, the bone fracture 
was repositioned and stabilized with two Kirschner wires 
of 1.2 mm in diameter (Medgal Company), using the cross 
pin technique. The wires were inserted from the lateral and 
paracentral styloid process and anchored in the opposite 
cortical bone of the radius epiphyseal. The surgical wound 
was sutured with needled Biosyn 3-0. The wound area was 
treated with the gentamicin ointment and protected with  
a stiff bandage by Robert-Jones. After the surgery the cat was 
treated with antibiotics and painkillers: initially Amoxicillin  
+ Clavulanic acid (Synolux), followed by tablets (Clavasep-
tin) 10 mg/kg and analgesic treatment- initially Tramadol 
(Tramal) 4 mg/kg + injection of Meloxicam (Meloxidyl)  
0.2 mg/kg, followed by Meloxidyl in suspension of 0.05 mg/kg.  
The limb was immobilised for 4 weeks.

In the case of immature patients, it is important to re-
move the implants as soon as their presence is no longer 
necessary for the bone stability and function. This may be 
a time of clinical symphysis (6-12 weeks), but radiological 
symphysis is safer [12]. For the examined patient 4 weeks 
were a sufficient enough period before reoperating. 

After one month the RTG analysis was performed and 
the Kirschner wires were removed during the reoperation. 
The wires were observed using the scanning electron micro-
scope equipped with X-ray energy dispersion spectrometer. 

RTG analysis 
The X-ray imaging was performed using an X-ray imag-

ing device Orange-Lamp 1060HF, Scanner CR- Agfa CR 
10-X under the following conditions: 3.2 mAs and 46 kV. 

RYS. 1. Druty Kirschnera przed implantacją.
FIG. 1. Kirschner wires before the implantation.



23Skaningowa Mikroskopia Elektronowa (SEM)
Mikrostruktura drutów Kirschnera była badana przy 

użyciu skaningowego mikroskopu elektronowego (Nova 
Nano SEM 200, FEI). Analizę chemiczną wykonano przy 
użyciu spektrometru dyspersji energii promieniowania X 
umożliwiającego analizę w mikroobszarach (EDS, EDAX). 
W celu przeprowadzenia precyzyjnych analiz do badań 
użyto detektora elektronów wstecznie rozproszonych (BSE). 
Wyniki przedstawiono w formie map rozkładu pierwiastków 
w badanych obszarach przed i po reimplantacji oraz widm 
pokazujących jakościowy skład chemiczny i w formie tabel 
zawierających ilościową zawartość poszczególnych pier-
wiastków w badanych implantach.

Wyniki i dyskusja

Diagnostyka RTG
Na RYS. 2A pokazano złamanie lewego podramienia 10 

miesięcznego kota. Wyraźnie widać przemieszczenie się 
nasady dalszej kości promieniowej i złamanie kości łokcio-
wej wraz z odklejeniem chrząstki. Na RYS. 2B pokazano 
stabilizację złamania poprzez zaimplantowanie drutów Kirs-
chnera. Widać prawidłową stabilizację kończyny, dwa druty 
Kirschnera wprowadzone od końca kości (wprowadzenie 
w kierunku wstępującym) i przeprowadzony przez miejsce 
złamania. Druty ułożone na krzyż zapewniają stabilizację 
złamanego fragmentu kości. RYS. 2C pokazuje stabilizację 
złamanej kości drutami Kirschnera przed reoperacją mającą 
na celu ich usunięcie. RYS. 2D pokazuje natomiast zespo-
lone złamanie po wyjęciu implantów.

Wewnętrzne łączenie kości u kotów najlepiej się spraw-
dza, ponieważ na zewnątrz jest tylko mała rana, zszyta  
i nieuciążliwa dla kota. Kot tuż po wybudzeniu się z nar-
kozy może zacząć chodzić, co zapewnia mu duży komfort  
i znacznie przyspiesza rehabilitację. Oczywiście kot po-
winien mieć ograniczaną ruchliwość, należy sprawić, aby 
unikał zeskoków, ale poza tym taka stabilizacja zapewnia 
mu normalne funkcjonowanie, bez znacznego dyskomfortu.

Scanning electron microscopy (SEM) analysis
The wires’ microstructure was investigated with the field 

emission gun scanning electron microscopy FEG-SEM utiliz-
ing a Nova Nano SEM 200, FEI Company. The observations 
were performed together with the chemical analysis of the 
specimens in microareas with the energy dispersive X-ray 
spectroscopy (EDS, EDAX). The observations were carried 
out using Back Scattered Electron Detector (BSE) providing 
the detailed chemical analysis. The results are presented in 
the form of elements mapping distribution in the measured 
area, spectra and table demonstrating the qualitative and 
quantitative chemical composition of elements present on 
the surface of the tested implants.

Results and Discussions

RTG diagnostics 
FIG. 2A shows the radial physeal fracture of a 10-month 

old cat. It is clearly visible that the epiphyseal distal of ra-
dius is displaced, the ulna - fractured and the growth plate 
- separated. FIG. 2B shows the bone fracture stabilization 
with the Kirschner wires. The proper bone fracture stabiliza-
tion with Kirschner wires is visible. The wires are inserted 
from the distal part of the bone through the bone fracture.  
The cross pin fixation technique provides an excellent stabili-
zation of the bone fracture. FIG. 2C shows the bone fracture 
stabilization with the Kirschner wires before reoperating 
while in FIG. 2D the bone without the Kirschner wires after 
reimplantation is shown. 

The method of intramedullary pin fixation of epiphyseal 
fracture is very comfortable as it assures quite a normal 
behavior of the animal during the convalescence. There 
is just a little wound outside, with small stitches. The cat 
straight after anesthesia is able to walk, which also shortens 
the time required for healing. Obviously, the cat should have 
only a limited area to move freely and a number of jumps 
should be minimized. Apart from such limitations, this kind 
of stabilization ensures the ordinary living conditions without 
noticeable discomfort. 

RYS. 2. Zdjęcie RTG złamanych kości (A) wykonane bezpośrednio przed operacją, (B) po stabilizacji drutami 
Kirschnera, kontrola bezpośrednio po operacji, (C) po stabilizacji drutami Kirschnera, kontrola po miesiącu od 
operacji, (D) po reoperacji i wyjęciu drutów, kontrola po miesiącu od operacji.
FIG. 2. RTG of bone fracture (A) before the implantation, (B) with the Kirschner wires after the implantation 
- control immediately after the surgery, (C) with the Kirschner wires after the implantation - control after one 
month of the surgery, (D) control after one month after the reoperation. 
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RYS. 3. Mapa rozkładu pierwiastków dla drutu Kirschnera (A) przed implantacją - widoczne pierwiastki (Mo, Cr, 
Mn, Fe, Ni) odpowiadają składowi chemicznemu charakterystycznemu dla drutu, (B) miesiąc po reimplantacji - 
widoczne pierwiastki (Mo, Cr, Mn, Fe, Ni, C, Na) odpowiadają składowi chemicznemu charakterystycznemu dla 
drutu i tkanki pokrywającej powierzchnię implantu.
FIG. 3. EDS elements mapping of the Kirschner wire (A) before the implantation - the visible elements (Mo, Cr, 
Mn, Fe, Ni) correspond to the chemical composition of the wire (B) after one month of the reimplantation - the 
visible elements correspond to the chemical compositions of the wire and the tissue covering the implant.

A)

B)

Mo Cr

Fe Ni Mn

C Na

Cr Mn Fe

Mo Ni
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TABELA 1. Skład chemiczny 
drutu Kirschnera wyjętego po 
miesiącu od implantacji, P1 - 
badany w obszarze pozo-
stałości tkanki, P2 - badany  
w obszarze samego wszczepu.
TABLE 1. Element composition 
of the Kirschner wire after one 
month of implantation, P1 -  
examined in the area of the  
occurring tissue, P2 - exam-
ined in the area of the implant. 

FIG. 4. Zdjęcia SEM drutów Kirschnera: A) sterylnego drutu przed implantacją i B) drutu wyjętego po miesiącu 
od implantacji – na zdjęciu widoczne dwa punkty, w których przeprowadzono analizę EDS.
FIG. 4. SEM picture of the Kirschner wire: A) before and B) after one month of implantation - two points in which 
the EDS analysis was performed. 

RYS. 5. Analiza EDS drutu Kirschnera wyjętego po miesiącu od implan-
tacji (A) odpowiadająca punktowi 1 - pokazującemu skład chemiczny 
występującej tkanki, (B) odpowiadająca punktowi 2 - pokazującemu skład 
chemiczny wszczepu.
FIG. 5. EDS analysis of the Kirschner wire after one month of implantation 
(A) corresponding to point 1 showing the chemical composition of the 
tissue, (B) corresponding to point 2 showing the chemical composition 
of the implant.

P1
Pierwiastek

Element
% wag.

wt% At %
 C K 75.0 84.9
 N K 11.5 11.1
 NaK 2.0 1.2
 SiK 0.2 0,1
 MoL 4.2 0.6
 ClK 2.1 0.8
 CrK 1.4 0.4
 MnK 0.0 0.0
 FeK 3.7 0.9
 NiK 0.0 0.0
Total 100.0 100.0

P2
Pierwiastek

Element
 % wag.

wt%  At %
 C K 11.8 38.4
 SiK 0.5 0.7
 MoL 3.2 1.3
 CrK 16.3 12.2
 MnK 2.6 1.8
 FeK 52.2 36.5
 NiK 13.6 9.0
Total 100.0 100.0

A)

B)

A) B)



26 Obserwacje SEM
Na RYS. 3 pokazano mapę rozkładu pierwiastków dla 

sterylnego drutu Kirschnera i drutu zbadanego po wyjęciu 
go miesiąc po operacji zespalającej. Rozkład pierwiastków 
zmierzony dla czystego implantu wskazuje na równomier-
ne rozłożenie wszystkich pierwiastków odpowiadających 
składem stali implantacyjnej (Mo, Cr, Mn, Fe, Ni). W przy-
padku drutu badanego po usunięciu go z kończyny kota, 
na powierzchni implantu zaobserwowano obecną wyraźne 
warstwę, która przybrała formę sieci. W składzie chemicz-
nym oprócz pierwiastków odpowiadających stali wykryto 
dodatkowo węgiel, azot, sód, chlor, a więc pierwiastki 
pochodzące od tkanki.

Na RYS. 4 pokazano mikrostrukturę drutów po wyjęciu  
z kości. Badana powierzchnia drutów jest gładka, nie widać 
na niej śladów korozji (RYS. 5B). Na badanej powierzchni 
nie zaobserwowano jakichkolwiek wad, takich jak pęknięcia 
lub pory, które mogłyby mieć wpływ na proces korozji. Anali-
za EDS (TABELA 1, P2) wykonana w punktach potwierdziła 
skład chemiczny badanych drutów odpowiadający stali 
316L. Zwartość poszczególnych pierwiastków zgodna jest 
z typowym składem stali implantacyjnej poza obecnością 
dużej zawartości węgla. Jego zwiększona zawartość spo-
wodowana jest prawdopodobnie obecnością niewielkiej 
ilości tkanki na całej powierzchni wszczepu. W analizie EDS 
zaobserwowano także występowanie obszarów pokrytych 
tkanką – obszar widoczny w punkcie P1 (RYS. 5A) o składzie 
odpowiadającym fazie organicznej, tj. charakteryzującym 
się wysoką zawartością węgla i azotu (TABELA 1, P1).  
W tkance otaczającej wszczep nie zaobserwowano obec-
ności niklu, co jest istotne ze względu na jego drażniące 
działanie. Tym samym analiza w punkcie 1 potwierdza, że 
nikiel nie uwalnia się ze stali implantacyjnej 316L do tkanki.

Materiały, z których wykonuje się wyroby medyczne 
i implanty klasy medycznej muszą spełniać najwyższe 
standardy jakości. Implanty metalowe wykonane ze stali 
nierdzewnej są szczególnie narażone na proces korozji. 
Procesy elektrochemiczne i mechaniczne (na przykład ko-
rozja naprężeniowa, zmęczeniowa i korozja cierna) mogą 
powodować przedwczesne zużycie i przyśpieszone uwalnia-
nie cząstek metalu i jonów do tkanek. Kliniczne znaczenie 
degradacji implantów metalowych uwidacznia się w korozji 
i produktach zużycia występujących w tkance otaczającej 
implant, co może ostatecznie doprowadzić do kaskady 
zdarzeń prowadzących do ubytku masy kostnej wokół 
implantu [13]. Szczegółowe badanie mikrostruktury za po-
mocą skaningowej mikroskopii elektronowej i spektroskopii 
dyspersyjnej energii - analiza SEM-EDS zapewnia, że skład 
chemiczny implantów metalicznych, proces obróbki cieplnej 
i/lub czystość spełniają wymagania dotyczące produktów 
oraz rygorystyczne standardy bezpieczeństwa. Ponadto 
analiza SEM-EDS pozwala na obserwację, czy powierzch-
nia implantu jest pokryta warstwą tlenków, które powstały  
w wyniku do korozji i świadczą o uszkodzeniach implantu. 
Charakter powstawania pasywnej warstwy tlenków i właś-
ciwości mechaniczne materiałów stanowią jedne z podsta-
wowych kryteriów wyboru alternatywnych lub opracowania 
nowych materiałów. Mikrostruktura implantu ma również 
istotny wpływ na proliferację i różnicowanie komórek. 
Strukturyzacja powierzchni prowadzi do szybszej, zopty-
malizowanej osteointegacji i zapewnia uzyskanie wyższych 
wskaźników sukcesu zaimplantowanych wszczepów [14].

Ze względu na to, że korozja jest jednym z głównych 
problemów powodujących uszkodzenia implantów, auto-
rzy zalecają badanie powierzchni wszczepów przy użyciu 
techniki SEM-EDS jako prostej i szybkiej metody obserwacji 
mikrostruktury i analizy składu chemicznego.

SEM observation
FIG. 3 shows the elements mapping distribution meas-

ured for the sterile Kirschner wire and for the wire removed 
after one month of the surgery. The main elements visible 
in the mapping correspond to the chemical composition 
of stainless steel, whereas for the wire analyzed after one 
month we observe a web on the implant surface. The analy-
sis shows additionally the presence of carbon and sodium 
which come from the tissue. 

FIG. 4 shows the microstructure of the wires just after re-
moving them from the limb. The examined surface is smooth, 
with no signs of corrosion – FIG. 5B. There are no defects, 
such as cracks or porosity presence on the investigated 
surface, which may have influenced the corrosion process. 
The EDS analysis (TABLE 1, P2) confirmed the chemical 
composition of the examined wires – corresponding to 
316L steel. The elements content  is similar to the typical 
composition of the implant steel, except for the presence of 
high carbon content. Its increased content probably results 
from the presence of a small amount of tissue over the en-
tire surface of the implant. In the EDS analysis some tissue 
remnants are observed (P1 – FIG. 5A) and the composition 
corresponding to the organic matter (TABLE 1, P1) - high 
carbon and nitrogen content. Nickel was not present in the 
tissue, which is important due to the irritant properties of this 
element. Thus, the analysis in point 1 confirms that nickel 
was not released from the implant into the tissue.

Medical grade materials, devices and implants must meet 
the highest quality standards. Metallic implants made of 
stainless steel are especially subjected to corrosion process-
es. Electrochemical and mechanical processes (for example 
stress corrosion cracking, corrosion fatigue and fretting cor-
rosion) may interact, causing a premature structural failure 
and an accelerated release of metal particles and ions. 
The clinical importance of degradation of metal implants is 
evidenced by particulate corrosion and wear products in the 
tissue surrounding the implant, which may ultimately result 
in a cascade of events leading to periprosthetic bone loss 
[13]. The detailed microstructure testing using Scanning 
Electron Microscopy and Energy Dispersive Spectroscopy 
– SEM/EDS analysis ensures the composition of the metallic 
medical devices, the heat treat process, the cleanliness of 
the product requirements and the stringent regulatory and 
safety industry standards. Moreover, SEM-EDS analysis 
reveals if the implant surface is covered with passive oxide 
films, which leads to the implant failure. The nature of the 
passive oxide films and the mechanical properties of the 
materials are the basis for selecting a proper alternative or 
might serve as the background for further development of 
new materials. The microstructure of the implant has also 
a major influence on cells proliferation and differentiation. 
The surface structuring leads to faster optimized osseoin-
tegration and facilitating higher success rates and/or earlier 
loading of the inserted implants [14]. 

Due to the fact that corrosion is one of the major issues 
resulting in the failure of biomedical implant devices, au-
thors recommend to investigate the implant’s surface using 
SEM-EDS technique as a simple and fast method of micro-
structure observation and analysis of chemical composition. 
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Wnioski

Po 4 tygodniach od implantacji drutów Kirschnera 
kończyna kota wykazywała prawidłową ruchomość. Nie 
zaobserwowano nasilonego stanu zapalnego. Leczenie 
operacyjne przy zastosowaniu zaproponowanej techni-
ki stabilizacji złamania małych kości łokcia za pomocą 
drutów Kirschnera to jedna z najbardziej skutecznych 
technik leczenia złamań szczególnie u młodych zwierząt.  
Nie zaobserwowano powikłań, takich jak stres, infekcja, lub 
podrażnienie tkanek miękkich.

Jednoczesne wykorzystanie skaningowej mikroskopii 
elektronowej i spektroskopii dyspersji energii promienio-
wania X dostarcza informacji w zakresie analizy implantów 
metalicznych pod względem obserwacji śladów korozji. 
Obydwie techniki umożliwiają śledzenie zmian w składzie 
chemicznym implantów ewentualnie zachodzących podczas 
degradacji bądź korozji.

Niniejsza praca opisuje tylko jeden przypadek stabilizacji 
złamania przy zastosowaniu drutów Kirschnera i pokazuje 
możliwość obrazowania i analizy nie tylko samego złama-
nia, ale także zachowania się implantów ex vivo. Kolejnym 
krokiem badawczym będzie przeprowadzenie obserwacji 
na większej grupie pacjentów i przeanalizowanie wyników 
uwzględniając różne czasy implantacji.

Podziękowania

Publikacja pracy jest finansowana w ramach badań 
statutowych nr 11.11.160.617. 

Conclusions

After 4 weeks from stabilization the limb showed proper 
functionality. The surgical procedure using the Kirschner 
wires is one of the most effective techniques to treat broken 
ulna, especially in the case of young animals. There were 
no complications observed, such as stress, infection, or 
soft-tissue irritation. No inflammation was noticed either.

The combination of scanning electron microscopy and 
energy dispersive X-ray spectroscopy is a useful method 
to investigate the corrosion phenomena on the extracted 
metallic implants. Both techniques are effective in tracking 
changes in the chemical composition during degradation or 
corrosion of the implants. 

This paper describes only one case of the Kirschner 
wires stabilization and shows the possibility of imaging 
and analysis not only of the fracture but also of the ex vivo 
implants assessment. The next step of the study will be the 
observation of a large group of patients and the implant 
analysis after various implantation times.
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